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Agrip
RNA sviperfair visa til stjornunar & genatjaningu eftir umritun med breytingum a RNA
sem geta haft ahrif & virkni og uppbyggingu RNA sameindarinnar an pessa ad valda
breytingum iribdsakjarnsyrur6dinni. RNA breytingar finnast & 6llum gerdum RNA par
a medd mRNA par sem metyleringar eru eitt algengasta form breytinga. Tveer af
pekktustu mMRNA metyleringunum eru Nmetyladenésin (fA) og Nmetyladendsin
(m'A) en badar breytingarnar eru afturkreefar. Rannséknir hafa synt fram & ad mRNA
metyleringar taka patt iog hafa ahrif & marga liffreedilega ferla, par a medal DNA
skemmdarvidbragdi i frumum. Viobrogd frumna vid DNA skemmdum eru mikilveeg
fyrir lifvaenleika peirra og til ad vidhalda st6dugleika erfdamengisins. DNA tvipattabrot
(DTB) eru talin alvarlegasta geréfdDNA skemmdum par sem galli i vidgeroum a DTB
getur leitt til frumudauda og studlad ad krabbameinsmyndun. Heeffiilumna ad greina
og gera vid DNA DTB a réttan hatt er naudsynleg til ad frumur haldi erfdafraedilegum
stédugleika og til ad flytja réttar erfdapplysingar fra einni kynsl6d til annarrar.

ALKBH3 og FTO (ALKBH9) eruioxygenasr sem tilheyra AIkB protiijblskyldunni.
ALKBH3hefur vel skilgreint hlutverk i vidgeroum a alkylerandi DNA skemmdumn er
einnig pekkt fyrir ad starfa sem mMRNA demtylasi asariroum medlimum i AIkB proétin
fjlskylunni. Nanar tekid, pa fjarleegir ALKBH3n'A af mRNA og FTO er pekktast fyrir
ad fjarleegja nPA af mMRNA Fyrri rannséknir frA Rannséknarstofu i krabbameinsfraeedum
hafa synt ad styrilsveedi ALKBH3 er metylerad i ~20% af dsfakrabbameinum. pessi
sviperfoastjornun leidir til minni ALKBH3 tjdningar og verri lifunar hja
brj6stakrabbameins sjuklingum. Frekari rannsoknir & ALKBH3 og 6drum AIkB prétin
medlimum leiddu i ljést ad péggun a ALKBH3 og FTO (ALKBH9), leiddi til taps a
prétintjaningu RNF168, lykilpréteini sem tekur patt i viogerd & DTB.

Fyrsta markmid pessa verkefnis var ad skilgreina stjornunarhlutverk ALKBH3 og FTO a
prétintjaningu RNF168. 1 ljos kom ad tap & ALKBH3 og FTO leiddi til aukinnaznog

mPA metyleringarmerkja & umritiRNF168sem leidir til skerts mRNA Utflutnings og tapi

a prétintjaningu. Bentu pessar nidurstdédur til pess ad ALKBH3 og FTO geetu stjornad
RNF168 i gengum RNA sviperfdir, ny leid i stjéornun & RNF168 prétin tjaningu.

Seinna marknid verkefnisins félst i ad kanna moéguleg ahrif ALKBH3 og FTO a DNA
skemmdarvidbragd frumna, sem rekja ma til stjiornunar peirra & RNF168. Genapdggun
a ALKBH3 og FTO leiddi i ljos ad frumur sem skortir ALKBH3 eda FTO syndu sterk
merki um truflun & starfsemRNF168, par a medal ad 53BP1 protinid kom ekki lengur
ad DNA DTB. Frekari rannséknir syndu fram & ad frumur med skerta ALKBH3 og FTO
virkni héfou skerta getu til ad gera vid DTB. Einnig kom i ljés aukinn erfdafraedilegur
Ostoougleik og aukid varnarleysi yrir lyfjum sem valda DNA skemmdum vid tap a
ALKBH3 og FTO.



Pessar nidurstdour benda til nyrrar gerdar stjornunar & RNF168 og syna patttéku mRNA
breytinga i ad hafa ahrif & DNA DTB vidgerdarsvorun. Enn fremur, gefa nidurstddurnar
Ur pessu verkefni visbenshgar um samspil alkyleringarvidgerdar og DNA DTB
vidgerdar. bad ad fjarleega mMRNA metyleringahafi ahrif 8 DNA skemmdarvidbragoid

er ny viobot vid ort steekkandi heim RNA sviperfda og mun einnig hafa pydingu fyrir
rannséknir & DNA vidgeroum. Einnig ad deméylasar hafi hlutverk i ad vidhalda
stodugleika erfdamengisins og svorun frumna vid krabbameinslyfjum gaeeti reynst
mikilveeg fyrir préun krabbameins. Tap & ALKBH3 og FTO geeti verid notad sem
hugsanleg visbending fyrir svérun vid krabbameinsmedferd, baedi vegnskorts a
alkylerunarviogerd og hugsanlega vegna skorts a DNA tvipattabrotum sem undirstrikar
mogulegan kliniskan avinning af pessu verkefni.

Lykilora:

RNA sviperfair, DNA vidgerdir, mMRNA metyleringar, DNA tvipattabrot, RNF168.



Abstract

Epitranscriptomics refers to podranscriptional regulation of gene expression via RNA
modifications, which can affect the function and structure of RNAs but do nettail any
changes tothe ribonucleotide sequence. RNA modifications are found on all formof
RNA including messenger RNA ifiRNA) with methylations being the most common
forms of mMRNA modifications. Two suchmRNA methylations are Rimethyladenosine
(mfA) and Nimethyladenosine () which are known to bereversible Studies have
demonstrated that mRNA methylations are involved in and influenceumerous
biological processes including the DNA damage response. The DNA damage response
is vital for the maintenance of genomic integrity and cell survival. DNA double strand
breaks (DSB) are thought the most cytotoxic form of DNA damage as unrepaired or
incorrectly repaired DSBs can result in cell death or lead to increased genomic
instability and increase risk of cancer development. The ability to detect and correctly
repair DNA DSB is vital for cells to maintain genome stability and to transfer correct
genetic information from one generation to the next.

ALKBH3 and FTO (ALKBH9) are dioxygenases belonging to the AIKB protein family.
ALKBH3has a wellestablishedrole in DNA alkylation repar but can also act as an
MRNA demethylase,a function shared with other members of the AIkB family
Specifically, ALKBH3 removes M from mRNA, whereas FTO is primarily recognized
for demethylating MfA from mRNA. In a previously published aticle, the Sigurdsson
laboratory revealed that ALKBH3 is promoter hyparethylated in ~20% of breast
cancers. This form of epigenetic regulation reduced ALKBH3 expression and was
correlated with reduced survival. Exploring the function of silencing ALKBH8hd other
members of the AIkB family revealed that knockdown of ALKBH3 and FTO caused
protein downregulation of RNF168, givotal protein in DNA DSB repair.

The first aim of this project involved elucidating the regulatory role ALKBH3 and FTO
have on RNF18. Further exploration into silencing ALKBH3 and FTO revealed that loss
of ALKBH3 and FTO lead to increased ¥ and mPA methylation marks on theRNF168
transcript, resulting in impaired mRNA export and decreased protein expression. These
results point towads a novel form of epitranscriptomic regulation of RNF168.

The secondary aim of this project was to explore the potential influence of ALKBH3 and
FTO on the DNA DSB response, attributed to their regulation of RNF16&ells
depleted of ALKBH3 and FTO demmstrate strong signs of RNF168 dysfunction,
including impaired 53BP1 recruitment to DNA DSB and altered DNA DSB repair
dynamics. Subsequent investigations revealed heightened genome instability and
increased sensitivity to genotoxic agents upon the loss Af KBH3 and FTO.



The findings presented in this thesis present a novel regulatory mechanism for RNF168
and unveil the involvement of mRNA modification in DNA DSB repair signaling.
Furthermore, providing evidence of interplay between alkylation repair an@NA DSB
repair. The removal of mMRNA maodification fromthe DNA repair factor RNF168
presents a new regulatory mechanism into the DNA DSB repair signaling, making it a
unigue addition to the rapidly evolving field of epitranscriptomics The fact that
demethylasesplay a part in genomic maintenance and cell survival in response to
genotoxic agents is likely to have impact on the DNA repair field and could prove to be
a vital factor to cancer development. Lack of ALKBH3 and FTO might beed as a
potential marker for cancer treatment response due to both lack of alkylation repair and
possibly because of DNA double strand repair deficiency, highlighting the possible
clinical benefits of this project.

Keywords :

Epitranscriptomic DNA repair, mRNA methylations DNA Double strand breaks,
RNF168.
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1 Introduction

1.1 Genomic stability and the DNA damage response

Genomic stability is essential for maintaining the health and proper function of cells,
preventing diseases, ensuring accurate genetic inheritance, and supporting the
sustained survival and evolution of species.lt is essentialfor safeguarding cdlular
integrity by preventing errors in DNA replicationand protecting against internal and
external genotoxic stressors. Internal genotoxic stressors include reactive oxygen
species produced during cellular metabolism while external factors comprise @altiolet
(UV) light, ionizing radiation (IR) or DNA-damaging chemicals. Genome instability is a
key characteristic of most cancers, believed to arise due the impaired capacity to
address damaged DNA (Hanahan et al., 2011) Extensive research efforts have been
focused on genomic instability, aiming to comprehend and impede the progression of
tumors, with the ultimate goal of conquering cancer, a leading global cause of
mortality.

In order to prevent genome instability, cells have developed a sophisticatesignaling
systemtermed the DNA damageresponse (DDR) that detects the damage, signals their
presence, and promotes repair(Harper et al., 2007; Harrison et al., 2006; Rous et
al., 2002) (Figure 1). The DDRcomprisescellcycle checkpoints,cell death pathwaysas
well as various DNA repair mechanismsncluding nucleotide excision repair (NER),
base excision repair BER), interstrand crosslink repair (ICLjnismatch repair (MMR),
and doublestranded break (DSB) repai(Giglia-Mari et al., 2011; Jackson et al., 2009)
The biological importance of functional DRR for human health is made evident by the
severe outcomes of inherited defects in DDR factors resulting in various diseases such
as neurological degeneration, premature aging, immune deficiency, and severe cancer
susceptibility (Hoeijmakers, 2001, 2009). The primary cause of genome instability is
DNA damage, and the human genome suffers from thousands of various DNA lesions
every dayarising from both endogenous and environmental causgKass et al., 2010;
Lindahl, 1993) Certain forms of damage, like oxidative damage to DNA bases, occur
and undergo repair as frequetly as 10 lesions per cell on a daily basis while more
serious damage such as DNA double strands breaks happen less frequently
(Hoeijmakers, 2009).
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Figure 1. Summary of the major DNA repair pathways for ~ mending distinct DNA lesions.

Singlestrand breaks (SSBs) undergo restoration through both direct and indirect base excision
repair (BER), while doublestrand breaks (DSBs) are rectified through homologous recombination
(HR) and nonhomologous end joining (NHEJ). Mismatch repair (MMR) addresses replication
errors, and nucleotide excision repair (NER) tackles DNA adducflsl. Wang et al., 2021).

1.2 DNA Double Strand Breaks

Chromosome breaks or DNA double strand breaks (DSB) are the mastrioustype of
DNA damage caused by exposure to exogenous agents such as ionizing radiat
environmental mutagens, UV light or chemotherapeutic drugqLieber, 2010)
(Thompson, 2012) DSBs can also occur from endogenous processes including
replication stress, stalled replication fork and reactive oxygen speciéslexande et al.,
2016; Cannan et al., 2016) Failure to repair DSB can result in cell death as persistent
DSBs can initiate apoptosisimproperly repaired DSBs can result in chromosomal
rearrangements such as translocations, insertions, and deletipnthese genetic
alterations can cause significant genomic instability and can contribute to
carcinogenesis (Mills et al., 2003). In the event of DSB formation, cells trigger a
cascade of prokin recruitment to the break site, prompting local changes to the
chromatin structure, enabling DNA repair proteins to reach the site of damage.
Eukaryotic cells have two major conserved pathways to deal with DNA DSBs:
Homologous Recombination (HR) and Nohomologous end joining, also known as
classical non-homologous end joining (¢NHEJ). In addition to these highly efficient
pathways, two othermore error prone repair pathways exist called singistrand
annealing (SSA) and alternative NHEJ (RIHEJ)(Ochs et al., 2016; Pannunzio et al.,
2014).
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1.2.1 DNA DSB damage recognition

Mammalian cells are equipped with highly efficient mechanisms for detecting BS and
signaling their presence to the DNA repair and replication machinenf{gure 2). The
MRE1RAD50NBS1(MRN) complex is considered the main DSB sensor, which detects
the break, binds them, and activates the transducers of the cellular response to the
DSB. Other models have been proposed for the initial protein response DSB. This
includes speculation thatPoly (ADP+ibose) polymerase 1 (PARPInitiates the repair
response to recruit MRE11 and NBS1, or that KuBD heterodimer binds immediately
to the broken DNA ends to stabilize themHaince McDonald Rodrigue Déry et al.,
2008; Walker et al., 2001). The established consensus is however in agreement that
the recrutment of the MRN complex is central for the DNA damage response signaling
process. The nuclease activity of the MRN complex is recognized for facilitating DNA
end resection, directing DNA repair toward HR in the presence of sister chromatin.
Moreover, the MRN complex is implicated inc-NHEJas knockdown (KD) of MRE11 in
mammalian cells has been shown to diminish the efficiency of efqmining in c-NHEJ
(Rass et al., 2009) although d' | f@l Kunction within cNHEJ is not as well understood
and require furtherresearch.

Once bound to DSBs, the MRN complex can recruit and activate various DDR proteins,
including ATM (Qiu et al., 2021). The ATM (Ataxia Telangiectasia Mutated), ATR (ATM
and Rad3Related) and DNAPK (DNAdependent protein) kinases are the key DSB
transducers andare responsible for phosphorylating numerous DDR substrates and by
that activate the DDR cascade. While ATM is predominantly activated by DSBs, ATR
responds to a wide range of DNA damage, including DS8 but is most commonly
associated with stalled or cadpsed replication forks during $phase (Liu et al., 2007).
ATM resides within cells as an inactive dimer but when a DSB occurs ATM undergoes
autophosphorylation and separation, transitioning into an active, singieolecule ATM
kinase that attaches to the DSBAt the site of the break, ATM phosphorylates and
activates numerous mediators and effectors responsible for DSB responses, including
Chk1, Chk2, MDCland BRCA1(Ayoub et al., 2009; Bartek et al., 2007; Harper et al.,
2007; Marechal et al., 2013; Pado et al., 2009; Riches et al., 2008; Shibata et al.,
2021). One of ATMs key actions involves phosphorylating thet€rminal tail of the
histone variantH2A histone family member X2AX) on Serine 139, a crucial step that
serves as a focal point for recruiting MDCIMediator of DNA Damage Checkpoint 1)
and subsequently initiating ubiquitination cascades bRing Finger Protein 8 and 168
(RNF8 and RNF168 (Burma et al., 2001). The RNF8RNF168 ubiquitination cascade
recruits main regulators of DNA DSB repair pathway choice, 53BP1 (p53 binding
protein) and breast cancer gene {BRCA).
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Upon DSB forming the MRN complex (NBS1, RAD50 and MRE1é&g¢ognizes and binds to the
break triggering the DDR responseATM is recruited by NBSL and phosphorylatesH2AX into
gH2AX along with multiple other proteinsinducing MDC1 MDC1 phosphorylation inducesan
ubiquitin cascade performed by RNF8 and RNF168, which ubiquitinate several histones
including H2A/H2AX. Histones ubiquitination is recognized by 53BP1 which promotes-NHEJ
repair or by BRCA1 and its associated proteins to promote HR repairhe figure was created
using BioRendern(biorender.com).
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1.2.2  Classical non-homologous end joining

Classical non-homologous end joining is the predominant repair pathway in human
cells, repairing the majority of all DSBs(Karanam et al., 2012) CNHEJis a relatively
fast process that repairs DSB throughout the cell cydleough a set of mechanistically
distinct steps to join DNA ends by direct ligation(Hefferin et al., 2005). The cNHEJ
pathway employs proteins cagble of recognizing, trimming, polymerizing, and joining
DNA ends in a versatile manner(Figure 3). The onset of eNHEJ begins with the
attachment of lhe Ku7/ 80 heterodimer to the end of the DSB.Binding of Ku
heterodimer to DSB servers as a scaffold to recruiirious cNHEJ repair components,
which include the DNAdependent protein kinase catalytic subunit (DNRKcs), DNA
ligase IV (LIG4), and accompaying scaffold proteins like XRCC4X-Ray Repair Cross
Complementing 4, XRCC4like factor (CLF), and the paralog of XRCC4 and CLF
(PAXX) (Ahnesorg et al.,, 2006; Buck et al., 2006; Gottlieb et al., 1993; Nick
McElhinny et al., 2000; Ochi et al., 2015). The Ku70/Ku80 heterodimer forms a
complex with DNAPKcs, whichacts asthe kinase catalytic subunit of thedDNA-PK
complex. The formed DNAPK complex is activated at DSBs, resulting in the
phosphorylation of members of thec-NHEJ machinery. Next the ARTEMI8icleaseis
ryd1bdlya | H j1 HIYKKYK | ¢y 1m*Ka ¢RGGHOyO 6
and finally the last stepis ligation, performed by the XLFXRCC4DNA Ligase IV
complex (Lieber, 2010; Ruis et al., 2008; Scully etal., 2019).
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Figure 3. Schematic overview of classical non homologous end joining repair.

cNHEJremains active throughout the cell cycle, resulting in precise repair or the generation of
small insertions or deletions (indelsjMirman et al., 2020). Figure created using BioRender

1.2.3 Homologous recombination

Homologous recombination is a multstep process that is considered the more precise
and complex method for repairing DNA DSB (Figure 4). HR takes place exclusively in
late S and G2part of the cell cycle and uses homologous DNA template for the repair,
most often the sister chromatidTakata et al., 1998) A major step in directing DSB
repair towards HR is end resection which involves the removal of nucleotides in &b
3Njdirection from the DNA end, resulting in the creation of a 3ljsinglestranded DNA
(ssDNA) overhang. The resectioprocess involves several key proteins, including the
MRN complex, BRCA1, BARD1 (BRCAL1 Associated Ring Domain 1), EXO1 (exonuclease
1), DNA2 (DNA replication helicase 3, and the bloom syndrome (BLM helicase.
MRE11 along with CtlPcgerminal interacting protein), initiates the process by making
an incision in one DNA strand near the site of the break, utilizing its Ngj 3N;j
endonuclease activity. Following this, it proceeds to degrade the same strand with its
continuous 3\j 5Njexonuclease activity. This actioeads to the displacement of
Ku70/Ku80 from the break site as a result of MRE®L endprocessing activity,
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effectively and provides entry point for DNA2, BLM and EXO1 which mediate further
end resection (Nimonkar et al.,, 2011) Other DNA repair proteins have been
implicated in the end resection process, such as BRCAthich forms acomplex with
BARD1and interacts with CtIP and MRN taid in end resection (Tarsounas et al.,
2020). However, the precise mechanisms governing the coordinated regulation of
these resection factors remain elusivand require furtherinvestigation

Following end resection, the replication protein A (RPA) rapidly binds to the ssDNA
overhang preventing formation of any secondary structure and degradati¢Bugiyama
et al., 1997) RPA is later replaced by the DNA recombinase RAD51 which forms
nucleoprotein filament to initiate the homology search for complementary sequences.
RAD51 loading onto DNA is regulated by BRCA2 and PALB2 (Partner and Localizer of
BRCAZ2) (Lin et al., 1984) along with RAD51 paralogues, such as RAD51B, RAD51C,
RAD51D, XRCC2, and XRCC@ensen et al., 2013; Thacker, 2005)Nevertheless, the
full extent of the functions performed by the RAD51 paralogues remains incompletely
understood.

RAD51 filaments, along with RAD54, participate in the aech for and invasion of the
homologous DNA sequence. Subsequently, RAD51 dissociates from the ssSDNA,
allowing for basepairing between the invading and complementary donor strands.
Once homology is established, a displacement loop {®op) is generated, brming a
primertemplate junction that facilitates DNA repair synthesis. Thé&lgnd of the Doop,
which has invaded the structure, can undergo extension by a DNA polymerase. This
polymerase utilizes the homologous strand as a template for DNA synthesis.

After repair synthesisis finished, HR can progress through two pathways: synthesis
dependent strand annealing (SDSA) or Holliday junction (HJ) formatigHeyer et al.,
2010). In SDSA, the extended break end is displaced from the d0op and
subsequently anneals to the complementary sequencetlae noninvading end and ends

in noncrossover product. HJs can be formed through the annealing of the norvading
end to the displaced strandof the DHoop in a secondend capture step, or possibly by
the simultaneous invasion of the two resected endsto the donor and their subsequent
extension (Matos et al., 2014) To ensure proper chromosome segregation, the
intertwined strands must be separated, which can occur thrghh two distinct
mechanisms. Double HJs, which are common HR intermediates, can be processed via
migration by the BTR (BLM, TOP3RMI) complex which can separate the sister
chromatin without genetic exchanges. Alternatively, HJ can be resolved later in tedl
cycle by SLXBLX4MUS8SIEMEL complex resulting in crossover or nerrossover
products (Stephen C West 2015)
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HR repairinvolves the creation of Bipverhangs suitable for Rad51 loading. Precise repair occurs
through synthesislependent strand annealing (SDS)A or complete homologows recombination
(HR) followed by the dissolution or resolution of the double Holliday junctioMirman et al.,
2020). Figure created using BioRender.
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1.2.4  Alternative non-homologous end joining

Alternative end joining (AINHEJ) also known asmicrohomologymediated erd joining

is defined asan error prone repair pathway, which functionswithout the use of eNHEJ
factors andoperates on 33sDNA ends(Figure 5) (Yan et al., 2007) AltNHEJ repair of
DSBs is most active during the S and G2 phases of the cell cydl&iong et al., 2015)
and requires a Pol[ (DNA polymerasethetd (Koole et al., 2014; MateosGomez et al.,
2015; Wood et al., 2016), with the potential involvement of PARP1, CtIP and the MRN
complex (Han et al., 2008; Masani et al., 2016; Sfeir et al., 2015)

The first step of alNHEJ requires end resection performed bgndonuclease advity of
MRN which is activated by phosphorylated CtIP. MRiims the DNA ends and creating
3@verhangs spanning 15 to 100 nucleotidegXie et al., 2009). The MRN/CtIP
complexis recruited to the DSB by PARP1 which serves as a detector for breaks in the
DNA structure(G. Yang et al., 2018) The next step is the alignment and linking of the
DNA ends by the short microhomologies performed by MRN, Ppland PARP1(Haince
McDonald Rodrigue Dery et al., 2008) Next the nucleasesERCCil« f = a0 dCy K|
tail, thereby generating gaps within the DNA strand which are filled by Fomediated
DNA synthesis(Kent et al., 2015) Finally, the DNA ligase 3 (LIG3)/XRCC1 comple
repairs the DNA, specifically XRCC1, a scaffolding protein, facilitates the proximity of
LIG3 to DNA breaks through a physical interaction with both PARPand the MRN
complex, ultimately resultingn DSB repair.

Alt-NHEJ is considered an error prone repair pathwagiue to several reasons, including
imprecise end joining mechanisms and delayed repair kineticeVang et al., 2003).
The exonuclease and endonuclease machinery within this pathway generate substantial
deletions, revealing microhomology regiongZhuang et al., 2009). Polf, with its low
fidelity gapHfilling capability, plays a role in introducing significant sequence
irregularities, especially insertions, at repair sites. This is a result &0l G terminal
transferase activity and theepetitive synthesis of ssDNAArana et al., 2008; Wood et

al., 2016). Alt-NHEJ has been suggested to have a role as a backup repair mechanism
when HR and eNHEJ are defectivg(lliakis et al., 2015) Several hypotheses have been
proposed that once eNHEJ and HR machinery have attempte@pair and by sane
means DNA end processing has failed altNHEJ takes over the DNA DSB repair. Alt
NHEJ therefore presents a hopeful avenue for therapy in cases of cancer with
deficiencies in HR or c-NHEJ Impeding altNHEJ has the potential to selectively
eradicate caner cells reliant on this pathway for DNA repair, thereby preserving the
integrity of healthy cells. AlNHEJ has exhibited heightened activity in various cancers,
including breast(Tobin et al., 2012) leukemia(Hahnel et al., 2014)and neuroblastoma
(Newman et al., 2015) Specifically, in neuroblastoma, altNHEJ has been shown to
play a crucial role in both cell survival and genomic instability. Consequently, inhibition
of key altNNHEJ factors lead to accumulation of DSB and cells degtewman et al.,
2015).
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Alternative norhomologous end joining @t-NHEJ) depends on PARP1 for the recognition of the
DSB and recruit MRN complex and CtIP to the break where MRN initiates end resection. The
ERCC1 nuclease perforeradditional end resection, creating a gap in the DNA strand that is
filled in by the error prone Pof. Finally, the Lig3/XRCC1 complex ligates the strands together.
Alt-NHEJ is considered an erroprone pathway, leading to significant sequence irregularés,
particularly insertions (highlighted in red), at repair sites. Figure created using BioRender.

1.2.5 Single strand annealing

Single strand annealing (SSA) ia DSB repair pathwaythat is independent of RAD51

| ¢él EfdgK | OEDNARIG "Hib&hihyg at Khe to& of deletion of the
intervening sequence between the repeatgfPaques et al.,, 1999) SSA has been
observed in mammalian cells as well as in various model organisms, includirg)
cerevisiage A. thaliana, D. melanogasterand C. elegans(Do et al., 2014; lvanor et al.,
1996; Orel et al., 2003; Pontier et al., 2009). In mammalian cells SSA is dependent on
RAD52 (Benitez et al., 2018) DNA end resection that &kes place during SSA repair is
extensive leading to a large overhang and pairing of a long homology which result in
loss of genetic material, making SSA an error prone repair pathwgZeccaldi et al.,
2016). Unlike HR repair, SSA does not need a homologous donor sequence. Similar to
altNHEJ, SSAYy | | d1 y K y-amd ngsgaah f {DSBTeBd to reveal complementary
homologous sequences, however, when compared to &tHEJ, the end resection in
SSA is more extensive. SSA end resection is generated by the MRN complex and CtIP
to form 15100 nucleotide] G KK 1 X | @éd Ga é|NHEEdkége] Whiteg |
the microhomology annealing of alNHEJ is enough for Pdl to extend one DNA

10
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strand, generating a stable structure for ligation, SSA calls for more sequence
homology and a further extension redint on the action of EXO1, BLM or DNA2 in order
I # Cy gy é lssPNAaEE(Minitou el als, 2008; Symington et al., 2011)

=HGGHROdgC | ¢y ygO0 1 yKyd| dHga <46ONA Hagsiade R K| |
prevented by mating the tail with RPA. The subsequent phases of SSA encompass the
alignment of the adjacent repeats and the ensuing removal of ndwmologous 35
ssDNA tails. These processes are facilitated by RAD52 and ERC@th RAD52
mediates the pairing of ssDNA substrate$Rothenberg et al., 2008)and displaces the

RPA molecules coating the ssDNA. SimultaneouslyERCC1 (Excision Repair
Endonuclease NorRCatalytic Subunit 1forms a complex with XPF (excision repair cross
complementation group 4), which proficiently cleaves the GssDNA tail through
nucleolytic activity(Motycka et al., 2004) DNA polymerases, with support from DNA
ligases, fill any gaps. The nod HGHRGHCHI K 1 yséDNA tail viich must ke 1 G
processed and removed before ligation by XRERCC1 means that the intervening
sequences between the complementary regions are lost, making SSA a mutagenic
repair pathway Figure 6). It is important to note that not all the ligases or polymerases
participating in SSA have been identifiedBhargava et al., 2016)

Research has confirmed that the process of DSB end resection, which results ia th
creation of 3@&sDNA, represents a crucial stage in SSA repair. For instance, the
success of SSA is reliant on CtIRCeppi et al., 2020), a key factor responsible for end
resection. On the other hand, factors that inhibend resection have been observed to
suppress SSA. This includes elements of the DNA damage response pathway, such as
H2AX, RNF168, 53BP1, andRapl interacting factor 1 KIF) (EscribanaDiaz et al.,
2013; Munoz et al., 2012) Like altNHEJ, SSA has been suggested as an alternative
repair of DSB in HR compronsed cells (Deniz et al., 2017) in particular BRCA
deficient cells (van de Kooij et al., 2023) leading to the possibility of SSA releed
proteins as targets in BRCA deficient cancer.
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Figure 6. Schematic overview of Single strand annealing repair.

Singlestrand annealing (SSA) repair is facilitated by RAD52 and requires extensive end resection
by the MRN complex and CtIP, followed by the loading of RPA to prevent the formation of
secondary structures. RAD52 interacts with Redated single strands and facilitates the annealing
of complementary regions, aligning the DNA ends and exposing nonhomologoug=®inglestrand
tails. ERCC1/XPF removes theGRails, and any gaps are filled in by DNA ligase and polymerase.
Figure created using BioRender.
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1.2.6  DNA repair defects

Genetic disruption of any of the DSB repair pathways or the DDR cause genomic
instability in mammalian cells and inherited deficiencies in genes in theses pathways
play a role in numerous human disorders, such as heightened vulnerability to cancer,
neurological impairment, and immunodeficiency. These disorders include Ataxia
telangiectasia, Riddt Syndrome, Bloom syndrome, Nijmegen syndrome, DNA ligase 4
syndrome and Artemis deficiencyAltmann et al., 2016; Moshous et al., 2001; Taylor et
al., 2019).

Oxidative stress, Replication stress

Mutagenic Intern1§d|ate DNA Crossllnks agents Replication errors Alkylating damage

source repair products UV light lonizing radiation
UV light

DNA Single-strand break Bulky lesions
Lesion Single-hase damage Crosslinks

Base mismatch Double-strand break

P P | o

Repair Base Excision Exgi:(i:(l)iog{lgeair Mismatch Mediated Homologous Non-Homologous
Pathway Repair (BER) (NER) P Repair (MMR) Recombination (HR) End-Joining (NHEJ)
Ataxia Telangiectasia @@O
Nijmegen breakage @@O
Bloom syndrome @ O
Xeroderma @00
Cancer Not reported ) Constitutional MMR Rothmund Thomson @ O
syndrome yet TR, syndrome @00 Riddle syndrome  O@O
ERCC6L2-deficiency @@O L\ﬁase v defémency
erner syndrome
XLF/NHEJ1 deficiency Q@O
Fanconi anemia @ O

@ Cancer predisposition
@ Neurological symptoms
@ !mmune deficiency
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Figure 7. DNA repair disorders associated with cancer predisposition.

Schematic overview of human diseases associated with deficient mechanisms of DNA damage
repair. Syndromes caused by mutations in genes involved in DNA damage repair cgégized by
syndrome, DDR pathways affected, and presenting symptoif@arma et al., 2020) Not known
(NK). Fgure createdusing BioRender.

In cancer cells, DNA repair pathways are often impaired due tonutations in DNA
repair or DNA signaling proteins. In certain cases, these mutations may be classified as
passenger events with no functional impact, while in others, they can impair DDR
pathways leading to increased genomic instabilityF{gure 7). One of the bestknown
exampleis the tumor suppressor gene8BRCAland BRCA which are frequently found
mutated in cancers, specifically breast and ovarian oaer (Venkitaraman, 2002) As
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previously mentioned, both BRCAL and BRCA are vital for HR repair of DSBs but are
also important for the resolutio of R loops (Crossley et al., 2019)and protecting
against stalled replication forks ®BRCA1/BRCAZ2 deficient cell€annot properly repair
collapsed replication forks(Schlacher et al., 2011) Mutations in other HR genes, such
as PALB2 BRIP1RAD51C and RAD51Dare also found cancer(Antoniou et al., 2014;
Suszynska et al., 2020)HR genes are not the only DNA repair genes found mutated in
cancer as defects in thec-NHEJ pathway have also been associated with cancer, with
mutations inKU7Q KU80and DNA ligase 4 found in number of cancers includng lung
and breast cancer (Lee et al., 2007; Willems et al., 2008; Yin et al., 2012)
Furthermore, mutations have also been found in DNA damage checkpoint genes in
cancer for example CHK1 CHK2 ATM and ATR(Bartek et al., 2003; Weber et al.,
2015).

