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Zusammenfassung (Deutsch):

Die Reaktion auf DNA-Schaden (DNA Damage Response, DDR) ist ein kritischer zellu-
larer Mechanismus, der die genomische Integritat aufrechterhalt. Ein Versagen der DDR
kann zu einem Zellzyklusarrest, Zelltod oder dem Auftreten von Krankheiten wie Krebs
fihren. Ein Schllsselelement in der DDR ist die Poly(ADP-ribose) Polymerase 1
(PARP1), die DNA-Lasionen erkennt und einen schnellen Anstieg der ADP-Ribosylie-
rung (PARYylierung) auslost. Diese posttranslationale Modifikation erleichtert verschie-
dene zellulare Prozesse, einschlief3lich Chromatinentspannung, Rekrutierung von DDR-

Proteinen, Modulation ihrer Aktivitat und dem Aufbau von DDR-Komplexen.

Wachsende Beweise deuten auf eine Rolle von RNA und RNA-bindenden Proteinen in
der DDR hin, wobei RNA als Vorlage fir RNA-vermittelte Reparatur dient, gestoppte
RNA-Polymerase als Uberwachungsmechanismus der DNA-Integritat fungiert und RNA-
bindende Proteine multiple Rollen in DDR-Wegen spielen. Jungste Studien haben die
Uberschneidung zwischen RNA-bindenden Proteinen und PAR-Interaktoren hervorge-
hoben, was auf eine komplexe Wechselwirkung zwischen PARylierung und RNA-Biolo-
gie hinweist. Diese Studie konzentriert sich auf METTL3/14, einen Komplex, der fur die
Katalyse der N6-Methyladenosin (m6A) Methylierung von RNA verantwortlich ist und der
gezeigt hat, dass er in einer PARP-abhangigen Weise zu DNA-Schadensstellen rekru-

tiert wird.

In dieser Studie charakterisierten wir die Rekrutierung von METTL3/14 in Echtzeit mittels
Lebendzell-Imaging in Kombination mit Laser-Mikrobestrahlung. Wir bestatigten, dass
METTL3/14 schnell zu DNA-Schadensstellen rekrutiert wurde und dass seine Rekrutie-
rung von aktiver PARylierung abhangt. Unsere Assays legen nahe, dass die Methyl-
transferasen unabhangig voneinander rekrutiert werden, dass der C-terminale Bereich
von METTLS3, der die Methyltransferasedomane enthalt, fur die Rekrutierung ausrei-
chend ist und dass RNA zur Akkumulation des Komplexes an DNA-Lasionen beitragt.
Daruber hinaus liefern wir Beweise, dass METTL3/14 in vitro an PAR und RNA binden
kann und dass hohe Konzentrationen von PAR RNA verdrangen konnen, wenn auch
nicht vollstandig. Aullerdem zeigten METTL3-defiziente Zellen, die UV ausgesetzt wa-
ren, verzogerte 6-4PP- und CPD-Reparatur, verzégerten Transkriptionsneustart und
ATF3-Akkumulation. Darlber hinaus sind diese Zellen empfindlich gegeniber Illudin S,
was auf eine Rolle von METTL3 in der Transkriptions-gekoppelten Nukleotid-Exzisions-
reparatur (TC-NER) hinweist. Zusatzlich untersuchten wir das therapeutische Potenzial
der Kombination von METTL3- und PARP-Inhibitoren, die additive antiproliferative Ef-

fekte in Leukadmie- und Brustkrebsmodellen zeigten. Unsere Ergebnisse beleuchten das



komplexe Zusammenspiel zwischen DNA-Reparatur, RNA-Biologie und PARYylierung
und bieten Einblicke in die Rollen von METTL3/14 sowie deren potenzielle klinische An-

wendungen.



Abstract (English):

The DNA damage response (DDR) is a critical cellular mechanism that maintains ge-
nomic integrity. Failure of the DDR can lead to cell cycle arrest, cell death, or the emer-
gence of diseases such as cancer. A key player in DDR is the Poly(ADP-ribose) poly-
merase 1 (PARP1), which detects DNA lesions and triggers a rapid burst of ADP-ribo-
sylation (PARylation). This post-translational modification facilitates various cellular pro-
cesses, including chromatin decompaction, recruitment of DDR proteins, modulation of

their activity, and scaffolding of DDR assemblies.

Growing evidence indicates a role for RNA and RNA-binding proteins in the DDR, with
RNA serving as a template for RNA-mediated repair, stalled RNA polymerase serving
as a surveillance mechanism of DNA integrity, and RNA-binding proteins that play mul-
tiple roles in DDR pathways. Recent studies have highlighted the overlap between RNA-
binding proteins and PAR interactors, suggesting a complex interplay between PARYyla-
tion and RNA biology. This study focuses on METTL3/14, a complex responsible for
catalyzing N6-methyladenosine (m6A) methylation of RNA, which has been shown to

recruit to DNA damage sites in a PARP-dependent manner.

In this study, we characterized the recruitment of METTL3/14 in real-time using live-cell
imaging coupled with laser microirradiation. We confirmed that METTL3/14 rapidly re-
cruited to DNA damage sites, with its recruitment being dependent on active PARYylation.
Our assays suggest that the methyltransferases recruit independently of each other, that
the C-terminal region of METTLS3, which contains the methyltransferase domain, is suf-
ficient for recruitment, and that RNA contributes to the accumulation of the complex at
DNA lesions. Furthermore, we provide evidence that METTL3/14 can bind to PAR and
RNA in vitro and that high concentrations of PAR can displace, although not outcompete
RNA. Moreover, METTL3 deficient cells exposed to UV exhibited delayed 6-4PP and
CPD repair, delayed transcription restart, and ATF3 accumulation. Moreover, these cells
are sensitive to llludin S, suggesting a role for METTL3 in transcription-coupled nucleo-
tide excision repair (TC-NER). Additionally, we explored the therapeutic potential of com-
bining METTL3 and PARP inhibitors, which showed additive antiproliferative effects in
leukemia and breast cancer models. Our findings elucidate the complex interplay be-
tween DNA repair, RNA biology, and PARylation, offering insights into METTL3/14's

roles and potential clinical applications.
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1.

Introduction

1.1 Safekeeping the genetic code

The complete set of instructions necessary for proper cellular function is contained
within the DNA. However, the integrity of the genome faces continuous challenges
from widespread endogenous and exogeneous sources of damage including UV
light, reactive metabolites and environmental mutagens, which can cause a wide va-
riety of DNA lesions. Additionally, errors during biological processes, such as DNA

replication, can instigate DNA damage.

Genome stability, along with the accurate replication and transmission of the genetic
material to succeeding generations, is achieved through a network of pathways
known as the DNA damage response (DDR). This response is intricately woven into
other cellular processes, such as the cell cycle. For example, by activating cell cycle
checkpoints, the DDR can directly facilitate or halt cell cycle progression. Intercon-
nections with processes including chromatin remodeling, DNA transcription, and rep-
lication, make the DDR crucial for maintaining cellular homeostasis. Consequently,
failure to safeguard genome integrity can lead to cellular arrest, apoptosis, or senes-
cence. Furthermore, this intricate network of DNA repair undergoes precise spatio-
temporal regulation, ensuring the specific and coordinated action of DDR enzymes
in response to different DNA lesions. The misrepair of DNA lesions and the misreg-
ulation of DDR pathways are associated with human health implications, contributing

to diseases like progeria and cancer (Figure 1).

NO¥%® X B

DNA damage Apoptosis Senescence

@#@} )i

DNA repair Proliferation

Normal Affected Cancer
cell cell

Figure 1. The DDR safeguards the genetic code. Both internal and external factors

contribute to DNA damage, jeopardizing the integrity of the genome. To counteract

this, cells have developed a network of repair mechanisms to ensure the restoration

of genome integrity. Failure to repair DNA lesions can lead to senescence, cell death,

or diseases like cancer. The figure was created with Adobe lllustrator.



Different DNA damage agents induce unique types of DNA lesions, which are re-
paired through distinct pathways. An overview of different DNA repair pathways is
provided next, which is also represented in Figure 2. Importantly, we focus on UV-
induced DNA damage repair, in particular transcription-coupled Nucleotide Excision

Repair (TC-NER), as their understanding is relevant to the work described here.

DNA Damage sources and repair

+ UV light
. L + Oxygen radicals * lonizing radiation * Chemotherapeutics * Polycyclic
Replication errors + Chemotherapeutics + Chemotherapeutics (cisplatin, mitomycin C) aromatic
hydrocarbons
o o
TTTTEXNTITT < T LR 111 IIQIHT HHQII
\
! 7N\
Base mismatch Single-strand break / Double-strand Interstrand Bulky adducts (6-4PP,
8-oxoguanine break crosslinks CPD)/

Intrastrand crosslinks

Homologous
Base-excision repair recombination (HR) /  Fanconi Anemia Nucleotide-excision
(BER) Non-homologous Pathway repair (NER)

end joining (NHEJ)

Mismatch repair

Figure 2. Sources and repair mechanisms of DNA damage. DNA is constantly
exposed to harmful agents from both endogenous and exogenous sources (top),
leading to specific types of damage (middle). If left unrepaired, these can result in
mutations, senescence or apoptosis. Specialized DNA repair mechanisms (bottom)
can detect and fix these lesions to maintain genetic integrity. Figure adapted from
(Hoeijmakers, 2001) with Biorender.com.

1.1.1 UV-light induces DNA damage

DNA damage can originate from both endogenous and exogenous sources. One ex-
ternal factor that harms the DNA is the ultraviolet (UV) light. The energy of UV radi-
ation decreases as the wavelength increases: UV-C (<280 nm), UV-B (280-315 nm),
and UV-A (315-400 nm). Both UV-C and UV-B can be absorbed by the aromatic
structures of nucleotides in the DNA, directly impacting the structural integrity of the
DNA and inducing lesions that distort the DNA helix (Rastogi et al., 2010). The pri-
mary photolesions resulting from UV-irradiation are cyclobutene-pyrimidine dimers
(CPDs) and 6-4 photoproducts (6-4PPs), both causing a bend in the DNA backbone

that can lead to the interruption of RNA polymerase activity (Lima-Bessa et al., 2008).

UV-radiation can also indirectly damage the DNA by generating reactive oxygen spe-

cies (ROS), which can oxidize DNA bases, forming products such as 8-oxo- 7,8-



dihydroguanine (8-oxoG) that leads to a G-T transversion during DNA replication
(Rastogi et al., 2010). Besides causing base damage, ROS can interact with lipids
and proteins within the cell leading to the formation of reactive aldehydes capable of
forming DNA adducts. Additionally, photolesions can lead to the blockage of tran-
scription and replication, resulting in the formation of single strand DNA breaks
(SSBs), or highly cytotoxic double-strand breaks (DSBs). Specifically, UV-irradiation
and ROS induction can contribute to DSBs induced by topoisomerase | cleavage
complex (Strumberg et al., 2000) and the abortive activity of topoisomerase Il activity
(Banath & Olive, 2003; Ohnishi et al., 2009), respectively.

1.1.2 Canonical DNA damage responses to UV-induced DNA damage

The variety of DNA lesions induced by UV irradiation triggers the response of several
DNA damage repair mechanisms. These distinct pathways will be discussed next

and are summarized in Figure 3.
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Figure 3. Summary of DDR pathways involved in the repair of UV-induced dam-
age. UV-light can induce multiple types of DNA lesions (top), each recognized and
repaired by specific DNA damage repair pathways (middle). DNA repair initiates with
the recognition of the lesions by specific proteins, followed by a cascade involving
various repair proteins such as DNA polymerases and ligases, ultimately leading to
the repair of the DNA lesions. Figure created with Biorender.com



1.1.2.1  Base excision repair (BER)

BER is the mechanism responsible for the repair of lesions derived from base oxida-
tion, deamination or alkylation. These lesions, which do not induce distortion to the
DNA-helix, are recognized by lesion-specific DNA glycosylases. Glycosylases re-
move the damaged base from the sugar-phosphate backbone, generating an apuri-
nic or apyrimidinic (AP) site. An AP-endonuclease can then excise the AP site, re-
sulting in an SSB. Subsequently, the DNA polymerases 3 or & incorporate nucleo-
tides to the SSB, which is sealed through ligation by a DNA ligase (Hegde et al.,
2008),

1.1.2.2 Homologous recombination (HR) and non-homologous end joining
(NHEJ)

Repair of DSBs involves two distinct pathways known as homologous recombination
(HR) and non-homologous end joining (NHEJ) (Van Gent et al., 2001). HR is an error-
free mechanism that relies on the homology of the sister chromatid to repair DNA
breaks. Therefore, it is exclusively performed during S and G2 phases of the cell
cycle. This process requires the resection of the DNA ends at the DSB, forming 3’
single-stranded DNA overhangs. These overhangs then engage in a homology-
driven invasion of the sister chromatid, serving as a template for synthesizing the
missing DNA fragment. The resulting DNA structure, referred to as a Holliday junc-
tion, is resolved by specific endonucleases followed by ligation of the remaining

nicks, ultimately restoring the original DNA sequence (X. Li & Heyer, 2008).

In contrast, NHEJ serves as the preferred pathway for mending DSBs in the absence
of a sister chromatid, rendering it particularly active during G1 phase of cell cycle.
During NHEJ, the Ku heterodimer binds to DNA ends thereby preventing recession.
Moreover, Ku serves as a node for the docking of nucleases, polymerases and lig-
ases (Lieber, 2010). In contrast to HR, the processing of DNA ends involves either
the excision or the addition of random nucleotides before their subsequent ligation
(Lieber, 2010). While NHEJ is a time-efficient repair mechanism, it carries the poten-
tial of introducing minor insertions or deletions in the genome, thereby increasing the

probability of acquiring deleterious mutations.

1.1.2.3  Nucleotide excision repair (NER)



NER is a highly versatile pathway that repairs a variety of lesions that induce distor-
tions to the DNA helix. Thus, NER is responsible for the repair of CPDs and 6-4PPs
arising from UV irradiation, as well as lesions induced by chemical adducts and UV-
mimetic drugs. Two discrete NER sub-pathways, namely the global genome NER
(GG-NER) and the transcription-coupled NER (TC-NER), are delineated based on

how the DNA lesions are detected.

Lesions within untranscribed DNA regions, including the non-transcribed strand of
active genes, undergo repair through GG-NER. The xeroderma pigmentosum com-
plementation group C protein (XPC), which constantly probes the integrity of the
DNA, binds to the opposite strand of a helix-destabilizing lesion (Marteijn et al.,
2014). Notably, CPDs, exerting minimal impact on the DNA helix structure, are not
directly recognized by XPC. Instead, the UV-DDB complex binds and rearranges the
affected DNA, facilitating the subsequent binding of XPC (Sugasawa, 2016).

TC-NER specializes in rectifying DNA lesions on the transcribed strand of active
genes, where bulky lesions stalls RNA Polymerase Il (RNAPII). This impediment
prompts increased interaction between RNAPII and TC-NER proteins, namely
UVSSA, CSA and CSB, facilitating the recruitment of additional proteins. Remodeling
of stalled transcription complexes is orchestrated by HMGN1, XAB2, FIIS and p300,
thereby exposing the DNA lesion for subsequent repair (Van Den Heuvel et al.,
2021).

While GG-NER and TC-NER diverge in their modes of DNA lesion recognition, they
converge in their downstream machinery. After damage recognition, the XPB and
XPD helicase subunits of the TFIIH complex unwind the DNA. The subsequent re-
cruitment of XPA and the coating of the undamaged DNA by the RPA complex serve
as checkpoints, confirming the presence of DNA lesions before proceeding to sub-
sequent NER steps. After verification, the endonuclease ERCC1-XPF, followed by
XPG, cleaves the damaged DNA, excising 25-30 nucleotides. Additional nucleotides
are then incorporated by the coordinated action of PCNA, RFC, and DNA Polymer-
ases ¢, 0, or k before the sealing of the DNA nicks by the activity of DNA ligase | or
[l (Marteijn et al., 2014).

1.1.3 DNA damage signal transduction



Although each pathway specializes in the repair of a subset of DNA lesions, some of
them at specific cell cycle phases, they all share features of classic signal transduc-
tion pathways: DNA damage sensing, signal transducers and lesion repair by effec-
tors. Members of the phospatidylinosiol 3-kinase-related kinases (PIKK), such as the
ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein
(ATR), the DNA-dependent protein kinase (DNA-Pk), as well as the poly-ADPribose
polymerases (PARPs) are among the central signaling proteins that are triggered
upon recognition of different DNA lesions (D’Amours et al., 1999; J. Yang, 2003).

Here we provide an overview of these signaling pathways.

1.1.3.1 The PIKKs family and the DDR

Upon DNA damage, numerous proteins undergo phosphorylation at Ser/Thr-Glu mo-
tifs by the action of ATM, ATR, and DNA-Pk. Although all kinases share overlapping
targets and exhibit redundant functions, in vitro observations suggest that ATM is
predominantly activated by DSBs, whereas ATR responds to a broad spectrum of
DNA lesions. Additionally, DNA-Pk selectively phosphorylates a subset of proteins
involved in NHEJ (Marechal & Zou, 2013; J. Yang, 2003).

One of the extensively studied targets of the PIKKs is the phosphorylation of the
histone variant H2AX, known as yH2AX, which serves as a chromatin marker for
DNA breaks. This modification facilitates the recruitment of downstream repair pro-
teins, including 53BP1 and RADS51 (Mah et al., 2010). PIKKs directly influence cell
cycle progression by phosphorylating the checkpoint proteins such as Chk1, Chk2,
and the tumor suppressor p53. Notably, each kinase requires a distinct protein co-
factor, which serves as the DNA damage sensor, for their recruitment to DNA lesions:
NBS1 for ATM, ATRIP for ATR, and Ku80 for DNA-Pk (Shiloh, 2003; J. Yang, 2003).

In contrast, the other family of DNA damage signal transducers, the poly (ADP-ri-

bose) polymerases, can bind directly to DNA ends, triggering the subsequent signal-

ing cascade.

1.2 The Poly (ADP-ribose) polymerases

ADP-ribosylation is a dynamic post-translational modification that is crucial for the

regulation of various cellular processes, including chromatin remodeling (Poirier et



al., 1982), transcriptional regulation (D’Amours et al., 1999; Hassa & Hottiger, 2002),
cell death (Chaitanya et al., 2010), and DNA damage repair (Durkacz et al., 1980,
1981; Juarez-Salinas et al., 1979). ADP-ribosylation is catalyzed by ADP-ribosylation
transferases (ARTS), involving the transfer of mono- or poly (ADP-ribose) (MAR or
PAR, respectively) moieties from the cofactor NAD* onto target proteins. Specifically,
ADP-ribose can be covalently attached to serine, aspartate, and glutamate residues
(Langelier et al., 2018). To date, 17 proteins have been identified as members of the
poly (ADP-ribose) polymerase (PARP) family, characterized by their ability to perform
MAR or PARylation. A summary of these proteins and their activity is provided in
Table 1.

Table 1. ADP-ribosyltransferases and their enzymatic activity.
Adapted from (LUscher et al., 2018).

Gene name Alternative names Activity

PARP1 ARTD1 PARYylation
PARP2 ARTD2 PARYylation
PARP3 ARTD3 MARYylation
PARP4 ARTD4 MARYylation
TNKS1 PARPS5a, ARTDS | PARylation
TNKS2 PARPSb, ARTD6 | PARylation
PARP6 ARTD17 MARYylation
PARP7 ARTD14 MARYylation
PARP8 ARTD16 MARYylation
PARP9 ARTD9 MARYylation
PARP10 ARTD10 MARYylation
PARP11 ARTD11 MARYylation
ARTD12,
PARP12 ZC3HDCA1 MARYylation
ARTD13,

PARP13 ZC3HAV1 Inactive

PARP14 ARTDS8, BAL2 MARYylation
PARP15 ARTD7, BAL3 MARYylation
PARP16 ARTD15 MARYylation
SIRT4 MARYylation
SIRT6 MARYylation

Despite sharing similarities in activity, each PARP member has distinctive structural
differences and is associated with particular cellular functions. Notably, PARP1,
PARP2, and PARP3 are exclusively located in the nucleus and are characterized by
their contribution to DNA repair (Van Beek et al., 2021). In contrast, PARP7 has roles

in both the cytoplasm (Palavalli Parsons et al., 2021) and nucleus (Kozaki et al.,



2017; Yamada et al., 2016), and its principal role is associated with immune re-
sponses. We will focus on the roles of PAR and PARP1 in the DNA damage response

and RNA processes.

1.2.1 Poly(ADP-ribose) polymerase 1

Human PARP1 is one of the most extensively studied PARP enzymes owing to its
abundance (Suskiewicz et al., 2020) and pivotal role in PAR formation following DNA
damage (Ludwig et al., 1988). Its activity is responsible for over 90% of PAR produc-
tion in primary cells following DNA damage (D’Amours et al., 1999; Shieh et al.,
1998). PARP1 is a highly conserved enzyme with the three-domain structure that
characterizes PARP enzymes: a DNA-binding domain at the N-terminus, an auto-
modification domain, and a catalytic domain at the C-terminus. A schematic repre-

sentation and the crystal structure of PARP1 are shown in Figure 4.
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Figure 4. Structure of PARP1. (Top) Domains of PARP1. (Bottom) NMR model of
PARP1 bound to a probe resembling a SSB. Adapted from (Eustermann et al., 2015)
with Adobe lllustrator.

The DNA-binding domain of PARP1 contains three zinc-finger motifs. Despite their
similarity, the first zinc finger motif (F1) plays a crucial role in stimulating PARP1
activity in response to DSBs. In contrast, the second zinc finger (F2) exhibits high
binding affinity to SSBs (Gradwohl et al., 1990). Furthermore, F1F2 is rapidly re-
cruited to microirradiation sites, whereas F1 and F2 alone are not recruited, suggest-
ing collaborative interactions in lesion recognition between the zinc fingers (Ali et al.,
2012; Eustermann et al., 2015). The third zinc finger (F3) contributes to both DNA
binding (Buki & Kun, 1988; Eustermann et al., 2015; Langelier et al., 2012) and the
chromatin rearrangement activity of PARP1 (Langelier et al., 2010).

Situated in the central region of PARP1 is an auto-modification domain rich in glu-
tamic acid residues. Upon binding to DNA, this region undergoes extensive auto-
PARylation (Langelier & Pascal, 2013). This region also houses the BRCA1 C-



terminus-like (BRCT) domain, which is characteristic of DNA damage and cell cycle

checkpoint proteins (Bork et al., 1997), facilitating protein-protein interactions.

The C-terminal section of PARP1 encompasses the WGR domain and contributes to
DNA binding (Eustermann et al., 2015; Langelier et al., 2012); a helical subdomain
(HD), and a catalytic domain (ART) responsible for NAD* binding and the transfer of
ADP-ribose moieties onto targets. Mutational studies have provided insights into
amino acids critical for PARP1 activity. For example, the L713F mutation increases
PARP1 activity (Miranda et al., 1995), whereas the E988K mutation converts PARP1
into a mono (ADP-ribose) transferase (Rolli et al., 1997). Furthermore, mutations of
the tyrosine residue 986 affect the linearity of the PAR polymer, resulting in de-
creased branching frequency when mutated to serine and increased branching when
mutated to histidine (Rolli et al., 1997; Ruf et al., 1998).

The binding of PARP1 to DNA presents an intriguing case of interdomain communi-
cation as a mechanism for activating an enzyme. In the absence of DNA, PARP1
exists in an inactive state with unengaged ART and uncommunicated globular do-
mains. However, upon binding to DNA, the zinc fingers interact with the WGR do-
main, which is physically distant in the absence of DNA. In this configuration the HD
is distorted, priming the ART for catalysis (Eustermann et al., 2015; Langelier et al.,
2012). In addition to DNA binding, PARP1 is further regulated by its cofactor HPF1,
which complements the active site of PARP1 (Suskiewicz et al., 2020), thereby al-
lowing the polymerase to switch from its auto-modification activity to PARylation of

serine residues (Langelier et al., 2021).

1.2.2 PAR metabolism

1.2.2.1 Reversal of ADP-ribosylation

PARylation is a transient post-translational modification with rapid turnover. This pro-
cess involves not only the addition of ADP-ribose moieties onto proteins but also
recognition, or “reading”, and the active removal or “erasing” of PAR polymers by
(ADP-ribosyl) hydrolases. The chemical structure of the ADP-ribose-protein bond
and the length and complexity of the PAR bound to the protein, influence the half-life

of this modification and the enzyme required for its removal.



One of the key erasers of PAR is the Poly (ADP-ribose) glycohydrolase (PARG),
which catalyzes the cleavage of ribose-ribose glycosidic bonds (lkejima & Gill, 1988;
Miwa et al., 1974). This implies that PARG cannot remove the terminal ribose-protein
bond, for which a second (ADP-ribosyl) hydrolase, namely ARH3, is required (Rack
et al., 2020). Interestingly, ARH3 and PARG colocalize with PARP1 and PARPZ2 after
DNA damage, highlighting the regulatory role of these hydrolases during the DNA
damage response (Mortusewicz et al., 2011; M. Wang et al., 2018).

The second evolutionary family of (ADP-ribosyl) hydrolases is the macrodomain.
These domains can act as both “readers” and “erasers” of PAR. Macrodomains were
characterized as the first modules to recognize ADP-ribose (Karras et al., 2005).
Macrodomains are large evolutionary conserved modules that can bind to O-acetyl-
ADP-ribose, MAR, and PAR (Barkauskaite et al., 2013; Karras et al., 2005). This
domain was first identified in the core histone variant macroH2A (Pehrson & Fried,
1992), but macrodomain proteins can also be found in bacteria, archaea, eukaryotes,
and RNA viruses such as coronaviruses (Leung et al., 2022; Rack et al., 2016). The
hydrolytically active macrodomains include MacroD1, MacroD2 and TARG1 (Rack et
al., 2020). MacroD1 and MacroD2 are MAR-hydrolyses with distinct cellular localiza-
tion: while MacroD1 largely colocalizes to the mitochondria, MacroD2 can be found
both in the cytosol and nucleus. In contrast, TARG1 is active in both MAR and PAR
and can be found in transcriptionally active nucleoli. However, TARG1 is translocated
to the nucleoplasm during DNA damage. Therefore TARG1 may contribute to the

reversal of nuclear PAR after acute stimuli (Butepage et al., 2018).

1.2.2.2 Recognition of PAR

The ability of PAR to function as a signaling modification lies in the capability of pro-
teins to recognize this polymer and alter their activity accordingly. Hence, specific
recognition of the ADP-ribose molecule is crucial. Different protein motifs have been
identified to “read” PAR. Canonical PAR readers include the previously described
macrodomains (1.2.2.1), the PAR-binding motif (PBM), PAR binding zinc-fingers and
WWE domains (Barkauskaite et al., 2013).

PBM is a loosely defined sequence of approximately 20 amino acids, which consists
of interspersed hydrophobic and basic residues (Gagné et al., 2008; Pleschke et al.,
2000). Consistent with the cellular roles of PAR, PBMs can be found in proteins in-

volved in DNA repair, chromatin structure and reorganization, transcriptional



replication, apoptosis, and cell cycle control (Barkauskaite et al., 2013; Teloni &
Altmeyer, 2016). Although traditionally viewed as DNA- and RNA- interacting do-
mains, zinc fingers can also interact with PAR when it contains a 6-8 amino acid
spacer forming a Cys2-His2 type zinc finger motif. The WWE domain is rich in tryp-
tophan (W) and glutamic acid (E) and can be found in the catalytic domain of PARPs
and E3 ubiquitin ligases. Importantly, different PAR-binding domains harness specific
interactions with PAR. For example, while macrodomains bind to the terminal moie-
ties of the PAR polymer (Karras et al., 2005; Timinszky et al., 2009), the WW domain
binds within the PAR chain, as it recognizes iso-ADP-ribose bonds (Z. Wang et al.,
2012).

The identification of PAR motifs and PAR-interacting proteins is a growing field. For
instance, a fold similar to PBM but rich in glycine and arginine, known as the GAR
domain, can interact with PAR and is mainly found in proteins involved in RNA me-
tabolism and chromatin-associated proteins (Haince et al., 2008). More recently, the
RNA recognition motif (Gagné et al., 2003; Izhar et al., 2015; Ji & Tulin, 2009), the
serine/arginine repeats (Isabelle et al., 2012; Malanga et al., 2008), the PAR-binding
regulatory motif (Min et al., 2013) and the oligonucleotide/oligosaccharide-binding

fold motif (F. Zhang et al., 2014) have also been associated with PAR interactions.

In addition to direct binding, PAR-secondary interactions may also occur. As chro-
matin relaxes due to the electrostatic charges of the PAR polymer (see 1.2.3.1),
DNA-binding proteins can colocalize to these sites with exposed DNA (Smith et al.,
2019). This colocalization to sites of active PARylation is thus PAR-dependent yet
not PAR-interacting. This is the case for chromatin remodelers CHD3 and CHD4
(Smith et al., 2018). These observations offer a cautionary tale when analyzing the
PAR protein-interacting network, as the timepoint and experimental conditions cho-
sen for a readout can influence the observed PAR-interactome, potentially biasing

towards enrichment of direct or indirect PAR binders.

1.2.3 The biological roles of PARP1

PARP1 contributes to cellular homeostasis and expands beyond DNA damage, con-
tributing to DNA organization, replication, transcription, RNA metabolism, cell cycle
control, and cell death. In this section, we explore PARP1’s contribution to the DDR

and RNA processes.



1.2.3.1 PAR-mediated chromatin decompaction

PARP1 is an early sensor of DNA damage inflicted by various sources (Ray
Chaudhuri & Nussenzweig, 2017), recruiting to DNA damage sites within 1-3 sec-
onds after damage (Satoh & Lindahl, 1992). PARP1 can directly bind to DNA ends
at DNA lesions, triggering conformational changes that lead to its activation. In turn,
the activation of PARP1 results in the synthesis of the ADP-ribose polymer. Each
ADP-ribose unit contains two phosphate groups, which are negatively charged at
physiological pH, giving the polymer a high density of negative charges. The regular,
repetitive nature of the ADP-ribose polymer, together with the cumulative effect of its
phosphate groups, turns PAR into a polyanionic molecule. This characteristic allows
PAR to interact with other molecules, such as proteins and nucleic acids, through

electrostatic interactions (Alvarez-Gonzalez & Jacobson, 1987).

Early targets of active PARP1 include itself and neighboring histones. Histones are
highly basic proteins essential for DNA structure and organization, forming the pro-
tein component of chromatin around which the DNA is wrapped. Due to the polyan-
ionic nature of the PAR polymer, PAR synthesis generates electrostatic repulsion
between the DNA and the PARYylated histones and with automodified PARP1 (Ferro
& Olivera, 1982; Sellou et al., 2016). This results in the loosening of nucleosome
packing and chromatin decompaction. A classic example of PARylation-dependent
chromatin decompaction can be observed in Drosophila heat shock, where PAR fa-
cilitates rapid transcriptional activation. Upon temperature changes, PARP accumu-
lates and PARYylates at the heat shock loci of polytene chromosomes, leading to
“puffing” (Tulin & Spradling, 2003), a process marked by the rapid removal of nucle-
osomes at these loci to enable transcription. In addition, the accumulation of PARy-
lated proteins is thought to promote the formation of “transcription compartments”
which enhance transcription efficiency by recycling transcription factors (Zobeck et
al., 2010).

PARP1 further contributes to chromatin remodeling around DNA lesions by actively
recruiting early chromatin remodelers such as ALC1 (CHD1L), CHD2, and SNF2
(Luijsterburg et al., 2016; Sellou et al., 2016; Smeenk et al., 2012). The relevance of
PAR-driven chromatin decompaction to facilitate DNA repair is highlighted by the
phenotypes observed when ALC1 activity is impaired. After DNA damage, the mac-
rodomain of ALC1 guides the recruitment of this chromatin remodeler to active PAR
sites, which is a key contributor to rapid chromatin decompaction (Sellou et al., 2016).

In the absence of ALC1, cells are sensitive to replication stress and DNA damage



agents, including PARP inhibitors, helix-distorting agents such as cisplatin, transcrip-
tion-interfering drugs like llludin S, base alkylation agents such as methyl metanesul-
fonate, and DNA break-inducing agents such as X-ray irradiation, UV irradiation, and
camptothecin (Ahel et al., 2009; Blessing et al., 2020; Hewitt et al., 2021; Juhasz et
al., 2020; Olivieri et al., 2020). The underlying molecular mechanisms of ALC1’s con-

tribution to DNA repair is a highly active research field with promising clinical insights.

In addition to the initial rapid decompaction of chromatin following a DNA insult, PAR
biology is involved in chromatin re-compaction, which occurs after repair. During this
process, the histone variant macroH2A1 is recruited to DNA lesions, promoting DNA
compaction by inhibiting PARP1 (Timinszky et al., 2009), while the isoform
macroH2A1.2 assist in the methylation of lysine 9 on histone H3 (H3K9 methylation),

a modification that acts as a repressive mark in the chromatin (Khurana et al., 2014).

1.2.3.2 PARP1 is a key player in the DDR

In 1956, Roitt and colleagues reported depletion of NAD" levels, the substrate of
PARP1, in cells exposed to the alkylating agent ethylenimine (Roitt, 1956). Inadvert-
enly, this represents the first report of PARPs activity following DNA damage, alt-
hough PARP1 was characterized until 1963 (Chambon et al., 1963), and the PAR
polymer soon after (Chambon et al., 1966; Fujimura, Hasegawa, Shimizu, et al.,
1967; Fujimura, Hasegawa, & Sugimura, 1967; Hasegawa et al., 1967; Nishizuka et
al., 1967; Reeder et al., 1967; Sugimura et al., 1967). Over sixty years after these
observations, our understanding of how PARP1 contributes to DNA repair has ex-

panded.

Although PARP1 can recognize nicks, single- and double-strand breaks in the DNA,
SSB strongly activates it (D’Amours et al., 1999). Because of this, PARP1 was ini-
tially characterized for its role in SSB repair, particularly its contribution to the base
excision repair (BER) pathway. Nonetheless, the roles of PARP1 expand to multiple
DDR pathways, including nucleotide excision repair (NER), non-homologous end
joining (NHEJ), and homologous recombination (HR), among others (D’Amours et
al., 1999; Luscher et al., 2018). The wide range of PAR effects in multiple DDR path-
ways is also evidenced by the variety of DDR proteins containing PAR-reading mo-
tifs, such as the PBMs found in the NHEJ proteins Ku80, DNA-PKcs, MRE11, ATM
and the BER proteins XRCC1 and DNA Lig Ill; the PBZ in the histone chaperone



APLF, involved in NHEJ; and the BRCT domains of the HR protein BARD1, among
many others (D’Amours et al., 1999; Luscher et al., 2018).

1.2.3.2.1 PARP1 roles in SSB repair

The X-ray repair cross-complementing protein 1 (XRCC1) recruits to DNA lesions
through the interaction of its BRCT domain binds to PAR during SSB repair (El-
Khamisy, 2003; Okano et al., 2003). At the lesions, XRCC1 serves as a scaffold
protein that coordinates the formation of DNA repair complexes with interacting part-
ners required for DNA repair, such as APE1 (Vidal, 2001), DNA Polymerase
(Caldecott et al., 1996; Kubota et al., 1996), DNA polynucleotide kinase, and DNA
Ligase lll (Caldecott et al., 1995, 1996; Nash et al., 1997), thereby facilitating the
repair of nicks and SSBs in the DNA. Moreover, the interaction of XRCC1 with DNA
Ligase Il is enhanced through the SUMOylation of XRCC1 by SUMO E3 TOPORS,
which is recruited through PAR (Hu et al., 2018). Interestingly, XRCC1 also affects
PARP1 kinetics as the absence of XRCC1 reduces the accumulation of PARP1 at
DNA lesions (Reber et al., 2023) and increases the retention, or “trapping” of PARP1
at DNA lesions (Demin et al., 2021). Thus, PARP1 and XRCC1 are key reciprocal

partners whose interactions guide the SSB repair.

PARP1 also mediates the resolution of single-stranded DNA nicks induced by abor-
tive DNA topoisomerase |. PARP1 recruits and activates tyrosyl-DNA phos-
phodiesterase, thereby resolving the DNA-topoisomerase complex (B. B. Das et al.,
2014; S. K. Das et al., 2016). This results in the repair of the nick through PAR-driven
recruitment of XRCC1 (B. B. Das et al., 2014).

Finally, PARP1 contributes to the resolution of bulky DNA lesions through the NER
pathway, generating intermediate SSBs. Immunoprecipitation studies have shown
an interaction between PARP1 and the bulky lesion-recognizing proteins DDB2 and
XPC (Blessing et al., 2022; Pines et al., 2012; Robu et al., 2013, 2017). PARylation
of DDB2 contributes to its stability by preventing the ubiquitylation of DDB2 (Pines et
al., 2012). Interestingly, DDB2 and XPC also stimulate PAR activity (Blessing et al.,
2022; Robu et al., 2013), suggesting reciprocal modulation between PARP1 and
these NER proteins. Moreover, PAR-driven recruitment of the chromatin remodeler
ALC1 has been shown to affect NER efficiency, possibly by opening the chromatin
adjacent to the DNA lesion, thereby facilitating lesion recognition (Blessing et al.,
2022; Pines et al., 2012).



1.2.3.2.2 PARP1 roles in DSB repair

Consistent with the role of PARP1 in DSB repair, PARP1 catalytic activity can be
triggered by DSBs in vitro (Huambachano et al., 2011), and inhibition of PARPs ren-
ders sensitivity to agents known to generate DSBs while also delaying lesion repair
(Ray Chaudhuri & Nussenzweig, 2017). However, the mechanisms by which PAR
affects the two main DSB repair pathways, HR and NHEJ differ.

Similar to its role in SSB repair, PARP1 activity positively impacts the recruitment of
meiotic recombination 11 (MRE11) and Nijmegen breakage syndrome protein 1
(NBS1) to DSBs, which promote HR (Haince et al., 2008). However, the accumula-
tion of PAR can be detrimental to DSB repair through HR, as evidenced by the defi-
cient RPA protection during DNA resection observed in the absence of PARG (llluzzi
et al., 2014). On the other hand, PARP1 activity has a negative effect on NHEJ, as
PARylation of Ku70-Ku80 proteins promotes their dissociation from DNA, thereby
preventing DNA repair (M. Wang et al., 2006). Thus, PAR contributes to pathway

selection favoring KU-independent repair processes.

1.2.4 Clinical implications of PARP inhibitors

PARP inhibitors (PARPi) are small molecule nicotinamide analogs that were first de-
veloped as tools to investigate the cellular role of PARP, particularly in relation to the
DNA damage response (Purnell & Whish, 1980; Shall, 1975). However, understand-
ing the biological consequences of PAR-mediated processes opens new therapeutic
avenues. In particular, the PARPI olaparib was the first registered drug that reached

the clinic based on synthetic lethality.

Synthetic lethality occurs when the impairment of two independent processes is com-
patible with viability; however, their simultaneous impairment results in cell death.
PARPI targets the strong reliance of certain cancers on DNA damage repair, which
is not observed in non-cancerous cells, thereby specifically affecting diseased cells.
This strategy is particularly effective in tumors that are not derived from germline
BRCA1 or BRCA2 mutations (Bryant et al., 2005; Farmer et al., 2005) because the
absence of functional BRCA1/2 proteins leads to deficient HR repair and replication
fork instability (Lord & Ashworth, 2016; Turner et al., 2004). Thus, in normal cells with



functional BRCA proteins, DSBs can be effectively repaired, even in the presence of
PARPIi. However, in cancer cells harboring BRCA1/2 mutations, the presence of
PARRPI leads to unresolved DNA damage, eventually leading to cell death while spar-
ing non-cancerous BRCA1/2 proficient cells. Similar synthetic interactions have been
observed between PARPI and other HR genes such as ATM, CHEK2, and CDK12
(C.-C. Chen et al., 2017; Houles et al., 2022; S. Li et al., 2022). To this date, PARPI
has been approved for maintenance therapy, as single or combination therapy, for

BRCA-mutated breast, ovarian, and prostate cancers (Ragupathi et al., 2023).

1.2.5 PAR and RNA metabolism

As different teams raced to characterize the polymerase responsible for the poly(A)
tail synthesis of mMRNAs, PARP1 was isolated (Chambon et al., 1963; Kraus, 2015).
The serendipity of this event underlies a key characteristic that is sometimes over-
looked: RNA and PAR biology are profoundly interconnected as PAR regulate gene
expression and RNA metabolism at multiple levels. Here, we present a brief overview

of the role of ADP-ribosylation in RNA metabolism.

The PARP1-driven local decondensation discussed in the context of DNA damage
also occurs under homeostatic conditions. PARP1 binds near to the promoter of tran-
scriptionally active genes, where it competes with repressive H1 (Krishnakumar et
al., 2008) and excludes the histone demethylase KDM5B (Krishnakumar & Kraus,
2010), thereby preventing H3K4me3 demethylation. Moreover, PARylation of the
DNA methyltransferase DNMT1 inhibits its methylation activity (Althaus, 2005). Con-
sistently, PARP1 localizes to hypomethylated regions, with histone marks associated
with active transcription (Nalabothula et al., 2015). This evidence highlights the inter-

play between DNA methylation and PAR, which influencing transcription activity.

Recent studies have highlighted that nuclear factors important for transcription can
regulate PARP1 and PARP2 activity allosterically. These factors include HPF1
(Bilokapic et al., 2020; Langelier et al., 2021; Sun et al., 2021; Suskiewicz et al.,
2020), HMGM1 (Masaoka et al., 2012), YB-1 (Alemasova et al., 2018; Naumenko et
al., 2020, 2022), canonical and variant histones (Kozlowski et al., 2018; Nusinow et
al., 2007; Thomas et al., 2019), and modified histones (Cohen-Armon et al., 2007;
Kotova et al., 2010). The effect of PARP1 extends beyond the local chromatin archi-
tecture, as it can affect the 3D chromosomal architecture by interacting with CCCTC-

binding factor (CTCF), a master regulator of the genome 3D structure. In particular,



PARP1 stabilizes the binding of CTCF to chromatin (Lupey-Green et al., 2018), while
CTCF stimulates PARP1 activity in the absence of DNA damage (Guastafierro et al.,
2008; W. Yu et al., 2004). These observations suggest that the chromatin context

and intermediate partners can impact the effect of PARP1 in gene expression.

PARP1 can also act as a classical transcription factor, as it binds directly to the pro-
moters of key genes such as cTnT (K. Huang et al., 2004), HTLV-I (Z. Zhang et al.,
2002), and Reg (Akiyama et al., 2001), having a direct impact on transcription. Fur-
thermore, PARP1 can act as a co-regulator by interacting with other transcription
factors to either enhance or inhibit their binding to DNA (Zong et al., 2022). Moreover,
PARP1 activity modulates RNAPII pausing through PARYylation of the negative elon-
gation factors A (NELF-A) and E. Modification of NELF-E abrogates its binding to
RNA, which is necessary for the establishment of paused RNAPII (Gibson et al.,
2016; E. A. Matveeva et al., 2019). This mechanism of PAR-mediated release of
paused RNAPII was first observed in Drosophila melanogaster at heat shock loci
(Petesch & Lis, 2008; Tulin & Spradling, 2003), where thermic stimulation triggers
PARP1 activity, leading to PAR-mediated dissociation of the NELF complex, thus
releasing RNAPII from its paused state. In this way, cells can rapidly activate the

transcriptional program required to react to heat shock.

PARPs also play a role in RNA processing, including splicing and RNA stability. As
nucleosome occupancy regulates RNA Polymerase kinetics, and slower transcription
facilitates the recognition of weak splice sites (Schwartz & Ast, 2010), the chromatin
remodeling activity of PARP1 and its nucleosome occupancy correlates with alterna-
tive splicing events (E. Matveeva et al., 2016). Moreover, PARP1 interacts with or
modifies multiple RNA-binding proteins (RBP) involved in splicing, including heterol-
ogous ribonucleoprotein particles (Isabelle et al., 2010; Ji & Tulin, 2009; Jungmichel
et al., 2013; F. Zhang et al., 2013) and serine-arginine-rich (S/R) proteins (Malanga
et al., 2008).

RBP interactions with PARP proteins extend to mRNA processing beyond splicing.
Key examples are the addition to the 3' end mMRNA processing complex (Y. Shi et al.,
2009) and the Hu antigen R (HuR), an RBP that affects the stability of lipopolysac-
charide-responsive mRNAs (Ke et al., 2017). Furthermore, the catalytic activity of
PARP1 also affects mRNA stability through competition between NAD+ and poly(A)
polymerase, thereby decreasing the length of poly(A) tails (Di Giammartino et al.,
2013).



PARP1 modulates multiple steps of ribosome biogenesis, having roles in RNA Poly-
merase |-dependent transcriptional regulation (Kurl & Jacob, 1985), cell-cycle de-
pendent modulation of chromatin accessibility of ribosomal RNA genes through as-
sociation with the nucleolar chromatin remodeling complex NoRC (Guetg et al.,
2012), and localization of nucleolar proteins through direct PARylation (Carter-
O’Connell et al., 2014; Gagné et al., 2012; Gibson et al., 2016; Kim et al., 2019),

thereby affecting pre-ribosomal rRNA processing and rRNA modification.

The interplay between PAR and RNA extends beyond the interaction with intermedi-
ate proteins. PARP1 activity is required to recruit DDX18 and DHX9 helicases to
resolve DNA-RNA species following DNA damage (Cristini et al., 2018; W.-L. Lin et
al., 2022). Moreover, in vitro evidence has shown that PARP1 can directly bind to
DNA-RNA species, which can arise from DNA processes or DNA damage, triggering
PARylation in vitro (Laspata et al., 2023; H. Yang et al., 2023). PARP1 activation
driven by DNA-RNA species can be explained by PARP1 binding to the DNA of these
hybrids. However, biochemical approaches have confirmed that PARP1 can directly
bind to and modify RNA (Munnur et al., 2019; Weixler et al., 2022). This RNA modi-

fication’s frequency and cellular consequences have yet to be understood.

An additional aspect of PAR-RNA interaction that has gained attention over the last
few years is the role of PAR in forming membrane-less subcompartments enriched
in RBPs (Altmeyer et al., 2015; Y. Duan et al., 2019; Singatulina et al., 2019). In
particular, the intrinsically disordered protein regions of RBPs are important for the
formation of PAR-driven phase transition of biomolecules and are relevant in dis-
eases such as Ataxia Telangiectasia (Lee et al., 2021; Woolley et al., 2024) and

amyotrophic lateral sclerosis (Rhine et al., 2022).

In summary, PAR and RNA metabolism are intricately intertwined, with PARP1 as a
key player in regulating gene expression, transcription, RNA processing, and forming
membrane-less subcompartments enriched in RBPs. Understanding these interac-
tions offers insights into various cellular processes and diseases beyond DNA repair,

with implications for health and disease.



1.3 RNA in the DNA damage response

RNA has emerged as a key player in the DNA damage response by regulating gene
expression and participating in DNA repair. In particular, known RNA-binding and
processing enzymes have emerged as new contributors in the DNA repair process,
as reviewed in (Alemasova & Lavrik, 2017; Bader et al., 2020). This section explores
the multifaceted roles of RNA and the emerging role of m6A-methylated RNA in the
DDR.

One of the early lines of evidence highlighting the contribution of RNA in the DDR is
the contribution of key RNA-binding and processing enzymes to this network. For
instance, the RNA endonucleases Drosha and DICER, which are key components
of the microRNA (miRNA) processing machinery, modulate the recruitment of HR
and NHEJ factors to DSBs (Francia et al., 2012; Lu et al., 2018; W. Wei et al., 2012).
Interestingly, this DDR role is independent of the role of these proteins in miRNA
biogenesis, as depletion of other miRNA factors did not affect DNA repair (Francia
etal, 2012; Lu et al., 2018).