While genomic instability can drive tumorigenesis, compromised DDR pathways can
also make cancer cells more vulnerable to further defecis the DDR andto DNA
damage. Targeting particular DDR proteins in cancer cells with DDR defects or elevated
genomic instability can induce synthetic lethality, offering a promising approach for
cancer therapy(O'Connor, 2015). One of the bestknown examples of synthetic lethality
in canceris PARP inhibitors (PARPI) vith are used to target HRleficient cells (Bryant

et al.,, 2005). PARPI inhibits PARP1 and PARP2, consequently impeding the BER
pathway. This inhibition results in an elevated accumulation efDNA breaks in the
genome, which during DNA replication are converted into DSB. HR deficient cells are
sensitive to PARPI as they are unable to repair the replication induced DSB. Other DDR
inhibitors exist and have shown efficacy in cancer cells with ireased genomic
instability or DDR defects, these including ATR and ATM inhibitof¥ap et al., 2020)
(Shu et al., 2023) Although DDR inhibitors show great efficacy ircancer treatment
longterm usage often leads to the development of drug resistance. Several mechanisms
contributing to PARPI resistance have been identified, prompting extensive research
efforts to overcome this challenggH. Li et al., 2020). Even with extensive studies of
DNA repair and DNA damage signaling pathways in cancer there is still a lack of
complete understanding of how these pathways function in different oncogenic
contexts. The reasons behind the loss of specific DDR pathwéysertain cancer types
and whether different tissue and cell types respond differently to the loss of DDR
pathways remain unclearComprehending the diverse origins of genomic instability in
cancer cells and the implications of defects in DDR within vatis oncogenic contexts is
essential for devising targeted strategies to induce synthetic lethality and to overcome
challenges such as DDR inhibitor resistance

1.2.7  Choice of DNA DSB repair pathway

Maintaining genomic integrity relies on the delicate balance diween DSB repair
pathways. Each pathway is suited to specifitircumstances andchoosing the wrong
one can result in ineffective repair, potentially increasing genomic instabili§Ceccaldi
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et al.,, 2016). The choice of repair pathway isinfluenced by factors including end
resection, chromatin contety cell cycle phase, and the DNA lesion itself. The current
working model of DNA DSB repair dictates that -BIHEJ is the predominant repair
pathway of DSB in humans since it can operate throughout the cell cy¢@avis et al.,
2013; Lieber, 2010). The three other available repair pathways (HR, SSA ancHdHEJ)

are constrained to S and G2stage H ¢

ssDNA overhang caused by DNA end resectioifCeccaldi et al., 2016; T. Liu et al.,
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Figure 8. DNA end resection and the four approaches to repair DNA DSB.

DNA end resection can influencethe choice of DSB repair pathway. When end resection is
blocked, c-NHEJ repair (A) is favored. When end resection occurs, HR (B), SSA(C) aalttNHEJ

(D) can compete to repair the DSBCeccaldi et al., 2016)

DNA end resection only taks place in S/G2 phase of the cel cycle (Longhese et al.,
2010) and is a two strep process. The first step relies on the MRBomplex and

associated CtIP protein tostart end processing which displaces the Ku70/Ku80

complex from DSB ends in human cell§Chanut et al., 2016; Langerak et al., 2011,

Mimitou et al., 2010). In the second step DNA ends are processedurther by DNA2-

BLM and EXOL1 to generate long stretches of ssDNNimonkar et al., 2011; Takata et
& @@ redectiprénbtyorily indiBitsc-NKEJ, as

al., 1998 A s ¢y

1G #Hny: &

| #

it prefers blunt DNA ends but also dictates the choice among the other three pathways

(HR, SSA and alNHEJ)(Hauer et al., 2017; Nick McElhinny et al., 2000) The two key

proteins when it comes to regulate DNA DSB repair pathway choice are 53BP1 and

BRCAL.
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ATM, MDC1, MRN complex, and the RING finger E3 ubiquitin ligases RNF8 and
RNF168 are some of the initial components observed in DNA damage fo(Bekker
Jensen et al., 2010) The recruitment of 8BP1 and BRCAL occurs subsequently, relying
on the previously mentioned upstream factoréailand et al., 2007). 53BP1 is quickly
localized to DSB as it recognizes histone methylation (H4 Lys20) and ubiquitination
histone H2A at Lys15, which is performed by RNF16@otuyan et al., 2006) ATM
phosphorylates 53BP1 RKerminal region which leads to recruitment of Pax
transactivationinteraction protein PTIP and RIF1 to limit DNA end resectiomluring G1
phas of the cell cycle (Callen et al., 2013; Chapman et al., 2013; EscribanDiaz &
Durocher, 2013; EscribaneDiaz Orthwein et al., 2013; Feng et al., 2013\ f s Ef GK
in blocking end resection involvesrecruiting a downstream protein, Artemis,which
induces cNHJE by trimmingDNA ends (J. Wang et al., 2014) RIF1 recruits a fairly
newly discovered proteirs complex, the Shieldin complex which protects DSB from
BRCAIdependentend resection(Arnoult et al., 2017; Noordermeer et al., 2018)

Cyclindependent kinase (CDKs) activity which increases as cells entepl&ase, is an
important step for the activation of the end resection machinery and for repair proteins
important for HR repair(Aylon et al., 2004; Ferretti et al., 2013; Hustedt et al., 2016;
Ira et al., 2004; Symington et al., 2011) Phosphorylation of CtIP by CDKs promotes
CtIRPBRCAL1 interaction in S/G2 phase of the cell cycléReczek et al., 2013; Yu et al.,
2004) allowing BRCA1 toantagonizescNHEJ by impairing RIF1 retention in a CtIP
dependent manne, thereby enabling DNA end resection(Bunting et al., 2010; Daley
et al., 2014) (Chapman et al.,2013; EscribanaDiaz et al., 2013; Feng et al., 2013) HR
is suppressed during G1 by avariety of mechanisms including destabilization of CtIP by
proteasomemediated degradation (Germani et al., 2003). In G1 phase, 53BP1 and
RIF1prevent BRCAL recruitment to DSB sitg€allen et al.,, 2013; Chapman et al.,
2013; Feng et al., 2013) leading to a battle between 53BPRIFIPTIP and BREL to
determine end protection or resection.

DSB end structure is another factor that can influence repair pathway choig&@hapman
et al., 2012; Liu et al., 2014; Shibata, 2017) In general, DSB can be categorized into
one-and two ended DSB (Shibata, 2017) One ended breaks are the result of
replication forks encountering asingle strandel break (SSB and are preferably
repaired by HR due to the lack of another DNA end for end joiningBunting etal.,

2010; Wang et al., 2013). Two ended DSB are generated by ionizing radiation or
DNA topoisomerases Il inhibitor like etoposideNormal healthy eells utilize cNHEJ to
fix the majority of twoended breaksbut in G2 HR can repair~30% of twoended DSBs
(Beucher et al., 2009)

1.3 RNF168

Ring finger protein 168 (RNF168) is a 57-mino acid nuclear protein with E3 ubiquitin
protein ligase activity. It is a key protein in the regulation of DDR pathway and is
important to maintain genome stabilityBohgaki et al., 2011; Doil et al., 2009; Stewart
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et al, 2009). Initially discovered due to its association withradiosensitivity,
immunodeficiency, dysmorphicfeatures, and learning difficulties (RIDDLE) syndrome,
first reported in 2007 (Stewart et al., 2007) RIDDLE syndrome is a rare genetic
disorder in humans caused by a mutation in RNF168nd is linked to impaired DSB
repair due to loss of53BP1 recruitment to the site of DSB®evgan et al., 2011; Stewart
et al., 2009). Individuals diagnosed with RIDDLE syndrome display a broad clinical
spectrum, featuring symptoms like ataxia, learning challenges, respiratory issues,
microcephaly, heightened radiosensitivity, and diministd immunoglobulin levels. In
mice RNF168 knockout{KO) results infaulty recruitment of key DNA DSB repaifactors

to the site of DNA damage andthe mice suffer from radiosensitivity, immunelefect
and decreased spermatogenesigBohgaki et al., 2011) Collectively, RNF168 is
considered a multifaceted regulator of the intricately orchestrated DDR pathway at
damaged chromatin and a guardian of genome stability.

1.3.1 The role of RNF168 in the DNA damage response

The chromatin, consisting of DNA and associated histone and nbistone proteins,
plays a critical role in shaping the structure and functionality of the genome. To
effectively repair DNA damage, the DDR signaling network orchestrates the assembly of
multiprotein complexes at the damaged chromatin. The spatiotemporal dynamics of
these piotein complexes at damage sites are primarily regulated by pdsanscriptional
modifications (PTMs)(Huen et al., 2008). One such PTM isubiquitination which is
known to play a significant role in coodinating the cellular response to DSBs to ensure
accurate and efficient repair(Popovic et al., 2014) Ubiquitination not only facilitates
recruitment of key DDR factors to DSB but also hasvital role in determining the
appropriate repair pathway for DSB repairRNF168 has been identified as a crucial
component in orchestrating ubiguin signaling within the DDR and together with
another E3 ligase RNF8, promotes histone ubiquitination of H2A/H2AX in response to
DNA DSBs(Doyle et al., 2010)

RNF168 is recruited to the damaged chromatimia the MRN complex and ATM kinase
(Lee et al., 2004; Uziel et al., 2003). ATM phosphorylates H2AX at serine 139,
creating gH2AX, which acts as a docking station for the binding of MDC1, which in
returns recruits RNF8 via protenprotein interactions(BekkerJensen et al., 2010; Scully
et al., 2019). RNF168recruitment b DSB is further dependent on thectivitiesof RNF8
and Lethal(3)malignanbrain tumorike protein 2 (L3MBTL2)XNowsheen et al., 2018)
ATMdependent phosphorylation of L3MBTL2elocates it to the proximity of the DNA
lesion. RNF8 then acts on this phosphorylated L3MBTL2, producing K#tked
polyubiquitin chains which is subsequently identified by RNF168via its ubiquitin
binding domain, ancholing RNF168to the DNA lesion (Doil et al., 2009; Nowsheen et
al., 2018).
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Once RNF168 is recruited to the damaged chromatin it ubiquitinates sépecific H2A
monoubiquitination at K13 (H2A/H2AXK13ub) and K15 (H2A/H2AXK1#b) while also
collaborating with RNF8 to generate K68nked ubiquitin chains (Gatti et al., 2012;
Mattiroli et al.,, 2012; Pinato et al., 2009) The H2A/H2AXK13/15ub acts as a
recruitment scaffold for recruiting DNA repair proteins that bind to ubiquitin at the
damaged chromatin, such as 53BP1 through its ubiquitifependent recruitment motif
(FradetTurcotte et al., 2013) The RNB/RNF168-catalyzed K63inked ubiquitin chainis
also responsible for the recruitment of the BRCAAbraxasRAPS8OMERIT40 (BRCAA)
complex (Sobhian et al., 2007) The BRCAJA complex is composed of seven proteins,
including BRCA1 and RAPS8O is thought to fireine the rgpair function of BRCAL by
influencing DNA end resection(Coleman et al., 2011) In addition to the conventional
K63linked ubiquitin chains, RNF168 is also responsible for generating naranonical
K27dinked ubiquitin chains on chromain. K27 ubiquitination is essential for the
appropriate initiation of the DDR and the assembly of DSB repair protei(Gatti et al.,
2015), further highlighting the importance of RNF168 for DDR signaling.

Including its involvement in repairing DNA DSBs, the process of chromatin
ubiquitination also plays a crucial role in various other pathways respmhle for
maintaining genomic integrity. This includes DNA crosslinks repaiKatsuki et al.,
2021), telomeres maintenancgRai et al., 2011) facilitating DNA replication (Schmid et
al., 2018), resolving Rloops (Patel et al., 2021) and preventing the transcription
machinery from accessing damaged DNA site¢Shanbhag et al., 2010) While it
generally contributes positively to genome maintenance, excessive activation of the
RNF8/RNF168dependent chromatin signaling pathway can have detrimental effects on
cellular function (Altmeyer et al., 2013; Gudjonsson et al., 2012)occasionally leading

to tumorigenesis(Patel et al., 2021)

Changes in the abundance of RNF168 within the cell nuclewsn lead to significant
alterations in the dynamics of DNA DSB repair, increasing the utilization of erpprone
repair methods (Zong et al., 2015) and promoting nonhomologous end joining at
exposed telomere ends(Peuscher et al., 2011)thus elevating the risk of introducing
mutations and chromosome end fusions. Consequently, cells have developed a set of
mechanisms to counteract the actions of RNF168 on damaged chromatin. Negative
regulators, including deubiquitinating enzymes (DUBs)counteract RNF168nediated
ubiquitination at damaged chromatin, preventing excessive signal spreadinfl_ancini

et al., 2014; Mosbech et al., 2013) and competitive binding of RNF169to H2A
ubiquitination mediated by RNF168resulting in displacement of 53BP1 and RAP80
from DSBs(Chen et al., 2012; Poulsen et al., 2012) A more precise form of RNF168
control is exerted by two ubiquitin E3 ligases, TRIP12 and UBR®RIP12 and UBR5 are
upstream regulators of RNF168 whichstrictly regulate RNF168 nuclear pool by
degrading RNF1@ thereby preventing unwarrantedubiquitin signal amplification and

to suppress excessive spread of ubiquitination to undamaged chromosomes in the
vicinity of DNA lesions (Gudjonsson et al., 2012) Additionally, recent investigations
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have revealed thatUBA80 and UBAS52, unique ubiquitiribosomal fusion proteins
serve as additioml regulatory factorsof RNF168. Their function involvesimiting
RNF168 engagement to damaged chromatito finetune the ubiquitin DDR signaling
(Lee et al., 2023)

1.3.1.1 RNF168 Ubiquitination and choice of DNA repair pathway

As previously mentioned, DSB cabe repaired by two major pathwaysc-NHEJand HR.
The decision between HR and NHEJ is controlled by a sigling pathway that entails the
stepwise modification of chromatin surrounding DSBgolo et al., 2011) This pathway
involves the combined action of both RNF8 and RNF168hich promote the ubiquitin-
dependent recruitment of the BRCA1 and 53BRt DSB(Doil et al., 2009; Escribance
Diaz et al., 2013; Huen et al., 2007; Mailand et al., 2007; Stewart et al., 2009; Wang
et al., 2007).

In general, cNHEJ is reliant on 53BPbinding to H2A/H2AX K13/15 ubiquitination
which is mediated by RNF168 53BP1recruits RIF1which inhibit DNA end-+esecton
and subsequently HRChapman et al., 2012; Escribandiaz et al., 2013; Munoz et al.,
2012; Schwertman et al., 2016) The curent consensus underscores the pivotal role of
end resection in determining the choice of DNA DSB pathway. Following the formation
of DSB a competition between 53BP1 and BRCAL takes place to guide the cell towards
cNHEJ or HR(Daley et al., 2014) Interestingly, the ubiquitination actions of RNF168
do not seem to be intrinsically inhibitory to HR as the end resection inhibition takes
place downstream ofRNF16853BP1 via RIF1 recruitment. With the inhibitoiynpact of
RIF1 relieved, RNF168 is still capable of ubiquitinating the chromatin in S/G2 phase
(Doil et al., 2009). Furthermore, other repair proteins besides 53BP1 have shown
binding affinity to the RNFL68 mediated H2A/H2AXK15 ubiquitination including
RAD18via its UB2 domainand BARD1via its BRCT domain Eigure 9) (Becker et al.,
2021; Hu et al., 2017; Mustofa et al., 2021)

A 2021 study conducted by Becker et al., provided insights into the mechanisms by
which RNF168 facilitates the recruitment of BRCAda the H2AXK15 ubiquitination
modification. Ther research demonstrated that BARD4 recruited to DNA damage via
a dual mechanism involving bothinteracions with H2AK15ub through a BRGd@omain-
associated ubiquitindependent recruitment motif (BUDRANd through interactions with
histone H4 unmethylated at K20 via BARD ANK domairsubsequently recruiting
BRCA1 to DSB. Disruption of the BUDRotif compromised HR repair and induced
PARPI sensitivityBecker et al., 2021) The findings from Becker et al. were later
corroborated by Krais et al., which likewise found that mutating the BUDROotif of
BARD1 or hindering RNF168 ubiquitination activity, reduced BRCAL recruém to
DSB. More specifically, Krais et al., established essential molecular interactions
between RNF168 ubiquitination and the PALEZRCA2mediated HR repair pathway by
demonstrding that the BARDIrecruitment via the BURDmotif is vital for subsequent
recruitment of BRCAI complex (BRCAPALB2BRCA2RAD5) to DNA DSB
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Furthermore, their research suggested that RNF168 recruits BRCA&RL complex
independently ofthe BRCAZA complex, with RNFBRAD8S0OBRCAL signaling providing
a backup route in RNF168 and BARD1 cells (Krais et al., 2021)
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Figure 9. A simplified overview of RNF8-RNF168 chromatin ubiquitination in response
to DSBs.
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Induction of DSB leads to phosphorylation of H2AX toH2AX by ATM, which is recruited to DSB
via the MRN complex. ATM recruits MDC1 which in turn recruits RNF8. RNf@diated K63-
ubiquitination of LAMBTL2 has been proposed to recruit RNF168. The concerted efforts of RNF8
and RNF168 result in K63inked ubiquitin chains (red), responsible for recruiting the RAP80 and
BRCAIA complex. RNF168 monaibiquitinates H2A/H2AX on K15 @reen), which acts as a
recruitment scaffold for DNA DSB repair proteins such as 53BP1 (driving NHEJ repair), RAD18,
RNF169, and BARD1 (driving HR repair). RNF168 further mediates Amamonical K24inked
ubiquitin chains (orange), recognized by repair fators including 53BP1, RNF169, and RAG®.
K27 ubiquitination is thought to be vital for the proper activation of the DDR respong€atti et
al., 2015). Figure created using BioRender

In 2017, Luijsterburget al., unveled an unexpected rolefor RNF168, demonstrating its
involvement in coupling theHR machinery to the ubiquitination of H2AH2AX in S/G2
cells The study revealed that RNF168 plays a role in recruiting PALB2 to DSB in an
H2AK13/K15 ubiquitindependent mamer. RNF168 and PALB2 interacted in a direct
proteinprotein manner via a newly identified PALBteactingdomoain (PID) on
RNF168 and WD domain of PALB2 to facilitated PALB2 chromatin interactidhALB2
recruitment, in turn, facilitates the assembly of BBCA2 and RAD51 at DSBs, key
components in the HR repair pathwayRNF168 mediated ecruitment of PALB2 to DSB
was found to be independently of the BRCAA complexas it took place downstream of
BRCAL Luijsterburg et al, further revealed that dss of RNF168 leadto defective HR
repair in S/G2, along with impaired RAD51 and PALB2 recruitment to DSB.
Furthermore, cellular depletion of RNF168vas shown to increase sensitivity to PARP
inhibitors, a characteristic hallmark of defective HR repaft.uijsterburg et al., 2017)

In a 2019 study, Zong et al., confirmedthe ubiquitin dependentRNF168 recruitment of
PALB2 and provided nuanced insights into the physiological significance of RNF168
mediated PALBZhromatin loading. Thé research demonstrated that cells activate a
RNF168dependent pathway as a backup mechanism to recruit PALB2 and RAD51,
promoting HR when BRCAL protein expression or its interaction with PALB2 falls below
the 50% threshold. FurthermoreZong and colleaguesshowed thatRNF168 activity was
essential to restore HR and cell viability iBRCA1/53BPHeficient cells and in order to
maintain genomic stability and prevent tumorigenesis iBRCAlheterozygous mice(D.

L. Zong et al., 2019) In the absence of BRCA, research has demonstratedhat
downregulationof RNF168provides BRCA1 null cancers cellwith lingering level of HR
via recruitment of PALB2 which is essential for the BRCA1 null cells totaig
tumorigenicity and vitality Reintroducing RNF168 expressiomesulted in BRCAL null
cell death and delayedtumor formation(Krais et al., 2020). From this, it is evident that
RNF168mediated ubiquitination plays a more sustantial role in HR repair beyond
opposing the initial end resection step. Collectively the current research points toward
RNF168 as a versatile regulator of thmtricate orchestrated DDR pathway at damaged
chromatin.
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1.4 Alkylating damage

Alkylating lesions, a prevalent form of DNA damage, arise from both environmental
factors and endogenous processe¢Rydberg et al., 1982) These lesions result from
alkylating agents,compounds capable of transferring alkyl groups onto nucleophilic
nitrogen or oxygen atoms found in DNA base moleculgShrivastav et al., 201Q)
Alkylating agents induce nucleophilic substitution reactions, epating via
monomolecular (®1) or bimolecular (%2) mechanisms. {2 agents primarily target
ring nitrogen atoms in bases, while §1 agents can interact with both nitrogen and
external oxygen atomsAlkylating agents also create adducts with RNA and proteand
this is likely to play a role in their cytotoxic effects. Repair of alkylating damage is
critical as most alkylating lesions are mutageniand cytotoxic Cells have therefore
developed several DNA repair mechanisms in order to protect against alkylating
damage. Depending on the type of damaggecells rely on three major repair pathways
to repair alkylating damage:direct repair by the AlkB family of enzymes,direct
demethylation by O6methylguanine DNA methyltransferase anthe removal of the
modified base bybase excision repair. This thesis will focus on the AlkB protein family.

1.4.1 The Alpha ketoglutarate -dependent dioxygenase family

The Alphaketoglutaratedependent dioxygenase (AlkB)family is Fe (I) and dpha-
ketoglutarate dependent enzymes. They are a part of the DNA damage response
network (Fedeles et al., 2015)and remove alkylating damage from nucleic acid bases
via oxidative dealkylationusing cofactors Fe (Il) and jketoglutarate. This process
removes the methyl group by converting alph&etoglutarate to succinate, releasing
carbon dioxide and formaldehyde(Sedgwick et al., 2007) The initial identificaton of
the AIkB protein occurred inEscherichia coli(E. coli) in 1977 (Samson et al., 1977)
AlkB exhibits a broad spectrum of substrates, encompassing-itethyladenine (mA)
and N3methylcytosine (r#C) lesions in sDNA (Falnes et al., 2002; Trewick et al.,
2002). Mammalian cells have 9 AIkB homologs, ALKBK] and the Fat mass and
obesityassociatd protein (FTO) also known as ALKBHYFigure 10) (Aas et al., 2003;
Duncan et al., 2002). Only a subset of these proteins function as DNA repair enzymes.
The remaining homologs lack any documented activity on B\substrates; instead, they
perform demethylation on RNA or proteins. Out of the nine members only ALKBH2 and
ALKBH3 are known to have DNA repair activity, being the only homologs that
complement the function ofE. coli AIkBin vivo (Aas et al., 2003; Duncan et al., 2002)
Other members of AIkB family include ALKBH5 and FT@hich have a welldefined role
as MRNA mfA demethylases(Fu et al., 2013; Jia et al., 2011; Linder et al., 2015)
ALKBH1 mainly acts as a tRNA dettiglase by removing nA from various tRNAs(F.
Liu et al.,, 2016) and ALKBH8 has a tRNA preference and demethylasesc&rboxy
methyl uridine (Fu et al., 2010; SongeMoller et al., 2010). ALKBH4, ALKBH6, and
ALKBH7 have less wetlefined roles; however, studies have indicated that ALKBH4 has
demethylating activity towards proteingBjornstad et al., 2011) ALKBH7 towards
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mitochondrial tRNA (Zhang et al., 2021)and ALKBH6 has ber shown to contribute to
the maintenance of genome stability during & alkylating agenimediated DNA
damage(Zhao et al., 2021)
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Figure 10. Overview of the AlkB family of proteins.

The phylogenetic tree of the AIkB family. Showing locations, key elements, activity, and substrate
of the nine different AIkB proteins.Distinct color boxes represent different elements of the AlkB
proteins (Xu et al., 2021)

142 ALKBH3

AlphaKetoglutarate Dependst Dioxygenase3 (ALKBH3) is responsible for removing
m3C from ssDNA. ALKBH3 demethylation activity is dependent on the presence of
ASCC3 helicase which is important for unwinding the DNA in order to access the
singlestranded substrate needed for ALKBHBediated DNA repair (Falnes et al.,
2004; Ougland et al., 2015). The lack of ALKBH3 leads to elevated levels of*@
damage in human cells, which are believed to hamper cell growth and result in
spontaneous DSB# a celltypespecific manner(Dango et al., 2011) As an alkylating
damage repair enzyme ALKBH3 plays a role in maintaining genomic stabiligs
alkylated DNA bases are known to inhibit DNAreplication and if left unrepaired can
result in DSB. In cancer celllines reliant on ALKBH3 to repair alkylating damage,
depletion of ALKBH3 leads to decreased survival, both in cell culture and increased
hypersensitivity to methyinethanesulphonate(MMS) (Dango et al., 2011)

In addition to DNA alkylation repair, ALKBH3 has also proveto be capable of acting
as RNA demethylase, in particular ALKBH3 has been found to removéAnrirom mRNA
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in vitro (Aas et al., 2003; Li et al., 2016) and removing nfA, m*A and m*C from tRNAs
(Alemu. et al., 2016; Falnes et al., 2007; Ueda et al., 2017)In 20186, Li et al utilized a
combination of mA immunoprecipitation and RNA sequencing tohighlight the
prevalence of A as an internal MRNA modification in HEK293T cells. Furthermore,
they illustrated the reversibility of A methylation, identifying it as a substrate of
ALKBH3 by pinpointing thousands of reversible tA sites in ALKBH3 knockout
HEK239T cells(Li et al., 2016). Similarly, in 2016, Dominissini et al employed liquid
chromatograplytandem mass spectrometry to reveal increasednmethylation levels
on MRNA in HEK293T cells with a mutated form of the ALKBH3 protein compared to
the wildtype. Providing further evidence for ALKBH3S role in reversing the niA
modification on mRNA (Dominissini et al., 2016) However, it is important topoint out
that the prevalence of m'A modification on mRNA has been subjected to scrutinyas
different studies (Safa et al., 2017; Schwartz, 2018)have reported that mA is less
abundanton mRNA than previously reported by Dominissiniand Li (Dominissini et al.,
2016; Li et al, 2016).. For further information on the controversyof the m'A
modification on mMRNA see chapterl.5.1.2

1.4.2.1 ALKBHS3 and cancer

ALKBH3 has been found to be aberrantly expressed in numerous cancers and is known
to be overexpressed in pancreatic cancer(Yamato et al.,, 2012) hepatocellular
carcinoma (Q. Wang et al., 2018), renal cell carcinoma(Hotta et al., 2015) urothelial
carcinoma (Shimada et al., 2012)and lung cancer (Tasaki et al., 2011)In all these
cancers, upregulation of ALKBH3 expression was observed in tumor tissues, as
opposed to normal tissues, and was correlated with reduced overall patient survival.
Furthermore, ALKBH3 was found to contribute to cancer cell survival, and targeting
ALKBH3 suppressed cell survival botin vivo and in vitro. Besides suppressing cell
survival, ALKBH3 silencingnas been shown tchinder tumor growth and migration, with
involvement in signaling pathways like VEGF (ipancreatic cance)y, NOX2-ROS, and
Tweak/Fn12VEGF (in urothelial carcinomg (Shimada et al., 2012; Yamato et al.,
2012). In nonsmalllung cancer and hepatocellular carcinoma KD of ALKBH3 resulted
in induced expression of the cell cycle inhibitors p21 and p27, ultimately &ling to cell
cycle arrest, senescence,and suppressed cancer cell growthTasaki et al., 2011; Q.
Wang et al., 2018). Collectively, the research suggests that ALKBH3 contributes to
various aspects of cancer cell survival and development, potentially making it an
intriguing therapeutic targe for cancer therapy These findings warrant further
investigation into inhibiting ALKBH3 expression as gotential treatment strategy for
certain cancers

Conversely, ALKBH3 expression has also been found to be downregulated in a number
of cancers, including breast cancer and Hodgkin lymphoma. Stefansson et al.

demonstrated the epigenetic silencing of ALKBH3 in breast cancer via GpC promoter
methylation. Utilizing data from both the TCGA and samples from an Icelandic breast
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cancer cohort, the studyrevealed that ALKBH3 underwent GpC promoter methylation,
resulting in transcriptional silencing in breast cancer. Notably, increased ALKBH3
promoter methylation (>20%) was associated with reduced surviy@tefansson et al.,
2017). In a 2018 PanCancer analysis conducted b¥nijnenburg et al, it was revealed
that ALKBH3 downregulation pmarily resulted from epigenetic alterationsUsing data
from TCGA and employing integrative molecular and genomic analyses to assess DDR
alterations in cancer, the study identified ALKBH3 as the second most frequently
epigenetically silenced DDR gene. Spafically, 8% of all tested cancer samples
(n=9125, spanning 33 cancer types) exhibited downregulation of ALKBH3 through
epigenetic silencing events.(Knijnenburg et al., 2018) ALKBH3 has additionally been
found to be epigenetically silenced by promoter methylation in Hodgkin lymphoma
(EstevePuig et al.,, 2021) ALKBH3 promoter methylation led to transcriptional
inactivation of ALKBH3 and a change in the YA methylation patterns in Hodgkin
lymphoma cells, where increased i sites were noted in cells depleted of ALKBH3.
Specifically, inactivation of ALKBH3 led to increased ¥ peaks on collagen type 1 and

2 (COL1A2 and COL1A1), along with increased protein expssion of both COL1A2
and COL1Al a vital acellular components of the microenvironment of Hodgkins
lymphoma Hypermethylation of the ALKBH3 promoter was also detected in 18% (14
out of 18) of human primary Hodgkin lymphomas tested, correlating with shorteverall
patient survival(EstevePuig et al., 2021) Epigenetic silencing of ALKBH3 in cancers
may potentidly serve as a novel prognostic biomarker, particularly in breast cancer and
HodgkinG lymphoma.

ALKBH3 has also been shown to affect other cancer due to its role as and RNA
demethylase (Z. Chen et al, 2019) Recent research has provided evidence
demonstrating th&a ALKBH3 contributes to cell invasion in breast and ovarian cancer by
increasing the stability ofCSFL mRNA by demethylating nfA from its transcript(Woo et

al., 2019). The colonystimulating factor (CSH) has been documented to play crucial
roles in regulating tumorassociated macrophages ithin the tumor microenvironment
and contributing to the onset and progression ohumerouscancers (Ao et al., 2017;
Wu Chen et al., 2022)

143 FTO

The fat mass and obesity associated protein (FTO), has been strgntihked with
obesity and increased body mass index as mutations in FTO correlate with increased
risk of obesity (Chu et al., 2008; Liu et al., 2013) FTO was first discovered in 2007
where it was reported to demethylat@-methylthymine mT) in ssDNA (Gerken et al.,
2007). Despite showing some affinity for ssDNA FTO is best known for demethylating
RNA and in 2011 FTO wasfirst reported to catalyze the demethylation of N
methyladenosine (F1A) on mRNA bothin vivo and in vitro (Fu et al., 2013; Jia et al.,
2011) thereby providing the first evidence of reversible podranscriptional
modifications on mMRNA. Subsequent studies have demonstrated that FTO has

25



KarenKristjansdottir

demethylating activity towards M 30@imethyladenosine (PA,K GHO é| ya dg
of MRNA (Mauer et al., 2017b) on snRNA(Mauer et al., 2019)and m'A on tRNA (J. Li
et al., 2021). It is noteworthy to mention that, despite its primary recognition for
catalyzing nfA demethylation on mRNA, FTO exhibits a higher affinity for %A, as
opposed to mPA (Mauer et al., 2017a) Interestingly, it has been revealed that FTOs
MRNA substrate specificity is influenced by its intracellular localization. In the nucleus,
FTO predominantly targets il methylated mRNA, whereas P\, methylated mRNA is
the primary target of FTQOn the cytoplasm(Wei et al., 2018). The nPA modification is
the most abundantand prevalentinternal modification found in eukaryotic mMRNA,
playing diverse and crucial roles in normal biological processes. As an %
demethylase FTO has been shown to influence numerous physiologicéunctions in
humans. These functions encompass eukaryotic metaboligfrayling et al., 2007),
circadian rhythms(Mathiyalagan et al., 2019; C. Y. Wang et al., 2015)spermiogenesis
(Wu et al., 2023) and autophagy(Yang et al., 2022).