A key family of RNA-processing proteins that are implicated in DNA repair is the
DEAD-box helicase family. Members of this group, including DHX9, DDX1 and se-
nataxin, which traditionally unwind RNA, have been shown to directly interact with
DNA-RNA species formed at the sites of DNA damage (Becherel et al., 2013; A. Jain
et al., 2013; L. Li et al., 2008). In particular, DXH9 directly interacts with PARP1 and
is required for DNA-RNA resolution (Cristini et al., 2018).

Other RNA-processing proteins known to mediate DDR are NONO (Krietsch et al.,
2012), the exosome complex-associated protein EXOSC10 (Domingo-Prim et al.,
2019; Marin-Vicente et al., 2015), and intrinsically disordered proteins including
RBM14, FUS, EWS and TAF15 (Britton et al., 2014, Izhar et al., 2015; Mamontova
et al., 2023; Rulten et al., 2014).

Besides the role of RNA-binding proteins in the DDR, RNA contributes to this net-
work. Recent findings suggests that certain non-coding RNAs, including long non-
coding RNAs (IncRNAs) and microRNAs, can function as sensors of DNA damage
and modulate DDR signaling pathways. For instance, the INcRNA, PANDA (P21-as-
sociated ncRNA DNA damage-activated), can be induced in response to DNA dam-

age and plays a key role in the DDR. It regulates gene expression involved in cell



cycle arrest, senescence, and apoptosis (A. K. Jain, 2020; Kotake et al., 2016; Peng
et al., 2017). Additionally, specific miRNAs, such as miR-138 and miR-421, are im-
plicated in DDR regulation by targeting key DDR genes and processes such as ATM,
BRCA1, and repression of histone H2AX (Y. Wang et al., 2011). Moreover, non-cod-
ing RNAs serve as templates for homology-mediated repair or aiding the compart-
mentalization of DNA lesions (Francia et al., 2012; Michelini et al., 2017; Pessina et
al., 2019).

Lastly, a key component of RNA metabolism, RNA Polymerase Il, plays a crucial role
in surveilling DNA integrity by triggering the transcription-coupled nucleotide excision
repair response as described in section 1.1.2.3 (Ljungman & Zhang, 1996; Van Den
Heuvel et al., 2021).

1.3.1 Post-transcriptional modification of RNA

All genetic information contained within the DNA and RNA is encoded with only four
bases: cytosine, guanine, adenosine, thymine, or uracil in RNA. However, soon after
the characterization of these canonical bases, analysis of the total RNA pool revealed
the presence of noncanonical bases. To this date, 140 different base modifications
have been characterized, stemming from post-transcriptional modification of the ca-
nonical bases. In addition to modification of the canonical bases, the ribose moieties
of the RNA nucleosides can undergo modification (Dai et al., 2017; Marchand et al.,
2016; Schibler & Perry, 1977), adding an additional layer of information onto the tran-
scribed genome. The sum of all functionally relevant changes in the transcriptome
that do not involve changes in the ribonucleotide sequence is known as the epitran-

scriptome.

The most prevalent internal chemical modification of mMRNA is the methylation of the
nitrogen at position 6 in the adenosine, known as N6-methyladenosine or m6A. Alt-
hough its existence was first described in 1958 (Littlefield & Dunn, 1958), the availa-
ble technology limited an in-depth study of this modification. It was not until the 2010s
that transcriptome-wide approaches provided insights into the abundance and nature
of this modification. It is now known that an average mRNA harbors 3-5 m6A nucle-
otides (Dominissini et al., 2012; Perry et al., 1975), and their distribution is not sto-
chastic, being enriched within the 3’-untranscribed region (3’-UTR) and around the
stop codon (Dominissini et al., 2012; Meyer et al., 2012). Moreover, adenosine meth-

ylation occurs within the degenerated consensus sequence ‘DRACH” (A =



methylated A; D = A, G or U, R = purine, H= A, C, or U). (Dominissini et al., 2012; Z.
Lin et al., 2017; Meyer et al., 2012).

1.3.1.1  The m6A regulatory machinery

The deposition of m6A modifications on RNA molecules is catalyzed by a multicom-
ponent methyltransferase complex, referred to as the "writer" complex. Key enzymes
within this complex include methyltransferase-like 3 (METTL3), METTL14, and the
accessory protein WTAP (Wilms tumor 1-associated protein). METTL3 and
METTL14 are part of the MT-A70 family of S-adenosyl-L-methionine (SAM)-depend-
ent methyltransferases. Although both enzymes possess a methyltransferase do-
main, SAM binds only to METTL3. METTL3 is therefore considered to be the catalytic
unit of the dimer, while METTL14 provides structural support as RNA binding occurs
in the interphase between the two methyltransferases (Sledz & Jinek, 2016; X. Wang
et al., 2016). In contrast, WTAP is not necessary for methylation in vitro but mediates
the localization of the heterodimer to nuclear speckles and has been functionally
linked to alternative splicing (J. Liu et al., 2014; Ping et al., 2014). Other accessory
proteins to the methyltransferase complex (MTC) are the Vir-like m6A methyltrans-
ferase-associated (VIRMA), RNA-Binding Motif 15 (RBM15), zinc finger CCCH do-
main-containing protein 13 (ZC3H13), and HAKAI (CBL photo oncogene like 1)
(Dominissini et al., 2012; Knuckles et al., 2018; J. Liu et al., 2014; Wen et al., 2018).

However, their roles are not yet understood.

Proteins termed "readers" recognize and bind to m6A-modified RNA, exerting regu-
latory effects on various RNA processes. Proteins containing the YTH domain, par-
ticularly YTHDF1, YTHDF2, YTHDF3, and YTHDC1, are prominent m6A readers in-
volved in mRNA metabolism, including mRNA degradation, translation regulation,
and alternative splicing (Dominissini et al., 2012). These proteins harbor a YTF21-B
homology domain (YTH), which binds specifically to m6A (F. Li et al., 2014; X. Wang
et al.,, 2014; C. Xu et al., 2014). Both YTHDF1 and YTHDF2 localize within the cyto-
plasm and interact with m6A-methylated mRNAs. While YTHDF2 destabilizes meth-
ylated transcripts by localizing RNAs into processing bodies (P-bodies) (X. Wang et
al., 2014), YTHDF1 promotes mRNA translation through its association with the eu-
karyotic initiation factors elF3 and elF4G (X. Wang et al., 2015). On the other hand,
YTHDF3 can affect translation by interacting with YTHDF1 while accelerating meth-
ylated mRNA decay through YTHDF2 interaction (H. Shi et al., 2017). The last



member of the YTH family, YTHDC1, acts in alternative splicing by interacting with

serine/arginine-rich splicing factors (Rafalska et al., 2004; Xiao et al., 2016).

In addition to the YTH family, other m6A-binding proteins, such as HNRNPA2B1,
IGF2BP1/2/3, and elF3, contribute to the diverse regulatory functions of m6A-modi-
fied RNA. For instance, binding of HNRNPA2B1 to m6A affects microRNA pro-
cessing (Alarcon, Goodarzi, et al., 2015; Alarcon, Lee, et al.,, 2015), binding of
IGF2BPs promotes stability and storage of target mMRNAs and miRNAs (M. Duan et
al., 2024; H. Huang et al., 2018; Mller et al., 2019), and binding of elF3 to 5° UTR

m6A promotes cap-independent translation of mMRNAs (Meyer et al., 2015).

The dynamic nature of m6A modification is regulated by demethylases, known as
"erasers," which remove methyl groups from m6A-modified RNA. So far, two proteins
have been discovered that can demethylate m6A-containing RNAs: the fat mass and

obesity-associated protein (FTO) and the alkylation repair homolog 5 (ALKBHS).

FTO was the first enzyme identified with m6A-demethylase activity (Jia et al., 2011).
As its name suggests, variants of this protein have been associated with an increased
body mass index (Dina et al., 2007; Frayling et al., 2007). FTO is predominantly found
within the cell nucleus, yet it can shuttle between the nucleus and cytoplasm, partic-
ularly in response to nutritional cues (Gulati et al., 2013; Vujovic et al., 2013). Similar
to DNA-demethylases, FTO oxidizes m6A in a step-wise process, converting m6A
into N6-hydroxymethyladenosine and then N6-formyladenosine, which is then hydro-

lyzed by the surrounding water, resulting in unmethylated adenosine (Fu et al., 2013).

ALKBHS5 is also found in the nucleus and colocalizes with FTO to nuclear speckles
(Zheng et al., 2013). Similar to FTO, ALKBH5 removes m6A methylation via oxida-
tion. However, ALKBH5 performs direct demethylation of m6A to adenosine (Toh et
al., 2020). Moreover, ALKBH5 has been implicated in spermatogenesis without re-
ported effects on body mass index (Tang et al., 2018; Zheng et al., 2013). How the

two demethylases select their substrates is not yet known.

1.3.1.2 The molecular role of m6A

As evidenced by the cellular roles of m6a readers, m6A modification exerts profound
effects on various biological processes including mRNA stability and decay, RNA

splicing, nuclear export, and translation efficiency (S. Wang et al., 2022). Therefore,



m6A impacts RNA metabolism, from mRNA biogenesis to post-transcriptional regu-
lation. This is achieved by m6A serving as a docking site for reader proteins, as dis-

cussed in Section 1.3.1.1.

Beyond its function regulating RNA metabolism, m6A influences the selective ex-
pression of genes by altering the structure of the modified RNA molecule, possibly
facilitating or hampering the interplay with other RNA-binding proteins and the ac-
cessibility of the translation machinery. FTO-mediated demethylation correlates with
changes in transcript levels and frequency of alternative splicing (J. Wei et al., 2018),
and binding of YTHDC1 to methylated regulatory RNAs, such as LINE1 and XIST,
results in transcription repression (J. Liu et al., 2020; Patil et al., 2016). Furthermore,
mM6A has been identified as a crucial regulator of the transcriptional response to acute
stimuli, such as the heat shock response, where mRNA encoding heat shock genes
are hypermethylated, resulting in increased translation of these genes (Knuckles et
al., 2017; Zhou et al., 2015a). Therefore, m6A modification plays a role in the adap-

tive stress response.

Recently, there has been growing interest in understanding the crosstalk between
chromatin architecture and the deposition of m6A marks, as both processes are
known to control gene expression, albeit at different stages (Song et al., 2022). For
instance, METTL3 and METTL14 are involved in establishing and maintaining gene
expression programs necessary for embryonic neural stem cell self-renewal. In the
absence of METTL14, the mRNA of the histone acetylase CBP/p300 is hypermeth-
ylated, leading to increased protein levels and increased levels of H3K27ac (Y. Wang
et al., 2018). On the other hand, depletion of METTL3 resulted in hypomethylation of
the histone methyltransferase EZH2, leading to reduced protein levels and de-
creased H3K27me23 (J. Chen et al., 2019). The absence of methyltransferases re-
sults in decreased proliferation and premature differentiation of neuronal stem cells
(J. Chen et al., 2019; Y. Wang et al., 2018), highlighting the role of m6A in neuronal
stem cell self-renewal. Similar observations have been reported in other embryonic
stem cell models (Batista et al., 2014; X.-M. Liu et al., 2022).

Interestingly, the relationship between histone marks and m6A deposition is bidirec-
tional, as METTL14 was shown to recognize H3K36me3 modified histones, a marker
of active transcription. This leads to the METTL3/14 complex being recruited to open
chromatin regions and the subsequent methylation of transcribed RNA (H. Huang et

al., 2019). These observations suggest that m6A deposition and the chromatin



landscape are interconnected through the modification of key mRNA transcripts and

the direct recognition of histone marks.

1.3.1.3 MG6A in cancer

Dysregulation of m6A and its main modifiers, METTL3 and METTL14, has profound
implications in pathological conditions, most notably in cancer and neurological dis-
orders. The role of m6A dysregulation in tumorigenesis has been extensively studied

in recent years.

Increased METTL3 and METTL14 expression has been reported in various types of
cancers, including acute myeloid leukemia (AML) (Barbieri et al., 2017; Vu et al.,
2017), liver cancer (M. Chen et al., 2018; Y. Li et al., 2021; Zhong et al., 2019), glio-
blastoma (Cui et al., 2017; Visvanathan et al., 2018; S. Zhang et al., 2017), breast
cancer (Y. Shi et al., 2020; L. Wu et al., 2019), and lung cancer (M. Du et al., 2017;
W. Wei et al., 2019) and is associated with poor prognosis. Particularly, in AML,
METTL3 promotes the translation of oncogene transcripts to enhance leukemogen-
esis (Barbieri et al., 2017).

Given the impact of m6A and METTL3/METTL14 dysregulation on diseases, many
studies have explored therapeutic possibilities targeting m6A biology. The exploita-
tion of these targets has gained traction with the advent of small-molecule inhibitors
and degraders that target m6A writers (Bedi et al., 2020; W. Du et al., 2024; Y. Du et
al., 2022; Yankova et al., 2021), with an ongoing phase 1 trial (TC15-22101).

1.3.1.4 MG6A in the DNA damage response

In recent years, m6A-modified RNA and the METTL3/14 complex have gained inter-
est in the DDR field, as m6A has been shown to play a role in UV-induced DNA
damage repair (Xiang et al., 2017), and to mediate DNA-RNA resolution through HR
(Abakir et al., 2020; E. Li et al., 2022; C. Zhang et al., 2020; J. Zhang et al., 2024).
Beyond the direct role of m6A and METTL3 in DNA repair, m6A modification can
indirectly impact the DDR through modulating cell-cycle checkpoint control and apop-
tosis (Fustin et al., 2013).

The first evidence of the role of m6A in the DDR was the report of m6A-RNA accu-

mulation and concurrent recruitment of METTL3 to laser micro-irradiation sites by



Xiang and colleagues in 2017. This accumulation depended on active PARylation,
as treatment with PARPI abrogated the recruitment of METTL3 and the accumulation
of mBA. In the absence of METTL3, cells exhibit increased sensitivity to UV irradiation
and impaired repair of CPD photolesions, suggesting a role for METTL3 in UV-in-
duced DNA repair (Xiang et al., 2017). Similarly, Svobodova-Kovarikova and col-
leagues observed the accumulation of m6A at micro-irradiation sites, observing that
METTL16, an m6A writer in snRNA, accumulated in approximately 10% of microirra-
diated cells, suggesting a potential interplay between different methyltransferases
(Svobodova Kovarikova et al., 2020). Despite their relevance to the DDR field, these
studies left some open questions, including the elucidation of the DNA damage repair
pathway in which METTL3 and m6A are involved, as only Polymerase K, but no other
DDR proteins were affected by the absence of METTL3 (Xiang et al., 2017).

PAR also coordinates the recruitment of METTL3 to the DNA-RNA species induced
by the topoisomerase | inhibitor camptothecin. The accumulation of these species is
deleterious to cells because they induce genome instability. However, DNA-RNA
species also act as intermediates in transcription-coupled repair (Petermann et al.,
2022). In the context of camptothecin-induced damage, the tonicity-responsive en-
hancer-binding protein (TonEBP, also called NFATS), is recruited to DNA-RNA struc-
tures in a PAR-dependent manner, while also being a substrate of PARylation (Ye et
al., 2021). Binding of TonEBP to DNA-RNA species leads to the recruitment of
METTL3, which methylates the RNA strand of the DNA-RNA hybrid. Moreover, m6A
is required for the recruitment of RNAseH1, which resolves the DNA-RNA structure
(Kang et al., 2021; J. Zhang et al., 2024).

Zhang and colleagues propose an alternative path by which m6A and METTL3 con-
tribute to DNA-RNA resolution linking HR. In response to zeocin-induced DSBs,
METTL3 is phosphorylated by ATM at residue S43, which is required for the colocal-
ization of METTL3 with DNA-RNA hybrids. RNA methylation results in the recruitment
of YTHDC1, which then recruits the HR proteins RAD51 and BRCAA1. In the absence
of METTL3, DNA-RNA species accumulate, leading to prolonged DNA damage sig-
naling and increased apoptosis (C. Zhang et al., 2020). At gene expression level,
METTL3 plays a role in DSBs induced by doxorubicin by promoting the expression
of EGF and RAD51 (E. Li et al., 2022).



1.4 Research gap and aims of this study

Compelling evidence suggests an interplay between PAR, METTL3 and m6A meth-
ylation of RNA. However, the nature of the interactions between these proteins is

unknown. This prompted us to establish the first aim of the project.

Aim 1: To dissect the interaction between PARP1 and METTL3/14 in cellulo and
in vitro.
Although there is strong evidence that METTLS3 plays a role in UV-induced DNA dam-
age repair (Xiang et al., 2017) the implicated pathways and the cellular role of
METTL3/14 in response to UV damage remain to be elucidated. Therefore, we set

the second aim of this study.

Aim 2: To characterize the cellular role of METTL3/14 in response to UV damage
Lastly, the growing use of PARPI in the clinic and the recent development of METTL3
inhibitors opens the possibility of synergistic therapeutic interactions that have not

been explored before.

Aim 3: To explore the potential therapeutic interactions between METTL3 and
PARRP inhibitors in different cell models.

1.5 Significance of this work

This study describes the timing and PAR dependence of m6A accumulation and
METTL3/14 recruitment at UV lesions triggered by laser microirradiation. | assessed
the binding of PAR and RNA to the METTL3/14 complex and found that while both
nucleic acids are recognized by the complex, high concentrations of PAR displaced
but do not abolish RNA binding. Moreover, PAR did not affect the catalytic activity of
METTL3/14, suggesting that PAR serves as a scaffold for METTL3/14 recruitment
and RNA modification.

We further characterized the role of METTL3 in DNA repair. Consistent with previous
observations (Xiang et al., 2017), METTL3 deficiency increased the UV sensitivity in
the presence of BrdU. Furthermore, the absence of the catalytic subunit delays the
repair of both 6-4 photolesions (64PP) and cyclobutene pyrimidine dimers (CPD),
suggesting a role in early and late UV repair events. Additionally, METTL3-deficient



cells are sensitive to llludin S, exhibit a delay in transcription restart after damage,
and maintain high levels of the transcription repressor ATF3. Our research also ex-
plored the potential interaction of METTLS3 inhibitors and PARPI in cancer treatment,
highlighting how interfering with PAR dynamics may leverage the interplay between
DNA repair and RNA modification.



2. Material and Methods

21 Materials
2.1.1 Chemicals and consumables
All chemicals specific for this project were purchased from Sigma (USA), Thermo Fischer

Scientific (USA), VWR (USA), LifeTechnologies (USA), MedChemExpr (USA), Biomol
GmbH (Germany), and Selleck Chemicals GmbH (Germany).

Commercially available kits for the isolation of nucleic acids were purchased from Meta-
bion (Germany). Viability assay was measured using the CellTiter-Glo® kit from
Promega (USA). In vitro methylation was measured using the MTase-Glo™ from
Promega (USA). Cell culture media and supplements were purchased from Thermo

Fischer Scientific. RNA Oligonucleotides were synthesized by Eurofins (Germany).

2.1.2 Oligonucleotides

The sequences of the oligonucleotides used in this project are listed in Tables 2- 3

Table 2. DNA oligonucleotides used for cloning

‘ Name Fwd/Rev ‘ Sequence
METTL3 Fwd GTTGTGATGGCTGCTCCACCCTGGGATATTC
D395A
METTL3 Rev GTGAATATCCCAGGGTGGAGCAGCCATCAC
D395A
METTL3 S2A | Fwd CAAGTCCGGAATGGCGGACACGTGGAGCTC
METTL3 S2A | Rev CCACGTGTCCGCCATTCCGGACTTGTACAG
METTL3 Fwd CTATCCAGGCCGCCAAGAAGCAGCTGGAC
H11A
METTL3 Rev GCTGCTTCTTGGCGGCCTGGATAGAGCTC
H11A
METTL3 Fwd GGCAGCATTGGCACCAACCTTCCGTAG
S43A
METTL3 Rev CGGAAGGTTGGTGCCAATGCTGCCTCTG
S43A




GFPC1 Fwd GGACGAGCTGTACAAGTCCGGACTGAACTCTTCA-
METTL3 198 GCATCGGA

GFPC1 Rev TCGAAGCTTGAGCTCGAGATCTGAGTTACTCCTGGCTT-
METTL3 352 GGCG

GFPC1 Fwd GGACGAGCTGTACAAGTCCGGATCGGACACGTGGAGCTC
METTL3 2

GFPC1 Rev CGAAGCTTGAGCTCGAGATCTGAGTTATGAGGCAGCAT-
METTL3 219 GTTTC

GFPC1 Fwd CGAGC GTACAAGTCCGGACAGGAGCTTGCTCTTACACAG
METTL3 351

GFPC1 Rev CGAAGCTTGAGCTCGAGATCTGAGTTATAAATTCTTAGGTT
METTL3 580 TAGAGATG

METTL14 Fwd ATATATCTCGAGCGGATAGCCGCTTGCAGG

XhoL

METTL14 Rev ATATATGGATCCTTATCGAGGTGGAAAGCC

BamHI

WTAP Xhol Fwd ATATATCTCGAGTCACCAACGAAGAACCTCTT

WTAP bamHI | Rev ATATATGGATCCTTACAAAACTGAACCCTGTAC

Table 3 RNA oligonucleotides used for in vitro assays

Name ‘ Sequence

RNA+ GGACUGGACUGGACUGGACU

RNA- GGGCUGGGCUGGGCUGGGCU

CY3RNA+ [CY3] GGACUGGACUGGACUGGACUGGACUGGACUGGACUGGACU

2.1.3 Vectors and plasmids

The vectors listed in Table 4 represent the plasmid backbones used for the expression

of tagged proteins in mammalian cell lines, as well as the plasmids we used for the re-

combinant expression of proteins in Sf21 cells.

Table 4. Vectors and plasmids for protein expression

NEE ‘ TAG ‘ Origin

EGFP-C1 GFP Plasmid Collection Ladurner's Lab
mCherry-N1 mCherry | Plasmid Collection Ladurner's Lab
pcDNAS3/Flag- Flag Addgene (#53739)

METTL3




pcDNAS3/Flag- Flag Addgene (#53740)
METTL14
pcDNA3/Flag- Flag Addgene (#53741)
WTAP
pFastBac-FL GST- Provided by the Jinek Lab
METTL3 + FL | TEV
METTL14
pGST-METTL3 | GST Provided by the Meister Lab
EGFP-METTL3 | GFP This study

EGFP- GFP This study
METTL14

EGFP-WTAP GFP This study
EGFP-FTO GFP This study
EGFP-METTL3 | GFP This study
N

EGFP-METTL3 | GFP This study
M

EGFP-METTL3 | GFP This study
C

mCh-PARP1 mCherry | Plasmid Collection Ladurner's Lab
mCh-PARP1 mCherry | Plasmid Collection Ladurner's Lab
E988K
His-PARP1 8XHis Pellet of E.coli expressing His-PARP1
provided by Gunnar Knobloch

2.1.4 Antibodies

The antibodies used in this study are listed in Table 5

Table 5. Antibodies

Company Species Applica- | Dilution
tion
6-4PP Cosmo bio; cat# NM- | mouse IF 1: 300
DND-002
ATF3 Abcam; cat# ab207434 | rabbit WB 1: 1,000
CPD Cosmo Bio; cat# CAC- | mouse IF 1: 1,000
NM-DND-001 (TDM2
clone)
GFP Homemade goat WB 1:5,000
H3 Active  Motif;  cat# | mouse WB 1: 1,000
61475




mM6A Synaptic Systems; cat# | rabbit IF 1:1,000
202 003

METTL14 Abcam; cat# ab220030 | mouse WB 1:1,000

METTL3 ABclonal; cat# A8370; | rabbit IF/WB 1:1,000

PAR (10H) RCB; cat# RCB1142 mouse WB 1: 5,000

Anti-PAR (pan-ADPr | Millipore; cat# | rabbit IF/\WB 1:1,000

binding reagent) MABE1016

PARP1 Homemade rabbit WB 1: 10,000

RBP1 (clone 4H8) Active Motif cat# 39497 | mouse WB 1:1,000

RBP1 pS2 Abcam cat# ab5095 rabbit WB 1:1,000

Tubulin Sigma; cat#T6199 mouse WB 1: 1,000

yH2AX Abcam; cat# ab11174 | rabbit IF 1:1,000

yH2AX Millipore; cat# 05-636 mouse IF 1:1,000

anti-Mouse 1gG (H+L) | Thermo Fisher Scien- | goat IF 1:2,000

Cross-Adsorbed Second- | tific; cat# A-11001

ary Antibody, Alexa Fluor

488

anti-Rabbit 1gG (H+L) | Thermo Fisher Scien- | donkey IF 1:2,000

Cross-Adsorbed Second- | tific; cat# A-10042

ary Antibody, Alexa Fluor

568

Highly cross-adsorbed; | Sigma; mouse/rab- | WB 1:10,000

CF 680 antibody (mouse/ | cat#SAB4600205/ bit

rabbit) SAB4600200

Highly cross-adsorbed, | Sigma; mouse WB 1:10,000

CF 770 antibody cat#SAB4600214

Highly cross-adsorbed, | Sigma; rabbit WB 1:10,000

CF 750 antibody cat#SAB4600373

2.1.5 Buffers and media

| specify the composition of the different buffers used under each method.