Inactivation of the FTO gene in humans gives rise to an autosonedessive lethal
syndrome. Cultured cells derived from individuals affited by this syndrome exhibited
compromised proliferation and expedited senescencéBoissel et al., 2009) In mice
the loss of FTO results in elayed growth after birth and a notable decrease in both
adipose tissue and lean body masgFischer et al., 2009) More recently loss of FTO
has been linked to regulation of cell cycle and mitosis checkpoint in spermajonia in
mice (Huang et al., 2018)

1.4.3.1 FTO in cancer

Gene variations in FTO have been correlated with increased cancer risk and in
numerous scenarioswhere the escalated cancer risk can be directly attributed to
obesity (Lan et al., 2020). However, there are certain cases where no apparent
connection to obesity is observed, such as increased melanoma ridles et al., 2013)
and HER2negative breast cancefMontazeri et al., 2022) FTO has also been linked to
cancer though its role as an ®A demethylase. Research has demonstrated thatAn
levels disrupted in multiple cancer types due to overexpression of FTO, including
breast cancer(Niu et al., 2019), acute myelogenous leukemia nonsmall cell lung
cancer (J. Li Y. Han et al., 2019; Liu et al., 2018; H. Shi et al., 2020) gastric cancer
(Y. Li et al., 2019) pancreatic cancer(Garg et al., 2022), cervical cancer(Zou et al.,
2019), ovarian cancer (L. Zhao et al., 2020), bladder cancer (Tao et al., 2021)and
glioblastoma (Cui et al., 2017; Kaklamani et al., 2011; Z. Li et al., 2017; Niu et al.,
2019). Elevated FTO expression has, in certain cancers, exhibited a positive correlation
with shorter overall survival, increased migratigrand invasion (Gao et al., 2023; Zou

et al.,, 2019). FTO has been observed to promote cancer stem cell sedfhewal and
reshape cancer immunity ineukemia. This is achieved by suppressing the expression
of immune checkpoint genesthrough the removal of MA from MRNA, thereby
decreasing mRNA stabilityGarg et al., 2022).
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FTO downregulation has also been reported in numerous cancerscluding colorectal
cancer (Ruan et al., 2021)where FTO downregulation correlates with worse survivah
epithelial cancer reduced FTO expression is associated with increased invasion,
metastasis, and worse clinical outcome (Jeschke et al.,, 2021) Comparable
downregulation patters of FTO are evident irbreast cancer (Wu et al., 2019),
pancreatic cancer (Zeng et al.,, 2021) and more. For a comprehensive overview of
aberrant FTO expression iseveral typesof cancers, please refer toFigure 11

In addition to its role in cancer, FTO is recognized as a significant contributor to the
onset of agerelated and metabolic conditions, including type 2 diabetes mellitus,
cardiovascular disease, and dementiéLi et al., 2018; Sabarneh et al.,2018). Loss of
FTO hasalso been shown to lead to enhancements in metabolic syndrome, glucose
tolerance, and a decrease in ectopic fat accumulation in the liver, suggesting that FTO
could be a valuable target for the regulation of metabolic disorder@kels et al., 2014)
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Figure 11. The aberrant expression and prognostic significance of FTO in different
cancers.
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A red triangle denotes upregulated FTO, while a blue triangle indicates downregulation. A red
circle representsa high FTO expression correlating with poorer survival, and a blueircle
signifies a high FTO expression associated with better survival. Abbreviations: AML, acute
myeloid leukemia; BLCA, bladder cancer; BRCA, breast cancer; ccRCC, clear cell renal cell
carcinoma; CRC, colorectal cancer; CVC, cervical cancer; ENC, endagtrial cancer; ESCA,
esophageal carcinoma; GBM, glioblastoma; GC, gastric cancer; GNC, gynecological cancer;
HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; MLM,
melanoma; NSCLC, nosmall cell lung cancer; OS, osteosarcoma; O¥, ovarian cancer; PAC,
pancreatic cancer; PRC, prostate cancer; THCA, thyroid cancgii et al., 2022).

FTO exhibits dual functions in cancer, acting as both an inhibitor and promatelts
significant involvement at the onset, advancement, and progression of diverse cancers
is primarily attributed to its A demethylase activity. Given its crucial role in numerous
diseases, FTO holds potential as a promising target for the diagnosisdatreatment of
various conditions, with a particular focus on cancer. Given growing comprehension of
the role FTO has in manyliverse typesof cancers along with theelucidation of the FTO
crystal structure has led to the development of smaiblecule inhibitors targeting FTO
for cancer therapy. Several FTO inhibitors, evaluated for their therapeutic effects in
various tumor models, bothin vitro and in vivo, show promising efficacy, suggesting
potential translation into clinical applications for cancer &mapy (S. Gao et al., 2021,
Huff et al., 2021; Zhou et al., 2021).

1.5 Epitranscriptomics g RNA modifications

RNA modifications are postranscriptional changes made to the chemical composition
of RNAs that can change the function, structure, and catalytic activity of RNAs that do
not involve any changes to the RNA sequenceahereby forming a new layer of post
transcriptional regulation, collectively referred to as epitranscriptomic or RNA
epigenetics. Postranscriptional regulation plays a pivotal role in governing gene
expression programs that determine a wide array of calar functions and decisions
regarding cell fate.

The emerging field of epitranscriptomics started with the discovery of pseudouridine
(Y) in the 1950s (Davis et al, 1957) and currently thereare around 170 known RNA
modifications found on all forms of RNA(Cappannini et al, 2023). Previous research
has demonstrated that RNA modifications are common in transfer RNA (tRNA),
ribosomal RNA (rRNA), small nuclear RNA (snRNAMRNA and small nucleolar RNA
(snoRNA) along with other types or RNAs (Saletore et al., 2012) Despite the
longstanding awareness of RNA modifications spanning more than six decades, the
recognition of maodifications within the coding sequence of mMRNAs as potential
regulators of gene expression has only materialized in the past two decades. This
delayed recognition can be attributed to technological limitationalong with the focus

of earlier studiesbeing on the more abundant and heavily mofied RNAs (tRNA and
rRNA). The technological limitation®iavein recent yearsbeen gradually addressed and

28



Introduction

mitigated, facilitating a more comprehensive understanding of the intricate role RNA
modifications play in gene regulation In the last~15 years tetinical advances have
made mRNA studies more widespreadGrosjean et al., 1997; Janin et al., 2020;
Roundtree Evans et al., 207).

1.5.1 mRNA methylations

One of the most common forms of RNA modification are methylations which play a role
in many important mMRNA processes e.g. alternative splicing, stability, mRNA export

and translational efficiencyMauer et al., 2017b; Slobodin et al., 2017; X. Wang et al.,
2014; Wickramasinghe et al., 2015; Yang et al., 2017; Zhao et al.2014). Other than

| ¢y TGoé|j éga 1 Gj ARGRéOygReée| dHga Gh X
including base isomerization to produce pseudouridine Y ); methylation of the ribose
Kl Cé | H# j-metdylaktioh yYNmy>aBd methylation of the bases to produce®N

methyladenosine , Nmethyladenosine and Snethylcytosine (rPC) (48). Transcriptome
wide mapping of RNA modifications revealed widespread distribution of A, Nm and
Y while the prevalence of other such as AC and mA are thought to be less common
(Carlile et al., 2014; Dai et al., 2017; Mauer et al., 2017b; Meyer etal., 2012). Over

orHgl

the past few years, as researchers have uncovered methylation associated proteins and

harnessed advanced higithroughput sequencing technology, the enigma surrounding
mRNA methylation has slowly unraveled, shedding light on its biologicalgsiificance
and practical applications of thesenRNA modifications.

Methylation associated proteinsas the name implies, areproteins that regulate or

interact with mRNA methylations on RNA. These proteins fall into three categories:

methyltransferases og O1 d| y1 KHi O0¢do6¢ | Géedy | ¢y Gyl ¢eRG
L yorREgd]l dHg j 1 HIYydgK HI i yeayi KK | &él od
OROgKI 1yéG j1 RHOYKK HE | ¢y GhX éga ¢dgéeGGR

the methylation from mRNA.The discovery of methylation associated proteingand
advances in transcriptomaide sequencing have demonstrated that mRNA
modifications are dynamic and reversible, thereby presenting a new pdsanscriptional
gene regulation in eukaryotes.

1.5.1.1  N°Methyladenosine

When a methylation occurs at the sixth nitrogen atom of the adenylated RNA, it is

known asN®-methyladenosie (m®A) (Figure 12 methyl group displayed in red. The
presence of nfA on mRNA was first discovered in the 1970¢Desrosiers et al., 1974;
Schibler et al., 1977)and it is the most prevalentinternal mMRNA modification with
roughly 25% of all eukaryotic mRNA A&rboring at least one MA modification
(Dominissini et al., 2012; Meyer et al., 2012) In addition to mRNA, mSA modification
has been discovered in various RNA types, including tRNAs, rRNAsjrcular RNAs
(circRNAg, micro RNAs miRNAS9, and long non<coding (INcRNAS) transcriptgN. Liu
et al., 2016).
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Figure 12. Schematic view of N é-methyladeonsine .

Methylation of n§A is orchestrated by a multicomponent methyltransferase complex of
which Methyltransferase Like 3 and 14 (METTL3; METTL14) and Wilms Tumor 1
Associated protein (WTAP) are the most widely studiedrigure 13) (Y. Yang et al.,
2018). Other proteins that are a part of this complex include RBM/AL5B (RNA Binding
Motif Protein 15), CBLL1 (Chl Prot®ncogene Like 1, HAKAI), VIRMA (Vir Like fA
Methyltransferase AssociatedXIAA1429 (Vir Like mPA Methyltransferase Associatéd
and ZC3H13 (Zinc Finger CCCHype Containing 13). The METTL3/METTL4 colex
recognizes and places nfA within the RRACHconsensusmotif (R=A or G, H=A, C or

U) (Dominissini et al., 2012; P. Wang et al., 2016)whiché 1y | K @ GGR y g1 dd ¢
untranslated region(UTR),in long internal exons ornear the stopcodon (Dominissini et

al., 2012; Meyer et al., 2012)

The effects of MA modification are determined by RNA binding proteirs that can
recognize nfA on the RNA Theseproteins, as previously mentioned, are called fé\
readers. To date several filA reader proteins have been identified in mammalian cells,
of which YTH domain family of proteins: YADF13 and YTHDCZ® are the most studied
(Berlivet et al., 2019) Initial studies regarding the YTDHF proteins suggested that the
YTHDF paralogs have unique physiological roles ondmund to mPA methylated mRNA
due to their different RNA binding sites.YTHDF1was primarily thought to function to
enhance the translation of fA-methylated mRNA by facilitating ribosome assembly on
mPA mRNA and regulating the translation kinetics by intacting with the translation
initiator factor such as Eukaryotic initiation factor 3 (elF3X. Wang et al., 2015)
YTHDF2was found to affect mRNA stability by mediating mRNA degradation via
recruitment of RNAdegrading enzymes or adaptor proteins to trigger rapid
degradation of the nfAcontaining mRNA(Du et al., 2016; Park et al., 2019; X. Wang
et al., 2014). YTHDF3has been suggested tdacilitate both degradation and translation
of mSA methylated mRNA. YTHDF3 interact with the ribosome, aiding in transbei
initiation (A. Li et al., 2017) and promotes mRNA degradation in a similar approach to
YTHDF2(Shi et al., 2017)
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However, it is important to note lhat recent research has challenged the unigue mRNA
binding properties of the YTHDF proteins and their distinct regulatory effects on
mMRNA. In 2020, two publications proposed an alternative model for the function of the
YTHDF proteins, suggesting that thejprimary role is to promote mRNA degradation
(Lasman et al., 2020; Zaccara et al., 2020) Subseqient studies have supported these
findings, providing further evidence for this revised functional concept(Arribas
Hernandez et al., 2021; Kontur et al., 2020; Y. Li et al., 2020; Niu et al., 2022).

In their 2020 study, Zaccara et al. showed that the YTHDF proteins shared an almost
identical RNAbinding surface and were able to bind to the same mRNAs. Furthermore,
they demonstrated that the YTHDF proteins shared subcellular localization and that
YTHDF1 did notinduce translation but instead promoted mRNA degradation, along
with YTHDF2 and YTHDFE3Through a series of siRNAnediated KD experiments in
HelLa cells and leukemia cells, Zaccara and colleagues provided evidence that the
YTHDFproteins may be functionail redundant, as double or triple KD of the YTHDF
proteins had a more significant impact on mRNA expression compared to KD of a
single YTHDF paralogZaccara et al., 2020) These findings were later supported by
Lasman et al., who demonstrated that KO of a single YTHDF paralog had little to no
effect on degradation rates in muse embryonic stem cellswhereasdepletion of all
three YTHDF proteins resulted in a significant reduction in degradation rates. Lasman et
al. also showed that the YTHDF paralogs<hibit different expression levels in various
tissues, meaning that KD o& single paralog in certain cell typesmay have minimal
effects as the other paralogs might compensate and promote -mediated mMRNA
degradation (Lasman et al., 2020) Whether the YTHDF proteins are fully redundant or
capable of performing unique regulatory functions on mMRNA remains to be
determined, andfurther researchis needed for a more definitive conclusion

YTHDC1 is the only ®A reader found located in the nucleus of cells, while the
previously mentioned YTHfamily members along with YTHDCZ2are found in the
cytoplasm. YTHDC1lregulates alternative splicing of m®A methylated mRNA by
interacting with mRNA splicing factors SRSF10 and SRSHKXiao et al., 2016) In
addition, YTHDCL1 has been shown to play a significant role in mRNA export ofAn
methylated mRNA, also via interaction with SRSFRoundtree Luo et al., 2017)Finally,
YTHDC2, distinguished by its structural variance from other YTH family members due to
the presence of a helicase domain, is recognized for its crucial role in facilitating the
progression of the meiotic program in the germlineby binding and promoting
degradation of nfAcontaining mRNA(Woijtas et al., 2017)

Other known nfA readers include IGF2 mRNAinding proteins (IGF2BPs) which are a
wellpreserved family of singlestranded RNAbinding proteins (RBPs)that exhibit

specific recognition of mPA-modified RNA and have a notable impact on the fate of the
associated transcripts (Korn et al., 2021) Members of the Heterogeneous
ribonucleoprotein family ainRNPs), best known for their role in alternative splicing and
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mRNA processes, have also been recognized as® readers. This includeshnRNPC,
hnRNPA1 andhnRNPA2B1(Alarcon et al., 2015) Additional RNAbinding proteins
involved in translation have been recognized as potential % readers e.g. elF3
(Meyer et al, 2015) fragile Ximessenger ribonucleoprotein 1 (FMR1) and
staphylococcal nucleastke (SNHike) domaincontaining protein 1 (SND1)(Petri et al.,
2023). To date the MA modification has two known demethylation noteins, ALKBH5
and FTO which are known for specificallyemoving mfA from mRNA (Jia et al., 2011;
Zheng et al., 2013)

The nfA modification is present in a variety of organisms and linked to diverse
biological functions such as: meiosis in yeagSchwartz et al., 2013) plant development
(Zzhong et al,, 2008), mouse spermatogenesis(Lin et al., 2017) and mouse
embryogenesis(Y. Wang et al., 2018) In addition, mfA has been shown to influence
almost all stages of the mRNA life cycle including mRNA stability, translation control,
cellular differentiation, and alternative splicing(Alarcon et al., 2015; Batistaet al.,
2014; Meyer et al., 2012; Tang et al., 2018; Xiao et al., 2016; J. Zhou et al., 2018)
Consequently, it is not surprising that misregulation of fA has been implicated in
numerous physiological defects including cancer, obesity, brain development
abnormalities and other disease@Barbieri et al., 2017; Cheng et al., 2019; Choe et al.,
2018; D. Dai et al., 2018; Z. Li et al., 2017; Roost et al., 2015)
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Figure 13. Overview of m A mRNA associated protein s.

Methylation writer complex composed of METTL3, 14, WTAP, RM15/15B and more, plac€Am
onto MRNA. Methylation readers bind to the fil\ modification and affect a downstream process
indicated in colored boxes. Reader proteins can be foundn both the nucleus and cytoplasm.
FTO and ALKBHS5 are the only known % erasers that remove the f\ methylation from mRNA
(J. Li X. Yang et al., 2019)
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Accumulating evidence shows that fA plays a dual role in cancer by both regulating
expression of oncogenes and tumor suppressors, thus affecting cancer progresglon
He et al., 2018; S. Wang et al., 2018) In addition, research has demonstrated that
dysregulation of the A machinery i.e., writer, erasers and reader proteins are
frequently found to be aberrantly expressed in various types of cancers, contributing to
cancer initiation and progression(Barbieri et al., 2017; Y. Chen et al., 2019; Huang et
al., 2020; Q. Li et al., 2021; Z. Li et al., 2017; Shen et al., 2020; Zheng et al., 2013)
The existing body of scholarly work regarding f\ and its associated proteins in cancer
is too broad to cover within the scope of this thesis. For an overview, please refer to
Figure 14 and Table1 (He et al., 2019).

m6A promotes cancer m6A suppresses cancer
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Figure 14. Overview of the involvement of m  6A and its associated proteins in cancer.

The nfA modification plays a dual role in cancer, as it can eithepromote or hinder cancer
progression and pathogenesis. It achieves this by enhancing the expression of oncogenes and
inhibiting the expression of tumor suppressor genes, or conversely, by inhibiting oncogene
expression and enhancing tumor suppressor genexpression. Pathways on the left (red) are
examples of where A promotes cancer and pathways on the right (blue) demonstrated
examples of when A suppresses cancer The nfA associated proteins are labelled in yellow
(writers and erasers) and in grey (reagts) (He et al., 2019).
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Tablel. N®methyladenosine function and role in cancer

Cancer meA RNA Effect on m°®A influence in Reference
Type protein Target | target RNA cancer
METTL3 c-MYC, Translation - . (Vuetal., 2017)
BCL2, Inh|p|ts ceI.I al.poptOSIS
PTEN & differentiation.

AML METTL3 SP1 Translation | Reduces cell (Barbieri et al.,
differentiation & 2017)
induces cell
proliferation.

ALKBH5 NANOG Stabilization | Reduces tumor (Zhang et al.,
formation & inhibits 2016)
breast cancer stem
cell population.

Breast FTO BNIP3 Degradation | Inhibits metastasis, (Niu et al., 2019)
cell proliferation &

cancer .
colony formation

METTL3 HBXIP Expression | Inhibits apoptosis& (Cai et al., 2018)
induces invasion,
proliferation,
metastasis.

FTO [ <catenin Expression | Enhances resistance (S. Zhou et al.,

CscC to chemo 2018)
radiotherapy.

ALKBH5 FOXM1 Expression | Impairs (Zhang et al.,
tumarigenicity & 2017)
proliferation.

Gse METTL3 SOX2 Stability Enhances the (Visvanathan et al.,
formation of 2018)
neurosphere.

METTL14 miRNA Splicing Limits tumor (Ma et al., 2017)

126 metastasis& reduces

HCC invasiveness
migration of HepG2
cells.

FTO MZF1 Stability Induces apoptosis& (Liu et al., 2018)

LUSC inhibits invasion&
proliferation.

. METTL3 AXL Translation | Promotes ovarian (Hua et al., 2018)

Ovarian : )

cancer tumor invasion&
growth.

Pancreatic | ALKBH5 KCNK15 Expression | Induces invasion& (Y. He etal., 2018)

cancer AS1 migration.

Renal cell FTO PGCLY Stability Increases cell growth (Zhuang et al.,

carcinoma & enables apoptosis. 2019)
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1.5.1.1.1.1 mPAin DNA repair and genomic stability

A recent body of research has unveiledhe potential role of nfA in orchestrating DNA
repair and maintaining genome stability in response to DNA damage. Firstly, in a
publication from 2017 Xiang and colleagues revealed that poly(ARNA is rapidly nfA
methylated and transiently induced at DNAahmage site in response to UV irradiation.
The m*A methylationwas found on numerous poly(A)transcripts and is regulated by
FTO and METTLS. In the absence of METTL3 methylation activity, cells demonstrated
increased sensitivity and delayed repair to UV adaage. DNA polymerase/, a crucial
component of nucleotide excision repair (NER) and tradssion synthesispathways
responsible for repairing UMinduced lesions(Ogi et al., 2006; Yoon et al., 2009), was
recruited to UV damage sites simultaneously with ®% RNA. This recruitment was
contingent upon the catalytic activity of METTL3, thereby contributing to the facilitation
of DNA repair (Xiang et al., 2017) In this publication both METTL3 and FTO were
found to localize to the site of UMlamage sitehowever, METTL3 localization preceded
that of FTO possibly allowing for a brief window of #A RNA accumulation in order to
respond to UV damagebefore being demethylated by FTOIn a more recent study,
FTO expression emerged as a pivotal protective fact@gainst genotoxic stress in
mouse osteoblasts. FTO KO conferred cellular sensitivity to UV and(H, thereby
promoting cell death. FTO was found to remove fA methylation from a number of
DNA repair transcripts, resulting in increased mRNA stability andltimately increasing
protection in osteoblastsfrom DNA damage (Q. Zhang et al., 2019)

Secondly, nfA has also been foundto mediate the repair of DSBs. DSB induced
activation of METTL3 by ATM phosphorylation leads to METTL3 localization to sites of
DNA damage, where it adds niA to RNAs associated with DNA damage. This
modification serves to attract the P&\ reader protein YHDC1 for protective functions.
Consequently, the METTHBSA-YTHDC1 axis regulates the presence of DNANA
hybrids at DSB sites, which then attract RAD51 and BRCAL to facilitatent¢Riated
repair. Cells lacking METTL3 exhibit impaired HR, accumulation ohnrepaired DSBS,
and genomic instability(Zhang et al., 2020). Finally, nfA has also been implicated in
the regulaton of Rloop formation (Abakir et al., 2020; Yang et al., 2019), in direct
DNA repair by stimulating translation of the repair enzyme @nethylguanire DNA
methyltransferase in micéOzkurede et al., 2019)and the regulaton of telomere length
and genomic integrity in human cancefLee et al., 2021) Despite these examples, our
current understanding of the multifaceted role of fA in regulating genome stability
and DNA repair is still in its early stagesind further research is necessary.

1.5.1.2 N1-Methyladenosine

When a methylation occurs at théirst nitrogen atom of the adenylated RNA, it is known
as Nimethyladenosi ne (m*A) (Figure 15, methyl group displayed in red and was first
reported in 1961 (Dunn, 1961) m*A is not as well defined as rfA but is found on tRNA
(Cozen et al., 2015) rRNA (Peifer et al., 2013) mRNA (Dominissini et al., 2016; Li et
al., 2016; X. Li X. Xiong et al., 2017; Safra et al., 2017; Zhou et al., 2019and
INcRNAs (Shi et al., 2021) with tRNAs being the most heavily modified with .
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Figure 15. Schematic overview of N *-Methyladenosine.

In mMRNA, mA has been discovered in every mRNA segment, including the coding
Kyilygody g+1mKa. IThGsmostly béeg fbund i thes Highly structured
T G want near start codonsand has beenfound to be correlate with enhancement in
translation(Dominissini et al., 2016; Li et al., 2016) Dominissini et al found NMA to be
enriched din GC rich areas while Li et alfound m*A to be associated withpurine+ich
motives. These for studies indicated that, on average, the A\/A ratio in mMRNA
standsat roughly 0,015% to 0,054% in mammalian cells. This ratio is relatively low
when compared to the mfA/A ratio in mMRNA as the occurrence of mA is around 6{old
less than that of nfA (Dominissini et al., 2016; Li et al., 2016; Yang et al., 2020) The
earlier transcriptomewide mapping studies conducted by Dominissini and Li
demonstrated the presence of A across thousands of distiric gene transcripts.
However, these studies have faced criticism due to theiack of singlenucleotide
resolution in detecting m'A and for not identifying the enzyme responsible for
catalyzing ntA on mRNA.

The development of MA sequencing techniques and Bw singlebase resolution
methods have greatly aided in uncovering the presence of #A in nuclear, cytosolic,
and mitochondrialencoded transcripts(X. Li X. Xiong et al., 2017; Safra et al., 2017)
These studies utilize the fact #t during revers transcription mMA causes
misincorporation or termination, allowing for the identification of MA at singlebase
resolution. In 2017 Li et al reported 740 m?A site in the HEK293T transcriptome using
such singlebase resolution methodwhere 473 m*A sites were found in mRNA and
IncRNAs transcripts in HEK293T cells. The majority of thes€Ansites were situated
within the 5GUTR which aligns with earlier findinggDominissini et al., 2016; Li et al.,
2016). Li et al, shed further light on mA and its location within the mRNAand
demonstratedthat nfA modifications located in the CDS have a slight preference for
6HOHg | RjyK Odl ¢ éi1 Cdgdgy g+> K éga el |1¢y ¢c
mMRNA which waslinked with increased translation efficiencyLi and colleagues further
demonstraed that ntA is prevalent in mitochondrially encoded transcripts, where it
disrupts the process of mitochondrial translatio(X. Li X. Xiong et al., 2017)
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The development of singléase resolution methods has also prompted criticism
regarding the reported prevalence of MA, particularlyin cytosolic mMRNA (Safra et al.,
2017; Schwartz, 2018) As mentioned earlier (1.4.2), the prevalence of mA on mRNA
has been contestedby Safra et al., who reportedthe m'A modification to be less
abundant than previously revealed by Li and Dominissiniwith only 10 m!A sites
identified in human mRNA(Safra et al., 2017) However, other studieshave suggested
that the sequering technique used by Safra et alhas limited sensitivityand does not
provide an accurate picture of the prevalence of A on mRNA (Xiong et al., 2018; L.
Y. Zhao et al., 2020). Moreover, independent studies have reported AA/A ratios
comparable to those observedoy Dominissini and Li, providing additional validation
for the number of m'A sites in mMRNA(Xu et al., 2017) Finally, a more recent study
using an evolved rewerse transcriptasethat reads through rA more efficiently reported
hundreds of ntA sitesin human mRNA(Zhou et al., 2019) Collectively, the research
indicates that the m*A modification is presenton human mRNA; however, its precise
abundance remains uncertain and warrants further investigation. Advancements in
sequencing methods and optimization of technologies are necessamp achieve
transcriptomewide and singlebase resolution detection of .

As with other mMRNA methylations, A has methylation associated proteins that interact
with m'A on RNA (Figure 16). TRMT61 and TRMT6 are’& methyltransferases that form
a heterotetrametric complex to methylated tRNGAnderson et al., 2000; M. Wang et
al., 2016) and in some nuclear mRNAs within a GUUCRA (R=A or G) tRNke motif
with Toopdike structure (X. Li X. Xiong et al., 2017; Safra et al.,, 2017)TRMT61A
serves as the catalytic subunit and contains a binding pocket for the methyl donof, S
adenosylL-methionine (SAM). Other mA methyltransferase include TRMT61B, best
known to methylate mitolsondrial 16S rRNA(BarYaacov et al., 2016) TRMT10C tha
methylases mitochondrial (MHRNA coupled with SDR5C1Vilardo et al., 2012) and mt
MRNA (Safra et al., 2017)

m'A has several known demethylases, all members oftiAlkB protein family. ALKBH1
was first discovered to mediate demethylation of ¥ on tRNA in 2016 (F. Liu et al.,
2016) and on mtRNA (Kawarada et al., 2017)ALKBH3 is known to demethylase both
m'A and m*C in tRNA, along with demetlylating mtA on mRNA (Z. Chen et al., 2019;
Dominissini et al., 2016; X. Li J. Peng et al., 2017; Woo et al., 2019)To date, ALKBH3

is the only known mA mRNA demethylase and has been shown to specifically
recognize mA site in HEK293T cell, possibly hinting at ALKBH3 role in transcriptional
regulation (Li et al., 2016)A SQ*C1GK 1 HGy dg |1 égKdidjl| dH
been contested by Liefke et al., which demonstrates that ALKBH3 does not directly
influence the transcription of its target genegLiefke et al., 2015) It is however worth
considering that Liefke et al., approached ALKBH3 and its influence on transcription
from a DNA standpoint. Using ChIFSeq to analyze the binding site of ALKBH3 in the
DNA and examining the expression of those genes following ALKBH3 depletion.
Whether ALKBH3 is able to influence transcription via FA-nRNA demethylationis still
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an area of active research andequires further investigation.In addition to ALKBH3
both ALKBH7 and FTO have demonstratedf demethylase activity. FTO has proven
able to remove mA from tRNA (Wei et al., 2018) while ALKBH7,which is localized in
the mitochondria, is known toeliminate m*A modification mitochondrial RNA(Zhang et
al., 2021).

Four members of the YTHomain containing family have been shown to be able to
interact with ndA in vitro, YTHDC1, YTHDR2 (X. Dai et al., 2018; Safra ¢ al., 2017).
YTHDF2 has been shown to bind to ¥A mRNA and accelerate their degradation while
YTHDF1 and YTHDF3 help promote translatigBeo et al., 2020; Q. Zheng et al.,
2020). Less informatbn is available on whether these readers bind to 1A in vivo and
what cellular and molecular events are influenced by thi€onflicting evidence exists
regarding YTHDCG K  1ast & YA reader. While research by Seo et al.,, have
demonstrated that YTHDC1 haw affinity for m*A (Seo et al., 2020) other studies have
associated YTHDC1o mRNA regulation via mA interaction in vitro (X. Dai et al.,
2018). As previously mentioned, these same four proteins have been reported asAn
readers and their binding affinity for mA is weaker than rfA.
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Figure 16. m*A associated proteins on tRNA, rRNA and mRNA.

Top panel denotes nuclear RNAs (MRNA, tRNA and rRNA) and their associated proteifibe
bottom panel displays mitochondrial RNAs. Methyltransferases are labelled in blue (dark énlu
catalytic core of the methyltransferase complex), methyl erases in purple andAdinding
proteins (readers) in green(Jin et al, 2022).

The regulatory influence of A varies across different types of RNAand since its
discovery extensive efforts have been dedicated to unravelling its dynamic role in RNA
metabolism and gene expression regulatioin mRNA the nmtA modification has been
shown to block WatsonCrick base paring thereby affecting protein translation and
reverse transcription(Aas et al., 2003). Recent research performed by Qi et al using
transcriptome wide sequencingn primary mouse neuron cells émonstrated that rtA
peaks in different regions have different effects on gene expression. They reveal that
m*A peaks situated in the stop codons promoted gene expression, while those located
in the CDS and NJUTR inhibit gene expressiorfQi et al., 2023). Prior to this Li et al,
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demonstrated that rfA modification positioned at the initial and secondary positions of
the BNJUTR within the transcript can enhance proteitnanslation(X. Li X. Xiong et al.,
2017), this promotion it thought to be even higher for A at the cap+1 position(X. Li

X. Xiong et al., 2017) Collectively, mA peaks located at various positions within the
transcript exert distinct effects on both transcription and translation processes. Despite
this, the physiological function of m*A modification remains unclear.

The limited exploration of MA RNA modification as a pathological feature has
predominantly centered on its contribution to tumor progression. However, it is
noteworthy that dysregulation of A and its associatd proteins has been linked to a
spectrum of diseases, encompassing cancer, Alzhein@rdisease(Shafik et al., 2022)
and cardiovascular conditiongWu Jiang et al., 2022) Like m®A, m'A has demonstrated
a dual role in cancer, exhibiting both suppressive and promotional roles in cancer
(Figure 17). The mA regulators ALKBH3, TRMT6 and TRMT61A have been shown to
promote proliferation via tRNA regulation in in gastrointestinal cancéd. Li et al., 2021,
Zhao et al., 2019) colorectal cancer (Y. Gao et al., 2021) hepatocellular carcinoma
(Q. M. Shi et al.,, 2020) prostate cancer (Konishi et al., 2005; Ueda et al., 2017)
bladder cancer (Shi et al., 2015) liver cancer (Y. Wang et al., 2021) and glioma
(Macari et al., 2016)

In breast and ovarian canceALKBH3has been shown tcenhances the translatiorCSFL
mRNA by demethylating am'A resulting in increased cancer cell invasioWoo et al.,
2019). Additionally, the m'A reader YTHDF3 has been identifiecas an inhibitor of
trophoblast invasion and migration by enhancing the degradation of IGFIR mRNA
(EstevePuig et al., 2021; Q. Zheng et al., 2020). The intricate regulatory network
involving m*tA methylation is active in various cancer types and offers potential for
further exploration. Moreover, the potential for developing targeted cancer therapies
associated with A is a promising area for research.

40



Introduction

\

/m1A promotes cancers

migrationt
invasion}

The hypermethylation

Hedgkin lymphoma —— of CpG islands

—— ALKBH3 —— (m1A) — (Colta2. Coital| —»

Gliomas —» TRMTE/TRMT61A —> i:'mh:\) — [ IRNAM® | —— | Tumor-associated proteins | —» p:;h;:::::r;r
proliferationt

Bladder cancer —» TRMTG/TRMT61A —» @RF-3b m1A) — (MBTPS1. CREB3LZ' — (UPR pathway| — B

Liver cancer — TRMTG/TRMTG1A —-{'fﬁﬂ\f';—v PPARS | — (Cholesterol synthesis — ' Hedgehog pathway — tumorigenichy[/

(e I

m1A suppresses cancers

Liver or Lung cancer —> ALKBH3 —— (P21. P27 —> [ G1/Sphase —> invasiveness?}

Ovarian and Breast cancers —>  ALKBH3 — m1A/ — [ CSF-1 ] —> | invasiveness}

. Ribosome assem
ALkBH3 — (m1A) — [ tDRs = 2 ——— cancer progression}

>t

Cyt c-triggered apoptotic pathways

\ALKBH:B — 'ifl'F{-NAm‘lKj.‘ — | Tumor-associated proteins | —  proliferationt )

Figure 17. The potential roles of m !A in cancer progression.