The U20S and MDA-MB-231 BRCA-proficient triple-negative breast cancer cells were

maintained in DMEM low glucose media with 10% FBS and 1% penicillin/streptomycin.

We generated stably transfected cells, which are described in section 2.2.2.3. We sus-

tained the expression of the transfected constructs using DMEM low glucose media with
200 pg/mL G418. MOLM-13, DLD1 wild-type and DLD1 x-man cells were maintained in
RPMI media with 10% FBS and 1% penicillin/streptomycin. SUM149PT BRCA1-mutant

triple-negative were maintained in Ham’s F12 medium supplemented with 10% FBS and

1% penicillin/streptomycin.




As phenol-red can interfere with luminescence and fluorescence measurements, we
used phenol-red free DMEM and RPMI media when seeding viability assays. Similarly,
we used Leibowitz L-15 for live-cell imaging microscopy, as this formulation is free of

phenol-red and is CO2-independent.

2.2 Methods

2.2.1 Cloning

2.2.1.1 Generation of constructs

We purchased FLAG-METTL3, FLAG-METTL14, and FLAG-WTAP DNA from Addgene
(see Table 4). FTO was amplified from U20S wild-type cDNA. These proteins were sub-

cloned into EGFP-C1 vectors using conventional restriction cloning.

2.21.2 Site-directed mutagenesis

We used site-directed mutagenesis to generate the catalytic mutant METTL3_D395A.
We designed the primers to be complementary to each other and complementary to the
DNA template with the desired amino acid mutation. We used the DNA polymerase
PfuUltra™ from Stratagene, as it exhibits a low error rate thus reducing the risk of incor-
porating unwanted mutations. We run the reactions for 18 PCR cycles and digested with
Dpnl endonuclease to cleave the unmutated template DNA. E.coli DH5a cells were
transformed with the PCR product. We confirmed the introduction of the desired mutation

using DNA sequencing (see 2.2.1.5).

2.2.1.3 Heat-shock transformation of E. coli

We used heat shock-competent E. coli DH5a to produce and isolate DNA plasmids. For
this, 10 pg to 100 ng of DNA were incubated with 50 pL of thawed competent cells for
20 min on ice. Next, the cells were incubated for 60 seconds at 42°C and placed on ice
for 2 min. Then, we allowed the cells to recover and to start the production of antibiotic
resistance by incubating for 30 min at 37°C in 800 pL of LB-media. Lastly, we plated the

cells in agar plates containing the antibiotic needed and incubated overnight at 37°C.



2.2.1.4 Isolation of plasmid DNA from E. coli

Putative positive clones expressing the desired plasmids were selected from agar dishes
containing the necessary antibiotic selection. We inoculated the selected clones in LB
medium supplemented with the appropriate selection antibiotic. We isolated the plasmids
using the mi-Plasmid miniprep kit (Metabion) or the Pureyield™ Plasmid Midiprep sys-

tem (Promega) following the manufacturer’s guidelines.

2.21.5 DNA sequencing

We used DNA sequencing to verify the construct’s integrity after subcloning and site-
directed mutagenesis. GATC Biotech AG performed the sequencing, which was ana-

lyzed using SnapGene Viewer.

2.2.2 Cell culture

2.2.2.1 Culture of human cell lines

We used osteosarcoma-derived human U20S cells (ATCC HTB-96™) as the primary
cell model for this project. The sizeable nuclear size and the adherent nature of these
cells make them ideal for imaging assays. In particular, we used CRISPR-generated
METTL3 knockout cell, together with its parental control, that the Yang Shi Lab kindly
provided (Xiang et al., 2017). CRISPR-knockout PARP1 deficient cells were previously
generated in our lab, as previously reported (Sellou et al., 2016). For testing the effect of
METTL3 inhibition, we used the MOLM13 leukemia cell line (DSMZ ACC 554).

We maintained the cells in the media described in section 2.1.5, in 10 cm or 15 cm cell
culture dishes and kept at 37°C in a humidifier incubator with 5% CO.. We passaged the
U20S cells every 3 days and maintained in culture for up to two months. Passaging was
done by adding trypsin to the cells for 5 minutes at 37°C and seeding in a 1:10 ratio. For
passaging the non-adherent MOLM13 cells, the cells were resuspended and seeded in

fresh media in a 1:10 ratio.

Cells were counted and the viability was measured with the Vi-CELL XR Cell Viability
Analyzer (Beckman Coulter). For this, we washed the cells with PBS, trypsinized, and
resuspended in fresh media. A sample of 0.5 mL was taken for each cell type, mixed

with 0.5 mL of PBS, and placed into the autosampler cue.



2.2.2.2 Transfection of plasmid in human cell lines

To express tagged proteins, we transfected different constructs using the X-treme-
GENE™ HP reagent following the manufacturer’s instructions. For this, cells were
seeded one day before transfection. The next day, we prepared the transfection mixes
according to Table 6 using the plasmid of interest. Mixes were incubated for 5 min at
room temperature before being added drop-wise to cells with fresh media. Plasmids used

in this project are listed in Table 4.

Table 6. Transfection of plasmids

Format Cells/well ‘ OptiMEM : DNA  XtremeGENE
8 well Labtek | 80,000 100 pL : 300 ng 0.8 L
6 well plate | 200,000 |500 yL: 6 ug 6 uL

2.2.2.3 Generating stable cell lines

We generated cell lines expressing the transgene of interest by transfecting cells with
the plasmid according to the previously described protocol. We selected the successfully
transfected cells by adding G418 to the media for the following two weeks. After selec-
tion, cells were expanded, and the expression of the transgene was confirmed via West-

ern blot.

In the case of METTL3-deficient cells transfected with a catalytic mutant METTL3
D385A, the level of expression of the transgene was significantly different among trans-

fected cells. To facilitate further studies, cells were monoclonalized using limiting dilution.

2224 siRNA-mediated knockdowns

Transient depletion of a protein using silencing RNA allowed us to investigate the role of
a protein before the cell develops coping mechanisms in the absence of the targeted
protein. To do this, we seeded 200,000 U20S cells in a 6-well plate and allowed them to
adhere overnight. Next day, we prepared transfection mixes containing 500 uL OptiMEM,
10 nM of siRNA targeting the desired protein (see Table 7), and 4 uL of Lipofectamine
RNAIMAX (Invitrogen). Mixes were incubated for 15 min before being added drop-wise

to cells with fresh media. We performed a second transfection after six hours. We



confirmed the depletion of the desired proteins 48 h after transfection using Western blot.

All siRNA experiments were performed at this time point.

Table 7. siRNA sequences

Name Sequence ‘ Company ‘ Catalogue‘
siRNA METTL3 | GCAAGUAUGUUCACUAUGATT | Horizon Discovery Custom
siRNA

METTL14 GGAUGAGUUAAUAGCUAAATT | Horizon Discovery Custom
Thermofisher Scienti-

siRNA XPC N/A fic 4392420
Thermofisher Scienti-

siRNA XPA N/A fic AM16708
Thermofisher Scienti-

siRNA CSB N/A fic 4392420

siTONEBP #1 | CAACAUGCCUGGAAUUCAA Horizon Discovery Custom
siTONEBP #2 | GCAGUAUGAUUAAGAGUGA |Horizon Discovery Custom
siNT AATTCTCCGAACGTGTCACGT |Qiagen 1022076

2.2.2.5 Colony formation assay

We used colony formation assays to assess the survival of cells after treatment with UV-
C (254 nm). Cells were trypsinized, seeded at low density (500-750 cells per well), and
mock-treated or exposed to an increasing dose of UV light (1, 2, 4, 6, 8 J/m2 of UV-C).
After 10 days, the plates were washed with PBS, fixed and stained using a solution con-
taining 50% methanol, 7% acetic acid, and 0.1% Brilliant Blue R. We scanned the stained
plates and analyzed using the ColonyArea plugin in ImagedJ (Guzman et al., 2014), ap-
plying a manual threshold of 180. We estimated the number of surviving colonies from

the colony area coverage.

2.2.2.6 Viability assay

We performed viability assays using CellTiter-Glo®, which measures ATP after cell lysis,
to test the cell health after exposure to llludin S, Olaparib, or STM2457. To test sensitivity
against llludin S, we seeded 11,000 UO2S cells per well of a 96-well plate using phenol-
red free media (50 pl per well). The next day, 50 ul of a 2X llludin S was added (0-316
ng of llludin S). We incubated the cells for 48 hours and harvested by adding 100 pL of
the CellTiter-Glo reagent mix. After 10 min, luminescence was measured using a Tecan
Infinite M1000 PRO. Cell viability was measured by normalizing the luminescent signal

against signal from non-treated cells.



We used the same procedure to test synergy between Olaparib and STM2457 with the
following modifications: 10,000 MOLM-13 cells were seeded per well of a 96-well plate.
The next day, we prepared two plates of 10X solutions of the desired final concentrations:
one for olaparib (final 0 — 50 uM) and one for STM2457 (final 0-50 uM). 10 pL of each
pre-mix was added per well, together with 30 L of fresh media. We measured the lumi-
nescence signal after 72 h of treatment. We estimated the percentage of inhibition as

follows:

s inhibiti . Luminescence of sample — All dead sample 00
= - *
o tnhtbiiion ( All alive sample — All dead sample )

All dead and all alive samples correspond to DMSO conditions in which all cells were

dead or viable correspondingly.

2.2.2.7 Cell cycle analysis by flow cytometry

We used propidium iodine staining to assess cell cycle of U208 cells after UV irradiation.
After recovery for the determined time points, cells were trypsinized and washed in FACS
buffer. 1x10° cells per sample were fixed using 70% ice-cold ethanol, added drop-wise
while vortexing overnight at 4°C. The following day, we centrifuged the cells (200xg for
15 min at 4°C) and washed with FACS buffer before incubating for 1h at RT in PI solution.
Samples were filtered before using the BD LSRFortessa, and data was analyzed using
the Flowing software (Turku Bioscience). At least 5,000 events were collected per sam-

ple of 3 independent experiments.

FACS buffer 1x PBS pH 7.5, 2% FCS, 2 mM EDTA
Pl solution 1x PBS pH 7.5, 0.1% TritonX-100, 100 pg/mL
RNase A, 20 ug/mL propidium iodine

2.2.2.8 Culture of Sf21 cells

We used Sf21 insect cells, derived from Spodoptera frugiperda, to express and purify
recombinant METTL3 using baculovirus. This work was performed in collaboration with

the Meister Lab at the University of Regensburg. Briefly, we cultivated the cells in Sf-



900™11 SFM (Thermo Fischer Scientific) at 27°C with constant agitation (55 to 70 rpm).
Cells were maintained at a density between 1-4 x 106 cells/mL, sub-cultivating by diluting
to 1x10° cells/ml of Sf-900 medium. Of note, the expression of the METTL3/METTL14

complex was done similarly by the Jinek Lab in Zurich.

2.2.3 Protein-based methods

2.2.3.1 Expression of recombinant proteins in Sf21 cells

For the expression of METTL3, we cultured Sf21 cells in 500 mL at a concentration of 1
x 10° cells/mL. Cells were then infected with 10 mL of passage 2 viral stock, which Prof.
Gunter Meister at the University of Regensburg kindly provided. After infection, we incu-
bated the cells at 27°C for 72 h with constant agitation. Cells were harvested by centri-

fuging at 700 xg for 10 min, and lysates were prepared from the pellets.

2.2.3.2 Lysate preparation for protein purification

We harvested the cells by centrifugation (700 xg for 10 min at RT) and washed twice in
PBS buffer (pH 7.0) before resuspending in GST-lysis buffer. We lysed the cells on ice
using sonication (output setting: 4-5; duty cycle 50%). Cell debris was removed by cen-
trifuging at 48 000 xg for 45 min at 4°C. The supernatant was then filtered using a 0.45

MM diameter filter.

GST lysis buffer 1x PBS pH 7.5, 1.5 M NaCl, 2 mM DTT, 2 yL/L Ben-

Zonase

2.2.3.3 Purification of METTL3

| wrote the HPLC purification program with the support of Dr. Dr. Eva Schéller (University
of Regensburg), who also helped operating the Aekta purification system (GE
Healthcare). For GST-METTL3 purification, the filtered lysate was loaded onto a 5 mL
GST column. We washed the bound protein with 3 column volumes of GST lysis buffer,
followed by the elution with three column volumes of elution buffer. We collected the
fractions and analyzed using SDS-PAGE with Coomassie staining. We pulled together
the fractions containing the protein of interest and concentrated using a Vivaspin con-

centrator (30 kDa Sartorius). Then, the sample was loaded into a Superdex 200 10/300



resin (GE Healthcare) for size exclusion. The column was first equilibrated with SEC
buffer before loading the sample. Fractions containing GST-METTL3 were pooled, and
protein concentration was measured. Glycerol was added (end concentration 50%) be-

fore flash-freezing the protein and stored at -80°C to freeze the proteins.

GST-elution buffer 50 mM Tris-HCI pH 8.0, 10 mM glutathione, 150 mM
NaCl
SEC buffer HEPES pH 7.4, 200 mM NaCl, 2 mM DTT

2.2.3.4 Purification of PARP1

Purified recombinant PARP1 AHD was kindly provided by Dr. Gunnar Knobloch (Eisbach
Bio), and a pellet of E. coli expressing His-PARP1 full-length. The recombinant protein
was purified according to Langelier and colleagues (Langelier et al., 2010), with the help
of Matin Moschref. We thawed the pellet into 4 times the cell pellet volume of lysis buffer
and sonicated using 6-8 cycles of 1 minute ON, 2 min OFF (output setting 4; duty cycle:
70%). Then, the lysate was centrifuged at 40 000 xg for 30 min at 4°C. Ni-NTA beads
were washed once with water and 2 times with wash buffer and centrifuged at 3 000 rpm,
4°C, 2 min). We incubated the centrifuged cell lysate with the washed His beads at 4°C
for 1h under constant rotation. After incubation, the beads were centrifuged (3 000 rpm,
4°C, 2 min) and washed 2 times with wash buffer, one time with wash buffer 2, and one
additional time with wash buffer. Elution of bound protein was done by incubating the
beads with 1 volume of elution buffer, incubated for 5 minutes, and centrifuged (3 000
rpm, 4°C, 2 min). Elution was performed 3 times, and all fractions were tested for protein
content. Protein content was estimated using the Protein Assay Dye Reagent (Bio-Rad).
We pulled the fractions enriched with protein and diluted with no salt buffer to achieve a
final concentration of 250 mM NaCl. We loaded the diluted protein into a 5 mL heparin
column (GE Healthcare) and run in the Aekta purification system in a gradient with 40
column volumes from 0 to 100% Heparin Buffer B. We collected the fractions and run in
an SDS gel. We pulled the fractions containing the protein of interest and concentrated
using a Vivaspin centrifuge concentrator (cut-off 30 kDa, prewet with SEC buffer, Sarto-
rius). We loaded the concentrated protein into a HiLoad 26/60 Superdex 200 pg (GE
Healthcare) preequilibrated before with SEC buffer. We collected the fractions and con-
firm the presence of the protein using SDS gel. We pulled together the fractions contain-
ing the protein of interest and concentrating once more using a fresh Vivaspin centrifuge

concentrator.



Lysis buffer 20 mM HEPES pH 8.0, 500 mM NacCl, 0.1% NP-40, 20 mM
Imidazole pH 7.5, 0.5 mM TCEP, pH 7.0

Wash buffer 20 mM HEPES pH 8.0, 0.5 mM NaCl, 20 mM Imidazole pH
7.5, 05mMTCEP,pH 7.0

Wash buffer 2 20 mM HEPES pH 8.0, 1 M NaCl, 20 mM Imidazole pH 7.5,
0.5mMTCEP pH 7.0

Elution buffer 20 mM HEPES pH 8.0, 500 mM NaCl, 400 mM Imidazole
pH 7.5, 0.5mM TCEP pH 7.0

No salt buffer 20 mM HEPES pH 8.0, 0.5 mM TCEP pH 7.0

Heparin buffer A 50 mM Tris pH 7.0, 250 mM NaCl, 1 mM EDTA, 0.1 mM
TCEP pH 7.0

Heparin buffer B 50 mM Tris pH 7.0, 1 M NaCl, 1 mM EDTA, 0.1 mM TCEP
pH7.0

SEC buffer 20 mM HEPES pH 8.0, 150 mM NacCl, 0.1 mM EDTA, 0.1

mM TCEP pH 7.0

2.2.3.5 Purification of PAR polymer

The PAR polymer was produced by triggering a PARylation reaction using purified
PARP1AHD, as previously described (Fahrer et al., 2007). We carried out the reaction
in 20 mL of 50 mM Tris-HCI pH 8.0, 4 mM MgCl,, 20 mM NaCl, 5 mM NAD+, 250 yM
DTT, 150 pg/mL of salmon sperm DNA, and 150 nM human PARP1 at 37°C for 60
minutes. The reaction was stopped by adding 20 mL of cold 20% (wt/vol) TCA and incu-
bated on ice for 15 min. We centrifuged the protein mix for 10 min at 9000g at 4°C, and
the pellet was resuspended in 20 mL of ice-cold 99.8% ethanol followed by 10 min incu-
bation on ice. The pellet was centrifuged and rewashed with ice-cold ethanol before cen-
trifuging at 9000g for 20 min. We removed the ethanol and air-dried the pellet. The pol-
ymer was cleaved from PARP1 by treating the pellet with 9 mL of 0.5 M KOH/50 mM
EDTA for 10 min at 37°C in a shaking water bath. Then, we added 1 mL of Tris-HCI pH
8.0 to achieve a final concentration of 100 mM Tris-HCI. We aliquoted the mix into 1 mL
Eppendorf tubes after adjusting the pH to 8.0. Each aliquot was then supplemented with
25 uL of 2M MgCl; and 55 L of DNAse | (2 mg/mL). Samples were incubated for 2 hours
at 37°C while shaking. Proteinase K was added (11 pl of a 20 mg/mL stock solution) with
10 pL of 100 mM CaCl, to digest overnight. The next day, we added 600 pL of phenol to
each tube, and centrifuged the samples for 10 min at 14,000g. The aqueous phase was
transferred into DNA LoBind tubes, and 600 pL of phenol/chloroform/isoamyl alcohol

(25:24:1 v/viIv) was added. Samples were centrifuged, and we collected the supernatant



of all samples. Then, 99.8% ethanol stored at -20°C was added to achieve a final con-
centration of 70% (v/v). The ethanol mix was incubated overnight at -20°C. The next day,
the mix was centrifuged for 30 min at 9000g at °C. We air-dried the pellet before resus-
pending in 100 uL of Milli-Q water. We estimated the concentration of the polymer based
on the absorption coefficient of mono(ADP-ribose) monomers measured at 258 nm and

using the Lambert-Beer equation:

[PAR] = Azsgnm cm™ / 13,500 cm™ M’

2.2.3.6 Slot blot assay

Binding to PAR was assessed using a slot blot approach. We equilibrated the nitrocellu-
lose membrane for 5 min with TBS-T buffer. The member was air-dried before spotting
increasing concentrations of recombinant METTL3/14, BSA, and MacroH2A1/H2B
(kindly provided by Imke Mandemaker). The membrane air dried before incubating with
1 yM PAR in TBS-T overnight at 4°C. The next morning, the PAR solution was removed,
and the membrane was washed 5 times with TBS-T before blocking for 1 h with 5% milk
in TBS-T. The binding of PAR to spotted proteins was detected using the pan-ADPribose

reagent.

TBS-T buffer 10 mM Tris pH 7.4, 150 mM NacCl, 0.05% (v/v) Tween 20™

2.2.3.7 Electrophoretic mobility shift assay

We incubated purified METTL3 and 20 ng of Cy3-labeled RNA in 25 yL EMSA buffer for
15 min at 26°C. For the competition assay, different amounts of PAR was further incu-
bated with this reaction mix for 75 min at 26°C. Samples were separated on a 6% native
polyacrylamide gel (pre-run at a constant current of 80V for 45 min) in 0.4x TBE buffer
at a constant current of 80V for 70 min. We imaged the gels using a ChemiDoc MP (Bio-
Rad).

EMSA buffer 20 mM Tris pH 7.6, 1.5 mM MgCl,, 40 mM KCI, 0.5 mM
EGTA, 10% glycerol, 200 ng/uL BSA, 1 mM DTT, 1 U/uL
of RiboLock

0.4x TBE buffer 90 mM Tris, 90 mM boric acid, 2 mM EDTA



2.2.3.8 Nano differential scanning fluorimetry

We used Prometheus NT.48 (NanoTemper GmbH, Munich, Germany) to perform dye-
free thermal shift assays. Capillaries were filled with 10 pL of binding buffer containing 1
MM of recombinant protein and increasing ligand concentrations. The excitation light was
adjusted to get readings above 2000 arbitrary units, and samples were measured in a
temperature range of 20-80°C with a temperature slope of 1°C/minute. Three technical
replicates were analyzed per run; scattering information was used to exclude aggregate
formation. For visualization, data was normalized to min and max values of the first de-

rivative of the 350/330 nm ratio. The T, values were obtained from the NT.48 Software.

Binding buffer 20 mM Tris pH 7.5, 50 yM ZnCl2, 1% glycerol and 1 mM
DTT

2.2.3.9 Microscale thermophoresis

We used Monolith NT.115 (NanoTemper GmbH, Munich, Germany) to assess recombi-
nant METTL3/14 binding to fluorescently tagged RNA and PAR. Capillaries were filled
with 10 pL of binding buffer containing 100 nM of RNA or PAR probe and increasing
concentrations of recombinant protein. The excitation light was adjusted to get readings
above 2000 arbitrary units. Two technical replicates were analyzed per run and quality
of the traces was used to exclude anomalies such as aggregates or air bubbles. Data
was analyzed using the NT Analysis Software and Ky values were calculated by fitting a
Hill slope model in GraphPad Prism8. The accuracy of the model is reported as the R®

value for each condition.

Binding buffer 20 mM Tris pH 7.5, 50 uM ZnCl2, 1% glycerol and 1 mM
DTT

2.2.3.10 Dye protein assay, SDS-PAGE, Coomasie staining, Western blotting

To quickly assess protein content in elution fractions, the Bio-Rad protein Assay was
used, a colorimetric assay based on the Bradford method, was used. For this, an initial
1:5 dilution of the concentrated reagent was prepared. 2 pL of the eluate were then
added to 200 pL of the reagent. Samples are mixed, and we wait for color development.
Samples with higher protein content, as seen by the change of color into dark blue tones,

were combined for further analysis.