The mA modifications play a crucial role in numerous cancers, often involving the addition or
removal of nfA modifications in the mRNA of oncogenesor tumor suppressor genes. This
process regulates the expression of oncogenes or tumor suppressor genes by interacting with
m'A through reader proteins or hindering the recognition of ™A markers by readers. Upper
panel demonstrates when the A modification has a promotional role in cancer and lower panel
shows when mbA has a suppressive role in cancefWeidong Xiong, 2023)

1.5.1.3  N®a =03limethyladenosine

N¢,2 NO-dimethyladenosine (m 8An) refers to when methylations are located on the
sixth nitrogen atom of the adenylated RNA and the adenosinieydroxyl group at
position 2Gs replaced by a methoxy group Figure 18, methyl group displayed in reg.
meA, is situated at the initial transcribed nucleotide position near the cap in numerous
mRNAs and snRNAs in mammals, and it Elso found as an internal modification in the
snRNA U2(Ramanathan et al., 2016)
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Figure 18. Schematic overview of N ©,2 Np-dimethyladenosine.

In contrast to MA which is placed on mRNA by a complex of proteins, fAn, is added

by a one protein: PCIF1 (Phosphorylated CTD Interacting Factor (Bendinc et al.,

2019). PCIF1 has been shown to add .| ®# | ¢y ¢ d1 K| gr oGy r|I day
methylguanosine (MG) cap by several independent studiegAkichika et al., 2019;

Boulias et al., 2019; Sun et al., 2019) Mice lacking PCIFlhave been found todisplay

significant growth defects butare viable (Pandey et al., 2020) FTO is the only known
demethylase capable of removing fn» on MRNA and snRNA(X. Zhang et al., 2019)

Studies have reported that FT@ediates the remoual of m°fA,, and that nfA, function is

related to mRNA metabolism(Mauer et al., 2017a; Wei et al., 2018) As of current

writing, there are no known methylation readers for Pé\n.

1y | H dl K GH? éadwaginitigly thaughyto pfotote RNA stability via
resisting the decapping enzyme Dcp2(Mauer et al., 2017b) This waslater vdidated in
transcriptomic data from mouse tissu€Pandey et al., 2020) though mPA, showed
negligible effect on Dcp2 in vitro (Sikorski et al., 2020) Further studies on fA, and
MRNA stbility have demonstrated thaPCIF1KD caused significantly decrease inthe
stability of a subgroup of m®A, containing mRNAs in bothHEK293 and HELA cells
(Boulias et al., 2019) Conversely other research has raised skepticism about the role
of m®An, in MRNA stability indicating that nfAn, has the opposite or no effect oomRNA
stability (Akichika et al., 2019; Sendinc et al., 2019) Further research is needed on
m%An to clarify its role in mRNA stability and on mRNA function in general.
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2 Aims

Both ALKBH3 and FTO have a role in repairing alkeyéd DNA and RNA by oxidative
demethylation in addition to having important implications for cancer progression.
Previous publication from the Sigurdsson laboratory (Stefansson et al., 2017)
demonstrated thathe ALKBHZ5 gromoter region is hypermethylatedn more than 20%

of breast cancer leading to a significant reduction of ALKBH3 mRNA and protein
expression. This reduced ALKBH3 expression correlated with worse patient outcomes
and decreased survival. Subsequent investigations unveiled that loss of béthKBH3
and FTO resulted in decreased protein expression of RNF168, a key protein in DSB
signaling and repair pathway choice.

The aim of this thesis was to study the impact of ALKBH3 and FTO on the response to
DNA double strand breaks via their epitransgotomic regulation of RNF168.

2.1 Specific aims

Specific aims were as follows:

Aim 1: To elucidate the regulatory role ALKBH3 and FTO play in normal
function of RNF168.

Hypothesis: ALKBH3 and FTO regulate RNF1@é®itranscriptomicallyi.e., by removing
methylation marks from theRNF168transcript thereby allowing for normal protein
expression of RNF168.

Aim 2: To characterize the impact ALKBH3 and FTO have on the DNA DSB
repair response via regulation of RNF168.

Hypothesis: As ALKBH3 rad FTO are important for efficient RNF168 expression and
due to RNF168 crucial role in efficient repair of DSB, loss of either of these two
proteins will affect the cel Kbility to correctly repair DSB and maintain genomic
integrity.
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3 Materials and Methods

3.1 Materials
3.1.1

Antibodies

Table 2. Antibodies and their dilution used in western blot (WB)jmmunofluorescence(lF) and
RNA immunoprecipitation(IP).

i WB IF
Target Source Identifier _ o RNA IP
dilution | dilution
53BP1 Santa Cruz Sc22760 1:2000 | 1:100 -
Actin AMD Millipore MAB1501R |1:10000 - -
Alexa Fluor 48§Life Technologies |A21121 - 1:1000
Antiinouse IgG1 )
Alexa Fluor 488|Life Technologies |A32731 - 1:1000
Anti-Rabbit IgG )
Alexa Fluor 555Life Technologies |A21434 - 1:1000
Anti rabbit 1IgG )
Alexa Fluor 647Life Technologies |A27040 - 1:1000
Anti rabbit IgG )
ALKBH3 Millipore 09-882 1:500 1:250 -
ASCC3 Bethyl A304-014A-| 1:1000 | 1:1000
\ -
ATM Santa Cruz sc23921 1:500 - -
ATR Santa Cruz sc1887 1:500 - -
BRCA1l Calbiochem OP92 1:1000 - -
FLAG Cell Signaling 14793 1:1000 | 1:1000 -
Flag M2 Sigma Aldrich F1804 1:1000 | 1:1000 -
FTO Abcam ab126605 - 1:1000 -
gammaH2AX Cell Signaling 9718S 1:1000 | 1:500 -
gammaH2AX Abcam ab22551 1:1000 | 1:1000 -
HRP Secondar|Santa Cruz sc2096 1:10000 -
Anti mouse )
HRP Secondar|Santa Cruz sc2357 1:10000 -
Anti rabbit ]
MDC1 Abcam ab11171 - 1:2000 -
N Medical and D345-3 -
methyladenosine|Biological 5ug

Laboratories
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Ne- NEB E1610S -

metyladenosine SHg
NE- Merk Millipore ABE572 - 5ug
metyladenosine

RIF1 Bethyl A300569A | 1:500 | 1:500 -
RNF168 Millipore ABE367 1:500 | 1:250 -
RNF8 Santa Cruz sc133971 - 1:500 -
SMC1 Abcam ah9262 1:1000 -
Vinculin Santa Cruz schb573 1:1000 -
3.1.2 Small interfering RNAs

Table3. List of smdl linterfering RNAs.

SIRNA myilyg8y TG/ Identfier Source
siRNA Contro NA 4390843 Thermo Fisher
SIALKBH3 #1| GGACCUUGUUAAUCAUGGALt s47967 Thermo Fisher
SIALKBH3 #2| CAUGGGACCUUGUUAAUCALt s47968 Thermo Fisher
SIALKBH3 #3 GCAACUCAUFUUGGUAAUALt 122027 Thermo Fisher
SIALKBH3 #4 |UAGUGAGGGUUCAUCAUCACU( 10620318 |Thermo Fisher

GC
SiFTO #1 CCAAGGAGACUGCUAUUUCHt 278910 Thermo Fisher
SiIFTO #2 CAUUACCUGCUGAUCAGAALtt s35511 Thermo Fisher
SiIFTO #3 GAGAAGAAAUUCAUAAUGALt s35512 Thermo Fisher
SiFTO #4 GCCUAACCUACUUUCCuUcCUtt 272126 Thermo Fisher
SiFTO #5 GGCACCAGUCCUAAGGUGAtt 272127 Thermo Fisher
SiFTO #6 CAUCCUCAUUGGUAAUCCALtt 278910 Thermo Fisher
SIALKBH2 GAATCTGACTTTTCGTAAA s42494 Thermo Fisher
SIALKBH5 GGCUCAUCCUUACGUAGUULt 529688 Thermo Fisher
siRNF168 GGCGAAGAGCGAUGGAAGAtt 126171 Thermo Fisher
SiBRCA2 GGAUUAUACAUAUUUCGCALtt s2085 Thermo Fisher
SiASCC3 CAAGCAAGAUAAUUAUAAULt 21605 Thermo Fisher
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Table4. List of sihgle guide RNA.

sgRNA myilygd8y TG Source
ALKBH31 CCCAGGGUCUGUUUGUAUC((Synthego
ALKBH32 CAGAGGACUGGCAUCAGAGASynthego
ALKBH33 UACUAGGAAACAUUCCAGAG|Synthego
FTO1 GCUUCUCGGAGAAUUAGUULSynthego
FTO2 UGGCUGCUUAUUUCGGGAC(Synthego
FTO3 CCGGUAUCUCGCAUCCUCALUSynthego
Positive Controfl CUCUCAGCUGGUACACGGCASynthego
Positive ControR GAGAAUCAAAAUCGGUGAAU|Synthego
Positive Controf3 ACAAAACUGUGCUAGACAUG|Synthego
3.1.3 Primers
Table5. List of primers used in gPCR assay.

Primer Name myilygs8y TG
RNF168forward TCCAGTTACACCCAAGTCTGAA
RNF1@ revers GAGGCTGACCCAAACTGAGA
Beta actinforward AGGCACCAGGGCGTGAT

Betaactin reverse

GCCCACATAGGAATCCTTCTGAC

GADPH forward

GGCCTCCAAGGAGTAAGACC

GADPHreverse AGGGGTCTACATGGCAACTG
ALKBH3forward primer AGCCACCAGTGATTGACAGAG
ALKBH3reverseprimer ACAAACAGACCCTAGATACACCT
FTOforward primer TGTTTTGGCCGGTTCACAAC
FTOreverseprimer ACATTCTGCAGAGCCAACTG

HPRT1 gPCReverse

CTTCGTGGGGTCCTTTTCACC

HPRT1 gPCRorward

ACCAGTCAACAGGGGACATAA
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3.1.4 Plasmids

Table6. List of plasmids.

Plasmid name Catalog Number Vendor
ALKBH3/ABH3 Gene ORF cDNA cloneexpressiorf HG15639-NF Nordic Bio-
plasmid, N Flag tag Site
FTO gene ORF cDNA clone expression plasmid, A HG12125NF Nordic Bio-
Flag tag Site
pCMV3N-+LAG Negative Control 158CV016 Nordic Bio-
Site
pDRGFPplasmid 26475 Addgene
primEJ5GFP 44026 Addgene
hprtSAGFP 41594 Addgene
pAc-GFRN1 vector 632469 Addgene
3.1.5 Drugs
Table7. List of drugsand their usage.
Drug name Catalog Vendor Use
Number
Neocarzinostatin (NCS) N9162 SigmadAldrich Induce DSB.
Clonogenic assay
Mitomycin C (MMC) 3258/2 BioTechne Clonogenic assay
Colcemid 15212012 Invitrogen Metaphase arrest
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3.2 Methods

3.2.1 Cell culture

All cells were grown using DMEM (Dulbecc@ Modified Eagle Medium) with GlutaMAX
and pyruvate (Thermo Fisher, :31966-021) supplemented fetal bovine serum (FBS,
10% Thermo Scientific, 10500064) penicillin (20 U/mL) and streptomycin (20 pg/mL)
(Thermo Scientific, 1507@063) and cultured in 95% air with 5% CO2 at 37°C.

3.2.2 RNA isolation

RNA was extracted from cells using THReagent (Thermo Fisher Scientific, AM9738)
goor I adgC | H Géglc¢eéedl lFryr GK dgKli1 8]l drRg Hi
gX3*a sz2ze2mK édoo6HI adgC | H Géglc¢eéeodl iyl GK d
was measurd using Nanodrop One.

3.2.3 siRNA transfection

All siRNA transfections were performed using Lipofectamine RNAIMAX transfection
ryéCygl gseéy1 GH =dK&yra 2{TTUSTTK éodo6rHI 0adg
were transfected with 10nM siRNA (Thermo Fisher) faB-72h.

3.2.4 Plasmid transfection

Human osteosarcomaw> ] m &8y GGK Oyi1y | 1 égIK&ird DNAO | Kd ¢
st égKéyol dAg 1yéCygl gmdCgéecCyga mSeza2at UUK ¢
All plasmid transfections were performed for 48B.

3.2.5 Plasmid mutagenesis

Sitedirected mutagenesis was performed on ALKBH3.AG (HG15639NF) and FTQ
FLAG HG12125NF) tagged plasmids using Q5 SiteDirect Mutagenesis kit (NEB,
E0554S) and Q5 HighFidelity DNA polymerase NEB, M0491) to create acatalytically
inactive version @ each plasmid(Jia et al., 2011; Sundheim et al., 2006) Primerswere
designed to mutatethe F&* binding site of each plasmid Table8) by altering Histidine
(HO0191) aspartic acid (D193) to Alanine for ALKBH3 plasmid and Histidine (H231) and
aspartic acid (D233) changed to Alanine for FTO plasmid. Altering the Febinding site
renders each plasmid catalytically inactive as ALKBH3 and FTO diexygenasesthat
rely on F€* as a cofactor for enzymatic activitfFedeles et al., 2015) PCR reaction was
carried out in a thermocycler as described in Table 10. Following PCR reaction,
plasmids were subjected to plasmid transformation, migrep plasmid preparation and
sequencing to confirm that mutagenesis worked.
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Table8. Primers used for FLAGplasmid mutagenesis

Primer name Sequence

ALKBH3_Mut_Fw TGCTGATGAACCCTCACTAGGGAG

ALKBH3_Mut_Rev |CTAGCCCAGTCCACGCTGTCCTT

FTO_Mut_Fw TGCTGAAAATCTGGTGGACAGG

FTO_Mut_Rev TGAGCCCAGCTCACTGCCATTTTC

Table9. Thermocycler conditiongor Q5 High-fidelity DNA polymerase

Step Temp Time ALKBH3 FTO
Initial denature 98°C 30 sec
Denature 98°C 10 sec
Annealing - 30 sec 65°C 60°C
Extension 72°C 2 min

3.2.6 Plasmid transformation

The plasmid mutagenesis PCR products were transformed using NERalgha
Competent E. coli cells. 60uL of complemented cells were incubated with 5uL of PCR
product, mixed by gentile flicking, incubated on ice for 30min followed by heat shock
at 30 sec at 42C and lastly 5 min incubation on ice. 300 pL of Super Optimal broth
with Catabolite repression (SOC) media was added to the transformation mix and the
tube incubated in a shaking incubator at37C, 250 RPM for 45 min. Following
incubation, 100uL of culture was spread on Lysogeny broth (LB) agar plates with
50pg/mL Kanamycin (Thermo Fisher, 15160054) at 37°C overnight (ON) followed by
Midiprep Plasmid preparation.

3.2.7  Midiprep plasmid preparation

Using previously transformed bacterial culture plates, one colony was placed into
Erlenmeyer flask containing 200mL LB media with 50ug/mL Kanamycin and left to
grow at 37°C, 250 RPM for 1@.8h. For isolation ofcopious quantitiesof plasmid from
bacterial culture using NucleoBond Xtra Midi kit (Macherey Nagel, 740410.50)was

I Kya es6HI adgC | H Gé DBNACEndentiatioy waSnteastigdkulsingl & | d H§ |

Nanodrop 1000 spectrophotometer (Thermo Fisher) and plasmids sent for DNA
sequencing at deCODE Genetis to confirm the introduction of mutation in F&
binding site. For more information on ALKBH3 and FTO plasmids see Appendix A.
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3.2.8 Complementary DNA synthesis

Complementary DNA (cDNA) synthesis was performed using 1ug of total RNA isolated
using previously described methods, Oligo(dT)12.8 primers (Thermo Fisher, SO132)
andml j yi1r mdi1 dj | A EE hynyir Ky si1 égKoéirdj| éKy
Géglcé¢eéeadlliryr GK dgKIl 18] drArgKA

3.2.9 Quantitative polymer chain reaction (QPCR)

Following cDNA synthesis, a qPCRssay was carried out utilizing SYBR Green master
mix (Thermo Fisher, A25742) in the Bidkad CFX384 systemTable 10). For each
reaction 2,5uL of SYBRGreen master mix was combined with 2ulof diluted cDNA,
0,15 pL of 10pMreverse and forward primer and 0,2 pL of nuclease free water for a
total of 5uL reaction. Subsequent analysis was conducted using Biad CFX Manager
version 3.0. The threshold cyclenumber (Cq) was determined for each sample in
triplicate. Gene expression levels for the genes of interest were then normalized to
housekeeping genes (HPRT, Beta Actin, or GAPDH) and calculated using th&A2s
method for relative quantification as previosly described by Livak er al.(Livak et al.,
2001).

Table10. Thermocycler conditions for gPCR.

Step Cycles| Temperature (°C) | Time (min)

1. UracilDNA glycosylases activation 1 50 02:00
2. Polymerase activation 1 95 02:00
3.Denature 40 95 00:15
4. Annealing/Extension 58-60 01:00

1 95 00:15
5-7. Melting curve 1 60 00:30

1 95 00:15

3.2.10 Methylations specific immunoprecipitation (MeRIP)

MeRIP was performed following previously documented rfAsequencing protocol
(Zeng et al., 2018, Dominissini et al., 2013)with a few adjustments. 30uL of both
protein A and protein G magnetic beads (Thermo Fisher, 10002, 10004D,) were
incubated with 300ug of total RNA, along with 5ug of A or m*A antibody, 10% of
total RNA was saved as input sampléPRNA was eluted with 300pL of elution buffer
(200mM KCI, 5mM MgCl,, 10mM HEPES, 0.5% TweeR0, 1mM DTT, 0.1% SDS,
RNAseinhibitor 100U and 15 pg/mL proteinase K) for 2 min at RT followed by 30 min
at 50°C. RNA was separated from beads using magnetic rack, supernatant was
collected into a new tubes and phenathloroform (Sigma Aldrich, P3803) extraction
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used to isolated IFRNA. IPRNA was precipitated using 100% ethanol, 3M sodium
acetate pH 5,2 and 20ug glycogen (Thermo Fisher, RO561T).

3.2.11 MeRIPgPCR

MeRIP reatime gPCR involved evaluating the relative expression of gene of interest in
both IPRNA and input RNA samples. cDNAwas synthesized as previously described,
using Oligo(dT)1218 primers and Superscript Il, followed by quantitative analysis of
using SYBR Green master mix. The pulldown efficiency was determined as a
percentage of input by calculating the difference in Cwalues using the formula: 22
(Ct[IPICt[InputogDF]) * 10, where DF represents the input dilution factor, 10%.
GAPDH expression was utilized as a reference to normalize the target gene expression
in the IP sample.

3.2.12 Cellular fractionation

After subjecting cells to siRNA treatment for 48 cellular fractionation was carriedout

to isolate cytoplasmic and nuclear RNA. This isolation process was conducted using the
RNA Subcellular Isolation Kit from Active Motif (25501), following the manufacer@
instructions. Subsequently, gPCR assay was performed as previously detailed. Gene
expression levels for the genes of interest were then normalized to housekeeping genes
(HPRTor GAPDH) and control sample, calculated using the”?* * fnethod The nuckar-
to-cytoplasmic ratio was determined as the ratio of mMRNA expression in the nucleus
compared to mMRNA expression in the cytoplasm using the following formula:

0o Oaani QIO ¢

060aRBDWO E N AIND G RD——————x e
d 0 WO & N aBd i IMRIAQEPKRE

Ratio greater than 1 denotes more expression in the nucleus while ratio lower than 1

corresponds to more expression in the cytoplasm.

3.2.13 FLAG-+agged protein co -Immunoprecipitation.

U20S cells were harvested 4& following previously described plasmid transfection

FKdgC >ygoOyl A Eg £dl 1 H 1X s1 égKeéyol drHg 1yeéec
FLAG lysis buffer {50 mM NaCl, 50 mM Tris HCI pH 7.4, 1% TRITON A00and 1 mM

EDTA) suplemented with a protease inhibitor cocktail at a 1:100 ratio. Cells were

incubated with the lysis buffer for 30min on a shaker at 4°C, followed by centrifugation

at 14.000 rpm for 10 min to remove cell debris. The resulting supernatant was

|1 égKéyr1ya | H#H & 6¢dGGya 2AT GS | Fodya Odl| ¢ ec¢

The remaining lysate was mixed with AHELAGconjugated agarose beads (Sigma
Aldrich, 2220) and rotated ON at 4°C. Following ON incubation, agarose beads were
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washed three times with iceold TBS buffer (50 mM Tris HCI pH 7.4, 150 mM NacCl),
with a Iminute centrifugation step between each wash. For elution, 100 pL of 300
ng/uL 3xFLAG peptide (Sigma, F4799) was addedat the sample, followed by an ON
incubation at 4°C with gentle shaking. After ON elution, samples were centrifuged at
7.000g for 1 minute, and the resulting supernatant was collected as the
immunoprecipitation sample.Immunoprecipitationand input samples vere subjected to
downstream analysis either by immunoblotting or mass spectrometry.

3.2.14 SDSyolyacrylamide gel electrophoresis (PAGE)

Proteins were extracted from cells at 8000% confluency, utilizing 2xLaemmli sample

buffer (Santa Cruz, s€86963), and subsequentlytreatmentwith Benzonase nuclease

(Sigma Aldrich, E1014)for 30 min at 37°C Following Benzonase treatment, samples

were subjected to electrophoresis at 90V for 1ih 30 min using 6, 8, or 10% SD$

acrylamide gels Table 11). SDSgels were assembled using MIiAFPROTEAN® Tetra

Vertical electrophoresis systemBjo-Rad 1658004) and filled with running buffer

(190mM Glycine, Sigma Aldrich, G8898, mM Tris, Sigma Aldrich, T1378 and 0.1%

milma mdCGeé Gordoéca 1f TTe2KA =trstaindddProtein 6 HG| &
Sséadyir a 22 | H 2U2 Elé gscyI GR =dKeéyra 3ftfe
Protein Ladder (Thermo Fisher, LC5699) were used.

Table1l SDS acrylamide gels.

S Volume (mL) tg Volume (mL) to| Volume (mL) to
10 mL 6% gel | 10 mL 8% gel |10 mL 10 % ge
MilliQ H.O 5,3 4,6 4
30% Acrylamide (BioRad 161-0148) 2 2,7 3,3
1.5M Tris (pH 8,8) 2,5 2,5 2,5
10%SDS 0,1 0,1 0,1
10% Ammonium persulfate (Thern
Fisher, A367825G) 0,1 0,1 0,1
TEMED (Sigma Aldrich, T7024) 0,008 0,006 0,004
Reagent Volume (mL) to 4 mL stacking gel
MilliQ H,O 2,7
30% Acrylamide (BioRad 161-0148) 0,67
1.0M Tris (pH 6,8) 0,5
10%SDS 0,04
10% Ammonium persulfate (Thern
Fisher, A367825G) 0,04
TEMED (Sigma Aldrich, T7024) 0,004
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3.2.15 Immunoblotting (Western Blot)

Following SDS PAGE proteins were transferred onto nitrocellulose membranes (Santa
Cruz, sc3724) at 90V for a 90 min using the Mini TransBlot® Cell electrophoresis
system BioRad 170390) and transfer buffer (190mM Glycine, Sigma Aldrich, G8898,
25mM Tris, Sigma Aldrich, T1378 and 20% Methanol, Sigma Aldrich, 34860).
Membranes were blocked for 30 min & RT using blocking buffer (1xPBS, Thermo
Fisher, 18912014 and 5% milk Carl Roth, T145.2). For primary antibody incubation,
membranes were kept at 4°C ON with primary antibody diluted in blocking buffer (For
antibody dilution see Table 2). Membranes were washed 3xising washbuffer (1xPBS
and 0.1% Tweer?0) for 5 min. Subsequently, secondary antibodies (diluted at
1:10.000 in blocking buffer) were incubated with the membrane for 1 hour at RT. After
secondary antibody incubation, membranes were washed with wash buffer 3x for 5
min, followed by a final 5min wash using MilliQ water. The membrane was developed
using Luminol Reagent (Santa Cruz, €048) and visualized using a ChemiDoc XRS+
system from BieRad.

3.2.16 BCA Assay

To analyzetotal protein concentration of protein samples a Bicinchoninic acid (BCA)
protein assay kit (Sigma Aldrich, 71285) was used according tGé gl ¢édl k1 y1 Gt
instructions. The BCA &y relies on a highly sensitive and selective colorimetric
method for detecting the presence of the cuprous cation (Cy achieved using
bicinchoninic acid. This method enables the quantification of protein concentration by
observing a color change in thesample solution, shifting from green to purple in direct
proportion to the protein concentration. BCA interacts with the reduced Cu+ ions,
leading to the formation of a purplecolored complex that is soluble in water and
demonstrates a strong, linear inease in absorbance at 562 nm as the protein
concentration rises. To determine the concentration of an unknown sample an
established standard curve is necessary. In this studyknown concentration of bovine
serum albumin (BSA)was utilized to construct ths standard curve, employing three
replicates for each BSA sample.

3.2.17 UPLGC- Mass spectrometry

Prior to mass spectrometry analysis protein concentration was established usiang
previously described BSA assay. 20ug of proteinsvere precipitated using cold (20°C)
isopropanol (1:4 ratio protein: isopropano) and left ON at -20°C. Following
precipitation samples were centrifuged at 14.000g for 10 min, supernatant removed
and protein pellet airdried at RT for 60min. Samples were reconstituted in 20uL of
digestion buffer (1M DTT, 8% Rapgbest and 1M ammonium bicarbonate), followed by
10 sec sonication and finally incubationat 60°C for 60 min. Next samples were
alkylated by 200 mM iodoacetamide at RT in the dark for 30min. The excess
iodoacetamide was then neutralized by the addition of IM DTT, and this quenching

54



Materialsand Methods

step occurred for 20 min at RT, also in the dark. Subsequently, the samples were
subjected to an overnight digestion using 1.30 € #H ¢ | 1 RJCK Aftgr O8l | 1T
digestion, 6puL of 10% trifuoracetic acid was added to the samples, followed by
centrifugation at 14000g for 10 min at 4°C and supernatant removed to a new tube.
Samples were cleaned using an Oasis HLB %6ell plate as previously describedGilar

et al., 2001). Finally, sanples were resuspended in 5% acetonitrile with 0,1% formic
acid to a final concentration of 400 ng/uL and 12,5uL of sample used for MS/MS
analysis. Peptides were analyzed on a Waters Synapt XS mass spectrometer using Ultra
definition MSF acquisition mode. Mbbile Phase A consisted of water with 0.1% (v/v)
formic acid and Mobile Phase B consisted of Acetonitrile with 0.1% (v/v) formic acid
using a gradient of 540% mobile phase B and a flow rate of 30(hL/min over 90 min.

3.2.17.1 Mass Spectrometry analysis

Raw data vas imported into Progenesis QI for Proteomics (Version 4.2, Waters) and
runs were automatically aligned using the most suitable run for alignment reference.
Peak picking was performed using automatic sensitivity method, maximum allowable
ion charge of 20 and retention time limits before 12min and after 110min. Peptide
identification was performed using the following search criteria:

Table12. Mass Spectrometry analysis criteria

Proteome Homo sapiens (Human) ID: UP000005640

Enzyme Trypsin

Max missed cleavages 3

Fixed modifications Carbamidomethyl C

Variable modifications Acetyl Nterm; Deamidation N; Deamidation Q;
Oxidation M

Protein measurements were subsequently exported to.gsv file for further analysis in
Microsoft Excel.

3.2.18 Metaphase spread.

Following 48h incubation period with siRNAat a concentration of 10nM U20S cells
were exposed to 500ng/uL of Colcemid (Invitrogen, 15212012) to induce metaphase
arrest. Cells were thentrypsinized, followed by 20 min incubation at 37°C in a 75mM
KCI solution to induce cell swelling. Subsequentlysamples werecentrifuged at 1000
rpm, supernatant was removed, and the cell pellet was resuspended in a fixing solution
consisting of a 3:1 mixture of methanol and acetic acidhixing step was repeated three
timesending with chromosomes suspended in 200pL of the fixing solution.
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Microscope slides were prepared by placing thechromosome suspension onslides
using the HANABI metaphase spreader from ADS Biotech. The slides were then stained
with Giemsa staining scanned and images were automatically captured using the
DUER automaed imaging system from BioView. The analysis of these images,
including counting aberrations, was performed using Solo software from BioView.

3.2.19 Clonogenic assay

Following a 48-hour incubation period with siRNA at a concentration of 10nM, cells
were counted and then seeded in triplicate into sixvell plates, with 500 cells per well
(or 2500 cells for the siFTO condition).Following this, cells were subjected t®4-hour
treatment with Mitomycin C (BieTechne, 3258/2) or a 1-our treatment with NCS
(SigmaAldrich, N9162). The cells were subsequentlgiven fresh media andcultured

for an additional 11 to 14 days, during which time colonies formed.Colonies were
stained with crystal violet and counted. The survival fraction was calculated according to
previously described method (Franken et al., 2006) CRISPRCas9 KO cells were
seeded out in low density (500 cells) in six well plates and treated as describddr
siRNA samples

3.2.20 Micronuclei assay

U20S cells cultured on coverslips were subjected to siRNEONM) treatment for 48h.
Following siRNA treatment cells wereiXed with 4% paraformaldehyde for 15 min,
followed by permeabilization using 02% TritonX for 5 min, and 1h of blocking with
DMEM containing 10% FBSSubsequently, cells were stained usiniuclear DAPIstain
(Sgma-Aldrich, D9542) diluted 1:5000 for 1 hour at RT Coverslips were mounted on
glass slides usingFluoroshield mounting medium (Sigma Aldrich- F6182). CRISPR
clones were cultured, fixed, and stained using the same methodsimages were
captured using an FV1200 Olympus inverted confocal microscope, with nuclear DAPI
staining visualized using excitation by 405 nm laser. For each condition, 510 images
were randomly acquired using a 2& objective and imported into ImageJ and €ll
Profiler for subsequent image analysisApproximately 200300 cells were analyzed for
each condition.

3.2.21 RNA sequencing

RNA was isolated using Monarch ® Total RNA Miniprep Kit (NEB, T2010S) according

| # Géeglc¢edl iyl GK dgKl| ieated withBiRNACLONK)Gor 481.GGK | 1y
The RNA samples were analyzed using a bioanalyzer, all samples were found to have

RNA integrity of 9.8 and higher and siRNA mediated gene silencing confirmed by
previouslydescribed qPRC analysis.
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3.2.21.1 Library preparation and s equencing

Downstream sample preparation was conducted by deCODE geneticDNA libraries
were produced from RNA samples using the Illumina TruSe®NA v2 Prep Kit
(NMumina, RSL222001). Fragmentation of RNA samples was performed at 94°C with
divalent catons followed by first strand cDNA synthesis using SuperScript IV reverse
transcriptase (Invitrogen, 18090200) along with random hexamers, following
Géeglé¢eéeal 1y GK, sdaprigtrand SONA sygthedis priproeéd along with
end repair, addition of a single A nucleotide, unique duaindexed adaptor ligation,
AMPure bead purification, and PCR amplification of the resultant products. The cDNA
sequencing libraries obtained were assessed using LabChip GX (Perkin Elmer), diluted
to 3nM, and stored at-20°C. For lllumina sequencing, the samples were combined and
clustered on NovaSeq S4 v 1.0 flow cells through choard clustering. The XP workflow
was employed to conduct pairegend sequencing on NovaSeq6000 instruments,
involving 2x125 cycles for incorporabn and imaging, along with 2x8 cycles for the
dual indexes. Realime basecallingwas executed usingreal time analysisv3.4.4, and
the demultiplexing of Binary Base Calfiles and generation of FASTQ files were carried
out using bcl2fastq2.20.

3.2.21.2 RNA sequencing data analysis

Kallisto was utilized to perform pseudalignment and transcript abundance estimation
on Fastq files(Bray et al., 2016) Sleuth Rpackage version 0.30.0 (Pimentel et al.,
2017) was used to normalize counts obtained from Kallisto and to perform statistical
analysis. Principle component analysis plots and sample hmaips were created using
Sleuth to evaluate sample quality. Distribution plots of expressed genes in the samples
were generated through Jupyter Notebook&luyver et al., 2016)for additional quality
assessment. Differentially expressed transcripts were visually represented using Volcano
plots generated with Sleuth.Gene set enrichment analysisWu et al.,, 2021) was
performed using the R package clusterProfiler. Graph modification was carried out
using R packages ggplot2, BolorBrewer, gridR, ggrepel, grid, and cowplot. Statistical
analyses were conducted using the R package rstatix.

3.2.22 CRISPRCas9 generated knockout models.

To induce knockoutof either the FTO or ALKBH3 genelJ20S cells were transfected
with three singleguide RNAs (sgRNAs)sing the RNAIMAX transfection reagent along
with the CRISPR/Cas9 system. W2post transfection, cells were seeded at a low
density, allowing individual clones to form. Individual clones were subsequently
harvested, DNA isolated and Synthego Inc provided ginference of CRISPR Editb
analysis tool was employed to assess specific fragment deletions or indels and to
determine the overall knockout score for each sample. To confirm the knockout,
validation was performed through western blot analysis and Sangeigsencing.
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3.2.23 Immunofluorescence

Cells were cultured on coverslips, fixed with 4% paraformaldehyde for 1&in and
permeabilized with 0.2% TritorX for 5 min. Subsequently, they were subjected to a-1
hour blocking step with DMEM containing 10% FBS. Primary drdties were applied at
RT for 1%h, with varying dilutions (1:250, 1:500, or 1:1000). Following primary
antibody incubation cells were washed 3x using 1xPB3Next secondary antibodies
(1:1000 dilution) and nuclear DNA stain DAPI (1:5000) were incubated forat RT for 1h
Subsequentlycells were washed 3x using 1xPBS along with a single wash MilliQ
water and coverslipswere placed onto glass slides using Fluoroshield mounting
medium (Sigma Aldrich, F6182). An Olympus FV1200 inverted confocal microscope
was utilized for image acquisition. Dualkcolor confocal images were captured with
standard settings using laser lines at 488 nnmb46 nm, and 635 nm to excite Alexa
Fluor 488, Alexa Fluor555, and Alexa Fluor @7 dyes, separately Excitation by 405
nm laser wasused to capture images of DAPI nuclear staining. Each experimental
condition was imaged randomly5-10 times using a 20X objective and then imported
into ImageJ and Cell Profiler for subsequent image analysis. A minimum of 200 cells
were analyzed for eachdata point.

3.2.24 DNA damage induction

Neocarzinostatin  (NCS) (Sigma Aldrich, N9162100UG) is an effective DNA
damaging, radiomimetic anttumor antibiotic (Jadav et al., 2013)from Streptomyces
carzinostaticusa gramypositive bacteria NCS is made up of acomplex consisting of a
small molecule called an enediyne chromophoreattachedto a singlechain protein
composed of 113 amino acids. When a thiol is introduced, the chromophore transforms
into a highly reactive biradical species, wlhih can selectively cause breaks in DNA
strandsby removing hydrogen from the deoxyribose of DNA thereby causing DNA to
be cleaved(Edo et al., 1997) NCSimpedes DNA synthesisproliferation by prompting
cell cycle arrest in G2and demonstrates antitumor effects against a range of human
tumors

Mitomycin C (MMC) (BioTechne, 3258/2) is an dkylating chemotherapy drug
derived from Streptomyces caespitosues gramypositive actinobacteria(Tomasz, 1995)
MMC is a potent crosslinking reagent that induces DNA crosslinking leading to
replication and transcriptioral stressand eventuallyapoptosis. This is accomplished by
reductive activation of Mitomycin to form amitosene which reacts via Nalkylation with
7N-guanine nucleotide residues in the minor groove oDNA at the location of NCpG-
3Njsequence that causes DNA crosslinkingMMC induced DSBsare the results of
collapse of interstrand crosdink-stalled replication forks(AlMinawi et al., 2009). DNA
crosslink induced by MMC can be repaired bydifferent DNA repair pathways including
DNA DSB repair(Lee et al., 2006; McHugh et al., 2001).
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3.2.25 DNA DSB repair reporter assays

DNA DSB repair efficiency assay was performedin U20S cells containing single
pathway reporter systemsHR (Addgene, Plasmid #26475), NHEJ (Addgene, Plasmid
#44026) or SSA (Addgene, Plasmid #41594) (see Appendix B for additional
information on reporter systems Each reporter system consists of construct that
containsdisrupted GFP gene separated by rare restriction site which is recognized
by the endonuclease -Bcel (Gunn et al., 2012) U20S cells were treated with SiRNAs
for 24h followed by cotransfected with plasmids expressinthe endonuclease I-Scel. |-
Scel cuts the 1Scel sites flanking the GFP gene, creating a DSB. Repairing the DSB
restores the GFP gene and enables detection of corresponding DSB repaia GFP
signal emission 48h post plasmid transfection HR, NHEJ or SSA ratase defined by
quantifying GFP cells by flow cytometry, fluorescence activated cell sortin(FACS)
SHB800 and FlowJo single cell analysis software Vifiogram.

pDRGFP andhprtSAGFPreporter systemplasmidswere a gift from Maria Jasin(Stark
et al., 2004) and pimEJ5GFP was a gift from Jeremy St¢Bennardoet al., 2008).

3.2.26 RNA Scope

RNA scope assay was performed usinBNAScope® Multiplex Fluorescent Reagent Kit
(ACD Bio, 323100), following manufacturers instruction. In short, after 48h incubation
with siRNAs U20S cells were fixed with 4% paraformaldehyde for 3fin followed by
protease digestion using Pretreat protease 11l (ACD Bio 322340) for 10 min at RT. Cells
were incubated with target probes (ACD Bio 300031/320861) for 2h at 40°C and
washed two times with 1XxRNAScope wash buffer (ACD Bio, 310091). Subsequently,
primary, secondary, tertiary, and fluorescent probes (ACD bio, 320850) were applied
successively for durations of 30, 15, 30, and 15min, each followed by two 5 min
washes in the wash buffer (ACD bio, 310091). Following this, cells were subjected to
DAPI ruclear staining for 1 min, and the samples were promptly mounted on glass
slides with mounting medium. Imaging was conducted with confocal microscopy using
Olympus FLV1200, employing the 60X oil immersion objective in an unbiased manner,
based on DAPI staiing rather than RNAScope foci. Image analysis was performed
using Image J and Cell Profiler 3.0, with approximately 20800 cells counted for each
treatment.

3.2.27 Statistical analysis

All data generated were taken from distinct samples and presented as meargD. All
statistical analysis was performed from experiments performed in a minimal three
biological replicates. The statistical significance of experimental data was assessed
using One-Way ANOVAT4estor twotailed Ttestusing Graph Pad Prism 6 for windavs,
except for RNA sequencing data whichwas analyzed as described above in RNA
sequencing data analysis chapter.Pvalues are as follows: ***p<0.0001,
***n<0.001, **p<0.01, *p<0.05.
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4 Results

4.1 Deciphering the regulatory role of ALKBH3 and FTO in
RNF168 function

41.1 ALKBH3 and DNA Double Strand Breaks

The initial interest in ALKBH3 arose from a previous publication by Stefansson et al.,
conducted by the Sigurdsson research group, where the primaryodus was to
investigate DNA repair genes subjected to epigenetic silencing in breast cancer
through promoter methylationgStefansson et al., 2017)A list of repair genes (n=178)
(Kauffmann et al., 2008)were crossreferenced to genes undergoirg CpG promoter
methylation (n=456) identified using the Cancer Genome Atlas (TCGA). ALKBH3
emerged as one of the eight identified DNA repair genes undergoing promoter
methylation with approximately 20% of the breast cancer samples within the TCGA
dataset dsplaying ALKBH3 promoter methylations. This was validated in an Icelandic
cohort (n=265), where roughly 27% of the samples in the Icelandic cohort (72 out of
265 cases) showed ALKBH3 promoter methylation. ALKBH3 promoter methylation
correlated with reducal gene expression of ALKBH3 in breast cancer, observed across
the TCGA dataset, Icelandic cohort and in breast cancer cell lines. Notably, promoter
methylation of ALKBH3 was specific to cancer tissues and absent in normal breast
tissue. This epigenetic adfration correlated with poor disease outcomes for patients, as
a higher degree of ALKBH3 promotemethylation(>20%) was associated with reduced
breast cancesspecific survival. Collectively these findings prompted the question: why
did loss of ALKBH3 result in worse patient survival and is it only due to lack of DNA
alkylation repair?

Prior to the study by Stefanssontel, Dango et al(Dango et al., 2011)had provided
indication of a possible connection between ALKBH3 and DNA DSB repair. Their
proteomics studies demonstitad that ALKBH3 interacts with proteins involved in DSB
repair, namely RIF1 and CHD4, proteins both implicated in the regulation of DSB repair
via the ubiquitin signaling pathway(Daley et al., 2013; Larsen et al., 201Q) Further
potential links between ALKBH3 and DNA DSB repair came from the interaction
observed in the E. coli homolog of ALKBH3, AlkB, with RecA, the human homolog of
RAD51(Shivange et al., 2016)

In an effort to enhance ourunderstanding of ALKBH3 and its potential involvement in
DSB repair, we started by looking into the functional interaction between ALKBH3 and
RIF1 and its recruitment partner 53BP1 following ALKBH3 KD in human osteosarcoma
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cells (U20S). This thesis predominantly emplegt U20S cells as they are extensively
employed in the examination of DNA repair and signaling, owing to their robust DNA
damage response when compared to various other cancer cell line&3BP1 foci
formation signifies the activation of the DSBduced signaling pathway, and ke
absenceof either RIF1 or 53BP1 can result in impairments in DNA DSB repair

To determine if ALKBH3 was influencing the cellular response to DSB, ALKBH3 was
silenced in U20S cells using small interfering RNAs (siRNAs), followed byestern blot
analysis to examine 53BP1 and RIF1 protein expressigigure 19 A). Recruitment of
53BP1 and RIF1 to sites of DSB was likewise examinadU20S cells depleted of
ALKBH3 and treated with Neocarzinostatin (NCS) to induce DNA DSB damage. Cells
were immunostained for 53BP1, RIF1 and phosphorylated histone H2AKIZAX), a
commonly used marker for DSEValdiglesias et al., 2013)(Figure 19BE).
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Figure 19. ALKBH3 knockdown results in reduced 53BP1 and RIF1 recruitment to DSBs.

A) U20s cells treated with the abowmentioned siRNAs for 48h followed by western blot analysis
of RIF1, 53BP1, ALKBH3 and SMC1 used as loading controlCBRepresentative images U20S
cells transfected with indicated siRNAs, 48h post transfection cells reetreated with50ng/mL of
NCS for 15 minto induce DSB and cells fixed 1h later. Cells were immunostained with 53BP1
(Green), RIF1 (purple) andH2AX (red). Nuclear DNA was visualized by DAPI (blugkcale bar:
10um RNF168was used asa positive control (PC). D- E) Quantification of 53BP1 and RIF1 foci
from B, D, One-way ANOVA, n=3 mean® SD.
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Cells depleted of ALKBH3 did not exhibit any discernible effect on the protein
expression of RIF1 or 53BPIigure 19A) when compared to cells treated with control
and ALKBH2 siRNA. As previously mentioned, ALKBH2 along with ALKBHS3 is the true
functional homolog of the AIkB enzyme irE. coli. However, the depletion of ALKBH3
did lead to the decrease of recruitment of both RIF1 and 53BP1 to the site of DSB,
without affecting gH2AX formation Eigure 19 BE), suggesting that ALKBH3 could be
impacting DNA DSB signaling.

To develop a clearer picture of how ALKBH3 influences the recruitment of 53BP1 and
RIF1, we turned our attention upstrearm ithe DNA DSB signaling pathway to the E3
ubiquitin ligases RNF8 and RNF168 which play a significant role in the recruitment of
53BP1 and RIF1. U20S cells along with MCF7 breast cancer cells were depleted of
ALKBH3, using two different siRNAs and protein x@ression of RNF8 and RNF168
examined fFigure 20). MCF7 cells were included in the analysis to eliminate the
possibility of cell linespecific effects observed in U20S cells. In addition, the P&
pancreatic cancer cell line, known for its relatively higher expression of ALKBH3
(Dango et al., 2011)and the noncancerous HEK293T human embryonic kidney were
employed to assess RNF168 expression in the absence of ALKBH3.
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Figure 20. ALKBH3 knockdown results in  reduced RNF168 protein expression.

A) U20S and MCF7 cells treated with the abovmentioned siRNAs for 48h followed by western
blot analysis of RNF8, RNF168 and ALKBHS3, Vinculin used as a loading control. B) RNF168 and
ALKBH3 protein expression analyzed by immunoblotting in U202, FCand HEK293T ells 48h
post siRNA transfection with the indicated siRNAs, SMC1 or Actin used as loading control.

Reducel expression of ALKBH3ed to decreasel protein expression of RNF168 in all
four tested cell lines but did not affect RNF&n either U20S or MCF7 cell{Figure 20).

This suggests that the loss of RIF1 and 53BP1 recruitment to the site of DSB can likely be
attributed to the decreased RNF168 expressioithe observation that RNF8, 53BP1, and
RIF1 protein levels were unaffected by ALKBH3 KD also indicates that the depletion of
ALKBH3 is not causing a global reduction in gene expression.
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Previous studies on ALKBH3 have suggested a potential role in influemg cell cycle
progression as the loss of ALKBH3 has been shown to contribute to cell cycle arrest in
the G1 phase(Kuang et al.,, 2022; Shimada et al., 2012; Tasaki et al., 2011)lo
eliminate the possibility that our observed RNF168 phenotype being dependent on the
cell cycle, U20S cells were depleted of ALKBH3 and werimmunostaned using cyclin

A as a marker for the S/G2 phase of the cell cycle. This was performed to ascertain
whether the downregulation of RNF168 was specific to G1 cellsr if it occurred
independently of the cell cycle.

DAPI RNF168 CyclinA

Figure 21. RNF168 downregulation is cell cycle independent.

siCtrl

SIALKBH2 SiALKBH3

siRNF168

Representative images of U20S cells transfected with ALKBH3, ALKBH2, RNF168 and control
siRNA for 48h and immunostained with DAPI (blue), RNF168 (grepand Cyclin A (red). Scale
bar: 10uM.

The reduction in RNF168 protein expression resulting from ALKBH3 KD appeared to
occur independently of the cell cycle phaseHRigure 21), as evidenced by dserved
decrease in RNF168 expression in cells both outside of the S/G2 phase (cyclin A
negative cells) and cells in S/G2 phase (cyclin A positive cells).
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4.1.2 Novel regulatory role of ALKBH3 on RNF168 function

ALKBH3 is primarily recognized for its pivotal re in repairing alkylating damage on

ssDNA, a process facilitated by the DNA helicase ASCC3. ASCC3 unwinds the DNA

| ¢y1yoR d1yeéeldgC |1 ¢y gyodoyKKeér R KK(MDangoet i SQ
al., 2011) To explore if loss of RNF168 protein expression in the absence of ALKBH3

was occurring in relation to ALKBH3 role in alkylation damage repair we depleted

U20S cells of ASCC3 and ALKBH2 and examined\IR168 protein expression along

with 53BP1 recruitment to DSBd-{gure 22). Should loss of ASCC3 result in a similar

effect on RNF168 protein expressio as loss of ALKBH3 it could indicate that ALKBH3

influence over RNF168 might be connected to its role in alkylation repair.
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Figure 22 . Depletion of ASCC3 and ALKBH2 had no discernible impact on RNF168
expression or 53BP1 recruitment.

A) U20S cells treated with indicated siRNAs for 48h prior to protein analysis of ASCC3, ALKBH3
and RNF168 using western blot. SMC1 was used as loading controlCBQuantification of 53BP1
and gH2AX foci formation in U20S cells treated with #indicated siRNAs for 48h followed by
50ng/mL NCS treatment to induce DSB for 15 min. 1h later cells were fixed and immunostained
with antibodies for 53BP1 an@H2AX. Oneway ANOVA, n=3 mearf SD.

Neither ALKBH2 nor ASCC3 exhibited any noticeable effect dRNF168 expressiomor

did depleting U20S cells of ALKBH2 or ASCCB®ave anyimpact on the recruitment of
53BP1 to DSB when DNA damage was induceffFigure 22). These findings suggest
that ALKBH3 regulates RNF168 independently of ASCC3, pointing towards a distinct
role for ALKBH3 beyond its canonical function in alkylating damage repair.

413 Elucidatig ¢ SQ*Cl 6K 1 #HGy dg hX=z=efU 1yCl Gé

Having demonstrated that ALKBH3 influences protein expression of RNF168 dn
number of cell lines, the focus turned towards clarifying how ALKBH3 influences
RNF168 protein expression. Given that RNF168 plays a crucrale as a ratelimiting
factor in the response to DSB, maintaining proper expression levels of RNF168 is
essential for normal cellular functio(Gudjonsson et al., 2012) One well-documented
mechanism for regulating RNF168 involves protein turnover, a process that
encompasses a series of factors within the ubiquitproteasome pathway of protein

66



Results

degradation (Gudjonsson et al., 2012; Sharma et al., 2018; Zhu et al., 2015)To
determine if the loss of ALKBH3 affected N=168 protein turnover, U20S cells were
treated with control and ALKBH3 siRNA along with M&32. MG-132 is a widely used
proteasome inhibitor that binds to the active site of thé subunits of the 20S
proteasome, thereby blocking its activity. To assess @ther the lack of ALKBH3, in
combination with MG132 treatment, could rescue the RNF168 protein expression, the
RNF168 expression was analyzed using western bl&igure 23).

SiIALKBH3
siCtrl + MG132
SiALKBH3 + MG132

siCtrl

RNF168 | s

SMC1 —

Figure 23. Depletion of ALKBH3 does not affect RNF168 protein turnover.

U20S cells were treated with control sSiRNA and ALKBH3 siRNA for 48h followed by 3h treatment
with 10uM MG132. RNF168 expressiorwas analyzed using western blot. SMC1 was used as
loading control.

Knocking down ALKBH3 along with M&@32 treatment did not restore RNF168 protein
expression demonstrating ALKBH3 was not influencing RNF168 protein turnover, this
however did not rule out oher forms of regulation. In light of the absence of known
epigenetic or posttranslational regulatory roles for ALKBH3, focus shifted towards
exploring alternative forms of regulatory mechanisms. Initially, attention was directed to
the synthesis oRNF168mRNA in the presence and absence of ALKBHFigure 24 A)

to assess if ALKBH3 exerted transcriptional influence on RNF168. Simultaneously,
potential proteinprotein interactions between ALKBH3 and RNF168 were investigated
through coimmunoprecipitation (colP) followed by western blot analysidSgure 24 B).
Lastly, to test if ALKBH3 was influencing RNF168 at the site of DSBALKBH3
recruitmert to the site of DSB in response to DNA damagevas evaluated(Figure 24

C).
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Figure 24 . Deciphering ALKBH3's Regulatory Impact on RNF168.

ALKBH3-FLAG + NCS

A) Total ALKBH3and RNF168mRNA levels in U20S cells treated with control, ALKBH3 and
RNF168 siRNAfollowed by gPCR analysis, normalized to GAPDH housekeeping ger@éne-way
ANOVA, n=3 mean°®SD. B) Western blot analysis of proteiprotein coimmunoprecipitation in
U20S cells transfected with ALKBHLAG tagged expression vector. Cell lysate was subjected to
FLAG M2pull down followed by immunoblotting using RNF168 and FLAG antibody. Input
sample (IN), immunoprecipitation sample (IP)C) U20S cells were transfected with ALKBH3
FLAG tagged expression vector or empty FLAG vector (NC FLAG). 48h post transfection cells
were treated with 50ng/mL NCS for 15 min to induce DSBs, 1h later cells were fixed and stained
with nuclear stain DAPI (blug)gH2AX (red) and FLAGtagged ALKBH3(green). Scale bar: 10um.

Depleting U20S cells of ALKBH3 did not have any discernible impact on the total
MRNA levels ofRNF168 and vice versa Figure 24 A). This observation suggests that
the reduced transcription is not the contributing factor to the decline in RNF168 protein
expression. Furthermore, there was no evident proteprotein interaction between
ALKBH3 andRNF168 Figure 24 B), suggesting that the regulation of RNF168 by
ALKBH3 may not involve direct physical interactions between these two proteins. kastl
ALKBH3 was not being recruited to the site of DSB in response to DNA damadédure

24 C) and therefore likely notinfluencing RNF168 atthe break dte. From this we
argued that further exploration into podtranscriptional regulatory mechanisms was
necessary to provide deeper insightsinto SQ* C1 GK | RRA168& | dHg HE

4.1.4  The epitranscriptomic influence on RNF168 by ALKBH3

Apart from its involvement inrepairing DNA alkylation damage, ALKBH3 has been
shown to influence gene expression by acting aan m'A mRNA demethylase. In fact,
transcriptomewide mapping of m'A modification in human cells (HEPG2, HEK23 and
HELA) identified RNF168 along with thousamls of transcripts, to contain the A
modification (Dominissini et al., 2016) It is important to point out thatthere has been
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some discrepancy regrding the precise prevalence of MA modification on RNF168 as

a second round of transcriptomevide studies did not observe any modification of
RNF168with mtA (X. Li J. Peng et al., 2017; X. Li X. Xiong et al., 2017)The next step
was to address the question of whether ALKBH3 regulat&NF168by removing a

methylation mark from its transcript.

An m*A methylation specific RNA immunoprecipitation followed by a PR (mtA
MeRIRgPCR) was performed in cells depleted of ALKBH3 and compared to control
cells (Figure 25). The hypothesis of this experiment is that theegletion of the mA
demethylase, ALKBHS3, results in increased’& methylation on theRNF168transcript.
This increase in MA methylation leads to elevated amount of RNA that is
immunoprecipitated, consequently yielding enrichment ofRFN168 levels in the
subsequent gPCR analysis.

siCtrl siALKBH3  siRNF168

Relaitve m'A enrichment on RNF168 mRNA

Figure 25. ALKBH3 depletion results in increased m  *A methylation marks on the
RNF168 transcript.

U20S cells treated with control, ALKBH3 and RNF168 siRNA for 48h followed byAnMeRIR
gPCR. Graph shows relative quantification oRNF168 mRNA levels from mA pulldown,
expression normalized to GAPDH. Ongvay ANOVA, n=3 mearf SD.

RNF168 mRNA was found in both the control and ALKBH3 KD RNA
immunoprecipitation samples. The ALKBH&pleted sample exhibited approximately a
2.24old increase in RNF168mRNA levels compared to the control, suggesting the
presence of the mfA modification on the RNF168transcript.

As mRNA modifications are known to play crucial roles in various stages of theRNA
life cycle, encompassing translation, splicing, export, and stabilization, ourext aim
was to unveil the significance of ALKBH&nediated removal of MA from RNF168
transcripts. In recent yearsresearch has illuminated the impact of mRNA modifications
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on translation efficiency and mRNA stability. Given that gPCR analysigg(re 24) had
already revealed no discernible effect of ALKBH3 KD oRNF168mRNA levels, our
focus shifted to exploring mRNA stabilityas it represents one of the most extensively
researched ways in which methylation influences mRNA dynamid3NA stability post
ALKBH3 KD wa tested in U20S cells depleted of ALKBH3 and treated with
Actinomycin D. Actinomycin D is a transcription inhibitor, commonly used in mRNA
stability assays to block new mRNA synthesis and allowing for the assessment of mMRNA
decay by measuring mRNA abundage following transcription inhibition igure 26).
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Figure 26 . ALKBH3 knockdown had no effect on RNF168 mRNA stability

RNF168mRNA stability in U20S cells treated with control and ALKBH3 siRNA for 48h followed
by Actinomycin D treatment (8 pg/ml) followed by gPCR, normalized to HPRIousekeeping
gene. N=3, mean® SD, twotailed Ttes

Knocking down ALKBH3 using siRNA had natatistically significant effecon RNF168
MRNA stability compared to control siRNAtherefore we next moved towards mRNA
export. To evaluate if RNF168 mRNA export was affected by ALKBH3 mA
demethylation an RNA cellular fractionation assay was performegellular fractionation
assay enables the isolation of cytoplasmicand nuclear RNA. Subsequently a gPCR
assay was performed to compar&@NF168mRNA expression in nucleus and cytoplasm
in cells depleted of ALKBH3 FEigure 27).
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Figure 27. ALKBH3 knockdown results in increased nuclear retention of RNF168
MRNA.

RNA fractionation assay. Ratio between nuclear and cytoplastR&F168mRNA expression in
U20S cells treated with control, ALKBH3 and ALKBH2 (NC) siRNAs for 48h followed by gPCR,
expression normalized to housekeeping gene HPRT. Ratio>1 indicates more mRNA expression in
nucleus, ratio<l demonstrates more mRNA expression intoplasm. N=3, mean®° SD, One-way
ANOVA

Interestingly, loss of ALKBH3 resulted in higher mRNA expression BNF168in the
nucleus compared to both the control sample and cells depleted of ALKBHEidure
27), suggesting a malfunction inRNF168mRNA export in the absence of ALKBH3. To
further validate the mRNA export defects RNA Scope assay was performed in U20S
cells treated with control, RNF16&nd ALKBH3 siRNAKigure 28). RNA Scope is anin-
situ hybridization technique that enables both quantification and visualization of the
MRNA of intelest.
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Figure 28. ALKBH3 promotes nuclear export of RNF168 mRNA.

A) Representative pictures and B) quantificatioof RNA scope assay performed in U20S cells
treated with control and ALKBH3 siRNA for 48h followed by incubation witRNF168specific
probes, control probes (green) and nucleus stain (DAPIPPIBwas used as control mMRNA. Graph
illustrates RNF168 mRNA nuclea: cytoplasmic ratio where ratio>1 indicates more mRNA
expression in nucleus, ratio<l demonstrates more mRNA expression aytoplasm. N=3,
mearf SD, twotailed Ttest. Scale bar: 10pum

Cells depleted of ALKBH3 exhibited a notable elevation in thRNF168mRNA levels
within the nucleus compared to the cytoplasm, approximately a Z@d increase in
contrast to the control sample. This observed shift supports the notion that the absence
of ALKBH3 affects the nuclear export oRNF168 mRNA. Importantly, the loss b
ALKBH3 did not exert any discernible influence on the mRNA export of the control
gene (peptidyHpropyl isomerase B:PPIB (Figure 28).

The resultsobtained thus far indicate that ALKBH3 may play an epitranscriptomic
regulatory role in relation to RNF168. These findings suggest that ALKBH3 may be
involved in the removal of a distinct methylation mark from th&NF168transcript,
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thereby facilitating tle unimpeded export of RNF168mRNA and contributing to the
maintenance of normal RNF168 protein expression.

4.1.5 Exploring the impact of other AIkB members on RNF168
function

ALKBH3 is one of nine members of the AIkB protein family where other members are
knownto have mRNA demethylase activity. These include ALKBH5 and FTO which have
demonstrated demethylase activity towards mRNA and ALKBH1 which has been shown
to remove RNA modifications from tRNA but has also displayed some affinity for
MRNA. To explore the ptential impact of other AlkB family members on RNF168, we
knocked down members exhibiting demethylase activity (ALKBH1, ALKBH3, ALKBH5,
and FTO) in U20S cells, alongside ALKBHZ2 as a negative control (NC), and assessed
RNF168 protein expression through a vatern blot assay Kigure 29 ). Among the
examined AlkB members, only the depletion of FTO led to a reduction in RNF168
protein expression compared to he control sample. ALKBH1 KD and ALKBH5 KD
showed no impact on RNF168, consistent with the findings for ALKBHZ2, as previously
observed (Figure 19A and Figure 22A). To further confirm FTOs influence on RNF168
protein expression, FTOvas depletedin HEK293T, and P@ cells followed by western
blot assay to evaluate RNF168 protein expressidrigure 22 BC).
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Figure 29 . The effect of knocking down AIkB family members on RNF168 protein
expression.

Western blot of protein expression in A)U20S, B)PG3 and C) HEK293T cells treated with the
abovementioned siRNAs for 48h and protein expression of RNF168, ALKBH3 and FTO
examined. SMC1 and Actin were used as loading controls.
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4.1.6 FTO depletion demonstrates similar RNF168 phenotype to
ALKBH3 depletion

Conddering the phenotypical similarities between the loss of FTO and ALKBH3 on
RNF168 protein expressionKigure 29) we became interested in exploring ifFTO was
influencing RNF168 in a similar manner as ALKBH3. To start with we set out to examine
the recruitment of 53BP1 in U20S depleted of FTO. As our previous data had
demonstrated that the depletion of ALKBHS3 leads to a decrease in 53BP1 recruitment in
cells (Figure 19), we hypothesized that the absence of FTO would similarly result in
diminished 53BP1 recruitment in U20S cells when DNA DSBs are irhd. To test this
hypothesis U20S cells were treated with control, FTO and RNF168 siRNA, DNA
damage induced using NCS and recruitment of 53BP1 to the site of DSB examined
using confocal microscopy Figure 30).
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Figure 30. FTO depletion results in reduced 53BP1 recruitment to DSBs.

74



Results

A) Representative images and B) quantification of U20S cells transfected with indicated siRNAs,
48h post transfection cells were treated with NCS (50 ng/mL) for 15 min to induce DSB and cells
fixed 1h later. Cells were immunostained with 53BRGreen) andgH2AX (red). Nuclear DNA

was visualized byDAPI (blue). N=3 mearf SD, Oneway ANOVA. Scale bar: Dum

FTOdepleted cells exhibited a reduced recruitment of 53BP1 when DSBs were induced
while the expression ofr H2AX, an upstream DSB marker independent of RNF168
ubiquitin ligase function, remained unaffected. Based on this observation, we reasoned
that just as ALKBH3, FTO is likely influencing the DSB signaling pathway via its effect on
RNF168.

Next, to eliminate the possibility that FTO was recruited to the site of DNA DSBs and
affecting the recruitment of 53BP1 or RNF168 at the DSB site, U20S cells were treated
with both control and FTO siRNA. Subsequently, DNA damage was induced using

NCS, and the recruitment of FTO to DSBs was assessed using confocal microscopy
(Figure 31).

DAPI YH2AX

Figure 31. FTO is not recruited to the site of DSBs.

siCtrl

siCtrl + NCS

siFTO

U20S cells were treated with control and FTO siRNA for 48h, followed bMCS (50 ng/mL)
treatment on control siRNA cells for 15 min and cells fixed 1h late€ells were immunostained
with FTO (red) and gH2AX (green). Nuclear DNA was visualized by DAPI (blue). Scale bar:
10um. Treatment with FTO siRNA was performed to confirine specificity of FTO antibody.

Upon induction of DNA DSB damage in U20S cells, there was no observable
recruitment of FTO to the site of DSB, as there was no ovgrlaetween FTO and the
formation of rH2AX foci (DSB marker). This observation suggests that FTO does not
exert a direct influence on RNF168 or the recruitment of 53BP1 at the site of DNA DSB.
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4.1.7  The epitranscriptomic influence on RNF168 by FTO

After demonstrating that ALKBH3 and FTO KD results similar RNF168 phenotype,
affecting both RNF168 protein expression and resulting in loss of 53BP1 recruitment to
DSB we next turned our attention to the question if FTO was influencing RNF168
epitranscriptomically paralleling the role observed for ALKBI3. Given FTQ8
established role as an ®A mRNA demethylase, we hypothesized that FTO might be
responsible for removing an MA methylation mark from theRNF168transcript and
regulating RNF168in a comparable manner as ALKBH3. To investigate this possilila
mPA MeRIPgPCR was performedFigure 32), similar to the mA MeRIPgPCR described

in Figure 25.

Z
L

RNF168 SETD7
2,54 10+ *

2.0
1.5+
1.04

= | B

0.0

ns

. T

Relative m°A enrichement (RT-qPCR)

Relative m®A enrichement on RNF168 mRNA

siCtrl siFTO  siRNF168 siCll sIFTO  siRNF168

Figure 32. FTO depletion causes increased m 8A methylation marks on the RNF168
transcript .

U20S cells treated with the above mentioned siRNAs for 48h followed byn®A RNA
immunoprecipitation assayGraphs represent relativeA) RNF168and B) SETDMRNA levels from
meA pulldown, expression normalized to GAPDH housekeeping genéN=4, mean ° SD, One-
way ANOVA

RNF168mRNA was found in both the control and FTO KD RNA immunoprecipitation
samples. Knocking down FTO results in 1f8ld increase of the RNF168levels when
compared to control sample. These results indicate that tRNF168transcript is likely to
contain a nfA modification and that FTO is responsible for its removal. Interestingly,
these results parallel the increased YA methylation marks onRNF168 observed
following ALKBH3 depletion in the A MeRIPgPCR assay Rigure 25). SETD7was
used a positive control in MA MeRIPgPCR assay as it had previously been shown to be
m®A methylated by Zeng et al and used as a positive control in their 2018 study of RNA
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immunoprecipitation optimization (Zeng et al.,, 2018) FTO KD resulted in €&old
increase of the SETD7mRNA when compared to control sample indicating the
presence of nfA on the SETD7transcript, thereby poviding validation that the A
MeRIRgPCR assay was successful.