We used sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to
separate proteins based on their molecular mass. The acrylamide concentration was
selected based on the mass of the protein of interest, choosing between 10% polyacryla-
mide gels (self-made) or 4-20% gradient gels (Bio-Rad). To prepare the samples, they
were supplemented with sample buffer, boiled for 10 min at 95°C and allowed to cool
down before loading. Once loaded, the gels were run at 180 V or 250 V (self-made and
gradient gels respectively). Separation was stopped when the protein ladder was fully

resolved.

Stacking gel 5% Acrylamide/Bis acrylamide solution (30% / 0.8%
w/v), 130 mM Tris-HCI pH 6.8, 0.1% SDS, 0.1%
APS, 0.1% TEMED

Separation gel 10% Acrylamide/Bis acrylamide solution (30% /
0.8% wl/v), 390 mM Tris-HCI pH 8.8, 0.1% SDS,
0.1% APS, 0.1% TEMED

SDS running buffer 25 mM Tris-HCI pH 7.5, 200 mM glycine, 1% SDS

2x sample buffer 80 mM Tris-HCI pH 6.8, 4% SDS, 0.02% bromophe-

nol-blue, 10% glycerol, 10% B-mercaptoethanol

For protein purification, SDS-PAGE gels were followed with Coomassie staining, while
protein expression for cellular assays were followed by Western blotting. Coomassie
staining was performed by incubating the gel for 1 to 2 h, at RT with Coomassie staining
solution. After staining, the gels were rinsed three times with Milli-Q grade water and
destained with destaining solution at RT. The solution was changed multiple times, until

bands were visible.

Coomassie staining 10% acetic acid, 30% ethanol, 0.25% Coomassie R 250

Destaining solution 10% acetic acid, 30% ethanol

For Western blotting, proteins were transferred onto a 0.45 yM PVDF membrane (Merck)
using the Trans-Blot Turbo Transfer System from Bio-Rad with 1x transfer buffer (Bio-
Rad) for 25 min at 15V, 1.5 A. After transfer, blots were blocked in TBS-T containing 5%
skim milk for 30 min at RT. After washing three times with TBS-T, blots were incubated
overnight with the corresponding primary antibody diluted TBS-T at 4°C. The next morn-
ing, blots were washed 3 times with TBS-T and incubated for 1 h at RT with the second-

ary antibody diluted in TBS-T. The membrane was washed three times before developing



using Pierce™ ECL substrate or fluorescence and documenting the results using the
ChemiDoc Imaging System (Bio-Rad) or the Odyssey scanner system (Li-COR Biosci-

ence).

TBS-T 150 mM NaCl, 10 mM Tris-HCI pH 7.5, 0.1% Tween

For re-probing blots developed using ECL, membranes were stripped using stripping
buffer. For this, we incubated the membrane 3x with stripping buffer, refreshing the buffer
every 10 minutes. We then washed 2x with PBS for 10 min each, followed with 2 washes
with TBS-T buffer for 5 min each. After washing, membrane was re-blocked with 5% milk

in TBS-T and probed with primary antibody as previously described.

Stripping buffer 1.5% w/w glycine, 0.1% SDS, 1% Tween 20™ pH 2.2

2.2.4 Cell and microscopy-based methods

2241 Cell cycle analysis with flow cytometry

Flow cytometry was used to determine the cell cycle profile of cells after UV exposure.
For this, 300,000 cells were seeded in 10 cm cell culture dishes. On the next day, cells
were exposed to 10 J/m? of UV-C and allowed to recover for 20 and 6 h. After recovery,
samples were trypsinized and counted, taking 1,000,000 cells for analysis. Samples
were centrifuged and resuspended in 1 mL of flow cytometry buffer. Samples were cen-
trifuged to remove cell debris and fixed overnight in 1 mL of 70% ice-cold ethanol at 4°C.
Next morning, the samples were centrifuged at 4°C, 200xg for 15 min. Pellets were
washed with flow cytometry buffer, centrifuged at 4°C, 300xg for 5 min, resuspended in
1 mL propidium iodine solution, and incubated for 30 min. Before analysis, samples were
filtered through a 35 um cell strainer cap to prevent clump formation. Data was collected
using a BD LSRFortessa™, using a low flow setting and collecting a minimum of 10,000
events. The cells were gated to exclude debris and doublets based on forward and side

scatter during the data acquisition.

Flow cytometry buffer PBS, 2% FBS, 2 mM EDTA
Propidium lodine solution PBS, 0.1% Triton X-100, 100 pg/mL RNAse A, 20
pag/mL propidium iodine



2.2.4.2 Co-immunoprecipitation

HEK293T cells were seeded to a 15-cm dish at a density of 2.5x10° and transfected with
12 ug GFP-METTL3 plasmids the following day. Following 48 h of incubation, we treated
the cells with 0.5 pg/mL Actinomycin D for 2 hours and harvested in cold PBS. We first
lysed the cells in 1 mL EBC-1 buffer for 20 min, and the pellet was further lysed in 300
ML EBC-1 buffer with 500 U Benzonase, 5 L goat anti-GFP antibody (homemade), 1
MM Olaparib, and PARGIi for 3 h while rotating. The supernatant was taken 1% as input
and incubated with 300 pL Dynabeads for another 1.5 h. We then washed the beads 6x
with 1 mL EBC-2 buffer and prepared for SDS-PAGE electrophoresis.

EBC-1 buffer 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40, 2 mM MgCl,, 1x
protease inhibitor cocktail.
EBC-2 buffer 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1x

protease inhibitor cocktail.

2.24.3 Imaging system

All imaging experiments were conducted using a Zeiss AxioObserver Z1 confocal spin-
ning-disk microscope with a sCMOS ORCA Flash 4.0 camera (Hamamatsu). A C-Apo
63x water immersion objective was used for live-cell imagining, whereas fixed cells were

imaged with a 40x C-Apochromat/1.2 Korr water objective (Olympus).

2.2.4.4 Microirradiation with live-cell imaging

Cells were seeded in 8-well Nunc Lab-Tek chambers (Thermo Fisher Scientific) and
transfected as described in section 2.3.2.2. To pre-sensitize cells, samples were incu-
bated with 1 yM BrdU for 16 h. Cells were recorded in Leibovitz’s L-15 media at 37°C
and no CO,. DNA damage was induced through a line of 88 pixels using 15% power of
a 355 nm laser operated through a single-point scanning head (UGA-42 firefly, Rapp
OptoElectronics) with 20-22 runs per object. Images were recorded for 5 min following
irradiation at 5 s intervals. For treatments, cells were incubated as follows: 1:500 DMSO
for 1 h, 1 yM Olaparib (PARPi; SelleckChem) for 1 h, 1 yM PDD00017273 (PARG:I;
Sigma) for 1 h, 2 yg/mL cAmanitin (Sigma) for 4 h, and 0.5 pg/mL Actinomycin D (Appli-
chem) for 2 h.



2.2.4.5 Microirradiation with immunofluorescence staining

Cells were prepared and micro-irradiated as described for live-cell imaging. After microir-
radiation, we incubated the cells for the indicated times, fixed, and stained as described
in (Mandemaker et al., 2020). In brief, samples were washed with ice-cold PBS, fixed
with 2% paraformaldehyde in PBS + 0.1% Triton X-100 for 15 min at room temperature,
followed by 2x 10 min of permeabilization at room temperature using PBS + 0.1% Triton
X-100. Samples were washed with PBS+ and incubated for 5 min with 0.07 M NaOH to
denature the DNA. After washing with PBS+, the cells were incubated with diluted pri-
mary antibody overnight at 4°C. Samples were washed 5x with PBS + 0.1% Triton and
2x with PBS+ to remove unbound antibody. Samples were incubated for 1 h at room
temperature in the dark with Alexa Fluor 488 or Alexa Fluor 568-conjugated fluorescent
antibodies (Thermo Fisher Scientific) and Hoechst 33342 (Termo Fischer Scientific) di-
luted in PBS+. Unbound antibody was removed by washing 5x with PBS + 0.1% Triton
and 2x with PBS+, and samples were mounted using Aqua-poly mount (Polysciences

Inc).

PBS+ PBS, 0.5% BSA, 0.15% glycine

2.24.6 Immunofluorescence staining

Cells were grown in coverslips for all stainings after global UV-C irradiation, and irradi-
ated with 10 J/m?. For local UV-C irradiation, cells were covered with an Isopore™ filter
(0.22 uM, Merck) before irradiating with 10 J/m?. For 6-4 PPs staining, cells were fixed
with 4% paraformaldehyde in PBS, washed 3x with PBS, and permeabilized for 5 min
with PBS + 0.5% Triton X-100 on ice. After washing 3x with PBS, samples were dena-
tured with 2M HCI for 30 min at room temperature. We washed 5x with PBS and blocked
the samples using PBS + 20% FBS for 1 h at room temperature while gentle tilting. Next,
samples were washed 5x with PBS and incubated with primary antibody diluted 1:300 in
PBS + 5% FBS for 1 h. After washing 5x with PBS, samples were incubated with sec-
ondary antibodies, as described before. Samples were washed 5x with PBS and
mounted. CPD staining samples were processed as described for immunofluorescence
staining after microirradiation (see 2.3.4.5). For ATF3 staining, samples were fixed for
15 min with 2% PFA in PBS +0.2% Triton X-100 and permeabilized for 3x short washes
and 2x 10 min washes with 0.1% Triton X-100 in PBS. Samples were blocked with 5%

BSA in PBS with 0.1% Tween for 30 min at room temperature, and primary was diluted



1:500 in 1% BSA in PBS + 0.1% Tween and incubated overnight at 4°C. Next, samples
were washed for 10 min 2x with 0.1% Triton X-100 in PBS and 1x with 1% BSA in PBS
with 0.1% Tween. The secondary antibody was diluted in 1% BSA in PBS with 0.1%
Tween and incubated for 1h at RT in the dark. Samples were washed 2x 10 min in 0.1%
Triton X-100 in PBS and 1x in 1% BSA in PBS with 0.1% Tween before mounting using

Aqua-poly mount (Polysciences Inc).

2.2.4.7 Fluorescence recovery after photobleaching

We seeded the cells in 8-well Nunc Lab-Tek chambers (Thermo Fischer Scientific) and
changed them to Leibovitz's L-15 media at 37°C and no CO- before starting the experi-
ments. Recovery after photobleaching analysis of METTL3 was performed in cells stably
expressing GFP-METTL3. We used transient transfection to analyze METTL14. After 30
frames, a circle with a radius of 40 pixels was bleached using a 488 nm, 100% laser
power. We monitored the recovery of the GFP signal in the bleached area for 30 frames

taken at 2 s intervals.

2.24.8 EdU labeling for recovery of mMRNA synthesis after UV irradiation

Cells were seeded in coverslips in DMEM supplemented with 1% FBS, exposed to UVC
irradiation (10 J/m?), and allowed to recover in DMEM supplemented with 10% FBS for
the desired times. We then incubated the cells in DMEM media with 0.5 mM ethynyl-
uridine (EU) for 2 h at 37°C, washed with PBS and fixed for 15 min with 4% paraformal-
dehyde in PBS. Samples were rinsed 2x with 3% BSA in PBS and permeabilized for 20
min with PBS + 0.5% Triton X-100. We performed a Click-iT reaction to couple the sec-
ondary antibodies using the Click-iT® RNA Alexa Fluor® 594 Imaging Kit (Thermo
Fischer Scientific). Samples were rinsed 2x with 3% BSA in PBS, followed by 2x PBS,

and mounted as described before.

2.2.5 Data analysis

2.2.5.1 Microirradiation live-cell imaging analysis

We cropped the images to generate image files containing one single cell per file. Local-

ization of the cell through time was registered using the StackReg plugin (Thevenaz et



al., 1998). We used the HiLo look-up table to classify pixels based on their fluorescence
intensity. This visualization guided the selection of the region of interest, and a back-
ground region was used for downstream data processing. Then, we used the Li auto
threshold algorithm to select the whole nucleus. Results containing the intensity of the
three selected regions were transferred to Microsoft Excel, where the relative fluores-
cence intensity was calculated by normalizing to the signal before irradiation and using

the following formula:

RFl = —"——

where X stands for the region of interest, B to the background, X to the average fluores-
cent signal of the region of interest before damage, N to the whole nuclear signal and N

to the average fluorescent signal of the whole nucleus before damage.

2.2.5.2 Microirradiation with fixed immunofluorescence imaging analysis

Dr. Imke Mandemaker provided the original script to analyze the intensity of a signal
inside and outside a damaged region, which was adapted to the particular conditions
used in this project. First, a nuclear mask and a DNA damage mask were generated
based on Hoechst 33342 and CPD stainings, respectively. A non-damaged area mask
was generated by subtracting the DNA damage mask from the nuclear mask, a real
damage area was determined by conditioning the DNA damage mask to be contained
within the nuclear mask, a background mask was created as the inverse of the nuclear
mask. We applied these masks to the channel containing the signal of interest. The area
and integrated signal density of the damaged site and the non-damaged nuclear region
were measured and corrected for the background signal. We calculated the accumula-
tion as the mean intensity signal of the damaged region against the nuclear signal. The
signal was filtered based on the area of the damage site, where area had to be greater

than 10 pixels.

2.2.5.3 Immunofluorescence analysis

To measure nuclear fluorescent signal after global irradiation, a nuclear mask was gen-
erated using the Li auto threshold algorithm in the channel containing Hoechst 33342
signal. Particles with size between 100-1000 pixels and circularity > 0.3 were selected

for analysis. To analyze accumulation at the LacO foci, mCh-MacroH2A1.1 were



selected. Accumulation was calculated using the formula described for live-cell imaging

after microirradiation.

2.2.54 Fluorescence recovery after photobleaching analysis

To monitor the recovery of the fluorescent signal after photobleaching, the bleached cell
was selected and duplicated. Localization of the cell through time was registered using
the StackReg plugin (Thevenaz et al., 1998), and we used the HiLo look-up table to
color-code pixels based on their fluorescence intensity. Then, we manually fitted a circle
of 28 pixels to the bleached nuclear region. We recorded the fluorescence intensity of
the bleached region, a background control, and a nuclear control from a neighboring cell
(used as control for photobleaching of the imaging system) were recorded over all time
frames and transferred to Microsoft Excel. We calculated the relative fluorescence inten-

sity with the following formula:

RFl = 5=——

where X stands for the bleached region, B for the background control, X for the average
fluorescent signal of the area of interest before bleaching, P for the photobleaching con-
trol, and P for the average fluorescent signal of the photobleaching control before pho-
tomanipulation. The fluorescent intensity was then normalized to the intensity signal be-
fore and after photomanipulation. We calculated the immobilized fraction as 1 minus the

maximum recovery.

2.255 Statistics

We used Microsoft Excel for data processing, and Prism GraphPad for data visualization
and statistical analysis. A one-way ANOVA was performed to compare multiple condi-
tions, followed by either Turkey’s post-hoc test (for comparing all means) or Dunnett
post-hoc test (for comparing means against a control). A two-way ANOVA was used for
cell cycle analysis, followed with Turkey’s post-hoc test to evaluate differences based on
genomic background, treatment, and cell cycle phase. Significance levels were defined
as follows: not significant (ns) p > 0.033, * p < 0.033, **p < 0.002, ** p < 0.001, ****
p<0.0001. | provide the specific number of cells and replicates analyzed per experiment
in each figure legend, together with data representation (mean + SEM or SD) and the
specific statistical test used. Significant differences between conditions are indicated in

the figures with lines connecting the compared groups.



3. Results

3.1 METTL3/14 complex and m6A accumulate at DNA damage
sites

3.1.1 M6A accumulates at DNA lesions in BrdU-treated cells

We first characterized the accumulation of m6A at UV-induced DNA damage sites. In
agreement with previous reports (Svobodova Kovafikova et al., 2020; Xiang et al., 2017),
we observed that pre-sensitization with BrdU is required for nuclear m6A accumulation
after UV treatment using both laser microirradiation (Figure 5 A) and local UV-C irradia-
tion through a micropore membrane (Figure 5 B). Of note, m6A signal at local irradiation
sites is observed in METTL3-deficient cells (AMETTL3), suggesting unspecific binding
of the antibody as the absence of METTL3 was confirmed by western blotting (Figure 5
C), contribution of other methyltransferases, or residual METTL3 spliced variants not

detected by our antibody, as suggested by (Poh et al., 2022).
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Figure 5. BrdU is required for m6A accumulation after UV damage. Immunofluores-
cence staining of m6A following (A) microirradiation and (B) UV-C (10 J/m?) local irradi-
ation in the presence and absence of BrdU. M6A signal was detected in BrdU-treated
samples and co-localized with CPD photolesions. M6A was also observed in AMETTL3



cells, indicating possible antibody cross-reactivity. (C) Western blot to confirm the ab-
sence of METTL3 in AMETTL3 cells. The scale bars in (A) and (B) represent 5 ym.

Using microirradiation followed by immunofluorescence staining, we confirmed the rapid
and transient accumulation of m6A at DNA-damaged sites, as previously reported (Svo-
bodova Kovafikova et al., 2020; Xiang et al., 2017). In our hands, m6A was observed
immediately after damage and disappeared 6 min after photomanipulation (Figure 6 A-
B).
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Figure 6. Kinetics of m6A accumulation at DNA damage sites. (A) Representative
images and (B) quantification of the m6A immunofluorescence signal following microir-
radiation. More than 100 cells per condition were analyzed across three independent
experiments. Each nucleus is represented as a data point. The black points represent
the means of the three independent experiments, with the bar indicating the median sig-
nal of all nuclei. The scale bar in (A) represents 5 pym.

3.1.2 METTL3 and METTL14 accumulate at DNA lesions

To characterize the dynamics of METTL3 at DNA photolesions, we generated a stably
expressing GFP-METTL3 U20S cell line. In contrast, we used transient transfection of
GFP-METTL14 to study the dynamics of this protein in U20S cells. The kinetics of
METTL3 and METTL14 enrichment at DNA damage sites were monitored using live-cell
imaging (Figure 7 A). This approach allows us to directly monitor the localization of the
desired proteins with better time resolution than immunofluorescent staining. The accu-
mulation of both GFP-METTL3 (Figure 7 B) and GFP-METTL14 (Figure 7 C) in presen-
sitized cells was transient, with maximum recruitment observed approximately 60 s after

microirradiation.
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Figure 7. Recruitment kinetics of METTL3 and METTL14 to DNA damage sites. (A)
Schematic representation of the live-cell imaging recruitment experiments. (B) Repre-
sentative images (top) and quantification (bottom) of GFP-METTL3 recruitment and (C)
GFP-METTL14 recruitment kinetics to 355-nm microirradiation sites, measured over 5
min. More than 30 cells were analyzed per condition across three biological replicates.
Data are presented as the mean + SEM. The GFP signal is normalized to the pre-dam-
age intensity at the microirradiation sites. The scale bar represents 5 pym.

3.1.3 WTAP recruits to DNA lesions, but FTO does not

We further characterized the recruitment of the m6A demethylase FTO and the acces-
sory protein WTAP. Using the same experimental conditions, we did not observe recruit-
ment of GFP-FTO to microirradiation sites (Figure 8A). However, low levels of GFP-
WTAP were observed at DNA damage sites. In contrast to the METTL3/14 complex, the
GFP-WTAP signal at microirradiation falls below nuclear levels 2 min after photomanip-
ulation (Figure 8B). This difference in kinetics suggests that the recruitment mechanism
of WTAP differs from that of METTL3/14. Thus, it is not likely that WTAP recruits along-
side METTL3/14 as a holocomplex.
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Figure 8. Kinetics of recruitment of the demethylase FTO and WTAP. (A) The re-
cruitment kinetics of GFP-FTO and (B) GFP-WTAP to DNA damage sites were meas-
ured over 5 min following irradiation. GFP-METTL14 recruitment was used as a positive
control. More than 30 cells per condition were analyzed across three biological repli-
cates. Data are presented as the mean + SEM. The GFP signal is normalized to the pre-
damage intensity at the microirradiation sites.

3.1.4 METTL3 and METTL14 recruit independently to DNA damage sites

Despite METTL3 being the catalytic subunit of the METTL3/14 complex, RNA methyla-
tion in vitro can only occur in the presence of the heterodimer (J. Liu et al., 2014; X.
Wang et al., 2016). Therefore, we asked whether each methyltransferase requires its
interacting partner to recruit to DNA damage lesions. We transiently depleted METTL14
in cells stably expressing GFP-METTL3 and transiently expressed GFP-METTL14 in
AMETTLS3 cells. We observed that both METTL3 and METTL14 recruit to DNA damage
lesions without their interacting partner (Figure 9 A-B top), arguing that each methyl-
transferase recruitments independent of their interacting partner. Interestingly, GFP-
METTL14 recruitment was slightly increased in AMETTL3 cells (Figure 9B). The effi-
ciency of siRNA-mediated depletion was tested using Western blotting 48 h after trans-
fection (Figure 9 A-B bottom), the time at which cells were used in microirradiation ex-

periments.
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Figure 9. METTL3 and METTL14 recruit to DNA lesions independently of each
other. Recruitment kinetics of (A) Recruitment kinetics of GFP-METTL3 in METTL14
knockdown cells. (B) Recruitment kinetics of GFP-METTL14 in METTL3 knockout cells
to 355-nm microirradiation sites. (A-B) Data are presented as mean + SEM, with more
than 60 cells per condition were analyzed across three independent experiments. The
bottom panels show Western blots verifying the depletion of target proteins and the ex-
pression of GFP-METTLS3. Blots represent a single, representative experiment, with sim-
ilar depletion levels observed across replicates.

3.1.5 The methyltransferase domain is sufficient for METTL3 recruitment

To understand what domains of METTL3 drive the recruitment of the protein to DNA
damage sites, we generated constructs expressing truncated versions of METTL3 fused
to GFP. The truncations were designed based on the functional domains annotated for
this protein (Meiser et al., 2020), with the N- construct containing the WTAP-interacting
regions, the MID construct containing the two zinc finger domains, and the C- construct
containing the methyltransferase domain (Figure 10 A). All GFP-fused products were
observed inside the nuclei of cells, although a cytoplasmic GFP signal was also observed
for the MID and C- constructs (Figure 10 B). Interestingly, only the C- construct was
recruited to DNA lesions (Figure 10 B-C), indicating that the methyltransferase domain
is sufficient to recruit of METTL3.
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Figure 10. The methyltransferase domain of METTL3 is sufficient for recruitment
to microirradiation sites. (A). Diagram illustrating the constructs generated to study the
domains necessary for METTL3 recruitment to microirradiation sites, adapted from
(Meiser et al., 2020). (B). Representative images showing the localization and expres-
sion of each construct. (C). Quantification of microirradiation assays using these con-
structs, with full-length GFP-METTL3 (FL) as control. More than 40 cells per condition

were analyzed across three independent experiments. Data are presented as mean +
SEM.

3.2 Accumulation of METTL3/14 and m6A at DNA lesions
depends on PAR dynamics

3.2.1 PAR dynamics modulate m6A accumulation

The rapid and transient accumulation of m6A and recruitment of the METTL3/14 complex
resembles the kinetics of PARYylation, a critical post-translational modification that guides
the early DNA damage response (Blessing et al., 2020). In agreement with previous re-
ports (Svobodova Kovafikova et al., 2020; Xiang et al., 2017), treatment with the olaparib
abrogated the enrichment of m6A at UV-induced DNA damage lesions (Figure 11). We
further validated the correlation between PAR levels and m6A accumulation by looking
at methylation levels in PARP1 knockout cells (APARP1). Interestingly, low yet stable
levels of m6A were detected in APARP1 (Figure 11), which could be attributed to the
contribution of other poly-ADPribose polymerases, namely PARP2, or unspecific binding
of the m6A antibody to adenosines, as previously reported (Bringmann & Lihrmann,
1987). Together, these observations suggest a direct correlation between PARP1 cata-

lytic activity and the accumulation of m6A at DNA lesions
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Figure 11. m6A accumulatlon in PARPi-treated and PARP1 deficient cells. (Left)
Representative images showing m6A immunofluorescent signal at 355-nm microirradia-
tion sites in PARPi and APARP cells. (Right) Quantification of m6A immunofluorescent
signal at microirradiation sites in PARPi and APARP1 cells. More than 100 cells per con-
dition were analyzed. Each nucleus from three biological replicates is depicted as indi-
vidual data points. The black points represent the mean of each independent experiment,
with the bar indicating the median of all points. The scale bar represents 5 pm.