To address the possibility of substrate overlaps between ALKBH3 and FRBIF168m°A
levels were checked post ALKBH3 KD arf@NF168m'A levels after FTO KDHRigure 33).
This investigation was particularly relevant to investigate as both proteins have shown
affinity for the opposite modification on tRNA(Ueda etal., 2017; Wei et al., 2018).
Interestingly, ALKBH3 depletion did not affect P& levels nor did knocking down FTO
affect m'A levels pointing towards no substrate overlap between the two demethylases.
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Figure 33. No substrate overlap b etween FTO and ALKBH3.

U20S cells treated with the above mentioned siRNAs for 48h followed y) m'A MeRIPgPCR
assay and B) fA MeRIPgPCR assayGraphs represent relativeRNF168mRNA expression from
m*A and mfA pulldown, normalized to GAPDH housekeepingiene. N=3, mean ° SD, One-way
ANOVA.

Having established that the loss of FTO causes an increase ifAnmethylation marks on
the RNF168transcript, our next objective was to investigate if FTO regulates RNF168 in
a manner similar to ALKBH3. To ensure theacificity of the observed phenotypical
similarities between ALKBH3 and FT@epleted cells, we systematically examined
factors previously excluded in ALKBH@epleted samples. The investigation included
assessing RNF168 mRNA expression posETO KD to undergand transcriptional
regulation. Additionally, we explored translational regulation through the evaluation of
protein turnover and proteinprotein interactions between RNF168 and FTQusing
proteinprotein codP followed by western blot analysid{gure 34).
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Figure 34 . Deciphering FTO's Regulatory Impact on RNF168

A) TotalFTOand RNF168mRNA levels in U20S cells treateavith the indicated siRNAs for 48h
followed by gPCR analysisGAPDH used as housekeeping genen=3, mear® SD, One-way
ANOVA. B) Western blot showing protein levels of RNF168, ALKBH3 and FTO in U20S cells
treated with the indicated siRNAs for 48h. C) Westerrblot analysis of proteifprotein co-
immunoprecipitation in U20S cells transfected with FHELAG tagged expression vector. Cell
lysate was subjected to FLAG Mgull down followed by immunoblotting using RNF168 ALKBH3
and FLAG antibody. Input sample (IN), imunoprecipitation sample (IP). D) Western blot
showing the protein levels of RNF168 in U20S cells treated with control and FTO targeting
siRNAs for 48h, in the presence or absence of the proteasome inhibitor M&2 (3h). SMC1 was
used as a loading control.

Similar to the findings observed with ALKBH3, the depletion of FTO demonstrated no
discernible effect on the mRNA expression ofRNF168 and FTO did not confer
protection against RNF168 protein degradation. Interestingly, when ALKBH3 and FTO
were codepleted, there was no cumulative impact on the downregulation of RNF168
protein or its MRNA expression. Moreover, no detectable protejorotein interaction
was observed between FTO and RNF168. Intriguingly, the FFOAG colP assay
yielded noteworthy results, @vealing a possible proteimrotein interaction between
FTO and ALKBH3FRigure 34 C). To delve deeper into this interaction, we explored the
reciprocal scenario by examining whether FTO could be detected in the ALKBHABAG
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codP (Figure 35). Indeed, a robust signal for FTO was observed in the
immunoprecipitation sample from the ALKBHBLAG colP, suggesting a potential
formation of a complex between these two demethylase proteins.

ALKBH3-FLAG

—_—

ALKBH3-FLAG

Figure 35. ALKBH3 and FTO interaction on protein level.

Western blot showing proteirprotein coimmunoprecipitation in U20S cells transfected with
ALKBHS3FLAG tagged expression vector. Cell lysate was subjected to FLAG pil down

followed by immunoblotting using FTO and FLAG antibody. Input sample (IN),

immunoprecipitation sample (IP).
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Having ruled out varied potential regulatory mechanisms and establishing FB&O
involvement in modulating A methylation marks onRNF168our subsequent focus
was on exploring whether FTO depletion led to effects oRNF168mRNA export akin to
those observed upon ALKBH3 depletion. After depleting U20S cells of FTO, we
proceeded to investigate both mRNA stabilityHigure 36) and mRNA export ofRNF168
(Figure 37). To assess mMRNA stabiit we employed Actinomycin D treatment, while
RNA cellular fractionation assay, followed by qPCR assay was used to study mRNA
export.
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Figure 36 .FTO knockdown has no effect on RNF168 mRNA stability .

RNF168 mRNA stability in U20S cells treated with control and siRNA for 48h followed by
Actinomycin D treatment (8ug/ml) followed by qPCR, normalized télPRT housekeeping gene.
N=3, mean °® SD, twotailed Ttest
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The loss of FTO did not lead tosignificant increased RNF168 mRNA instability
compared to the control siRNA, even after prolonged Actinomycin D treatment (6h),
suggesting that FTO has negligible influence on the stability BNF168mRNA
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Figure 37. FTO knockdown results in increased nuclear retention of ~ RNF168 mRNA.

RNA fractionation assayA) Ratio between nuclear and cytoplasmiRNF168mRNA expression in
U20S cells treated with control, ALKBH3, FTO and ALKBH3+FTO siRNAs for 48h followed by
gPCR,expression normalized to housekeeping genelPRT B) Ratio between nuclear and
cytoplasmicRNF8mMRNA expression in U20S cells treated with control, ALKBH3 and FTO siRNA
for 48h followed by qPCR, expression normalized to housekeeping gene HPR&tio>1 indicdes
more mMRNA expression in nucleus, ratio<1l demonstrates more mMRNA expression in cytoplasm.
N=3, mean’ SD, One-way ANOVA.

In line with the effects observed in ALKBH3 KD, the loss of FTO led to elevateNF168
MRNA levels in the nucleus relative to the cytoplasm, indicating a potential defect in
MRNA export for RNF168 possibly due to nuclear retention. Notably, the absence of
FTO resulted in a more pronounced phenotype (14#8Ild nuclear retention) than the loss
of ALKBH3 (1.5old nuclear retention) Figure 37 A). In addition, RNF8 nuclear and
cytoplasmic levels were checked after depleting cells of eitherLKBH3 or FTOto
evaluate if ALKBH3 or FTO could influence other DNA repair factors via mRNA export.
Neither loss of ALKBH3nor FTO caused nuclear retention oRNF8E mMRNA (Figure 37

B). The double KD of ALKBH3 and FTO did not lead to increased nuclear retention of
RNF168mRNA when compared to just knocking down ALKBH3 or FTO. The nuclear
retention seen after RNA fractionation of siFTO treated cells was validated through the
RNA Scope assayHigure 38).
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Figure 38. FTO promotes nuclear export of RNF168 mRNA.

A) Representative pictures and B) quantificatioof RNA scope assay performed in U20S cells
treated with control and FTO siRNA for 48h followed by incubation witRNF168specific probes
and control probes (green) and nucleus stain (DAPIPPIBwas used as control mRNA. Graph
illustrates RNF168 mRNA nuclear cytoplasmic ratio where ratio>1 indicates more mRNA
expression in nucleus, ratio<l demonstrates more mRNA expression in cytoplashi=3,
mearf SD, two+tailed Ttest
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RNA Scope analysis confirmed the fractionation result&igure 37 A) and further
demonstrated that FTO depletion is affecting the mRNA export BNF168 The nuclear
retention caused by lack of FTO was 3#ld higher when compared to controlsample,
significantly surpassing the 2.3old nuclear retention observed when ALKBHS3 is
knocked down Eigure 28).

Results obtained thus far haveevealed a strikingly similar RNF168 phenotype in the
absence of both ALKBH3 and FTO. Analogous to ALKBH3, FTO appears to exert
epitranscriptomic regulation on RNF168, potentially involving the removal of a
methylation mark from its mRNA transcripts, thdmg affecting efficient mMRNA export
and subsequent protein synthesis of RNF168.

419 =s ] SuKstrate specificity in U20S cells

In addition to removing the MfA modification from mRNA, FTO has also demonstrated
demethylation activity towards the A, modification on mRNA. Notably, research

indicates that FTO exhibits higher affinity for Py, then nfA. The nfA MeRIPgPCR

analysis Figure 32) applied to assess the influence of FTO on tA methylation marks

on RNF168 utilizes an nfA antibody which is unable to distinguish between the A

and mfPA, modifications. Consequently, deciphering which modification FTO is

interacting with on the RNF168transcrpt proved challenging, relying merely on the

mPA MeRIP data. To gain a better understanding of the specific modification FTO is

removing from theRNF168] | é K61 dj |l a Oy ywéGdgya =s] GK GH
=s] GK o6y GGl Geé GHG é | febFitg targed affinity, WithgFTQ shdving g | H &
greater affinity for demethylating A, in the cytoplasm but shifting its affinity towards

mPA in the nucleus(Wei et al., 2018) (Figure 39).
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Figure 39. FTO expression in U20S cells is predominantly in the nucleus.

U20S cells treated with control and FTO siRNA for 48h followed by fixing and immunostaining
with FTO specific antibody (red) and DAPI nucleus stain (blue). Scale bar: 10 pm.
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Confocal microscopy resits show that FTO localizes primarily in the nucleus in U20S
cells, suggesting that in our experimental model FTO is likely targeting the®n
modification rather than niAn,.

4.1.10 Confirming RNF168 phenotype using CRISPRCas9 knockout
models

So far, our findings indicate that the absence of either ALKBH3 or FTO results in
increased nuclear retention ofRNF168 mRNA, leading to a reduction in RNF168
protein expression. To validate our observations regarding the involvement of ALKBH3
and FTO in he regulation of RNF168 and mitigate the potential for offrget effects
associated with siRNA, we utilized CRISREFas9 genome editing to establish stable KO
U20S cell line models for both ALKBH3 and FTO. Two KO cell lines were established
for both ALKBH3and FTO and RNF168 protein expression in the CRISERs9 KO cell
line was analyzed using western blotHgure 40 A). One KO cell line was chosen for
each condition and RNF168 mRNA export was assessed through the previously
described RNA cellular fractionation assayF{gure 40 B).
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Figure 40 . CRISPRCas9 KO cells display comparible RNF168 phenotype to siRNA
treated cells .

A) Western blot analysis of ALKBH3, FTO and RNF168 expressiORISPRCas9 KO cell lines
compared to wild type (WT) U20S cells. SMC1 was used as loading control-CB RNA
fractionation assay. Ratio between nuclear and cytoplasnRRNF168 mRNA expression in WT
U20S cells andCRISPRCas9 KO cell lines. Followed by gPCR oRNF168mRNA expression,
normalized to housekeeping gene HRPT. Ratio>1 indicates more mRNA expression in nucleus,
ratio<l demonstrates more mRNA expression in cytoplasi=3, mean’ SD, two+tailed Ttest

CRISPRCas9generated KO cell lines exhibited a comparable phestype to siRNA
treated cells. Both ALKBH3 and FTO KO cell lines displayed reduced protein
expression of RNF168 compared to wikype U20S cells. Additionally, both ALKBH3
and FTO KO cell lines unveiled increasedRNF168 mRNA levels in the nucleus
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compared © the cytoplasm when compared to wildype U20S cells, once again
suggesting impairedRNF168mRNA export in cells lacking FTO and ALKBH3.

4.1.11 Further investigations into the epitranscriptomic regulation of
RNF168 mRNA export

The work presented in this thesiso far has demonstrated that depletion of ALKBH3 and
FTO impacts the mRNA export ofRNF168 Both RNA Scope and RNA cellular
fractionation experiments have revealed nuclear retention 8NF168mRNA following
the KD of ALKBH3 and FTO. Our working hypothesis that the observed impact is
attributed to the epitranscriptomic regulation of RNF168 by ALKBH3 and FTO. This
implies that for the normal mRNA export ofRNF168 and subsequent protein
expression, both FTO and ALKBH3 play a crucial role in removing a melgayon mark
from the RNF168transcript, FTO the A methylation and ALKBH3 the PA methylation.
Whether these methylations are mainly a hindrance for efficient mMRNA export or play a
further role in the maturation of theRNF168mRNA still remains uncertain.

4.1.11.1  mRNA methylations and mRNA export

In recent years research has revealed a link between the mRNA export machinery and
m®A modification. Multiple members of the fiA methylation complex have been found
to interact with core conponents of the mRNA export machinery such as the
TranscriptiorExport (TREX) complex and the NXRKT1 heterodimer, strongly
suggesting a functional interaction between the two processékesbirel et al., 2019)
Recent investigations have begun to unveil the intricate connections between th&Am
modification and the export of mMRNA(Lesbirel et al., 2018; Roundtree Luo et al.,
2017).

The nfA (and m'A) reader protein YTHDC1 has been shown to facilitate the nuclear
export of mature fiA-methylated transcripts byooperating with the splicing factor and
nuclear export adaptor protein SRSF3. This interaction facilitates the delivery of mMRNA
to the nuclear mMRNA export receptor, NXF1, ensuring the normal process of mRNA
export (Roundtree Luo et al., 2017) SRSF3 or YTHDC1 KD is known to result in a
nuclear accumulation of a common setf transcripts, suggesting their involvement in
the same pathway. Knocking down YTHDC1 results in mRNA export defects for specific
transcripts, particularly rfA-containing transcripts, indicating that YTHDC1 selectively
exports nfA-modified mMRNAs, highlighting mfA methylation as a mark for selective
nuclear processing (Roundtree Luo et al.,, 2017) Furthermore, the mA writer
machinery has been shown to recruit the TREX complex téAmmethylated mRIA and

KD of components of the rfA methyltransferase complex result in defective mMRNA
export (Lesbirel et al., 2018) Where the methylation eraser protein fit into the export
process remains uclear.
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From this we decided to investigate what influence major export factors along with ¥TH
proteins had on RNF168 protein expressionFgure 41). While our primary focus
centered on YTHDC1 and SRSF3, we decided to incorporate other members of the YTH
domaincontaining family (YTHDFR3) and an additional SR protein. YTHDC2 was
excluded as its primary role is promoting transition from mitotic to meiatidivisions in
stem cells(Wojtas et al., 2017) SRSF7, similar to SRSF3 recognized for promoting
NXF1 recruitment to mature mRN# vivo (Muller-McNicoll et al., 2016) and interacting
with YTHDCL1 to facilitate nuclear expo(Kasowitz et al., 2018)
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Figure 41. KD of nuclear export factors and m 8A/m A methylation readers affects
RNF168 protein expression.

U20S cells treated with the abowmentioned siRNAs for 48h. A) Western blot analysis to
evaluate RNF168 expression. SMC1 was used as loading control. B) Relative quantification of
RNF168 expression, compared to control SIRNAN=2, mean® SD.

Western blot andysis revealed a notable decrease in RNF168 protein expression upon
depleting cells of SRSF7, SRSF3, YTHDC1, YTHDF3 and NXFL1. Intriguingly, depleting
U20S cells of SRSF7 had the most pronounced effect, comparable to ALKBH3 and FTO
depletion. The YTHDF1 an? THDF2 proteins showed little to any noteworthy influence
on RNF168 protein expression. NXF1 depletion led to decreased RNF168 protein
levels, aligning with its recognized role in mRNA export. NXF1 KD is known to cause
increased nuclear retention of poly®)" mMRNA, indicating a defect in mRNA export
(Viphakone et al., 2012)and reduced mRNA export could lead to reduction in protein
synthesis. Additionally, we see a small drop in SMC1 (loading control) when depleting
cells of NXF1.These results indicate that YTHDC1 along with SRSF3 and SRSF7 might
have a possible role in regulatig RNF168 protein expression. Whether this is via
MRNA export requires further investigations.

In addition to looking into methylation reader proteins and their influence on RNF168
protein expressionour investigation extends to exploring the impact of # and mtA
methylation writers on RNF16@rotein expression along with usingcellular fractionation
assaysto evaluate RNFL68 mRNA nuclear retention in cellsdepleted of YTHDC1,
SRSF3, and SRSF7hese results are considered preliminary as they are composed
one biological replicate and can be found in Appendix C. Briefly, when rhA and m'A
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methylation writerswere silenced in U20S cells using siRNA we noted diminished
RNF168 protein expression. Additionally, cellular fractionating assay demonstrated that
depleting cells of YTHDC1, SRFS3 and SRSF7 resulted in increased nuclear retention of
RNF168mRNA. Further validation is required to confirm these initiafindings, and
additional experimental investigation is necessary to understand the involvement of
m'A/m®A writers and readers in regulating RNF168 mRNA export. However, our
current data suggests that the methylation marks &®NF168may not solely hinder
MRNA export, and proteins like YTDCH1, SRSF7, and to a lesser extent, SRSF3, might
be involved in the export process. More details can be found in Appendix .C

4.1.12 ALKBH3 and FTO protein -protein interaction

To delve deeper into proteinprotein interactions involving ALKBH3 and FTO and to
validate the findings from the cdP followed by western blot assayH{gure 34 C and
Figure 35) a protein codP coupled with ultraperformance liquid chromatographg mass
spectrometry was conducted in U20S cells. Mass spectrometry analysés werformed
using FLAGtagged wildtype (WT) ALKBH3 and FTO plasmid along with catalytically
dead (CD) ALKBH3 and FLAG taggeglasmids, each plasmid was done in triplicate.

The catalytically dead plasmids are as the name suggest catalytically inactiveammng
they are unable to demethylate nucleic acid. The irdrinding domain of the catalytic
dead proteins has been altered which prevents binding of the Faon. Since the AlkB
protein family relies on the Fé& ion as a cofactor for their enzymatic actity, this
alteration results in the loss of their demethylating capabilities. The DNA/RNA binding
groove of the catalytic dead proteins remain unaffected, preserving their ability to bind
to nucleic acid. We therefore hypothesized that the catalytic dead @ieins could still
bind to methyl groups on nucleic acid without the ability to demethylate them, which
may lead to prolonged interaction durations between the catalytically inactive proteins
and their targets, potentially facilitating the detection of adtional proteinprotein
interactions in the mass spectrometry assay.

4.1.12.1 Interesting binding partners found in co 4P/MS

Mass spectrometry analysis confirmed our previous findings of protein interaction
between ALKBH3 and FTORjgure 34 C and Figure 35), as FTO scored fairly high on
the list of interaction partners for both WT and CD ALKBH3 plasmids. ALKBH3 did not
appear on the limited list of interaction partners for the WHFTO plasmid. e reason for
this is unknown but the FTQVT colP/MS did overall not result in many protein
interaction hits for FTO. ALKBH3 did however appear on the list for the CD FTO
plasmid colP, providing a credible conformation of previously seen results in FTG4P
(Figure 34 C). Notably, RNF168 did not appear as an interaction partner for either
ALKBH3 or FTO in both WT and CD plasmids. This finding furthestrengthens the
working hypothesis that both ALKBH3 and FTO are interacting with and regulating
RNF168 at the mRNA level rather than the protein level.
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The colP/MS analysis revealed numerous noteworthy protegimotein interactions
associated with both AKBH3 and FTO, presenting an extensive dataset that may be
challenging to thoroughly discuss within the scope of this thesis. Nevertheless, the most
relevant protein interactions identified in the céP/MS analysis, integral to the current
research, are surmarized in Table13. For a full list of interactions found for each
individual plasmid colP see AppendixD.
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Table13. Interesting protein irteractions from celP/MS

Plasmid Protein Function

ALKBH3 WT / ALKBH3 CD | FTO m°A RNA demethylase

Zinc finger protein, antagonizes 53BP1 to facilitate H
ALKBH3 WT ZMYM2 .

repair

Regulates RNF168 expression in glioblastomakctivates
ALKBH3 WT / ALKBH3 CD | PRMT5 o .

transcription of DSB repair genes upon DNA damage

RNA binding protein, known to regulate mMRNA alternativ
ALKBH3 WT HNRNPF -

splicing
ALKBH3 WT / ALKBH3 CD | WDR77 Forms a complex with PRMT5

RNA binding protein, known to regulate mRNA alternativ
ALKBH3 WT / ALKBH3 CD | HNRNPA2B1| = .

splicing. A nuclear nfA reader

mPA reader protein. Transports of poly(A) mRNA from thg
ALKBH3 WT / ALKBH3 CD | HNRNPA1 | nucleus to the cytoplasm and modulation of splice site

selection
ALKBH3 WT ALKBH5 m°A RNA demethylase

RNA interacting protein. A component of an mMRNA
ALKBH3 WT HNRNPH1 | export complex, shuttles mature mRNA from the nucleus

to the cytoplasm

RNA interacting protein. Aids in stability and translation o
ALKBH3 WT / ALKBH3 CD | HNRNPC bound mRNAand effects pre-nRNA splicing Has also

proven able to bind to nfA and alsoto affect HR repair
ALKBH3WT / ALKBH3 CD / PRDX1 Antioxidant enzyme which reduces DNA damage and
FTO WT/ FTO CD contributes to DNA Repair

A mRNA splicing factor. Interact vith mfA reader YTDHC1
ALKBH3 CD SRSF3 to aid in mMRNA export of ntA methylated mRNA via

NXF1.
ALKBH3 CD TRIP12 Regulator of RNF168

A mRNA splicing regulator. Interacts with YTDHCL1.
ALKBH3 CD SRSF1 - . .

Participates in mRNA export via NXF1.

Alphak I i AlkB h I
FTO CD ALKBH3 . phaketoglutaratedependentdioxygenase omolog

PARP1 recruits CHD2 to rapidly expand chromatin and
FTO CD CHD2 . . . .

deposit H3.3 variants to initiate NHEJ repair
FTO CD RBMS6 Spliging factor involved in mRNA splicing. Promotes HR

repair of DSB.

RNA helicase, known to influence HR repair. RNF168
FTO CD DHX9 N .

ubiquitinates DHX9 for resolution and removal of ®ops

RMBX / RNADinding. Influences DNA end resection. Activates
FTO CD i icati 6
HNRNPG ATR fjurlng repll.catlon stlr.ess responsa/°A reader

protein that mediates spting.

FTO CD METTL14 mSA methyltransferase.
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The ALKBH3 protein, in both wildype (WT) and catalytically dead (CD) forms,
demonstrated interactions with various tA methylatiorassociated proteins, such as
FTO, ALKBH5,hnRNPA2B1,hnRNPCand hnRNPA1. Addtionally, ALKBH3exhibited
associations with weknown mRNA export factors, including SRSF1, SRSF3, and
hnRNPH1. Interestingly, the catalytically dead ALKBH3 protein exhibited a distinct
interaction with TRIP12, a recognized regulator of RNF168.

On the other hand, the FTO protein, in both WT and CD forms, displayed a
comparatively smaller number of interaction partners than ALKBH3. While it did not
interact with as many RNAinding proteins, FTO was observed to bind to METTL14, a
principal component of tre mPA methyltransferase complex, andinRNPG, an ntA
methylation reader. Notably, both ALKBH3 and FTO demonstrated interactions with
several proteins associated with DNA repair and the maintenance of genomic stability,
including DHX9, PRMT5, ZMYM2, RBM6, ahCHD?2.

4.1.12.2 Overlap between co 41P/MS

Comparison of all four celP/MS analyses revealed some overlap among the samples,
as summarized inFigure 42. Notably, there was significant overlap between the wild
type and catalytic dead versions of each plasmid. Eight proteins were consistently
identified in all four codP/MS experiments, primaily consisting of ubiquitously
expressed proteins like heat shock proteins, tubulin, and keratin proteins. Comparable
results were seen for ALKBH3 and FTO WT overlap which consisted of 10 proteins,
most of which were widely expressed in multiple cells suckis GAPDH, keratin, annexin
and heat shock proteins. The sole DNA repair related protein found interacting with
both ALKBH3 and FTO was Peroxiredoxin 1 (PRDX1), an antioxidant enzyme known to
prevent the accumulation of reactive oxygen species. Interestipgwhen both ALKBH3
and FTO were rendered catalytically inactive, the number of proteins found to interact
with them increased significantly which could be attributed to their ability to still bind to
nucleic acid without being able to demethylate theirargets. This circumstance may
result in an extended binding duration to the nucleic acids, potentially allowing the
proteins to interact for a prolonged period with other proteins arriving at the same site.
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Figure 42 . Overlap of protein detections in Co4P/MS Analyses.

Venn diagram illustrating the overlap among proteins identified as interaction partners in the four
codP/MS samples. Bold underlined numbers represent the total proteins detected in each
sample, white nhumbers indiate the overlap between 2 or 3 samples, and red numbers indicate
the overlap among all four samples.

42 ALKBH3GE g0 =s] GK yécyodl Hg 1X 1 m*
instability

4.2.1 ALKBH3 and DNA repair dynamics

RNF168 is widely recognized as a multifaceted regulatan the intricately orchestrated
DDR pathway at damaged chromatin. This recognition stems from its established role in
helping to recruit vital repair factors such as 53BP1 and BRCA1l to the damaged
chromatin. To better understand the consequences of RNF188ss due to ALKBH3
depletion for effective repair of DNA DSB we silenced ALKBH3 in U20S cells.
Subsequently, DSBs were inducedsing NCS and MDC1 was utilized as a readout for
DNA DSB repair dynamicsigure 43). MDCL1 is one of the first proteins to arrive at the
site of DSBs where it directs the recruitment of other repair factors including RNF8 and
RNF168. MDCL1 is recruited to DSB before thiitiation of ubiquitin-dependent steps in
the DNA DSB signaling pathway. Over time MDC1 gradually disassociates from the
DSB site as repair of the break progresses.
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siCtrl SiALKBH3 siRNF168

1h NCS 8h NCS 1h NCS 8h NCS 1h NCS 8h NCS

B) 150w siCtil mmm SiALKBH3 SiRNF168

53BP1

MDC1

100

% cells with MDC1 foci

1h 8h

NCS
Figure 43 . ALKBH3 depletion results in slow clearance of MDC1

A) Representative images and B) quantification of U20S cells treated with control, ALKBH3 and
RNF168 siRNA for 48h followed by NCS (50 ng/mL) exposure for 1h. 1h and 8h later cells were
fixed and stained with 53BP1 (green) and MDC1 (red) specific antibodieScale bar: 10um.One-
Way ANOVA, n=3 mearf SD.

In cells deficient in ALKBHS3, a distinct decrease in the clearance of MDC1 foci was
evident. Although the reduction was not as pronounced as observed in cells depleted
of RNF168, it still represented a notearthy decline when compared to cells subjected
to control siRNA treatment. These results imply that the efficiency of DNA DSB repair is
affected in cells depleted of ALKBHS3.

422 ALKBH3GEglO =s] GK y¢céyodl Fehoicd X 1 m*

Thus far he research presentedn this thesis has shown that the loss of either ALKBH3
or FTO impacts DNA repair dynamics likely mediated through the epitranscriptomic
regulation of RNF168. This influence is observed in the altered recruitment of 53BP1 to
the site of DSB and in the cas of ALKBH3 deficiency, causes less efficient DNA repair
(Figure 19 and Figure 30) along with slower clearance of MDC1 foci in ALKBH3
depleted cells Figure 43).

Integrating these findings with the known role of RNF168 ubiquitination imfluencing
the choice of DNA DSB repair, coupled with previous research demonstrating that loss
of RNF168 drives cells to use the highly mutagenicepair pathway single strand
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annealing (SSA) (Munoz et al., 2012; Ochs et al., 2016)prompts the question: Does
knocking down ALKBH3 and FTO influence the choice of repair pathway? Specifically,
does the depletion of ALKBH3 or FTO hinder cells from utilizg DNA DSB repair
pathways such a#HR or c-NHEJ, thereby potentially directing them towards the more
errorprone and mutagenic SSA repair pathway, similar to cells lacking RNF1687?

To answer this question fluorescenezctivated cell sorting (FACS) analysisind
established DSB GFP reporter system designed fddR cNHEJ, and SSA repair
pathways(Bennardo et al., 2008; Gunn et al., 2012) were utilized to analyze repair
rates in cells depleted of ALKBH3 or FTO. Each reporter system is specific for HR
repair (DRGFP), cNHEJ (primEJ&sFP), or SSA (hprtSAGFP) repair, however they all
contain similar constructs containing a disrupted GFP gene separated by aSckl
restriction site. When the {Scel restriction enzyme isntroduced, it induces a DSB and
repairing the DSB restores the GFP gene, enabling the detection of the corresponding
DSB repair pathway.

U20S cells stability expressing each reporter system were-tansfected with siRNAs
and FScel restriction enzyme and repair rates of HR={gure 44), NHEJ Figure 45) and
SSA Figure 46) evaluated. For more information on DNA repair reporter systems see
Appendix C.

*%

Relative HR-repair efficiency

siCtrl SiBRCA2 siALKBH3  siFTO

Figure 44 .The influence of ALKBH3 and FTO depletion on HR repair efficiency in U20S
cells.

U20S cells stably expressing HBFP plasmid were transfected with the indicated siRNAs for 24h
followed by transfection of iScel plasmid to induce DSB. 24h post plasmid transfection cells
were fixed and GFP signal analys using FACS analysis. BRCA2 was used as positive control.
N=4 mean’ SD, One-way ANOVA. siFTO sample represents n=3.

In comparison to the control sample, the depletion of ALKBH3 in U20S cells resulted in
a 20% reduction in homologous recombination (HR) mmair efficiency. A similar
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reduction in HR repair efficiency was observed upon the depletion of FTO. Depleting
cells of BRCAZ2 resulted in an 80% drop in HR repaiefficiency; this was expected due
to* h + el Kefined role in HR repair. These results mlicated that loss of either
ALKBH3 or FTCcontributesto small drop in the cells capacity to repair DSB using HR
repair.

Relative c-NHEJ-repair efficiency

siCtrl  siALKBH3 siFTO si53BP1

Figure 45 . The influence of ALKBH3 and FTO depletion on  c-NHEJrepair efficiency in
U20S cells.

U20S cells stably expressing primEI&-P plasmid were transfected with the indicated siRNAs
for 24h followed by transfection of {Scel plasmid to induce DSB. 24h post plasmid transfection
cells were fixed and GFP signal analyzed using FACS analy3is=2, mean® SD.

Preliminary data on NHEJ repair efficiency indicates that cells depleted of FTO
exhibited around 30% reduction in NHEJ repair efficiency compared to control cells,
while positive control sample (cells depleted of 53BPXpsulted in 40% drop in c-NHEJ
repair efficiency. Conversely, cells lacking ALKBH3 demonstratetb effect in cNHEJ
repair efficiency.

1.2+
1.0+
0.8+
0.6+
0.44
0.2+

0.0-

Relative SSA-repair efficiency

siCtrl  siRAD52 siALKBH3 siFTO siRNF168

Figure 46 . The influence of ALKBH3 and FTO depletion on SSA repair efficiencyin
U20S cells.
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U20S cells stably expressing hprtS&FP plasmid were transfected with the indicated siRNAs for
24h followed by transfection of 4Scel plasmid to induce DSB. 24h post plasmid transfection cells
were fixed and GFP signal analyzed using FACS analysis. RADZv&d as PCNn=2, mean

° SD.

Preliminary results from SSA repair efficiency revealed arourth% drop in SSA repair
efficiency for cells lacking ALKBH3,65% for cells lacking FTO when compared to
control sample. As mentioned previously, loss of RNF168 has been linked to increased
usages of SSA repair pathwayMunoz et al.,, 2012; Ochs et al.,, 2016) here we
observe a nedigible effect on SSA repair in the absence of RNF168, which is
inconsistent with current literature. The reason for this discrepancy is unknown, and a
more pronounced increase in SSA use was expecteds depletion of ALKBH3 and FTO
has demonstrated loss foRNF168 protein expressionKigure 29) we would expect loss

of ALKBH3 and FTO to result in increased usage of SSA, however we see the opposite.

RAD=R was used as a positive control of SSA repair efficiency as RAD52 is considered
a key mediator of the SSA DNA repair mechanisr{Grimme et al., 2010; Ivanov et al.,
1996; Mortensen et al., 1996; Onaka et al., 2020; Reddy et al., 1997)As expected,
depleting cells of RAD52led to decrease SSA repair efficiency, or around $% drop.