3.2.2 METTL3 and METTL14 recruitment is sensitive to PAR dynamics

Using our live-cell imaging approach, we monitored the kinetics of GFP-METTL3 and
GFP-METTL14 recruitment while modulating PAR levels using PARPi and poly-
ADPribose glycohydrolase inhibitor (PARG:i). After inhibition of PAR synthesis through
PARPi, neither METTL3 (Figure 12 A) nor METTL14 (Figure 12 C) were recruited to DNA
lesions. Preventing PAR degradation using PARGiI, thereby increasing nuclear PAR lev-
els after damage, increased METTL3 recruitment 30 s and 5 min after irradiation (Figure
12B). Interestingly, PARGIi did not significantly affect the recruitment 30 s after microir-
radiation of METTL14 (Figure 12 D left), whereas increased METTL14 signal was ob-

served 5 min after irradiation (Figure 12 D right).
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Figure 12. PAR dynamics regulate GFP-METTL3 and GFP-METTL14 recruitment.
(A) Representative images and quantification of GFP-METTL3 recruitment to microirra-
diation sites after treatment with PARPi or PARGI. The recruitment kinetics of GFP-
METTL3 to DNA damage sites were measured over 5 min in the presence or absence
of PARPI or PARGI. More than 30 nuclei per condition were analyzed across three bio-
logical replicates. Data are presented as the mean + SEM. The GFP signal is normalized
to the pre-damage intensity at the microirradiation sites. (B) Relative GFP-METTL3 re-
cruitment at 30s- and 5-min post-irradiation. Each data point represents a single cell. (C)
Representative images and quantification of GFP-METTL14 recruitment to microirradia-
tion sites after treatment with PARPi or PARGI. Recruitment kinetics were measured
over 5 min in the presence or absence of PARPi or PARGi. More than 30 nuclei per
condition were analyzed across three independent replicates. Data are shown as the
mean + SEM, normalized to the pre-damage GFP intensity at microirradiation sites. (D)
Relative GFP-METTL14 recruitment at 30 s and 5 min post-irradiation. Each data point
represents a single cell. Statistical comparisons were made using one-way ANOVA, with
Dunnett’s post-hoc test to compare each treatment to the control; **** p<0.0001.

The effect of PARPi and PARGi on the overall nuclear PAR intensity 10 min after H2O»
treatment served as a control for the impact of these inhibitors on PAR levels after dam-
age, confirming the reduction of PAR after PARPI treatment and increased PAR signal
after PARGI treatment (Figure 13). These observations correlate PAR levels with the
recruitment of both methyltransferases, albeit both proteins recruit with slightly different

kinetics.
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Figure 13. PAR levels in PARPi- and PARGi-treated cells. (Left). Representative im-
ages showing PAR immunofluorescent signal 10 min after H202 treatment, using 10H
immunostaining. (Right) Quantification of nuclear PAR signal in cells treated with PARPI
and PARGIi, 10 min after H,O, exposure. More than 100 cells per condition were ana-
lyzed. All nuclei from three biological replicates are shown as individual data points, with
the means of each replicated represented as a black point and the bar representing the
median across experiments. Statistical comparisons were made using one-way ANOVA,
with Turkey’s post-hoc test to compare each treatment to the control group. Significance
levels: ns p> 0.05; **** p<0.0001.

Consistent with our previous observations, the recruitment kinetics of GFP-FTO and
GFP-WTAP were not significantly affected by PARGi treatment (Figure 14). This



supports our hypothesis that these proteins do not recruit to DNA damage sites in re-

sponse to PARYylation.
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Figure 14. PARGIi treatment does not influence the recruitment kinetics of FTO or
WTAP after microirradiation. The recruitment dynamics of GFP-FTO (left) and GFP-
WTAP (right) to DNA damage sites were measured over 5 min following microirradiation.
More than 30 cells per condition were analyzed across three replicates. Data are pre-
sented as mean + SEM, and the GFP signal is normalized to the intensity at the microir-
radiation pre-damage.

3.2.3 METTL3 and METTL14 recruitment can be rescued in PARP1-
deficient cells

We further validated the specificity of PAR-driven recruitment of GFP-METTL3/14 by
monitoring their kinetics in APARP1 cells. Without PARP1, neither METTL3 nor
METTL14 were recruited to DNA lesions (Figure 15). Reintroduction of PARP1 WT via
transient transfection rescued the recruitment of both methyltransferases to microirradi-
ation sites. Transfection of APARP1 cells with PARP1 E988K, a mutant polymerase
characterized by its inability to elongate initial mono (ADP-ribose) modifications (Mar-
sischky et al., 1995; Rolli et al., 1997), failed to rescue the recruitment of METTL3 nor
METTL14 (Figure 15). These findings confirm that the catalytic activity of PARP1, and
thereby PAR levels, drive the recruitment of METTL3/14 after microirradiation.
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Figure 15. The catalytic activity of PARP1 is required for METTL3 and METTL14
recruitment. The recruitment dynamics of GFP-METTL3 (left) and GFP-METTL14
(right) were measured in APARP1 cells and APARP1 cells transfected with either PARP1



WT or the PARP1 E988K catalytic mutant over a 5 min window following microirradiation.
More than 30 cells per condition were analyzed across three replicates. The data are
presented as mean + SEM, and the GFP signal is normalized to the intensity at the
microirradiation site before damage.

One of the downstream effects of PARYylation is chromatin decompaction driven by the
negative electrostatic charge of the PAR chains and enhanced by the recruitment of
ATP-dependent chromatin remodelers, some of which directly interact with PAR, such
as CHD1L/ALC1 (Gottschalk et al., 2009; Sellou et al., 2016), and some that passively
recruit to relaxed chromatin, such as CHD3 and CHD4 (Smith et al., 2018). Therefore,
the observed METTL3/14 recruitment may be an effect of the changes in the chromatin
state after DNA damage instead of a direct interaction with PAR. To explore this hypoth-
esis, we tested the recruitment of GFP-METTLS3 in cells treated with trichostatin A, an
inhibitor of histone acetylases and deacetylases (HDAC) that induces reversible decon-
densation of chromatin (Toth et al., 2004). Treatment with HDACi did not affect the initial
recruitment of GPF-METTL3 to microirradiation sites (Figure 16), implying that the chro-

matin state does not drive the initial recruitment.
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Figure 16. Early GFP-METTL3 recruitment is not affected by HDAC. The recruitment
dynamics of GFP-METTL3 to 355-nm microirradiation sites were analyzed following
treatment with olaparib (PARPi), PARGiI, or the HDAC inhibitor trichostatin A (HDAC:).
Data are presented as mean £ SD; with 12 cells per condition analyzed across two bio-
logical replicates.

An alternative approach to assess whether METTL3 recruitment is driven by PARP1
activity or downstream chromatin rearrangement is to examine the methyltransferase
recruitment in cells deficient in the PAR-dependent chromatin remodeler ALC1. In these
cells, which preserve active PARP1, we did not observe a difference in the initial recruit-
ment of METTL3 to irradiation sites, represented by the overlapped recruitment of
METTL3 in wild-type cells and ALC1 deficient cells at 60s (Figure 17). However, METTL3
accumulation in the lesions was reduced in ALC1 deficient cells compared to the parental

control after 240 s. In contrast, no recruitment of METTL3 was observed in PARP1-



deficient cells. Although no clear conclusions can be drawn due to the reduced sample
size of these experiments, the effect of HDAC inhibitor and ALC1 deficiency in the re-
cruitment of METTL3 led us to hypothesize that the initial recruitment of the methyltrans-
ferase is driven by the burst of PARylation after DNA damage. At the same time, the

chromatin state contributes to METTL3 levels shortly after.
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Figure 17. Early GFP-METTL3 recruitment is not affected by ALC1 deficiency. The
recruitment dynamics of GFP-METTL3 to 355-nm microirradiation sites in PARP1- and

ALC1-deficient cells. Data are presented as mean + SD; with 12 cells per condition an-
alyzed across two biological replicates.

3.2.4 METTLS3 recruitment does not depend on TonEBP

Previous reports have suggested that the tonicity-responsive enhancer binding protein
(TonEBP) recruits to microirradiation driven by PAR dynamics (Ye et al., 2021) and is
required for METTL3-mediated methylation of DNA-RNA hybrids (Ye et al., 2021). There-
fore, we tested whether TonEBP mediates the recruitment of METTL3 to microirradiation
sites using our live-cell imaging approach. We used siRNA-mediated depletion of
TonEBP and compared the recruitment of METTL3 against cells transfected with a con-
trol siRNA. In our hands, METTL3 still recruits to microirradiation sites independent of
TonEBP presence (Figure 18 A). The efficiency of siRNAs was tested using Western
blotting 48 h after transfection (Figure 18 B), the time at which cells were used in microir-

radiation experiments.
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Figure 18. GFP-METTL3 recruitment to microirradiation sites is independent of
TonEBP. (A). The recruitment dynamics of GFP-METTL3 to 355-nm microirradiation
sites were analyzed in TonEBP knockdown cells. More than 60 cells per condition were
analyzed across three biological replicates. Data are presented as mean + SEM. (B)
Western blot analysis confirming TonEBP depletion 48 h post-transfection. The images
represent a representative experiment, with consistent depletion levels observed across
replicates.

3.3 RNA contributes to the recruitment of METTL3/14 to DNA
damage sites

3.3.1 RNA degradation reduces METTL3 recruitment to microirradiation
sites

The METTL3/14 complex has been studied extensively concerning its mMRNA methyla-
tion activity. Therefore, we explored whether RNA could contribute to recruiting these
proteins to microirradiation sites. We performed live-cell imaging after microirradiation
on cells permeabilized with 0.6% Tween-20 and treated with RNAse A, as described by
Michelini and colleagues (Michelini et al., 2017). Changes in cell morphology under
bright-field microscopy confirmed the cells’ permeability. We used permeabilized cells
supplemented with an equimolar concentration of acetylated BSA as a control. The per-
meability of cells resulted in a slight but not significant decrease in GFP-METTL3 recruit-
ment to DNA lesions (Figure 19). Treating cells with RNAse A after permeabilization
significantly reduced the recruitment of GFP-METTL3 after microirradiation (Figure 19).
These observations indicate that the presence of RNA affects METTL3 recruitment ki-

netics.
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Figure 19. RNA degradation reduces GFP-METTL3 recruitment to DNA damage
sites. (Left). Recruitment kinetics of GFP-METTL3 in permeabilized cells following mi-
croirradiation. Cells were treated with either BSA or RNAse A and observed for 5 min
post-irradiation. More than 30 cells per condition were analyzed across three replicates.
Data are presented as mean + SEM, and the GFP signal is normalized to the intensity
at microirradiation sites before irradiation. (Right). The relative enrichment of GFP-
METTL3 5 minutes after irradiation. Each data point represents a single cell. Statistical
comparisons were performed using one-way ANOVA with Turkey’s post-hoc test to com-
pare each treatment against control. Significance levels: ns p>0.05; *** p< 0.0005; ****
p<0.0001.

3.3.2 Inhibition of RNA Pol Il reduces METTL3 and METTL14 recruitment to
microirradiation sites

Based on our findings, we aimed to understand the impact of RNA on the recruitment of
GFP-METTL3 and GFP-METTL14. We used the transcription inhibitors a-Amanitin
(aAM) and actinomycin D (ActD) to achieve this. These inhibitors act through distinct
mechanisms: aAM binds to the largest subunit of RNA Pol Il, RBP1, causing its degra-
dation and preventing transcription initiation (Nguyen, 1996). Meanwhile, ActD disrupts
the elongation of growing RNA chains by intercalating into DNA (Sobell, 1985). Using
this approach, we can interrogate the impact of stalling RNA transcription at the initiation

and elongation stages on the recruitment of the methyltransferases.

Treatment with aAM reduced GFP-METTL3 recruitment to DNA lesions (Figure 20 A),
60 s and 5 min after damage (Figure 20 B). Interestingly, treatment with ActD abrogated
the recruitment of GFP-METTL3 to DNA lesions. Similarly, treatment with aAM de-
creased the recruitment of GFP-METTL14 to DNA damage lesions (Figure 20 C). How-
ever, this difference was not present at the initial recruitment (60 s) but 5 min after dam-
age (Figure 20 D). These observations confirmed that nascent RNA assists the recruit-
ment of METTL3 and METTL14 to microirradiation sites.
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Figure 20. RNA Pol Il inhibition reduces METTL3 and METTL14 recruitment to DNA
damage sites. The recruitment dynamics of (A) GFP-METTL3 and (C) GFP-METTL14
to DNA lesions were analyzed in the presence of a-Amanitin (aAM; 2 ug/mL) or actino-
mycin D (ActD; 0.5 pg/mL) over 5 minutes. More than 20 cells per condition were ana-
lyzed across three replicates. Data are presented as mean + SEM, and the GFP signal
is normalized to the pre-damage intensity at microirradiation sites. (B,D) The relative
recruitment of GFP-METTL3 and GFP-METTL14 at 60 s or 5 min post-damage. Each
data point represents a single cell. Statistical comparisons were performed using one-
way ANOVA with Turkey’s post-hoc test to compare treatments against each other. Sig-
nificance levels: ns p > 0.05; * p< 0.05; **p<0.005; *** p< 0.0005; **** p<0.0001.

3.3.3 Actinomycin D reduces the mobility of METTL3 and METTL14

From our microirradiation data, we observed a slight delay in the recovery of fluorescent
signals at the microirradiation site. GFP-METTL3 fluorescent signal recovered to pre-
irradiation levels after approximately 60 s, while GFP-METTL14 recovered after 30 s
(Figures 20 A and C). As ActD stalls engaged RNA Pol Il and mRNA m6A methylation
occurs co-transcriptionally (H. Huang et al., 2019; Knuckles et al., 2017; Slobodin et al.,
2017; W. Xu et al., 2022), we hypothesized that ActD could impact the mobility of the
tagged proteins in the nucleus. This effect might occur, for example, by increasing the

interaction of these proteins with chromatin or with other proteins.

To test this hypothesis, we used fluorescence recovery after photobleaching to monitor
the movement of the tagged proteins to a photobleached region, thus obtaining infor-
mation about their mobility. Treatment with aAM, which reduced GFP-METTL3 recruit-
ment to microirradiation sites (Figure 21 A-B), did not affect the recovery kinetics of

METTLS3 after photobleaching (Figure 21 A). However, ActD treatment delayed recovery



of the GFP-METTLS3 signal at the bleached region (Figure 21 A). This reduction in mo-
bility is reflected as an increase in the immobile fraction upon ActD treatment, calculated
as 1 minus the plateau of the normalized intensity, serving as a measure of the bleached
fluorophores and the protein’s mobility (Figure 21 A right). Consistent with our previous
observations, ActD treatment also reduced the mobility of GFP-METTL14 (Figure 21 B).
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Figure 21. Actinomycin D reduces METTL3 and METTL14 mobility. Fluorescent re-
covery after photobleaching (FRAP) of (A) GFP-METL3 and (B) GFP-METTL14 in the
presence or absence of a-Amanitin (aAM; 2ug/mL for 2 h) or actinomycin D (ActD; 0.5
pg/mL for 2 h), monitored over 1 min. More than 30 cells per condition were analyzed
across three independent experiments. Data are presented as the mean + SEM, and the
GFP signal is normalized to the intensity before photobleaching. The left panels repre-
sent the immobilized fraction of (A) GFP-METTL3 and (B) GFP-METTL14. Each data
point represents a single cell. Statistical comparisons were made using one-way
ANOVA, with Dunnet’s test to compare each treatment against the control group. Statis-
tical levels: ns p > 0.05; * p< 0.05; ***p<0.001; *** p< 0.0001; **** p<0.0001.

3.3.4 METTL3 interacts with RNA Pol Il

Previous studies have confirmed that ActD intercalation into DNA reduces transcription
and diminishes RNA Pol II’'s mobility (Darzacq et al., 2007). Furthermore, m6A methyla-
tion of RNA by the METTL3/14 complex occurs co-transcriptionally (H. Huang et al.,
2019; Knuckles et al., 2017; Slobodin et al., 2017; W. Xu et al., 2022). We hypothesized
that METTL3/14 mobility reduction induced by ActD was driven by an increased interac-
tion between the METTL3/14 complex and RNA Pol Il. To investigate this, we performed



co-immunoprecipitation of GFP-METTL3 to examine its interaction with RBP1, the larg-
est subunit of RNA Pol Il. In alignment with Slobodin and colleagues (Slobodin et al.,
2017), we observed a slight increase in the interaction between GFP-METTL3 and RBP1
in the presence of ActD. (Figure 22 A). The interaction with the elongating form of RNA
Pol Il phosphorylated RBP1 (RBP1 pS2) remained unaffected by ActD treatment. Addi-
tionally, treatment with RNAse A did not affect the coprecipitation of GFP-METTL3 and
RBP1 (Figure 22 B), indicating that this interaction is not RNA-mediated. Further studies
are required to characterize this potential protein-protein interaction between METTL3
and RBP1.
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Figure 22. GFP-METTL3 interacts with the RBP1 subunit of RNA Pol Il. (A). Co-
immunoprecipitation of GFP-METTL3 in the presence or absence of actinomycin D
(ActD; 0.5 pg/mL for 2 h). (B). Co-immunoprecipitation of GFP-METTL3 in the presence
or absence of RNAse A (1ug/pL for 30 min) during lysis. Two biological replicates of
each immunoprecipitation were performed, yielding similar results. Experiments per-
formed by Jin Cai.

3.4 METTL3/14 binds to PAR chains in vitro

3.4.1 Recombinant METTL3/14 binds to PAR in vitro

As a polymer of ADP-ribose, PAR shares the same molecular components as RNA: the
nucleobase adenine, ribose sugars, and phosphates. Our prior findings show that the
recruitment of METTL3 and METTL14 is influenced by both PAR and RNA. While exten-
sive research has characterized the affinity of the METTL3/14 complex for various RNA
structures (Meiser et al., 2020; X. Wang et al., 2016) and DNA (Qi et al., 2022; Woodcock
et al., 2019), it is not known if it can directly bind to PAR.

To explore this, we immobilized purified METTL3/14 onto a nitrocellulose membrane and
then incubated with purified PAR chains. We used MacroH2A1.1, a known PAR-binder,

as a positive control, and BSA as a negative control. Following extensive washing, we



probed the membrane for PAR signal. As expected, no PAR signal was observed where
BSA was immobilized but detected at the locations where MacroH2A1.1 was immobi-
lized, confirming the specificity of the test. Similarly, the PAR signal was detected at the
sites where METTL3/14 was immobilized (Figure 23 A). Therefore, we confirmed that
METTL3/14 can interact with PAR chains under these test conditions.

An alternative method to characterize protein-nucleic acid binding involves monitoring
the change in the mobility of a substrate in the presence of its binding protein during
electrophoretic separation in an electrophoretic mobility shift assay. Upon protein bind-
ing, the mobility of the nucleic acid is significantly reduced, manifesting as a change in
the migration pattern of the substrate. We used this approach with an ADP-ribose 20-
mer labelled with AlexaFluor™ 647, which the Leung’s lab kindly provided, and an RNA
probe containing 8 tandem repeats (40 nucleotides) of the DRACH motif labeled with
Cy3. The concentration of the probes was calculated based on the molecular mass of
one oligo. Increasing concentrations of METTL3/14 proteins were incubated with 10 yM
of labeled RNA or PAR. In the absence of METTL3/14, two species of RNA can be seen
running toward the end of the gel, corresponding to free single RNA and RNA dimers.
Low concentrations of METTL3/14 (0.25 uM) induced a shift of the RNA probe, indicating
the formation of an RNA-METTL3/14 species. This shift was further enhanced with in-
creasing concentrations of METTL3/14 (Figure 23 B). Low concentrations of METTL3/14
lead to a change in the fluorescently-tagged PAR, indicating a direct binding of the com-

plex to this polymer.

Interestingly, recombinant METTL3 alone exhibited very low affinity toward RNA, as ev-
idenced by the low abundance of bound RNA-METTL3 compared with free RNA (Figure
23 C). This indicates that, despite having two zinc finger domains known to mediate
RNA-target recognition (H. Huang et al., 2019; Sledz & Jinek, 2016), binding to RNA

substrate requires the formation of the METTL3/14 heterodimer.
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Figure 23. METTL3/14 interacts with PAR in vitro. (A). Purified METTL3/14 was blot-
ted onto a membrane and incubated with purified PAR (0.5 pg/mL for 2 h). The mem-
branes were washed and probed for PAR. MacroH2A1.1 and BSA served as positive
and negative controls, respectively. Ponceau staining was used as a loading control.
Two independent experiments of each membrane were performed, yielding similar re-
sults. (B) Electrophoretic mobility shift assay of METTL3/14 with 10 uM of an RNA probe
containing 8 tandem repeats of the DRACH motif labeled with Cy3, or 20-mer of ADP-
ribose labeled with Alexa Fluor™ 647. (C) Electrophoretic mobility shift assay of METTL3
(1 pg) with the Cy3-RNA probe.

Microscale thermophoresis (MST) is an orthogonal method for assessing protein-ligand
interactions. By measuring changes in the mobility of molecules through a microscopic
temperature gradient, this method can be used to approximate binding affinities in im-
mobilization-free media using low volumes of reagents. We used the previously de-
scribed Cy3-RNA or Alexa Fluor™ 647-PAR probes, together with recombinant increas-
ing concentrations of METTL3/14.

To optimize probe concentration, we assessed the fluorescent signal using 20% excita-
tion power and determined that 100 nM of labeled probes provided a signal between
1200 and 2000 A.U., as recommended by the manufacturer. MST traces were recorded
using 80% MST power on a Monolith NT.115 (NanoTemper). Subsequently, we meas-
ured the thermophoresis signal of increasing METTL3/14 concentrations with 100 nM of

labeled probe. An example of a raw thermophoresis signal is shown in Figure 24 A.

Data analysis was conducted using the NT Analysis software to calculate the bound and
unbound ligand fractions. These values were used to generate a dose-response curve,
and binding affinities (Ko) were determined by fitting a Hill slope model using GraphPad
Prism8. The accuracy of the fitting model is reported as an R? value for each condition
(Figure 24 B). As positive controls, we assessed the binding affinity of METTL3/14 to
RNA, obtaining a calculated Kp of 0.7 uM (R?= 0.96), and the binding of MacroH2A1/H2B
to PAR resulting in a Kp of 0.5 uM (R?= 0.93). The calculated affinity of METTL3/14 to
PAR is 1.1 uM (R®= 0.88). Our data indicate that the METTL3/14 complex can directly
bind PAR in vitro, demonstrating a similar affinity compared to its canonical ligand, RNA,

and akin to other PAR-binders such as the macrodomain of MacroH2A1.1.

In line with our prior electrophoretic mobility shift assay observations, no clear binding
between RNA and recombinant METTL3 was detected under the tested conditions (Fig-
ure 24 C).
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Figure 24. Microscale thermophoresis confirmed the binding of METTL3/14 to RNA
and PAR. (A). Representative raw traces of fluorescent thermophoresis signal over time
of Cy3-RNA with increasing concentrations of unlabeled recombinant METTL3/14. Time
zero represents the point at which the MST laser is turned on. (B). Thermophoresis as-
says of METTL3/14 with Cy3-RNA or AlexaFluor™ 647-PAR, and MacroH2A1/H2B with
AlexaFluor™ 647-PAR. Data are presented as the mean of 2-4 replicates + SEM. The
dissociation constant (Kp) was estimated by fitting a Hill slope model, and R? values
indicate the goodness of the fit. (C). Representative thermophoretic experiment of Cy3-
RNA with recombinant unlabeled METTL3. Data are presented as normalized fluores-
cence (FNorm) against METTL3 concentration. No clear binding was observed under
the tested conditions.