Cumulative data from DSB repair assaysiggests that ALKBH3 and FTO can impact
DNA DSB repair pathway choice. Cells deficient in ALKBH3 or FTO exhibit reduced
capacity for DSB repair via HR, NHEJ and SSA pathways. It is noteworthy to mention
that NHEJ and SSA dataontain 2 biological replicates and are thereforeconsidered
preliminary and further research is needed to confirm these results.

4.2.3 Cells lacking ALKBH3 or FTO display increased genomic
instability

DNA DSB are recognized as a significant source of genomic instability, with failure to
repair or incorrect repair of these breaks known to result in cell death or chromosomal
alterations, thereby increasing genomic instability and lead to cancer formation.
Furthermore, the current literature supports a robust association between defects ia th
DNA DSB repair machinery and increased genomic instability. This includes RNF168
defects, as both human and murine cells lacking RNF168 have demonstrated increase
in the frequency of genomic aberrations, this includes chromosomal aberrations and
micronudei (Bohgaki et al., 2011; Devgan et al., 2011; Stewart et al., 2009)

Our results have demonstrated #t deficiency of ALKBH3 and FTO results in both the

GHKK H¢ hX=ez2fU ji1Hl ydg yoej I yKKdHg FBigue éc¢céyal
44 Figure 46). Given these observations, we sought to investigate whether cells devoid

of FTO and ALKBH3 exhibited increased genomic instability. To assess whettie

absence of ALKBH3 and FT(have anyimpact on genomic integrity spontaneously

forming chromosomal aberrations were examined in U20S cells through metaphase

spread analysisFigure 47).

94



Results

A) siCtrl SIALKBH3
= \‘ v‘ . § «~
'{; g .'VY & v‘ ' 4
’, qv ‘ . VQ L °
LT Al a 5
SiIFTO SIBRCA2 SiRNF168
R f.{v c!q | ) .
a2 R | P
* ot ‘!&A.? \'. o® I oe
g _ &S 3 LN
B)
18 v

Nr of aberration per metaphase

siCtrl

siRNF168siALKBH3

Figure 47 . Increased chromosomal aberrations in cells

A) Representative images of chromosome metaphase spread in cells treated with above
mentioned siRNAs, BRCA2 served as PC. DNA double strand breaks are shown with red arrows,

siFTO siBRACA2

depleted of ALKBH3 or FTO.

DNA fragments with white triangles outlined in red and end fusion reprinted withed triangles.

Scale bars: 10 um. B) Quantification of the number of metaphase aberrations in U20S cells
treated with the specified siRNA for 48h. The graph shows the relative change in number of

aberrations compared to control siRNA treated cells. 13 methpses were analyzed per condition

from 2 independent experiments.

An elevated frequency of spontaneous chromosomal aberrations was detected in both

ALKBH3 and FTOdepleted samples as compared to the control sample. Intriguingly,
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the absence of FTO led ta higher incidence of aberrations per metaphase spread in
comparison with the ALKBH3 and RNF168 depleted samples.

Beyond the metaphase spread assay, genomic instability in U20S cells subjected to
ALKBH3 and FTO depletion was assessed using the micronucéssay, a widely
employed method for evaluating genomic instability. Additionally, a double KD
involving both ALKBH3 and FTO was performed to investigate potential additive effects
on genomic instability resulting from the simultaneous removal of both pgens (Figure
48).

A)

siCtrl SIALKBH3 siFTO

siRNF168 siBRCA2 SIALKBH3+siFTO
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Figure 48 . Depletion of ALKBH3 and FTO result in increased micronuclei formation.
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A) Representativeimages of micronuclei assay in U20S cells treated with above mentioned
siRNAsfor 48h followed by immunostaining by DAPI nuclei stain. BRCA2 and RNF168 served as
PC. Micronuclei are represented by white arrows. Scale bars: 20 pm. B) Quantification of the
number of micronuclei in cells. The graph shows the relative change in number of aberrations
compared to control siRNA treated cells. N=3, meafi SD, Oneway ANOVA

Knocking down either ALKBH3 or FTO resulted in#ld increase in micronuclei
formation compared to control sample while the positive controls exhibited #ld
(RNF168) and Hold (BRCAZ2) increase in micronuclei formation indicating increased
genomic instability Figure 48). Notably, the double KD of ALKBH3 and FTO did not
yield an additive effect on genomic instability, with no statistical significance observed
between the single and double KD conditionsHigure 49 A).

Co-depleting ALKBH3 and FTO findings have been consistent across multiple assays,
encompassing western blotassay micronuclei assay, cellidr fractionation assay
(evaluatingRNF168expression in the nucleus and cytoplasm), and RPCR (assessing
total MRNA levels ofRNF168. Double KD of ALKBH3 and FTO did not manifest in
additive effect in any of the tested assays. A comprehensive summarytioé data from
the ALKBH3 and FTO double KD is presented Figure 49.

A) Micronuclei assay B) Cellular RNA fractionation assay
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Figure 49 . The double knockdown of ALKBH3 and FTO doe s not result in an additive
effect on the RNF168 phenotype.
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A) Micronuclei assay in U20S cells treated with indicated siRNAs for 48N=3, mean ° SD,
One-Way ANOVA. Each sample was normalized to siRNA control sample. B) RNA fractionation
assay. Ratio between nuclear and cytoplasmiRNF168mRNA expression in U20S cells treated
with the indicated siRNAs for 48h followed by qPCR, expression normalizeéd housekeeping
gene HPRT. Ratio>1 indicates more mRNA expression in nucleus, ratio<l demonstrates more
MRNA expression in gtoplasm. N=3, mean ° SD, Oneway ANOVA Each sample was
normalized to siRNA control sample. C) TotaRNF168mRNA levels in U20S cd$ treated with
the indicated siRNAs for 48h followed by gPCR analysiexpression normalized to housekeeping
gene GAPHD, n=3, mean ° SD, Oneway ANOVA. Each sample was normalized to siRNA
control sample. D) Western blot showing the protein levels of RNFR6FTO and ALKBH3in
U20S cells treated withindicated siRNAs for 48h SMC1 was used as a loading control.

The last step in assessing the impact of depleting ALKBH3 and FTO on genomic
instability involved the implementation of the micronuclei assay in o@RISPR/Cas9
established KO cell lines for ALKBH3 and FTO, compared against the wiljde U20S
cells (Figure 50). This step was undertaken with the additional objective of
corroborating and validating the results obtained through siRNBased experiments.

A)

FTO KO #1 ALKBH3 KO #1

[FEwE]
20pm

Micronuclei per nucleus Fold change

NC ALKBH3 KO #1 FTO KO #1

Figure 50. ALKBH3 and FTO CRISPR-Cas9 knockout cell lines display similar levels of
genomic instability as siRNA +reated cells
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A) Representative images of micronuclei assay imild type U20S cells(NC) and ALKBH3 and
FTOCRISPRCas9 KO clones. Cells are fixed after growing for 48h followed by immunostaining
by DAPI nuclei stain. Micronukei are represented by white arrows. Scale bars: 20 um. B)
Quantification of the number of micronuclei iINnCRISPRCas9 KO clones. The graph shows the
relative change in number of aberrations compared to wild type U20S cells. N=3, me&nSD,
Oneway ANOVA.

Both KO cell lines exhibited a notable increase in micronuclei formation, approximately
a threefold rise compared to wildype U20S cells. This increase, while slightly greater
than that observed in siRNAreated cells Figure 48), may be attributed to the complete
removal of ALKBH3 and FTO in these CRISPR KO cell lines, potentially eliciting a more
robust response.

4.2.4  Cells depleted of ALKBH3 and FTO show increased sensitivity
to genotoxic agents

As previously discussed, RNF168 is a pivotal regulator of DNA repair, and plays a
crucial role in promoting cell survival in response to genotoxic stress. This is evidenced
by the hypersensitivity to ionizing irracation observed in both human and murine
systems in the absence of RNF1§8ohgaki et al., 2011; Devgan et al., 2011; Stewart et
al., 2009).

The loss of either ALKBH3 or FTO proteins has been demonstrated to influence DNA
repair efficiency, induce alterations in the choice of DNADSBrepair pathways Figure

44 g Figure 46) and lead to increased genomic instabilityRigure 47-+igure 48). From
this a hypothesisemerged suggesting that cells subjected to KD or KO of either
ALKBH3 or FTO would prove vulnerable to DSBducing cancer therapy. To test this
hypothesis, a clonogenic assay was conducted in U20S cells depleted of ALKBH3 and
FTO using siRNAs, followed byreatment with NCS (a radiomimetic drug and effective
inducer of DSB) and Mitomycin C (MMC, a potent DNA crosslinking agentfigure 51).
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Figure 51. ALKBH3 and FTO depletion and sensitivity to genotoxic agents.

U20S cells were treated with the indicated siRNAs for 48h, BRCA2 used as PC. Cells were
seeded out in low density, treated with B) Mitomycin C and GD) Neocarzinostatin. Cells grown
for 1114 days.N=3, mean° SD, OneWay ANOVA.

Upon exposure to NCS andMitomycin C treatments, cells depleted of ALKBH3 and
FTO exhibited diminished survival compared to control cells. Cells depleted of ALKBH3
exhibited a similar response to NCS as cells lacking RNF168 but presented a small,
although notsignificant increasein response to MMC. Intriguingly, cells depleted of
FTO had increased response to NCS in comparison to cells depleted of RNF168.
Survival of cells depleted of FTO dropped to a similar level as the positive control
sample, cells lacking BRCA2 when exposetb NCS. Similar to cells lacking ALKBH3,
cells depleted of FTO showed increased drop in survival after MMC treatment when
compared to cells deficient of RNF168.

To corroborate and substantiate the observed phenotype, the clonogenic assay was
replicated usng the ALKBH3 and FTO CRISRFas9 KO clones and their response to
NCS and MMC evaluatedigure 52).
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Figure 52. ALKBH3 and FTO CRISPR clones display comparable sensitivity to genotoxic
agents as siRNA treated cells .

U20S cells and ALKBH3 and FTO KO cells were seeded out in low density, treated witB)A
Mitomycin C or CD) Neocarzinostatin and cells grown for 114 days.N=3, mean°® SD, One
Way ANOVA.

Both ALKBH3 and FTO KO cells exhibited increased susceptibility to both genotoxic
agents when compared to wildype U20S cells, providing further confirmation to our
hypothesis.Notably, FTOKO cells appear to exhibit greater sugeptibility to MMC and
NCS compared to ALKBH3 KO cells. These findings suggest a potential differential
impact of FTO and ALKBH3 on cellular responses to genotoxic stress, highlighting the
need for further exploration into their roles in DNA repair pathwag/and cellular survival
mechanisms.

425 Exploring ALKBH3's and FTO's wider effect on genomic
stability with RNA sequencing

The research conducted in this thesis has revealed that the depletion of ALKBH3 or FTO
in cells leads to heightened genomic instability rad increased sensitivity to genotoxic
agents. Notably, in certain instances, cells lacking FTO exhibited a genomic instability
phenotype that exceeded that of cells lacking RNF168, as evidenced by the metaphase
spread assay Figure 47) and NCS survival Figure 51 CD) assay. Likewise, while cells
depleted of ALKBH3 did not consistently display as pronounced a phenotype as those
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lacking FTO, in some cases, their response surpassed that of RNFdiégleted cells, as
observed in the MMC response Figure 51 A-B). It is worth noting that the increased
response to MMC in ALKBH3depleted cells did not read statistical significance
compared to cells lacking RNF168. Taken together these results suggest that FTO and to
a lesser extent ALKBH3, might exert a more substantial influence on maintaining
genome integrity that extends beyond their epitranscriptomiegulation of RNF168.

4.2.6 Differential gene expression analysis

In order to gain a deeper understanding of the potential expanding role of FTO and
ALKBH3 in preserving genomic stability, U20S cells were subjected to SiRNA
treatments targeting ALKBH3, FTO, andontrol siRNA. Following siRNA treatments,
RNA sequencing was performed utilizing the lllumina platform. To gain a better
understanding of the different gene expressions in FTO KD cells and ALKBH3 KD
compared to control cells a differential gene expressio(DEG) analysis was employed.
Volcano plots were generated to visualize the significantly differentially expressed
transcript in ALKBH3 and FTO samples vs control sampkdure 53). Likelihood ratio
and Wald test were utilized to determine significance and transcripts withvalue equal

to or lower than 0.05 were deemed significantly differentially expressed.
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Figure 53. Volcano plot summarizing RNA sequencing differential gene expression
analysis.

A) ALKBH3 and B) FTO depleted cells compared to cells treated with control cells. U20S cells
underwent treatment with control siRNA, FTO siRNA, and ALKBH3 siRNA for 48 hourdldwed

by Illlumina RNA sequencing. Differential gene expression analysis was conducted using Sleuth.
Significantly differentially expressed genes are marked with blue dots, while black dots represent
nonstatistically significantly differentially expresselanscripts. Top 10 most significantly altered
transcripts by pvalue are labelled in each picture. Volcano plots were made with data from 4
independent experiments.
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4.2.7  Functional profiling

In order to examine the biological effect of FTO and ALKBH3 KD,hecame imperative

to study the biological processes taking place in cells depleted of either protein and
discern potential disparities in these processes relative to control cells possessing fully
functional ALKBH3 and FTO. Gene set enrichment analysisSEA) was performed,
comparing firstly ALKBH3 KD cells to control cells and secondly FTO KD cells to control
cells. Each KD sample was made up of four biological replicates and mean transcript
per million (TPM) values were calculated and used to estimatddachange for each
sample. Nonprotein coding transcripts were excluded to ensure reliability of results
along with any transcripts that did not have a-mlue of ¢0.05. Using the Gene
Ontology (GO) knowledgebase transcripts were assigned a biological futien and
categorized accordingly, allowing for GSEA Figure 54 and Figure 55).

We identified 268 statistically significantly differentially expressed genes (90
upregulated and 178 downregulated) in cells lacking ALKBH3. In cells depleted FTO we
identified 2716 (1476 upregulated and 1240 downregulad) significantly differentially
expressed gens. The substantial increase in the number of differentially expressed
genes in FTQdepleted cells, approximately tenfold more than cells lacking ALKBH3,
underscores the broader impact on the overall transcriptal landscape by FTO when
compared to ALKBHS3. This observation could be associated with their functions a@#\m
and mPA demethylases, given that the f& modification is more prevalent than the A
modification on mMRNA, however further research would be naked in order to gain a

oyl 1yl lFgayi Kl éegadge HE SQ*Cl éga =s] GK dg
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Figure 54 . Dot plot functional enrichment analysis in ALKBH3 KD cells.
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Figure 55. Dot plot functional enrichment analysis in FTO KD cells

Top 20 most significantly A) downregulated and B) upregulated biological processes in cells
depleted of FTO. The colorintensity of the nodes corresponds to walue of the enrichment
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When comparing ALKBH3 I© and control cells Figure 54 AB), the most distinctly

repressed gene sets were primarily associated with cellular stress response and
regulation of gene expression, whereas the significantly upregulated gene sets were
ryGeélya | H gyliHg GynyGHj Gygl A EglyiyKldgC
arHOgI yCl Geéel ya dg SQ* C1 Q1 6y GGKa ghyCl G

upregulated. Most significany altered stress relatedjenes three downregulated stress
related genes and two upregulated, are displayed ifigure 56.
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Figure 56 . Stress response gene expression analysis in ALKBH3 KD cells.

Gene expression analysis was estimated with normalized mean TPM (nTPM) value from control
and ALKBH3KD cells. Graphs represent n=4 meafi SD.

Results from comparison of FTO KD cells and control celBigure 55 A-B) revealed a
broader spectrum of effects compared to the comparison between ALKBH3 KD and
control cells. This outcome was anticipated, considering that FTO depletion had
previously exhibied a tenfold greater impact on altered genes than ALKBHi&pleted
cells. The top 20 most significantly altered GO terms were subsequently plotted, as
depicted in Figure 55. Several interesting GO terms were found upregulated in FTO
depleted cellsincluding regulation of cell cycle G1/S phase transition, ERBB signaling
pathway and negative regulation of cell migration. Downregulated biological processes
in FTO depleted cells included chromosomal segregation, homologous recombination
and most relevant to this projectiouble strand break repair.By using GO annotation,
DNA DSB repair genes could be filtered out and examined more thoroughly. When
FTO KD cellswere compared to control cells, 9 DNA DSB repair genes were
significantly downregulated in FTO KD celléTable14 and Figure 57).

Table14. Differently expressed DSB repair related genes in FTO KD cells.

ESCO2 SFR1 FANCD2
MCM2 BRCA1 FANCM
RAD21 GINS4 APTX
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Figure 57. DNA DSB repair gene expression analysis in FTO KD cells

Gene expression analysis was estimated with normalized mean TPM (nTPM) value from control
and FTO KD cells. Graphs represent n=4 measD.

The number of downregulatedyenes listed inTable 14 include several with recognized
roles as effectors of DNA DSB repair. Five genes associated with the HR repair pathway
were found to be downregulated; these includeBRCA1 FANCD2 FANCM, RAD2 and
SFR1 Both FANCD and FANCM have a role in Fanconi aemia repair pathway.
Additionally, one NHEJ related geneAprataxin (APTX),was downregulated in FT©
depleted cells. The DNA DSB recognition and recruitment factoESCO2,was found to
be downregulaed. ESCO2has been shown to be recruited to DSB in an ATM and
MDC1 dependent manner and promotes 53BP1 recruitme(fu et al., 2023). Lastly,
MCM2 and GINS4 genes were found to be downregulated in FTO depleted cells. They
are both part of the CMG (CDC48VMICM2-GINS) helicase complex which unwinds
doublestranded DNA during DNA replication(Xiang et al., 2023).

4.2,7.1 Confirming DNA DSB repair gen e downregulation

Among the nine downregulated genes identified in FT@epleted cells, BRCAlwas
selected to further validate the gene expression analysis, using western bBRCAla
wellestablished tumor suppressor gene, holds a crucial role in maintéing genomic
stability. Its multifaceted functions encompass critical involvement in HR DSB repair,
DNA damage signaling, activation of cell cycle checkpoints, protein ubiquitination,
chromatin remodeling, as well as transcriptional regulation and apoptssiU20S cells
were treated with FTO, ALKBH3, RNF168 and control siRNA followed by western blot
analysis Figure 58). The inclusion of ALKBH3 siRNA ithe analysis was motivated by
the absence of a significant difference inBRCAlexpression in ALKBH3 KD cells.
RNF168 served as a positive control, considering our previous research has
demonstrated that ALKBH3 and FTO KD affect RNF168 protein expression.
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Figure 58. BRCAL protein expression in FTO and ALKBH3 KD cells.

AB) U20S cells treated with the abowmentioned siRNAs for 48h followed by western blot
analysis of BRCA1, BRCA2 and RNF168 and ALKBH3, SMC1 is used as loactimgrol.

Upon depleting U20S cells of FTO, a modest reduction in BRCAL protein expression
was observed compared to the control sample. In contrast, depleting cells of ALKBH3
and RNF168 did not impact the protein expression of either BRCAlThe
downregulaton of BRCAL protein expression, along with the downregulation of other
DNA DSB repairelated genes in FTO KD samples, may offer a plausible explanation
for the heightened response of FT@epleted cells to genotoxic reagent treatments and
the observed incease in genomic instability.
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5 Discussion and conclusions

5.1 Summary

The maintenance of genomic integrity is of great biological importance for the survival
of living organisms. A network of mechanisms, collectively referred to as the DNA
damageresponse (DDR), collaborates to protect the integrity of the human genome.
The crucial role of correctly functioning DNA damage response systems in human
health becomes apparent through the severe consequences of inherited defects in DDR
factors, leading to a spectrum of diseases, including neurological degeneration,
premature aging,immune deficiency, and heightened susceptibility to severe forms of
cancer (Hoeijmakers, 2001, 2009). Understanding the regulatory mechanisms
governing DNA damageresponse factors and their irregularities becomes crucial,
especially in the context of cancer prevention. kdepth exploration in this field not only
sheds light on the molecular basics of various diseases but also opens avenues for
creating targeted therapeutic approaches, which is vital fodeveloping interventions
that can mitigate cancer risk and advance precision medicine, earljetection, and
treatment.

The work presented in this thesis has two major components. The first part unveils a
novel form of regulation of the crucial DDR protein RNF168. We demonstrateat two
dioxygenases ALKBH3 and FTO, belonging to the AIkB protein familyinfluence
protein expression of RNF168 conceivably via epitranscriptomic regulatory
mechanisms. We find using siRNA mediated KD csllithat cells depleted of ALKBH3
and FTO show inceased methylation levels on th&NF168transcript defectiveRNF168
mMRNA export and reduced RNF168 protein expressiorlhis defect in mRNA export
and reduced RNF168 protein expression was later confirmed BRISPRCas9 KO cell
models. This presents a novekegulatory mechanism for RNF168, a protein that is
already subject to extensive regulation thereby influencing the DNA DSB response.
Notably, ALKBH3 and FTO exhibit similar regulatory effects on RNF1&Rspite
targeting distinct methylation marks on itganscript ALKBH3 targeting mA and FTO
targeting nPA. Depleting cells of either ALKBH3 or FTO results in remarkably similar
phenotypic effects on RNF168however, simultaneous depletion of both proteins did
not produce an additive effect. CAP experimens unveiled a proteinprotein interaction
between ALKBH3 and FTO, suggesting a potential complex formation and their
combined impact on RNF168 through a shared pathway. Furthermorep-IP/MS
analysis revealed interactions between ALKBH3 and FTO with several Rinwing
proteins involved in mRNA maturationhinting at a potentially more nuanced role for
these two demethylation proteins in mRNA processing.
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The second part of this thesisvas designed to gain a better understanding of the effect
ALKBH3 and FTO hee on the DNA DSB response through their influence on RNF168.
We demonstrate that cells lacking ALKBH3 or FTO shadiminished recruitment of
crucial repair factors to the break sitg, including 53BP1. Furthermore, loss of either
ALKBH3 or FTO impacted DNA DSB repair dynamics, caused genomic instability, and
increased susceptibility to genotoxic agents. RNgequencing analysis of cells with
ALKBH3or FTOKD unveiled an effect on various cellular functions Particularly notable
in FTOdepleted cells gene ontology analysis highlighted significant downregulation of
DNA doublestrand break repair genes in FTO knockdowns, includingBRCAL
Meanwhile, ALKBH3 knockdown cells showed a notabtiecrease in the cellular stress
response, among other pathways.

Findings reported in this thesiscould lead to new therapeutic insight as lack of either
ALKBH3 or FTO may be used aa potential marker for cancer treatment response. The
epitranscriptomic regulation of genome integrity demonstrated in this thesis presents a
novel addition to thefastgrowing field of epitranscriptomics and unveils a new role for
MRNA methylations in governing DNA DSB repair signaling.

5.2 RNA modifications: A new layer of gene expression
regulation

Posttranscriptional mRNA processing in eukaryotes involves modifying RNA after
transcription but before protein translation. Among the prominent postanscriptional
processes are the &capping and 3Golyadenylation modifications, éscovered over 50
years ago(Edmonds et al., 1971; Mutbkrishnan et al., 1975; Wei et al., 1975) The
exploration of RNA modifications predates he identification of the 5Gcap, with
pseudouridine reported in 1957 followed by the discovery ofn'A in 1961 and mfA in
1974 (Davis et al., 1957; Desrosiers et al., 1974; inn, 1961) The acknowledgment of
the biological significance of RNA modifications, coupled withadvancementsin
methodology, has given rise to the field ofgepitranscriptomicstHuComparable to
epigenetics, epitranscriptomicsexploresfunctionally relevant chemical modificationsn
RNA that do not modify the genomic sequence.

5.2.1  Posttranscriptional regulation of RNF168

Methylations represent one of the most common forms of mMRNA modificatioasd can
significanty impact the life cycle of mRNA transcripts. These modifications have been
identified as influential in initiating translation, stabilizing transcripts, splicing pre
MRNA, and facilitating mRNA export(Alarcon et al., 2015; N. Liu et al., 2015; X.
Wang et al., 2014; Zheng et al., 2013) Several studies have suggested that methylation
and demethylation & mMRNA takes place cdranscriptionally (Adhikari et al., 2016;
Akhtar et al., 2021; Slobodin et al., 2017)
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Data presented inthe first part of this thesisshow epitranscriptomic regulation of the
DDR factor, RNF168 by two demethylases or methylation erasers. Firstly, we note that
loss of the alkylating repair enzyme, AABH3 leads to decreased protein expression of
RNF168 in four different cell lines Figure 20). The influence on RNF168 was found to
be seemingly unrelated to ALKBHG Kanonical role as an alkylating damage repair
enzyme fFigure 22). Presenting a possible new distinct role for ALKBH3 in influemg

the DDR, however further research is necessary to corroborate these findings. Beyond
its role as an alkylating DNA damage repair enzyme, ALKBH3 has an established role
as an RNA demethylase and is the only known'ZAmRNA demethylase. Our research
demondrated that depleting cells of ALKBHE&d to increased ntA methylation levels on
the RNF168transcript Figure 25). The mA modification is known to afect mRNA
translation by blocking WatsorCrick pairing (Aas et al., 2003) and to affect mRNA
structural stability(Woo et al., 2019; Q. Zheng et al., 2020). Our results did not
demonstrate any influence on mRNA transcriptionFigure 24A) or mRNA stability
(Figure 26) of RNF168in the absence of ALKBH3, but réier demonstated in increased
nuclear retention of theRNF168 mRNA, indicating faulty mRNA export Kigure 27-
Figure 28). These results connect the A modification to mMRNA export, indicating that
m'A demethylation by ALKBH3 influences mRNA export. This is to our knowledge the
first reported case of ALKBHa&ffecting nuclear export of ntA methylated mRNA.

Further investigations demonstrated that ALKBH3 was not the only member of the AlkB
family influencing RNF168 protein expression. Three different cell lines subjected to
siRNA mediated KD of FTO (ALKBH9)J{gure 29) exhibited a reduction in RNF168
protein expression to a similar level as cells treated with siRNA for ALKBH3. Further
research revealed that the depletion of FTO resulted in a comparable RNF168
phenotype as observed with the depletion of ALKBH3. FTO has a wadtablished role

as a nffA mRNA demethylasgJia et al., 2011)and the depletion of FTO resulted in an
increased levels of A methylation on theRNF168transcript Figure 32) and increased
nuclear retention of the RNF168 mRNA (Figure 37+Figure 38). ALKBH3 and FTOs
influence on RNF168 protein expression and mRNA nuclear retention was further
validated usingCRISPRCas9 KO cell models Figure 40).

Previous studies that have linked the % modification to mMRNA export(Lesbirel et al.,
2018; Lesbhirel et al., 2019; Roundtree Luo et al., 2017)however in contrast to
previous findings which observed inhibition of MRNA export upon the remat of mSA
by ALKBHS5 (Zheng et al.,, 2013) our results suggest that actively eliminating A
methylation induce stimulation of nuclear export. This discrepancy may stem from the
mechanisn through which ALKBH5 was found to affect mRNA export. In some
instances, A methylation enhances mRNA export by facilitating the recruitment of
mRNA export factors or by promoting the formation of expotompetent
ribonucleoprotein complexes. Converselyin other cases, A modification may hinder
mRNA export by altering RNA secondary structure or by regulating the binding of
RNADbinding proteins involved in export, thus impeding the export process. In their
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2013 publication Zheng et al, showed that ALKBH5 was affecting mRNA export by
affecting the phosphorylation levels of SRSF1 by influencing the subcellular location of
SRPK1. SRPK1 is one of the main kinases responsible for the phosphorylation of SRSF1.
In its hyperphosphorylated state SRSF1 is thotigb influence mRNA splicing while
hypophosphorylated SRSF1 facilitates the interaction between the NXEB complex
and mRNA cargo to promote mRNA exporfLi et al., 2005). The modified subcellular
localization of SRPK1 in ALKBH#eficient cells may contribute partially to the altered
phosphorylation status of SRSF1L.is plausible that the demethylation activity of FTO on
m®A has different effects on mRNA export compared to ALKBH%.g., aiding in the
recruitment of other export factors. Additional research is required toncoverwhat role
FTO nmfA demethylation plays in mRNA export

5.2.2  The function of mMRNA methylations in RNF168 mRNA export

Nuclear mRNA export is a pivotal process in eukaryotic gene expression with majority
of MRNA being transported from the nucleus through the nuclear heterodimeric export
receptors NXFIP15 and the TREX complex(Heath et al.,, 2016) During mRNA
maturation, members of the TREX complex are sequentially added to the mRNA,
ultimately forming a messenger bonucleic complex which binds and transfers the
MRNA to the export receptor NXF1 leading to export though the nuclear pore
complexes(Dufu et al., 2010; Masuda et al., 2005; Viphakone et al., 2012)

Existing research has established a noteworthy connection between tH&Amrmethylation
machinery and mRNA export. Firstly, specific factors related to the®A modification
have been found tolocalize within nuclear speckle& regions in the nucleus housing
MRNA export factors(Ping et al., 2014), this includes FTO which has demonstrated
partial colocalization with nuclear speckles in HeLa and MCF7 cel{8erulava et al.,
2013; Jia et al., 2011) Secondly, research has shown that kekdown experiments
involving various nfA associated proteins, including METTL3, WTAP, KIAAA1429,
RBM15, YTHDC1, and ALKBHBave consistently demonstrated to effect nuclear export
of mRNA, including resulting in export defects(Fustin et al., 2013; Lesbirel et al.,
2018; Roundtree Luo et al., 2017; Zheng et al., 2013; Zolotukhin et al., 2009)Lastly,
codP and proteomics studies have unveiled multiple interactions between the core
MRNA export machinery (TREXXF1) and niA methylatiorassociated poteins, strongly
suggesting a functional connection between these two processg@4oriuchi et al., 2013;
Lesbirel et al., 2018; Lindtner et al., 2006; Uranishi et al., 2009; Zolotukhin et al.,
2009).

More recent investigations have begun to unveil the linlkbetween the molecular
mechanisms of mMRNA export and P& modifications. The methylation reader protein
YTHDC1 has emerged as a pivotal player, helping transport maturéAwmethylated
transcripts to the nuclear mRNA export receptor NXF1 via its interactiaith SRSF3.
Notably, KD of SRSF3 or YTHDCL1 leads to the nuclear accumulation of shared
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transcripts, indicating their joint pathway involvementRoundtree Luo et al., 2017)
Additionally, research has shown that the association of the TREX complex witih-m
methylated mMRNA is contingent upon the PA methyltransferase complex.
Subsequently, the TREXomplex plays a crucial role in aiding the effective binding and
stabilization of YTHDC1 with filA methylated mRNA. Cellular studies involving KD of
TREX complex subunits result in diminished levels of YTHDC1 association with mRNA
(Lesbirel et al., 2018) The involvement of the #A demethylase, FTO, in the export of
methylated has yet to be elucidated.

The research presented in thistsdy contributes additional evidence supporting the
connection between the A mMRNA methylations and the exporof mRNA from the
nucleus, along with offering new evidence that suggest a link between demethylation of
m'A modification by ALKBH3 to mRNA export. The demethylation events ofAnby
FTO and mA by ALKBH3 appear to play a role in the maturation process &NF168
mRNA. Preliminary data employing siRNAs to suppress the expression dfArand m'A
methyltransferases (writers) did not lead to an elevation in RNF168 protein expression,
as one might anticipate if the presence of A\ or m®A methylation marks on the
RNF168transcript were merely a mechanism to impede mRNA expoi$ipplementary
Figure 8). Indicating that these methylations may not serve solely gsality control
measures requiring removal before mMRNA expartt is however crucial to consider that
methyltransferases exert influence on various mMRNA maturation processes beyond
MRNA export. This suggests the plausibility of their involvement in regutat RNF168
protein expression through alternative mechanisms, necessitating further investigation
into the impact of mMRNA methylations on thBNF168transcript.