3.4.2 Binding to PAR confers thermal stability to the METTL3/14 complex

The binding of ligands induces structural rearrangements to the bound protein, exposing
or protecting amino acids that were previously unexposed. These changes can affect the
thermal stability of proteins, manifested as a ligand-dependent shift in the melting tem-
perature (Tm), which is the temperature at which 50% of the protein population unfolds.
Amino acids such as tryptophan and tyrosine, with strong intrinsic fluorescence at 330-
350 nm, enable the assessment of ligand binding by observing the changes in the fluo-
rescence properties of the target protein. We used nano-differential scanning fluorimetry
(nanoDSF) to evaluate the thermal stability, indicated by changes in the fluorescent prop-
erties, of recombinant METTL3/14 in the presence of a 20 nucleotide RNA and purified

PAR. A dilution series of these two probes was generated, and a constant concentration



of protein was added. The values were then compared against METTL3/14 without lig-
and (Apo).

In the presence of RNA, the METTL3/14 complex showed a modest and concentration-
independent increase of the AT of circa 1.0 °C (Figure 25 A left). In contrast, when
METTL3/14 was incubated with PAR, a concentration-dependent increase in Tr, of up to
more than 2.0 °C was observed (Figure 25 A center), suggesting PAR-driven protein
stabilization indicative of PAR binding. We used purified macroH2A1.1-H2B histone di-
mers as a control for PAR binding, obtaining a dose-dependent increase in T, (Figure
25 A right). The normalized first derivative fluorescent traces of one representative ex-
periment are illustrated in Figure 25 B, where the increase in Tr, is observed as a shift of

the curve toward higher temperature.
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Figure 25. PAR induces thermal stabilization of METTL3/14 in vitro. (A) Change in
melting temperature (ATn) after incubating METTL3/14 with increasing concentrations of
PAR or RNA and Macro H2A1.1 with PAR. The mean AT, from 3-4 independent exper-
iments is shown + SEM (top), and the mean T, at different ligand concentrations (bot-
tom). AT is calculated as the difference between the Tr at a given concentration and
the Apo form. (B) Normalized fluorescent emission of METTL3/14 in the presence of
PAR and RNA and MDH2A1.1 in the presence of PAR (insert). The normalized first de-
rivative of the ratio of the fluorescent signal emitted at 350 nm and 330 nm, with inflection



points representing protein melting. Traces correspond to the mean values from one
representative experiment with two technical replicates.

Consistent with our earlier findings, METTL3 alone demonstrates inefficient interaction
with RNA or PAR, as stabilization of the recombinant protein only occurs at high nucleic
acid concentration (45 pM, Figure 26 A-B). It is noteworthy that the thermal profile of
METTL3 exhibits two inflection points, a feature not observed in the METTL3/14 com-
plex. We hypothesized this could be driven by the GST-tag in the recombinant METTLS3.
To investigate this, we conducted a thermal shift assay with recombinant GST-6His, gen-
erously provided by Maren Heimhalt. Indeed, we observed that GST unfolds above 60°C
and remains unaffected by the presence of PAR (Figure 26 C). This observation may
correlate with the second inflection point observed in the thermal shift profiles of GST-
METTL3 (Figure 26 A-B).
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Figure 26. Recombinant METTL3 does not interact efficiently with nucleic acids in
vitro. Thermal shift assay of (A) GST-METTL3 with RNA, (B) GST-METTL3 with PAR,
and (C) GST-His with PAR. Thermal stabilization of METTL3 was observed at 45 pM of
nucleic acid. Data were normalized to the maximum values of the first derivative of the
350 nm / 330 nm ratio and are presented as the mean of three independent experiments
(A-B) and two independent experiments (C).

3.4.3 METTL3/14 simultaneously binds PAR and RNA in vitro.

Our electrophoretic mobility assays (EMSA) revealed the in vitro binding of METTL3/14
to both RNA and PAR, even at low enzyme concentrations. To further characterize the
nature of the interaction between METTL3/14 and both nucleic acids, we conducted
competitive EMSAs. We incubated 2 uM of METTL3/14 with 10 nM of the first nucleic
acid probe for 15 min. Subsequently, we incubated this mix with varying molar ratios (1:1

to 1:50) of the second competitor probe.



First, we assessed the ability of PAR to outcompete RNA-METTL3/14 binding. In line
with our previous results, the addition of METTL3/14 complex to Cy3-RNA resulted in a
reduction in the mobility of the RNA probe, manifested as the formation of a species
running at a higher position on the gel, labeled as “a” in Figure 27 A. When PAR was
added in a 1:1 ratio, a second protein-nucleic acid species emerged, appearing as a
band running higher than the METTL3/14-RNA species, marked as “b” in Figure 27 A.
With excess PAR (molar ratio 1:10), a super-shift of the METTL3/14-PAR species oc-
curred, along with the partial displacement of RNA from the METTL3/14 complex, labeled
as species “c” (Figure 27 A). This phenomenon was exacerbated with increasing con-
centrations of PAR (ratios 1:20 to 1:100). Notably, RNA signal persisted in the
METTL3/14 species even at high PAR concentrations, suggesting that while PAR can
displace RNA, it does not entirely outcompete RNA binding.

Conversely, when RNA was employed to outcompete PAR-METTL3 complexes (“a” in
Figure 27 B), a METTL3/14-RNA species appeared (“b” in Figure 27 B). Unlike PAR,
excess of RNA did not displace PAR, as no free PAR was observed under these condi-
tions. These data collectively suggest that METTL3/14 can recognize both nucleic acids
concomitantly. Moreover, the difference in the mobility observed when METTL3/14 is
exposed to RNA first versus PAR argues for differences in how the complex interacts
with these nucleic acids. While RNA has been described to bind at the interphase of
METTL3 with METTL14 (X. Wang et al., 2016), PAR may interact with the exposed sur-
face of METTL3/14, potentially through electrostatic interactions, serving as a platform
for METTL3/14. Further studies are needed to characterize how METTL3/14 engages

with PAR structurally and biochemically.
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Figure 27. RNA and PAR cannot outcompete each other’s binding to METTL3/14
in vitro. Competitive EMSA analysis of METTL3/14 binding to RNA (cyan) or PAR (red).
In (A), 2 yM METTL3/14 is incubated with 10 nM of RNA first, followed by the addition
of increasing concentrations of PAR. In (B), 2 yM METTL3/14 is incubated with 10 nM
PAR first, followed by the addition of increasing concentrations of RNA. Representative
images of two replicates with similar results are shown. Experiment performed by Jin
Cai.

3.4.4 PAR binding does not affect the catalytic activity of METTL3/14

By our previous findings, METTL3/14 can interact simultaneously with both RNA and
PAR. Subsequently, we explored whether PAR’s presence could influence the catalytic
activity of the methyltransferase complex in vitro. To assess this, we used the MTase-
Flo™ Methyltransferase Assay by Promega, a bioluminescence-based assay relying on
the production of S-adenosylhomocysteine (SAH), a byproduct of the methylation reac-
tion. SAH is then converted into ADP and subsequently into ATP, which can be through

a luciferase reaction.



To establish the range of the assay, we performed a standard curve of SAH following
the guidelines of the manufacturer. The luminescent signal exhibited linearity at the high-
est concentration tested (1 uM), and our equipment demonstrated sensitivity to the low
concentrations recommended by the manufacturer (Figure 28 A). We then optimized
enzyme and substrate concentrations to find appropriate conditions for the assay. For
this, we carried a methylation reaction for 1 h with increasing concentrations of
METTL3/14 with 10 yM RNA (Figure 28 B) and titration of RNA in the presence of 62.5
nM METTL3/14 (Figure 28 C). Based on these tests, we identified 62.5 nM METTL3/14

and 5 yM RNA as optimal concentrations for our assays.

Next, we assessed the activity of METTL3/14 in the presence of RNA and PAR. We
incubated METTL3/14 with RNA while introducing different concentrations of PAR (molar
ratios from 1:05 to 1:10). As controls, we used RNA only (RNA +), a negative RNA probe
that consisted of four tandem repeats of the DRACH motif with uracil instead of adeno-
sine (RNA -) and the different PAR concentrations used in the RNA+PAR reactions. The
RNA negative control showed a low background luminescent signal, similar to the signal
observed in reactions containing PAR (Figure 28 D). At low PAR concentrations, a mod-
est increase in luminescent signal was detected; however, higher PAR concentrations
failed to significantly affect the activity of the methyltransferase complex (Figure 28 D).
Consequently, we conclude that there is no clear evidence of PAR affecting the catalytic
activity of the METTL3/14 complex.
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Figure 28. PAR does not affect the catalytic activity of METTL3/14 in vitro.
(A). SAH titration was performed to assess the specificity of the assay and equipment,
with sensitivity falling within the parameters recommended by the manufacturer. (B, C)
Titration of the METTL3/14 complex (B) and RNA probe (C) was conducted to determine
the optimal concentrations for the assay. Data are presented as the mean of two tech-
nical replicates + SD. (D) Methylation reaction results of positive control (RNA +), nega-
tive control (RNA -), PAR + RNA (PAR/RNA) at different molar ratios, and PAR at the
concentrations used for PAR/RNA reactions. The addition of PAR did not significantly
affect methylation. Data are shown as the mean of three independent replicates + SEM.
All reactions were measured after 1 h.

3.4.5 METTL14 interacts with PAR in cellulo

Our previous findings indicate that METTL3/14 can interact with PAR in vitro. Conse-
quently, we investigated whether this interaction can occur in cellulo. We used a modified
Lac operator (LacO) colocalization imaging assay (Janicki et al., 2004). We linked the
macrodomain of MacroH2A1.1 to the Lac repressor (LacR), effectively tethering this
PAR-binding domain to the LacO array integrated into U20S 263 cells (Figure 29 A).

Cells were sensitized overnight with BrdU and treated with 1 yM PARGi one hour before
inducing PARYylation through microirradiation with a 355-nm laser. As a proof of concept,
we monitored the accumulation of GFP-PARP1. Consistent with previous reports (Bless-

ing et al., 2022), we observed an accumulation of PARP1 at the MacroH2A1.1 foci upon



microirradiation (Figure 29 B, left). This accumulation was quantified as a ratio of the
fluorescent signal at the macrodomain foci over the nuclear signal. A ratio above 1, as
observed for GFP-PARP1, indicates accumulation above the nuclear signal (Figure 29
B, right).

Under these conditions, we did not observe a convincing accumulation of GFP-METTL3,
but we did observe a low yet consistent accumulation of GFP-METTL14 at the tethered
macrodomain (means 120 s after irradiation = 1.09 + 0.02 SEM, and 1.14 + 0.002 SEM,
respectively; Figure 29 B). These findings imply that METTL14 interacts with PAR or

PARylated proteins within the cellular context.
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Figure 29. METTL14 interacts with PAR/PARylated proteins in cellulo. (A). U20S
cells with genomic-integrated Lac operator (LacO) repeats were co-transfected with
mCherry-MacroH2A1.1 fused to the Lac repressor (LacR) and GFP-PARP1, -METTL3
or -METTL14. The accumulation of these proteins at MacroH2A1.1 foci was monitored
after photomanipulation using a 355-nm laser. (B) Representative images of the
LacO/LacR assay (left) and quantification of GFP-PARP1, -METTL3, and -METTL14 at
MacroH2A1.1 foci (right). Foci are indicated by white arrows. More than 30 cells were
analyzed across three biological replicates. Each nucleus is represented by a data point
with the mean of each experiment shown as a black point. The line indicates the median
value across all data points. The means for each condition are indicated. Experiments
performed by Julia Preil3er.



3.4.6 METTL3 and METTL14 are not PARylated

As a post-translational modification, PAR is covalently attached to target proteins. Since
our data indicate that METTL3 and METTL14 interact with PARP1 and PAR, we explored
whether METTL3 and METTL14 are directly poly-ADPribosylated. To investigate this,
we performed co-immunoprecipitation experiments on cells transfected with GFP-
METTL3 or GFP-METTL14 after UV irradiation. As controls, we used cells transfected
with GFP-PARP1 WT and GFP-PARP1 E988K, a catalytic mutant that conserves its ca-
pacity to mono-ADPribosylate (Marsischky et al., 1995; Rolli et al., 1997). Following im-
munoprecipitation, we used high-salt buffer wash to reduce protein-protein interactions
of the pulled GFP-tagged proteins, performed Western blotting to separate proteins, and
detected PAR using the a pan-ADPribose antibody, which binds to mono- and poly-
ADPribose.

As expected, a reduction of PAR signal was observed in the catalytic mutant GFP-
PARP1 E998K compared to GFP-PARP1 WT for both recombinant and endogenous
PARP1 (Figure 30, marked as * and ** respectively). However, under these conditions,
no PAR signal was detected on the GFP-pulled METTL3 or METTL14 (Figure 30), indi-

cating that neither of these proteins is a target of the poly-ADPribose polymerases.
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Figure 30. METTL3 and METTL14 are not PARylated. High-salt immunoprecipitation
was performed on HEK293T cells transfected with GFP-METTL3, -METTL14, -PARP1
WT, or GFP-PARP1 E988K after UV irradiation. A reduced PAR signal was observed in
the PARP1 E988K cells compared to PARP1 WT. However, no PAR signal was detected
in METTL3 or METTL14 samples. The representative blot shown is from one of the two
independent experiments performed, both yielding similar results. Experiment performed
by Jin Cai.




3.5 METTL3 deficiency delays the DNA damage response

3.5.1 METTLS3 deficiency increases sensitivity toward UV

As a second aim of my project, we sought to investigate the effect of METTL3/14 recruit-
ment and m6A accumulation at DNA lesions on the DNA damage response (DDR). We
mainly focused on the impact of METTLS, as it is the catalytic core of the heterodimer.
We conducted clonogenic cell survival assays to assess cell sensitivity in the absence
of METTLS3, evaluating proliferation capacity when cells are exposed to different DNA
damage sources. Consistent with prior reports (Xiang et al., 2017), we observed that
AMETTLS3 cells are sensitive to UV in the presence of BrdU (Figure 31 A left). This sen-
sitivity can be rescued by reintroducing METTL3 WT to the deficient cells (AMETTLS3 +
METTL3 wt), but not with the catalytic mutant METTL3 D395A (AMETTL3 + METTL3
mut, Figure 31 A left). This suggests that UV sensitivity in the presence of BrdU depends
on the catalytic activity of METTL3. Intriguingly, cells without BrdU pretreatment did not
exhibit UV-sensitivity, yet the reintroduction of METTL3 WT conferred protection against
UV (Figure 31 A right).

Considering that the presence of BrdU promotes double-strand break formation after UV
(Limoli & Ward, 1993), and that METTL3/14 can methylate double-stranded DNA in vitro
(D. Yu et al., 2021), we hypothesized that AMETTLS3 cells might be sensitive to X-ray
radiation (IR), as it induces double-strand DNA breaks. However, our results indicate
that under the tested conditions, AMETTL3 cells are not sensitive to IR (Figure 31 B).
The reintroduction of METTL3 WT, on the other hand, conferred resistance against high
IR doses (Figure 31 B).

These observations contradict previous reports where shRNA-mediated depletion re-
sulted in sensitivity against IR and cisplatin (C. Zhang et al., 2020). Additionally, the lack
of sensitivity against IR and UV without BrdU, along with the apparent resistance con-
ferred by the reintroduction of METTL3 WT, could be attributed to potential residual
METTLS3 activity in the apparent AMETTL3 cells, as previously reported in the literature
(Poh et al., 2022). It is plausible that our cell system does not constitute a complete
knockout, thus explaining the absence of DDR phenotypes are observed without pre-

sensitization.
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Figure 31. METTL3 deficient U20S cells are sensitive to UV in the presence of
BrdU. (A). Clonogenic survival cell survival assay depicting the sensitivity of wild-type,
AMETTL3, AMETTL3 + METTL3 wt, and AMETTL3 + METTL3 D395A (AMETTL3 +
METTL3 mut) U20S cells to UV-irradiation. The assay was performed with (left) or with-
out (right) BrdU. (B). Clonocegic survival assay illustrating the response of cells to X-ray
irradiation (IR). Data are presented as the mean of three biological replicates + SEM.
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3.5.2 METTLS3 deficiency delays photolesion repair

The energy emitted during UV irradiation is absorbed by DNA, leading to the formation
of cyclobutene pyrimidine dimers (CPD) or 6-4 photoproducts (6-4PPs). These lesions
cause distortions to the DNA helix, impairing vital biological processes such as DNA
replication and RNA transcription (Lans & Vermeulen, 2011; G. Wang & Vasquez, 2017).
Repairing of these lesions is crucial for maintaining genome integrity and cellular home-
ostasis. We investigated the role of METTL3 in the repair of CPDs and 6-4PPs by mon-

itoring the resolution of these photolesions following UV treatment.

Consistent with previous reports, we observed that the depletion of METTLS3 results in
increased levels of CPDs compared to the control (Figure 32 A), indicating impaired UV
repair (Xiang et al., 2017). Similarly, elevated levels of 6-4PP levels were observed in
AMETTLS cells (Figure 32 B). Furthermore, the resolution of 6-4PP could be restored
after reintroducing METTL3 wt (AMETTL3 + METTL3 wt) but not with the catalytic mutant
METTL3 D395A (AMETTL3 + METTL3 mut; Figure 32 B). Considering the kinetics of
lesion repair (Matsumoto et al., 2007), our observations suggest that METTL3 deficiency
affects both early (6-4PP) and late (CPD) stages of UV-damage repair.
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Figure 32. METTL3 deficiency delays photolesion repair. Quantification of nuclear
immunofluorescence signal of (A) cyclobutene pyrimidine dimers (CPD) and (B) 6-4 pho-
toproducts (6-4PP), normalized to signal 1 h after irradiation. All nuclei from three inde-
pendent experiments are shown as individual points, more than 100 cells were analyzed
per condition. Black points represent the means of three biological replicates, and the
bar indicates the median of all points. Statistical comparisons were performed conditions
were using one-way ANOVA with Tukey’s post-hoc test to compare treatments against
wild-type 16h. Significance levels: ns p> 0.05, **p<0.002, **** p<0.0001.

Importantly, no differences in cell cycle profiles were observed between METTL3 defi-
cient cells and their parental cell line after UV irradiation in the presence of BrdU (Figure
33). Therefore, the delay in photolesion repair and UV-sensitivity are uncoupled from cell
cycle progression.
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Figure 33. Cell cycle analysis of METTL3 deficient cells and wild-type cells after
UV irradiation. Cell cycle analysis by flow cytometry was performed using propidium
iodine staining of cells without UV-irradiation (NT), 6 h or 20 h after treatment. Data
shown for three biological replicates, with more than 3,000 cells were analyzed per con-
dition per replicate. Statistical comparisons were performed using two-way ANOVA with
Tukey’s post-hoc test to compare each treatment against wild-type at the corresponding
time point. Significance levels: ns p> 0.05, **p<0.002, **** p<0.0001.




3.5.3 METTLS3 deficiency delays transcription-related processes

The nucleotide excision repair pathway (NER) is one of the key pathways employed by
the cells to repair UV-induced DNA lesions faithfully. This pathway can be initiated by
directly recognizing photolesions (global genome-NER; GG-NER) or identifying the
stalled RNA polymerase at the lesion site (transcription coupled-NER; TC-NER). Given
our previous findings demonstrating the impact of METTL3 deficiency on photolesion
repair (Figure 32) and the interaction of METTL3 with RNA Pol Il (Figure 22), we inves-
tigated whether METTL3 plays a role in TC-NER.

To address this question, we initially examined the sensitivity of AMETTL3 cells to llludin
S, a compound known to induce lesions repaired through transcription- and replication-
coupled pathways (Jaspers et al., 2002). Cell viability was measured using the CellTiter-
Glo® bioluminescent assay, which quantifies ATP production. We found that AMETTL3
cells are sensitive to llludin S, a phenotype rescued by the reintroducing METTL3 wt, but
not METTL3 mut (Figure 34 A). Moreover, at low concentrations of llludin S, transient
depletion of METTL3 through siRNA, but not METTL14, decreased cell viability com-
pared to cells transfected with a control siRNA (Figure 34 B). Nonetheless, this sensitivity
disappeared at higher concentrations of llludin S. XPA depletion, a key component of

the NER machinery and served as a positive control for this assay.
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Figure 34. METTL3 deficient cells are sensitive to Illudin S. (A) Viability assay of
wild-type, AMETTL3, and rescue (METTL3 wt, and METTL3 mut) cell lines exposed to
llludin S. (B) Viability assay of siRNA-depleted cells exposed to llludin S. XPA depletion
served as a positive control. Viability was measured using CellTiter-Glo®. Data are pre-
sented as the mean of three independent experiments + SEM.

As a protective measure to maintain genome integrity, UV-irradiated cells undergo a sig-
nificant reduction in RNA synthesis, which is later restored after the resolution of the DNA

lesions (Mayne & Lehmann, 1982). Therefore, the restart of RNA synthesis can serve as



an indicator of cellular fitness following UV irradiation. In line with previous reports (Xiang
et al., 2017), depletion of METTL3, and to a lesser extent METTL14, hindered transcrip-
tion restart after UV, as evidenced by reduced 5-Ethynyl Uridine (EU) incorporation 20 h
after UV-irradiation (Figure 35 A left). As positive controls, siRNAs targeting CSB and
XPA, key proteins in TC-NER and GG-NER pathways, respectively, were used. The ef-
ficiency of the depletion was confirmed by Western blot (Figure 35 A right).

Similarly, AMETTL3 cells exhibited diminished RNA synthesis compared to the parental
cell line 16 h after UV-treatment (Figure 35 B). Moreover, rescue with METTL3 wt re-
stored RNA synthesis at this time point (AMETTL3 + METTL3 wt; Figure 35 B). A limita-
tion of this dataset is the absence of EU incorporation 1 h after UV treatment. Therefore,
confirmation of an appropriate shutdown of transcription is not available. Despite this
limitation, the trends observed in these cells align with the observations made when us-
ing siRNA depletion (Figure 35 A); thereby supporting the argument that METTL3 defi-
ciency impairs transcription restart after UV-damage.
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Figure 35. METTL3 deficiency delays transcription restart after UV-damage. (A).
EU incorporation assay 1 h and 20 h after UV-irradiation in cells depleted of METTL3,
METTL14, CSB, or XPA, with corresponding Western blot confirming protein depletion.
(B) EU incorporation assay 16 h after UV-irradiation in parental, AMETTL3, and
AMETTL3 + METTL3 wt rescue cells. All nuclei from three (A) or two (B) biological rep-
licates are shown as individual points. More than 30 cells were analyzed per condition
per replicate. Black points represent the means of each biological replicate, and the bar



shows the median of all points. For (A) Statistical comparisons were performed using
one-way ANOVA with Tukey’s post-hoc test to compare each treatment against siCtrl
20h; **** p<0.0001.

3.5.4 METTLS3 deficient cells have increased ATF3 levels

The activating transcription factor 3 (ATF3) is a transcriptional repressor that is rapidly
and transiently induced upon stress, including the DNA damage caused by agents, such
as UV, IR, or MMS (Fan et al., 2002). Accumulation of ATF3 leads to transcriptional
arrest, and sustained high levels can impact cell proliferation. The removal of ATF3 is
guided by the TC-NER proteins CSA and CSB through the assembly of the ubiquitin/pro-
teasome complex (Epanchintsev et al., 2017). Therefore, ATF3 levels after UV damage
are correlated with TC-NER efficiency. We assessed ATF3 levels after UV-irradiation
using immunofluorescence and observed persistent and elevated nuclear ATF3 signal
in AMETTLS3 cells compared to the parental control (Figure 36 A). Interestingly, the rein-
troduction of both METTL3 wt and METTL3 mut reduced ATF3 levels after 26 h (Figure
36 A), suggesting a role of METTL3 independent of its catalytic activity. Similar observa-

tions were confirmed using western blot on whole cell lysate (Figure 36 B).
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Figure 36. High levels of the transcription repressor ATF3 are sustained in METTL3
deficient cells. (A) Representative microscope images of the nuclear immunofluores-
cent signal (left) and quantification (right) of ATF3 in wild-type, AMETTL3, and rescue
(AMETTL3 + METTL3 wt and AMETTL3 + METTL3 mut) cell lines. ATF3 signal was
normalized to signal 1 h after irradiation. All nuclei are shown as individual points, more
than 30 cells were analyzed per condition per replicate. Black points represent the means
of three biological replicates, and the bar shows the median of all points. Statistical com-
parison was performed using one-way ANOVA with Tukey’s post-hoc test to compare
each treatment against wild-type 26h. (B) Western blot analysis of cell whole lysate test-
ing the abundance of ATF3 in wild-type, AMETTL3 and AMETTL3 + METTL3 wt cells at
different points after UV treatment. The images represent a single representative exper-
iment (left), and the quantification of three biological replicates is shown on the right. The
data were normalized to tubulin control and to ATF3 signal before irradiation. Data are
presented as the mean of three biological replicates + SEM.

Our observations indicate that METTL3 plays a role in NER, as evidenced by the im-
paired CPD and 6-4PP repair, and potentially in TC-NER. However, the subtle effects of
the observed phenotypes (Figure 31-36), along with the protective effect against UV
without BrdU presensitization and IR-irradiation observed after reintroducing METTL3 wt
in the clonogenic survival assays (Figure 31), suggest potential residual activity of
METTLS3 in the cell model used. Furthermore, the consequences of DNA replication
stress and transcription block cannot be disentangled in the cells we used, as the time

required to restart transcription overlaps with the doubling time of the U20S cells. The



limitations of our data prevent us from drawing a conclusive answer to whether METTL3

plays a role in TC-NER.

To address these limitations, we collaborated with the Luijsterberg lab at Leiden Univer-
sity to investigate the impact of METTL3 in TC-NER. They employed RPE1-iCas9 cells,
which stably express inducible Cas9 and are deficient in TP53. Additionally, these cells
were further engineered to knockout XPC, making the survival of cells to DNA damage
depend on TC-NER proficiency. Furthermore, the absence of TP53, combined with the
slow cell cycle kinetics of RPE1 cells, enables the uncoupling of defects arising from
DNA replication stress from those related to the transcriptional block. In this cells system,
METTL3 was depleted using shRNA before performing TC-NER assays such as viability
studies in the presence of llludin S, EU and EdU incorporation assays after UV-irradia-
tion, and measurements of double-strand breaks after trabectedin treatment as an indi-
cator of TC-NER efficiency. The collective findings from these experiments strongly sug-
gest a role of METTL3 in TC-NER. The detailed results of the Luijsterberg lab are in-
cluded in the manuscript published in Nucleic Acid Research in 2025 (see List of Publi-

cations).

3.6 Combination of PARPi and METTL3i decreases
proliferation of different cancer cell models

In the clinic, PARPI are approved for treating several solid tumors, including breast, pros-
tate, and ovarian cancer, and are also being investigated preclinically in hematological
malignancies, reviewed in (Padella et al., 2022). Their therapeutic approach represents
the first synthetic lethal targeted therapy, particularly effective in cells with BRCA1 or
BRCAZ2 mutations, deficient in homologous recombination and particularly sensitive to
PARPI.

On the other hand, METTL3 has emerged as a crucial player in specific cancers, notably
in acute myeloid leukemia (AML) (Barbieri et al., 2017). This has led to the development
of METTL3 inhibitors, some currently undergoing Phase 1 clinical trials (ldentifier:
NCT05584111). Given the identified interaction between METTL3 and PARP1, along
with the evidence suggesting a role of METTL3 in DNA repair through homologous re-
combination (E. Li et al., 2022; C. Zhang et al., 2020) and NER (our data), we hypothe-
sized that combining METTL3 and PARP inhibitors could enhance their effectiveness in

treating cancer cells.



We first used an acute myeloid leukemia model, MOLM-13 cells, to explore this hypoth-
esis. We assessed the growth inhibition of MOLM-13 cells treated with the METTL3i
STM2457, the PARPI olaparib, or a combination of both. After 72 hours of continuous
treatment, cell viability was measured using a luminescent-ATP-based assay. As previ-
ously reported (Yankova et al., 2021), MOLM-13 cells exhibited higher sensitivity to
METTL3 inhibition (Figure 37 A left) compared to unrelated cell types (MDA-MB-231 and
SUM149PT). Notably, combining METTL3i with PARPi in MOLM-13 cells resulted in a
significant increase in inhibitory potency, as indicated by shifts in the dose-response

curves (Figure 37, right curves).

Furthermore, we investigated the impact of this combination on the BRCA1/2 proficient
triple-negative MDA-MB-231 cell line and the BRCA1-mutant triple-negative SUM149PT
cell line. Similar to MOLM-13, the combination of PARPi with METTL3i enhanced prolif-
eration inhibition to levels where complete inhibition of cellular growth was observed
(Figure 37 B-C). These findings highlight the potential of combination therapies in various

cancer contexts.
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Figure 37. Combination of METTL3 and PARP inhibitors hinders the proliferation
of cancer cells.

Viability of MOLM-13 acute myeloid leukemia cells (A), MDA-MB-231 BRCA-proficient
triple negative breast cancer cells (B) and (C) SUM149PT BRCA1-mutant triple negative
breast cancer cells after treatment with the PARPI olaparib and/or METTL3i STM2457
at different concentrations. Data are depicted as the mean of three biological replicates,
each containing two technical replicates + SEM. Viability was measured using CellTiter-
Glo® and percentage inhibition as the inverse ratio of the luminescence of the sample
and a live control, corrected for background signal.



4. Discussion

One of the earlier steps in the DNA damage response is the recognition of DNA lesions
by PARP1, which triggers a rapid and transient burst of PARylation. PAR dynamics are
crucial in DDR, aiding chromatin rearrangement, recruiting DDR proteins, modulating
their activity via post-translational modification, and serving as a scaffold for the ensem-
ble of DDR factories. However, the role of this post-translational modification extends
beyond DNA repair as it is key in chromatin organization, modulation of gene expression,
and RNA biology. PAR versatility relies on the number of proteins interacting with this
dynamic polymer. Growing evidence highlights the overlap between RNA-binding and
PAR-interacting proteins (Gagné et al., 2008, 2012; Kalesh et al., 2019). Some of these
findings have clinical implications (Lee et al., 2021; Rhine et al., 2022). This thesis fo-
cused on one example of these RNA-binding PAR-interacting proteins, the METTL3/14

methyltransferase complex.

In this thesis, we built on previous reports (Xiang et al., 2017) to characterize the dynam-
ics of METTL3/14 recruitment to microirradiation sites. Our findings dissect the role of
PAR and the contribution of RNA towards the METTL3/14 kinetics of recruitment. More-
over, we identified METTL3/14 as a direct PAR-binder, using in vitro biochemical assays.
We further characterized the role of METTL3 in DDR and found that METTL3 deficiency
impaired TC-NER. Lastly, we explored the therapeutic potential of METTL3 and PARP
inhibitors using a combination approach in a leukemia cancer cell line and triple-negative

breast cancer models.

Collectively, our findings contribute to understanding the complex interplay between
DNA repair, RNA biology, and PARylation and provide insights into the roles of
METTL3/14 in these processes. The identified therapeutic opportunities pave the way
for further investigation into the clinical applications of METTL3 and PARP inhibitors.
This study lays the foundation for future research exploring the broader implications of

these molecular interactions in health and disease.

41 PARP1-mediated PARylation mediates m6A accumulation
and METTL3/14 recruitment to DNA photolesions.

This study investigated the dynamics of m6A and recruitment of the METTL3/14 complex

to microirradiation sites. Similar to previous reports, we observed m6A accumulation at



microirradiation sites in BrdU-sensitized cells (Svobodova Kovafikova et al., 2020; Xiang
et al., 2017). However, as the m6A signal was also observed in METTL3 deficient cells,
we opted to use an antibody-independent approach to validate our observations. There-
fore, we used live-cell imaging coupled with laser microirradiation to provide a detailed
characterization of m6A writer complex METTL3/14 recruitment to DNA damage sites.
Using this approach, we observed rapid and transient accumulation of METTL3 and
METTL14 in the DNA lesions. Moreover, the recruitment of both proteins depended on
PAR dynamics, as manipulating PAR levels through PARPi and PARGi either abolished
or retained METTL3/14 at the damage sites, consistent with PAR-driven recruitment. Our
rescue experiments in PARP1-deficient cells further validated the dependency of
METTL3/14 recruitment on active PARylation at DNA lesions. Intriguingly, we observed
that the early recruitment of METTL3 differs slightly from that of METTL14, with METTL3
accumulating more at DNA lesions. This difference in kinetics could allude to the two
methyltransferases recruited independently from each other, as confirmed by our recruit-
ment assays in METTL3 deficient cells or METTL14 depleted cells. While laser micro-
irradiation can cause DNA breaks and METTL3/14 can methylate DNA in vitro (D. Yu et
al., 2021), our data suggest that DNA breaks alone are insufficient for METTL3/14 re-
cruitment and that METTL3/14 recruitment to micro-irradiation sites is regulated by PAR

synthesis.

One of the downstream effects of active PARylation is chromatin decompaction, which
is driven by the negative charge of this polymer and the recruitment of chromatin remod-
elers to PARYylation sites. Chromatin remodelers such as CHD3 and CHD4 have been
shown to accumulate at sites of PARylation as an indirect effect of PARylation instead
of directly interacting with PAR (Smith et al., 2018). We excluded this possibility by com-
paring METTL3 recruitment in the presence of the HDAC inhibitor trichostatin A, which
leads to an open chromatin state. This treatment did not affect the early recruitment of
METTLS3 to irradiation sites, although a slight increase was observed at later stages. This
suggests that METTL3 recruitment is mainly driven by PAR synthesis and that the gen-
eral chromatin state has a minor effect on the methyltransferase recruitment. Consist-
ently, early recruitment of METTL3 was not affected in the absence of ALC1, a chromatin

remodeler involved in PAR-driven chromatin decompaction.

Interestingly, WTAP, an accessory protein to the m6A writing protein, faintly and transi-
ently accumulates at DNA damage sites but does not react to PAR dynamics. Further-

more, the demethylase FTO was not recruited to microirradiation sites. Thus, the PAR-



driven recruitment of the m6A machinery is specific to METTL3/14, although not all m6A-

related proteins were tested.

4.2 Transcription affects METTL3/14 recruitment to DNA
damage sites

As the core biological role of METTL3/14 is to methylate RNA, we investigated the role
of this polymer in the recruitment kinetics of the METTL3/14 complex to the microirradi-
ation sites. We found that treatment with RNase and inhibition of RNA synthesis using
aAm and ActD reduced the recruitment of the methyltransferase dimer. Moreover, FRAP
assays suggested that the treatment with ActD decreased the mobility of METTL3 and
METTL14. As METTL3 co-immunoprecipitated with the RNAPII subunit RBP1 in an
RNA-independent manner, we hypothesized that treatment with ActD would reduce
METTL3 mobility by increasing the fraction of protein bound to RBP1. Although we ob-
serve interaction with RBP1, we did not observe increased interaction with elongating
RNA Polymerase (phospho-RBP1). Future studies are essential to further dissect the
intricate interplay between PAR and RNA at DNA damage sites and whether this inter-

action occurs in a homeostatic context, such as at active transcription sites.

4.3 METTL3/14 binds to RNA and PAR in vitro

Increasing evidence suggests an overlap between RNA-binding proteins and the PAR
interactome. For instance, proteomic analysis has revealed significant enrichment of
RNA-binding proteins among PAR binders (Dasovich et al., 2021). RBPs such as FUS,
EWS, and DHX9 38 (Altmeyer et al., 2015; Cristini et al., 2018) are recruited to microir-
radiation sites in a PAR-dependent manner. However, the biochemical similarities be-
tween PAR and RNA raise questions about the specificity of these interactions and the

mechanisms of selective interaction between RBPs and PAR or RNA.

Our in vitro data are consistent with the direct binding of METTL3/14 to PAR polymers,
with high PAR concentrations partially displacing RNA binding but not outcompeting it.
Conversely, RNA did not displace PAR. Interestingly, we observed no difference in the
catalytic activity of METTL3/14 in the presence of PAR, suggesting that PAR and RNA
do not compete for METTL3/14 binding. Instead, PAR can serve as a scaffold guide for

METTL3/14 to specific nuclear locations, targeting its enzymatic activity at these sites.



Consistent with this idea, we observed the enrichment of METTL14 in chromatin-teth-

ered PAR-binding macrodomains.

44 METTL3 affects Transcription-Coupled Nucleotide
Excision Repair

Previous studies have suggested the role of UV-induced DNA damage repair. However,
the precise pathway involved in m6A-mediated remained unknown. Based on this
knowledge, we investigated the role of METTL3 in DNA repair. We observed that
METTL3 deficiency in U20S cells led to UV sensitivity and impaired photolesion clear-
ance at both early (64PP) and late (CPD) DNA repair stages. Furthermore, the absence
of METTL3 or transient depletion of this protein resulted in sensitivity to llludin S, a mu-
tagenic agent whose lesions can be repaired only through Transcription-Coupled Nucle-
otide Excision Repair. By these observations, METTL3 deficient cells exhibit a delay in
transcription restart after UV damage and increased levels of the transcription repressor
ATF3. Taken together, our data argues for a role of METTL3 in TC-NER.

It is important to note that some of these phenotypes were previously described by Xiang
et al. (Xiang et al., 2017); e.g., sensitivity to UV radiation, delayed CPD repair, delayed
transcription restart). Our work independently validated and expanded the characteriza-
tion of the role of METTL3 in UV-induced DNA damage repair, highlighting the role of
METTL3 and m6A in the transcriptional-dependent response to DNA damage. However,
the subtlety of the phenotypes described, as well as the fact that they can only be ob-
served in the presence of BrdU pre-sensitization, suggest that either the effect of
METTL3 in DNA damage repair is either subtle or that it is masked by redundancy of
multiple pathways, for instance, by compensating activity of other methyltransferases, or
by potential residual catalytic activity of METTL3 as has been reported for some METTL3
knockout cell models (Poh et al., 2022). Moreover, using U20S cells as the basis for our
studies limits the interpretation of our results, as the doubling time of these cells limits
the dissection of the DDR signaling induced after DNA replication stress or as a conse-
quence of transcriptional blockade. Therefore, it was not possible to unequivocally delin-
eate the role of METTL3 in TC-NER.



We collaborated with the Luijsterberg Lab at Leiden University. They engineered RPE1
cells, known for their extended doubling time, which allows the differentiation of DNA
replication processes from transcriptional-related ones, with an inducible Cas9 system
to acutely deplete XPC, thereby minimizing the contribution of GG-NER. Using shRNA
in these cells, the Luijsterburg group confirmed the role of METTL3 in TC-NER. The
detailed results generated in this collaboration are included in the manuscript published

in Nucleic Acid Research in 2025 (see List of Publications in Appendix 4).

Our observations, together with the evidence provided by the Luijsterberg Lab, further
validate previous genome-wide screening mapping genetic susceptibilities against DNA
damage agents, where METTL3 depletion resulted in UV sensitivity while conferring re-
sistance against trabectedin (Olivieri et al., 2020). Similar sensitivities have been re-
ported for TC-NER factors, such as ELOF1 (Olivieri et al., 2020; Van Der Weegen et al.,
2021).

4.5 Combination of METTL3i and PARPi additively inhibits the
proliferation of diverse cancer cells.

Since the identification of METTL3 as a key oncogenic factor in AML (Barbieri et al.,
2017; Vu et al., 2017), significant progress has been made in the development of
METTL3 inhibitors (Yankova et al., 2021), with the first clinical trial currently underway.
Given the clinical use of PARPI, we explored the potential of combining METTL3i and
PARRPI in cultured cancer cells. Our experiments showed an additive antiproliferative ef-
fect in cells derived from acute myeloid leukemia (MOLM-13) and triple-negative BRCA-
proficient (MDA-MB-231) and BRCA-deficient (SUM194PT) breast cancers. Similar ob-
servations have recently been reported (Cesaro et al., 2023). These data support further
efficacy analysis in different cancer models and suggest an additive effect independent
of the BRCA proficiency status. Assuming that combining these two therapeutic agents
does not exacerbate the established toxicity profiles of individual monotherapies, our
results could pave the way for innovative combination treatments, potentially enabling

the targeting of new cancer indications.

In summary, our work delineates the dependencies of METTL3/14 recruitment to DNA
damage sites, highlighting the role of PAR and active transcription to colocalize the me-

thyltransferase complex to microirradiation sites. We observed that the recruitment



kinetics follows DNA damage induced PARYylation, and the recruitment of the METTL3/14
complex dependents on PAR dynamics. In this regard, we identified the MTAse domain
of METTL3 as the structural domain that reacts to PAR stimuli. Furthermore, we provide
biochemical evidence of the in vitro binding of METTL3/14 to PAR, where PAR can out-
compete, yet not abolish, the binding of the heterodimer to RNA. As the catalytic activity
of METTL3/14 is not affected by PAR, we propose that the ADP-ribose polymer acts as
a scaffold to direct the activity of METTL3/14 locally.

In the second part of this work, we focused on the cellular role of METTL3 in the DNA
damage response. We observed that the absence of METTLS3 results in cell sensitivity
towards UV irradiation. Consistent with this observation, the lack of METTL3 impairs the
resolution of 6-4PP and CPD photolesions, highlighting the role of METTL3 in GG-NER
repair at early and later time points. Furthermore, METTL3 deficiency resulted in sensi-
tivity towards llludin S, delayed transcription restart after DNA damage, and increased
levels of the transcriptional repressor ATF, observations that are consistent with the role
of METTL3 in TC-NER. This role was later confirmed in collaboration with the Luijster-
burg lab, published in Nucleic Acid Research in 2025. Lastly, we provide evidence of an
additive antiproliferative effect when METTL3 and PARP inhibitors are combined in dif-
ferent cancer models. Interestingly, this effect is independent of the BRCA status of the
cells, thus providing a rationale to explore the use of these small molecules in combina-

tion.



5. Future directions

5.1 Cellular and biochemical characterization of the interaction
between METTL3/14 with PAR and RNA

In light of our in vitro results, further characterization of the METTL3/14 complex domains
that interact with the two nucleic acids would be desired. For this, a mutational approach
followed by characterization of PAR and RNA binding is needed, as described in this
work. However, it is likely that RNA-interacting surfaces are also involved in the interac-
tion with PAR. Our live-cell microirradiation experiment of the METTL3 truncation mu-
tants highlights this caveat, as the MTAse domain of the methyltransferase, which con-

tains the catalytic site for RNA methylation, is recruited to the DNA damage sites.

Our findings raise the question of whether the interaction between PAR-RNA and the
METTL3/14 complex occurs in cellulo and whether it occurs in cellular contexts beyond
DNA repair. For instance, PAR is known to play a role in the heat shock response in
Drosophila (Tulin & Spradling, 2003) and humans (Fujimoto et al., 2018) through chro-
matin rearrangements that facilitate transcription and recruitment of other proteins. At a
transcriptional level, m6A is deposited to heat shock transcripts, enhancing translation
(Zhou et al., 2015b). As m6A-mRNA methylation occurs co-transcriptionally, it is plausi-
ble that heat shock-induced PARYylation assists recruiting METTL3/14 to the heat-shock
loci. In this way, PAR acts as a signal and scaffold to assemble a virtual factory where
transcription and translation are seamlessly coupled, resulting in the efficient production
of heat shock proteins. More broadly, exploring the m6A-PAR axis at gene enhancers
would be interesting. Recent data from Nussenzweig’s lab highlights the presence of
PARP activity at neuronal enhancers (W. Wu et al., 2021). It is, therefore, plausible that
METTL3/14 is recruited to these sites. Whether these regions are transcribed and m6A

methylated remains to be studied.

Methodologically, these questions could be explored by using a combination of chroma-
tin immunoprecipitation sequencing (ChlP-seq) and methylated RNA sequencing (e.qg,
ADPribose ChIP-seq and meRIP/m6A-seq). In addition, the cellular interplay of
METTL3/14, PAR and RNA could be approached using fluorescent microscopy by per-
forming a proximity ligation assay (PLA) targeting METTL3 and PAR with available anti-
bodies while simultaneously labeling RNA with a nucleoside analog followed by click

chemistry (e.g., EU). Colocalization of the PLA and EU signals would indicate interaction



sites between PAR, METTL3, and RNA. Extensive optimization is required to couple the
two chemical reactions without increasing the background signal, optimize the time
points for RNA labeling, and obtain appropriate time points to capture the PAR-METTL3
interaction. In our study, co-immunoprecipitation of METTL3 and PARP1 resulted in
highly variable results (data not shown). Therefore, this interaction is likely transient and
thus difficult to capture. As an alternative, PLA could be performed targeting METTL3
and RBP1 and co-staining with a PAR antibody. However, this approach would limit the

observations to interrogate the presence of PAR at transcription sites.

5.2 Mechanistic insights into the role of METTL3 in
Transcription-Coupled Nucleotide Excision repair and the
therapeutic opportunities of METTL3 and PARP inhibitors.

Our work builds on previous observations and provides a deeper understanding of the
role of METTL3 in UV-induced DNA damage repair, centering on m6A at the intersection
between DNA repair, RNA biology, and ADP-ribosylation. In collaboration with the
Luijsterburg group, we observed that METTL3-deficient cells exhibit impaired TC-NER.
However, we did not explore the potential interdependency between METTL3 and PARy-
lation in the context of TC-NER or the mechanistic role of METTL3 in this pathway. That
is, what are the molecular steps involved in METTL3 contribution to TC-NER? Does
PARP1 modulate the contribution of METTL3 in this pathway? Moreover, it is not known
whether PARP1 directly affects TC-NER repair.

To address these questions, we could repeat the functional cellular assays reported in
our publication in Nucleic Acid Research (2025) in RPE1-XPC deficient cells and RPE1-
XPC-METTL3 deficient cells with and without PARP1 treatment. If PAR dynamics drive
METTL3 role, we would not observe additive effects when treating RPE1-XPC-METTL3
deficient cells with PARPI, thereby confirming epistasis. If PAR plays a role in TC-NER,
we expect to observe TC-NER repair impairment in RPE-XPC cells treated with PARPI.
However, PARP inhibitors are known to have effects beyond the catalytic activity of
PARP1, for instance, by trapping the enzyme in chromatin (Murai et al., 2012); un-
published data from our lab). Therefore, it would be ideal to develop RPE-XPC-METTL3-
PARP1 deficient cells. However, the engineering of cells and their viability can impose

technical difficulties in this approach.



To address the question of the molecular steps guiding the contribution of METTLS3 to
TC-NER, we could perform a series of co-immunoprecipitation experiments to examine
the changes in METTL3 and METTL14 interactions in the presence and absence of
agents inducing TC-NER lesions, such as llludin S. For instance, we could pull down
GFP-METTL3 or GFP-METTL14 and probe for different TC-NER proteins. Enrichment
of protein-protein interactions in the presence of llludin S would highlight the steps in
which the METTL3/14 complex intervenes. Based on our previous observations, these
experiments should be performed in RPE1-XPC deficient cells to minimize the effects of
DNA replication stress and the contribution of GG-NER.

Similarly, we do not fully understand the mechanisms underlying the additive effects ob-
served when using METTL3 and PARP inhibitors in combination therapy. We hypothe-
size that the observed antiproliferative effects arise from the roles of these proteins out-
side of TC-NER, for instance, by modulating transcription and participating in other DDR
pathways. However, it is needed to further characterize the effects and implications of

this combination therapy.

Finally, there are areas that were not explored in this work that could open new interest-
ing research areas derived from this work. For instance, in the presence of PARGiI, GFP-
METTL and GFP-METTL14 were enriched in small foci that moved away from the mi-
croirradiation sites to other areas of the nuclei. What is the composition of these foci,
what happens with them after their formation, and what are their biological repercussions

are questions that grant further research.
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