Further investigations into other f\/m ®A-associated proteins revealed that suppressing
the expression of the MiA/m*A interaction protein YTDHC1 and YTHDF3 along with
RNADbinding proteins SRSF7 and SRSF3 using siRNAs significantly reduced the protein
expression of RNF168 Kigure 41). The KD of the cytoplasmic A reader YTHDF3
resulted in a decrease in the protein expression of RNF168igure 41), which could be
attributed to YTHDF@ role in aiding in mRNA translation. According to our working
hypothesis FTO removes P methylation from the RNF168 transcript, facilitating
regular mRNA export and protein expression. It is plausible tha&®NFL68 contains
multiple nfA-methylated bases, and FTO may not eliminate all of them, enabling
YTHDF3 to bind to RA on RNF168mRNA upon its cytoplasmic entry and contribute to
its translation.Similar to YTHDF3, the depletion of nuclear A reader YTHDC1 and
SRSF3 resulted in an approximate 40% reduction in RNF168 protein expression, while
the absence of SRSF7 led to a 70% decreaseigure 41). Furthermore preliminary data
derived from the RNA fractionation assaySupplementary Figure9) indicated that the
KD of YTHDC1, SRSF3, and SRSF7 increase the leac accumulation of RNF168
mRNA.
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These results align with previous findings from Roundtree et al., which demonstrated
using RIPseq and PARCLIP experiments thaRNF168mRNA is one of the numerous
transcripts targeted by YTHDC1. Moreover, knocking downTMDC1 using siRNA
effects the subcellular location of its targets transcript®., depleting cells of SRSF3
and YTHDC1led to nuclear retention of niA methylated mRNA(Roundtree Luo et al.,
2017). Our data further unveiled that SRSF7 exhibited a potentially stronger impact on
the downregulation of RNF168 protein compared to SRSF3. Similar to SRSF3, SRSF7
functions as an adaptor in mRNA export, facilitating the recruitment of the export factor
NXF1 to promote efficient mMRNA expor(Hargous et al., 2006; MullerMcNicoll et al.,
2016; Reed et al., 2005). Moreover, SRSF7 has also been shown tmteract with
YTHCD1 and to be able to influence alternative polyadenylation and splicifigasowitz
et al., 2018; Xiao et al., 2016) Recently, SRSF7 was identified as arfAaregulator of a
small porton of mfA sites in glioblastoma cells by aiding in recruiting members of the
methyltransferase complex (METTL3, METTL4, and WTE&RIN et al., 2023).

In their 2017 publication, Roundtree et al., propose a mechanism for the export ofti
methylated mRNA. According to their model YTDHGhediated mRNA export occus in

a manner dependent on rBA methylation, independent of splicing, and takes place
non-cotranscriptionally (Roundtree Luo et al.,, 2017) Considering the impact of
YTHDC1 KD and SRSF3 KD on RNF168 protein expressibigre 41) and RNF168
MRNA nuclear accumulation Figure 27 Figure 28, Figure 37, Figure 38 and
Supplementary Figure9), along with the observed increase in methylation levels on the
RNF168mRNA following ALKBH3 KD and FTO KDFigure 25 and Figure 32), it is
reasonableto speculate that efficienRNF168mRNA export relies on both the presence
and removal of these methylations. Another interesting point regarding export offfn
methylated mRNA was put forward by Lesbirel et al in 2018 where they demonstrated
that the nfA methyltransferase complex was vital for theecruitment of the TREX
complex to nfA modified mMRNA and its export. Moreover, they demonstrate that the
efficient association of the rfA reader YTHDC1 with mRNAs necessitated the presence
of the TREX complexLesbirel et al., 2018)

One could hypothesize that placement of fé (and m!A) on the RNF168transcript is
important for the recruitment of the TREX complex which in turn aids in the recruitment
of YTHDC1. YTHDC1 along with aifftom SRSF3 and SRSF7 then aids in the export of
the RNF168mRNA by interacting with NXF1 for efficient exporfThe removal of the A
and mPA methylations occurs postranscriptionally and after YTHDG3RSF3 interactions
with the mRNA methylations. Failuréo remove these methylations could potentially
extend the nuclear lifespan of mMRNA, rendering it vulnerable to further mRNA
processing events. Alternatively, the presence of ALKBH3 and FTO might be crucial for
recruitment of other mRNAbinding proteins or export factors important for the
maturation of mRNA. It is important to acknowledge that these speculations warrant
further investigation, as some conclusions are derived from preliminary datd.o
confirm our hypothesis and to precisely elucidate the meemisms and functional
implications of ALKBH3 and FTO demethylating activities within the intricate landscape
of MRNA processing would necessitate further investigations.
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5.2.3  Exploring the impact of RNA demethylases in mMRNA export

To further explore the possbility of ALKBH3 and FTO playing a role in the mRNA
export of RNF168 a codP/MS assay using FLAG tagged ALKBH3 or FTO plasmid was
conducted to gain insight into the proteirprotein interactions of ALKBH3 and FTO
(Table 13 and Appendix D). The cdP/MS data unveiled interactions between ALKBH3
and, to a lesser extent, FTO, with various RN#nding proteins.

Members of the hnRNP protein family were identified as the nmsb abundant RNA
binding proteins interacting with ALKBH3. The hnRNP proteins are recognized for their
involvement in various aspects of RNA metabolic process¢&euens et al.,, 2016)
including mMRNA export as a subset of these proteins are known to shuttle betweba t
nucleus and cytoplasm(lzaurralde et al., 1997) Of the six hnRNP proteins found
interacting with ALKBH3,hnRNPC, hnRNPA1 and hnRNPA2/B1 were of particular
interest Both hnRNPA1 and hnRNPA2/Bare widely acknowledged for their roles in
both mRNA export(Lu et al., 2023; Michael et al., 1995)and mRNA splicing(David et
al.,, 2010; X. Y. Liu et al., 2015; Neubauer et al., 1998) Notably, all three hnRNP
proteins have also beencategorized as niA interaction proteins. hLnRNPA2/B1 is
classified as a nuclear reader of fA that can affect alternative splicingAlarcon et al.,
2015), while hnRNPAL1 is recruited to rfA-modified SARSCoV2 RNA, acting as an
mCA reader to enhance transcriptionKumar et al., 2022) hnRNPChas been found to
bind to mPA and effect alternative splicing and relative mRNA abundance of its target
MRNA(N. Liu et al., 2015)

Another interesting set of proteins found to interact with ALKBH3 (catalytic dead
version) were members of the serinarginine rich (SR) protein family, SRSF1 and
SRSF3. Like the hnRNP protein family, SR proteins are known to be involved in many
MRNA processing steps, such asanslation,splicing, export and stability (Huang et al.,
2003; Sanford et al., 2005; Zhang et al., 2004). As previously mentioned, SRSF3
plays a role in nuclear export of A methylated mMRNA with YTDHC1. SRSF1 has also
been found to interact with YTHDC1 on a ptein level (Timcheva et al., 2022)but has

not been linked to nuclear export of methylated mMRNA in the same way SRSF3 has.

Discrepancies with the existing literature emerged when th&LKBH3codP/MS assay
failed to detect any interaction between ALKBH3 and estahled partners, including
ASCC3, ASCC2, RIF1, or OTUD#@Dango et al., 2011; Zhao et al., 2015)These studies
employed a similar colP/MS assay with a FLA@&gged ALKBH3 vector, albeit in
different cell linesG HEK293T(Dango et al., 2011)and PG3 (Zhao et al., 2015) These
discrepancies may stem from a range of factors, including cell line differences, as
higher endogenous ALKBH3 levels are foud in both HEK293 and PG3 cells than
U20S cells. Higher ALKBH3 levels may reflect the cell limpecific importance of
ALKBH3 in the repair of alkylation damage and other cellular functions. In fact, Dango
et al, demonstrated that loss of ALKBH3 in U20%lés did not result in increased
sensitivity to the alkylating agent MMS, in contrast to BCGells where ALKBH3 is highly
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expressed (Dango et al., 2011) Despite variations, some commonalities emerged
between the calP/MS results presented in this thesis and previous ALKBH34/MS
studies. Specifically, PRMT5 (Protein Arginine Methyltransferase 5) emerged as a
shared interaction partner of ALKBH3 in all theecodP/MS analyses, while hnRNPH1
was a common factor between this study and the findings reported by Zhao et al.,
(Zhao et al., 2015) adding credibility to our findings.

FTO (catalytic dead version) was identified in interaction with three RHBdading
proteins, RBMX (also known as hnRNPG), RBMXL3 and RBM6, eivavhich RBMX and
RBM6 have been associated with mRNA splicin@echara et al., 2013; Thonda et al.,
2022). In addition, RBMX functions as an fA reader protein, binding to the nfA
modification on mMRNA where it has been shown to associate with RNA polymerase |l
codranscriptionally and modulates alternative splicinf-iu et al., 2017) Furthermore,
RBMX has been shown to be a positive regulator of HR repdiy influencing BRCA2
expression(Adamson et al., 2012)

The established view on mRNA methylation, in particular ¥, suggests that these
modifications occur cotranscriptionally, with transcription influencing the catalytic
activity of nfA methyltransferases on mRNASIobodin et al., 2017) Similarly, pre-
MRNA splicing is known to occur cdranscriptionally, as evidenced by multiple studies
demonstrating the cdranscriptional nature ofthe splicing process(Herzel et al., 2017)
Although mRNA export is not a caranscriptional process, the prevailing notion is that
the recruitment of the export machinery occurs in a dpanscriptional manner
(Viphakone et al., 2019) Furthermore, the splicing machinery has been shown to aid in
the recruitment of the TREX complexMasuda et al.,, 2005) and as previously
mentioned the n"tA methyltransferase complex has also been shown to play a role in
recruitment of the TREX complefLesbirel et al., 2018) The potential integration of
demethylation proteins into this intricate process is not implausible. However, the
precise points of their involvement remain elusive, and the reasonselind the
necessity of removing these methylations for efficient mMRNA export are currently not
well understood. Given the number of proteinprotein interactions ALKBH3 and FTO
were found to have with other RNA binding proteins it igossible to imagine that their
presence is important formRNA export, whether they aid in the recruitment othese
RNA binding proteins or other important export factors although further research is
needed to establish theirprecise contribution in this process.

5.2.4 Crosstalk between mRNA Modification: Collaboration of
ALKBH3 and FTO

Throughoutthe research conducted in this thesis, no additive effects on the RNF168
phenotype were observed following the double KD of ALKBH3 and FTO. Observations
included no discernible impact @ RNF168 protein expression, mRNA nuclear
retention, mRNA levels, or levels of genomic instability-{gure 49).

116



Discussion and conclusions

CodP/ WB assayrevealed an interactio between ALKBH3 and FTO, later confirmed
codP/MS assay hinting at a possible complex formation between ALKBH3 and FTO. In
both codP/WB assay Figure 34 C, Figure 35 ) and codlP/MS assay Table 13 and
Appendix D ) FTO came up as a strong interaction partner of ALKBH3 while ALKBH3
interaction with FTO was significantly weakeFigure 34C) and ALKBH3 did not come
up as an interaction partner of WT FTO but did appear in eé®/MS data for the
catalytically dead version of FTO (Appendix D). The reason for these discrepancies
remains unknown. It is noteworthy that the d®/MS analysis of WT FO revealed
limited interaction partners for FTO, with established partners such as SFPQ failing to
emerge in the colP/MS results(Song et al., 2020). One possible explanation is that the
FTOFLAG tagged protein used for both cdP assays may be immobilized in a manner
that renders the proteirrotein interaction site inaccessible. Alternatively, the
overexpression of FTO might radt in heightened protein aggregation orchanges in
protein shape, thereby rendering the FTO protein less accessible or unable to interact
effectively. Another possibility is that significant portion of FTO's protein interactions
may be transientmaking them harder to detect using the WT FT9lasmid. However,
when the FTO protein is rendered catalytically inactive, it could lead to increased
interaction time to its nucleic acid target, prolonging interactions with other proteins,
making them detectible.

Despite weak FTO céP data the overall proteigrotein interaction data presented in
this study suggestzollaboration between ALKBH3 and FTO within a shared pathway.
From a mechanistic standpoint, the collaborative impact of ALKBH3 and FTO remains
unclear and whether one functioned upstream or downstream of the other or if they
worked at the same level, remains to be determined Despite both belonging to the
ALKBH gene family, these two proteins exhibit distinctions in substrate specificity and
lack apparent functional overlap. Nevertheless, the absence of an additional influence
on RNF168 phenotype upon the simultaneous depletion of ALKBH3 and FTO along with
their proteinprotein interaction suggests the possibility that ALKBH3 and FTO may
influence RNF168through a shared pathway, potentially involving crosstalk between
distinct mRNA maodifications.

In recent years, research has emerged demonstrating crosstalk between mMRNA
methylations including crosstalk between ¥ and m°A where collaboration between
the two modifications, along with their specific reader proteins, was essential for
efficient mRNA degradation (Boo et al., 2022). Another recent example involves
crosstalk between fC and nfA to enhance protein translatio{Q. Li et al., 2017).

Looking at codP/MS data revealed a surprising amount of Al associated proteins
were found to be interacting with ALKBH3 (WT and CD) compared to the two found to
be interacting with FTO (METTL14 and RBMX). ALKBH3 was found to interact with the
two known mfA demethylating proteins, FTO and ALKBH5 along with several®4n
reader proteins. This data suggests a potential association between ALKBH3 artéd-m
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mediated processiny, providing further evidence for a possible crosstalk between A
and m*A modification on the RNF168transcript. Furthermore, ALKBH3 had no impact
on the nPA levels on RNF168and FTO no impact on the fA levels Figure 33) and
both FTO and ALKBH3 sam to function fine in the absence of one anotherngither
impacted the protein level of the other Figure 29) at least in the context of RNF168.
From this, we hypothesized that demethylation by ALKBH3 and FTO could be two
distinct steps in the same mRNA export pathway where both methylations must be
removed for RNF168mRNA export to take place.Additional research is required to
validate these findings, focusing on elucidating the specific mMRNA methylation sites
targeted by FTO and ALKBH3.

In conclusion, in the first segment of this thesis, the results indicated that bo#iL KBH3
and FTO exert an epitranscriptomic regulatory influence on RNF168. The depletion of
ALKBHS resulted in increased f methylation levels on theRNF168transcripts, while
depletion of FTO led to increased rfA methylation levels. Furthermore, loss of either
ALKBH3 or FTO leads to nuclear retention dRNF168mRNA, ultimately leading to
reduction in RNF168 protein expression.These results provide further evidence of
connection betweenthe nfA methylation machinery and mRNA export and establish a
new connection between the demethylation activity dfoth FTO and ALKBH3 and
MRNA export Lastly, the observed proteiprotein interactions between FTO and
ALKBH3 suggest a potential collaboratin between these demethylases within a shared
pathway. These findings underscore the possibility of mMRNA modification as a novel
regulatory factor in DNA DSB repair signaling which contributes to the firening of
RNF168 expression.

5.3 Novel epitranscriptom ic regulation of RNF168

Ubiquitination is a crucial mechanism in governing cellular processes, encompassing
DNA damage signaling and repair. RNF168 is considered the rateniting factor for
the recruitment of key DDR factors to the damaged chromatin vigetubiquitination of
histone H2A and H2AX at sites of DNA damage. Histone ubiquitination is a key step in
the signaling cascade that attracts and facilitates the assembly of downstream DDR
proteins to the damaged chromatin, including BRCA1, RAD18, BARD1daBh3BP1
(Becker et al., 2021; Dadl et al., 2009; Mustofa et al., 2021; Tang et al., 2021)
Considering RNF168's pivotal role in DDR signaling, its functions are meticulously
regulated to uphold DDR balance and specificityThis regulatory mechanism ensures
proper functionality while guarding against uncontrolled amplification of chromatin
ubiquitylation which can have undesirable outcomes for genomic stabilifGudjonsson
et al., 2012; Lancini et al., 2014; Mosbech et al., 2013)

Resultspresented in this thesis revdaan additional regulatory mechanism governing
RNF168. This mechanism involves epitranscriptomic regulationschestrated by two
RNA demethylases, FTO and ALKBH3, which contribute to the regulation of RNF168.
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This novel form of regulation involves the removal of a methylation mark from the
RNF168 transcript, subsequently enabling normal RNF168 protein productiorThis
discovery adds an additional layer of complexity to the intricate control mechanisms
governing RNF168 expression, and the chromatin ubiquitin response to damage,
emphasizing the critical importance of precise regulation of RNF168 protein levels. In
addition, our research provides evidence of a crosstalk between two DNA repair
pathways, DSB repair and alkylation damage repair.

5.3.1 ALKBHS3 and FTO: Implications for the DNA damage response

The precise structural and temporal control of mMRNA methylation hasrecent years
emerged as an important regulatory mechanism in diverse biological processes,
including the DNA damage response(Tsao et al., 2021; Xiang et al., 2017)The nfA
mMRNA modification has previously been linked to the resolution ofiBops (Abakir et
al., 2020; Yang et al., 2019) and to mediate repair of DSB by enabling recruitment of
repair factors to DSB site to facilitate HR repaiZhang et al., 2020). The connection
between DNA repair and the MA modification is less clear,but research has indicad
the potential involvement of MA in responding to DNA damage caused by alkylating
agents (Tsao et al.,, 2021) However, to the best of our knowledge, no discernible
correlations have been established between the ' modification and te repair of
DSB. In part one of this thesis, weevealed the epitranscriptomic regulation of RNF168
mediated by FTO and ALKBHS, introducing a unique regulatory paradigm distinct from
previously documented relationships between mRNA methylations and the RDOur
investigation unveils a regulatory example between mRNA methylations and the DDR,
where a specific DDR protein is regulated through epitranscriptomic mechanisms.

In the second part of this thesis our observations demonstrate that depleting cells of
ALKBH3led to loss of recruitment of both 53BP1 and its immediate binding partner
RIF1 Figure 19 BE) to the site of DSB without affecting the proite expression Figure

19 A) indicating ALKBH3 impacts the recruitment of these proteins via its regulation of
RNF168. Moreover, loss of ALKBH3 led tslower clearing of MDC1 from DSB site
indicating less efficient DNA DSB repair Eigure 43). Comparable resultswere seen in
cells depleted of FTO where53BP1 recruitment to DSB was decrease#igure 30). In
cells depleted of ALKBH3 and FTO, the defects in DNA DSB signaling were slightly less
severe than in cells lacking RNF168, suggesting a partial loss of RNF168 function,
consistent with the observed reduction in RNF168 protein expressioRigure 20 and
Figure 29). From this we concluded that both ALKBH3 and FTO exert influence on the
response to DSB repair, most likely through the regulaticasf RNF168.
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5.3.2 ALKBH3 and FTO : Influence on DNA DSB repair pathway
choice

When chromatin ubiquitination is impaired, the downstream events in DSB repair
become compromised. The inability to efficiently recruit repair factors like 53BP1 and
BRCAL hinders theroper assembly of repair complexes, leading to defects in correct
DNA DSB repair pathway choice. This can result in delayed or inefficient repair of
DSBs, potentially leading to increased genomic instability and susceptibility to
mutagenesis. Hence, enslng proper chromatin ubiquitination is crucial for effective
DSB repair. Previousstudies have revealed that disrupting the RNF163BP1 pathway
promotes the use of thevery mutagenic SSA repair pathwayMunoz et al., 2012; Ochs

et al.,, 2016). Considering the established role of RNF168 in the regulation and
facilitation of DNA DSB repair, led to the obvious question whether the absence of
either ALKBH3 or FTO would affect the balance of DNA DSB repair pathway choice.
Specifically, whether cells lacking either ALKBH3 or FTO would exhibit reduced DSB
repair through HR or NHEJ, consequently favoring the adoption of the mutagenic repair
pathway, SSA?

5.3.2.1 HR repair efficiency

Utilizing single pathway GFP reportesystemsto assess HR, NHEJ and SSA repair of
DSBs in the absence of ALKBH3 or BT we observed an approximate 20% reduction
in HR repair upon the depletion of ALKBH3 and FTCF{gure 44). This reduction in HR
repair is likely to stem from the downregulation of RNF168 in cells depleted of FTO and
ALKBHa3. It is possible that partial depletion of RNF168 protein expression observed
when FTO and ALKBH3 are KD usindRNA (Figure 29), permitting some HR repair to
occur. However, additional investigations are warranted to elucidatéhese results
further as theexistng literature presents a varied perspective on the role of RNF168 in
HR repair, with contradictory findings regarding its impact following depletion. Some
studies using HRreporter systemsindicate that loss of RNF168 and RNF8 does not
significantly affectHR (Meerang et al., 2011; Munoz et al., 2012; Sy et al., 2011 )while
others suggest that these proteins play a regulatory role in HRRu et al., 2012;
Luijsterburg etal., 2017). More recent research has shed further light ol X = 2 f UGK
involvement in HRas RNF168has been linked to BRCAL1 recruitment to DSB vBARD1
BARD1binds to RNF168 mediatedubiquitination of H2A/H2 AX through its BURD maotif
which facilitate in the downstreamrecruitment of PALB2 and RAD51 to DSEBecker et
al., 2021; Krais et al., 2021) Additionally, RNF168has been shown tarecruit PALB2to
the damaged chromatin in a BRCAlindependent manner. Where RNF168 recruits
PALB2 via H2A/H2AX ubiquitination and proteinprotein interactions between RNF168
and PALB2 RNF168 siRNA mediated KD resulted in impaired PALB2 and RAD51
recruitment to DSB defective HR repair and PARPsensitivity a hallmark of HR defect
(Luijsterburg et al., 2017) This RNF168ALB2 interaction haslso been shown to mask
BRCA1 haploinsufficiency angrovide PALB2dependent HRin BRCAlheterozygous
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mousecells (D. Zong et al., 2019) Additionally, RNF168 has been observed to assume
an interesting role in BRCAL1 null cells, where a downregulatiomf RNF168 protein
expression hasbeen noted in BRCAlmutated cell lines and primary tumors. This
diminished expression of RNF168 protein has been associated with the facilitation of
BRCA1 null cancer cell proliferation bybalancing the level of HR and NHEJactivity
(Krais et al., 2020)

Considering these recent revealedassociations between RNF168 and HR repair along
with data presented in this thesjsdemonstratingloss of RNF168 protein expression
following ALKBH3 and FTO KDHigure 20 and Figure 29), it is somewhat expectedhat
the depletion of ALKBH3 and FTQvould influence the HR epair efficiency in U20S
cells (Figure 44). The implications of decline in RNF168 protein expression due to
ALKBH3 and FO on the viability of BRCA1 nultells or for the promotion of PALB2
RAD51dependent HR repair inBRCAldeficient cells remain to be fully elucidated but
presents an interesting future research topic.

5.3.2.2 cNHEJ and SSA repair efficiency

CNHEJ was not affected by the loss of ALKBH3 whereas depletion of FigSulted in
an approximately30% decrease eNHEJ repair efficiency Figure 45). The observation
that ALKBH3 KD had little to no effect on NHEJ repairhile depletion of FTO led to a
reduction, was surprising. Given that depletion of either ALKBH3 or FTO results in
decreased RNF168 protein expression (Figure 20 and Figure 2@%long with impaired
recruitment of 53BP1to DSB (Figure 19 and Figure 30) one wuld anticipate a more
pronounced effect on eéNHEJ in the absence of ALKBHS3, potentially comparable to the
effect observed with FTO depletionlt is conceivable that during ALKBH3 KD, there
might be sufficient RNF168 expression to sustain NHEJ while thepiaet of FTO KD
could potentially have a broader effect on NHEJ besides influencing RNF168.

Another surprising result was observed when looking and SSA repair efficiency (Figure
46) as contrary to our expectations, the loss of ALKBH3 or FTO led to a retion in
SSA repair efficiency by 35% and 65%, respectivelyThis is in contrast with our
hypothesized increase in SSA resulting from the downregulation of RNF168 and the
reduced recruitment of 53BP1 to DSBs. Based on this preliminary data, both ALKBH3
and FTO appear to influence SSA DSB repaihould this observation hold true, it is
probable that this effect operates independently of their modulation of RNF168, as
previous research has indicated an increased utilization of SSA repair mechanisms in
the absence of RNF168Munoz et al., 2012, Ochs et al., 2016)

It is worth mentioning that the &NHEJ and SSA repair assays are considered preliminary
data (n=2) and should therefore be interpreted with caution. Further validation is
required to confirm the accuacy of the results obtained fromall three DSBrepair
reporter assays.The single pathway reporter systems, although widelised, present
some limitations such as inability to capture all repair events and sensitivity to
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experimental condition. Using siRNA to silence ALKBH3 or FTO could affect cell
proliferation or cell cycle thereby exerting an indirect influence on the outcomes of
DNA repair assays(Jiao et al., 2016; Li et al., 2024; Liefke et al., 2015; Liuet al.,
2023; Shimada et al., 2012; Sun et al., 2023) DNA repair assay results would need to
be confirmed using other models. SSA repair could be further evaluated by utilizing
PCR setup as previously tested and described by Ochs et @chs et al.,, 2016)
Confocal microscopy could also be utilized to look atecruitment to DSB ofpathway
specific repair factors after ALKBH3 and FTO KD and induced DNA DSB damage,
RAD51 foci (HRepair), RAD52 foci (SSArepair) and XRCC4 (eNHEJ).Furthermore, an
intriguing next step could involve the utilization of mulpathway reporter systems to
obtain a more comprehensie perspective on DSB repair pathway activity. This
approach could clarify whether ALKBH3 or FTO operate in one or multiple pathways
and aid in pinpointing where in the DSB repair network they function. This would be
particularly interesting for FTO as iseems to affect all three tested repair pathways,
indicating a potentially larger influence on DSB repair beyond influencing RNF168.
RNA sequencing data in FTO KD cell§Figure 57) offered some valuable insight into
FTO's broader impact onDNA DSB repair. It highlights the downregulation of DNA
DSB repair pathways and cruciaHR repair factors such as BRCAL in the abwee of
FTO.

An important, yet underexplored question is how alHEJ repair is affected by the
absence of ALKBH3 and FTO. ANHEJ is considered a backup repair mechanism when
HR and ecNHEJ pathways are compromise(liakis et al., 2015) Our current findings
indicate that the loss of ALKBH3 and FTO impairs HR repair and, in Fii€pleted cells,
also affects eNHEJ, without an increase in SSA repair. This suggests thessibility that
cells deficient in ALKBH3 and FTO may rely on &tHEJ for doublestrand break repair.

To recap, the preliminary DNA repair assayresults suggest that depletion of either
ALKBH3 or FTO leads to altered DNA DSB repair dynamics, likely linked, at least in
part, to the observed downregulation of RNF168 in ALKBH3 and FTRD cells.
Silencing FTO and ALKBH3 with siRNAs induces a notabledrection in RNF168
protein expression, albeit not complete obliteration. This alteration in the cellular
abundance of RNF168 is likely to affect the chromatin response to DNA DSBs. Both
ALKBH3 and FTO may influence DSB repair by targeting factors beyond RBE, as
evidenced by FTO's impact onBRCAlexpression (Figure 57). Given their role as
MRNA demethylases, it is plausible that they affect additional DNA DSB repair factors
which could provide potential explanation for the outcomes of DNA repair assays and
underscores the necessity for further investigation.
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5.3.3 ALKBH3 and FTO: Impact on genomic stability and response to
genotoxic agents

Maintaining genome integrity relies on equilibrium in the choice of DNA DSB repair
pathways. Disruption of this balance is @aecognized source of genomic instability as
each DSB repair pathway is tailored for specific circumstances, and an improper choice
can result in inefficient repair(Ceccaldi et al., 2016) Our data so far has established
that depleting cells of either ALKBH3 or FTO resulted in both loss of recruitnieof
53BP1 Figure 19 and Figure 30) and altered DNA DSB repair dynamicsHigure 44-
Figure 46). From this we argued that loss of eitheALKBH3or FTO & likely to affect
genomic stability of cells.

Using widely adopted genomic instability assays micronuclei assay and chromosome
metaphase spread we establish an elevated level of genomic instability upon the
depletion of either ALKBH3 or FTORigure 47+igure 48). Lack of ALKBH3 and FTO
resulted in approximately 2fold increase in micronuclei formation compared to the
control sample. Comparable findings were observed IICRISPRCas9 KO ALKBH3 and
FTO clones, where a 3old increase in micronuclei was evident compared to WT U20S
cells (Figure 50), slightly excealing the micronuclei formation observed in previous
siRNA experiments. Similar outcomes were observed in the metaphase spread analysis
for ALKBH3 depletion Figure 47), with number of spontaneous chromosomal
aberrations roughly doubling in cells lacking ALKBH3 compared to control cells.
Intriguingly, the loss of FTO led to a higher number of chromosomal abnormalities than
the loss of ALKBHS3, reaching a comgrative level with the positive controBRCA2.

Both FTO and ALKBH3 have previously been linked to maintenance of genomic
integrity. ALKBH3's main role is catalyzing the demethylation of alkylating damage
(m3C) from ssDNA, thereby protecting the cellular gnome from alkylating damage.
This process preserves the integrity of DNA, contributing to the preservation of
genomic stability(Dango et al., 2011) The resilts presented in this thesis demonstrate
that ALKBH3 plays a role in efficient DNA DSB repair providing evidence of a crosstalk
between DNA alkylation and DNA DSB repair. This is not the first instance where a
connection between the alkylation repair andDSB repair pathways has been
recognized, as ALKBH3 has previously been shown to have a direct protgirotein
interaction with the RAD51 paralogue, RAD51C, a key player in HR. In their 2019
publication, Mohan and colleagues demonstrate that ALKBH3 intesastith RAD51C
and that these interactions might enhance ALKBH®diated repair of alkyladducts in

1 4ailed DNA, indicating that a HR repair factor was influencing ALKBH3 mediated
repair (Mohan et al., 2019) The findings presented in thighesis serve aguxtaposition
indicating that an alkylating repair factor may also influence DSB repair.

Unlike ALKBH3, FTO does not have an established role as an alkylating damage repair
enzyme and has not been associated with DSB repa#f#ill, the loss of FTO in mouse
spermatogonia has been demonstrated to result in elevated genomic instability as FTO
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depletion led to aberrant chromosome segregation and G2/M cell cycle arregHuang

et al., 2018). Furthermore, FTO has displayed a functional role in the genotoxic stress
response as an rfA associated protein(Xiang et al., 2017; Q. Zkang et al., 2019).
Specifically, FTO is mobilized to sites of DNA damage induced by UV exposure,
playing a crucial role in dynamically regulating a distinct i\ RNA mark essential for
the effective repair of DNA damage caused by UVadiation. More recently published
research has demonstrated that FTO plays a more substantial role in the DNA damage
response to a number of DNA damage stimuli by influencing cetlycle progression(Liu

et al., 2023). According to the results presented in this body of workneither FTO nor
ALKBHS3 were observed to be localized to the DNA DSB sitghen DSB were induced
as indicated by the absence of overlap between FT@ifure 31) or ALKBH3 Figure
24C) and the DNA DSB marker H2AX. This lack of cdocalizationalong with the affect
we note on mRNA export Figure 27-Figure 28 and Figure 37-Figure 38 ) and protein
levels of RNF168 Figure 20 and Figure 29) in the absence of either ALKBH3 or FTO
suggests that it is improbable for either of these demethylases to be involved in the
local regulation of RNF168 at DNA damage sites

Clonogenic assays performed in both siRN#&eated cells Figure 51) and in ALKBH3
and FTOCRISPRas9 KO clones Figure 52) demonstrated increased sensitivity to the
genotoxic agents, NCS and MMC in cells lacking ALKBH3 and FTO, suggesting that
both FTO and ALKBH3 contribute to survival in response to genotoxic stress. These
results could be interesting from a clinicalperspective as previous research by the
Sigurdsson laboratory and others have demonstrated ALKBH3 expression is
downregulated by promoter methylation across several different cancer typ@ssteve
Puig et al., 2021; Kninenburg et al., 2018; Stefansson et al., 2017and that loss of
ALKBH3 has been shown to be clinically relevant and to affect survival in breast cancer
(Stefansson et al., 2017and Hodgkin's lymphoma(EstevePuig et al., 2021). ALKBH3
deficiency might be a potent biomarker to predict treatment outcomes in cancer and be
valuable contribution to personalized cancer managemerData presented in this body

of work indicates that cancer patients with high ALKBH3 promoter methylation might
benefit from cancer treatment usingdNA-damaging agents or genotoxic agerstwhich
cause DSB and increase genomics instabilityThese include platnum-based
chemotherapy agentstopoisomerase inhibitorsor radiation therapy

In contrast to ALKBH3, there have been no documented instances of FTO being
silenced in cancer due to promoter methylations. Nevertheless, numerous examples
exist of FTO gene ariants linked to heightened cancer susceptibilitfLan et al., 2020)

in particular breast cancer(Kaklamani et al., 2011)with the increased risk often being
associated with obesity. Therés however instance of increased cancer risk due to FTO
variants without any links to obesity. These include melanomas a#R2 breast cancer.
The increased risk is not well understood. However, given the results presentiedthis
study including the increased genomic instability and response to genotoxic agents it
could be possible that FTO regulation of RNF168 and influenam DBS signalingcould
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contribute to cancer formationmeaning that bss of FTO could present agnarkersfor

cancer development Similar to loss of ALKBH3, loss of FTO couldresent as possible
targets for treatmentusing chemotherapy treatment causing DSBnd increased
genomic instability.

5.3.4  Exploring the extended role of FTO and ALKBH3 in genomic
stability maintenance

An intriguing observation emerged when analyzing results from both the genomic
instability assays and clonogenic survival assay, where the garic instability
phenotypes in FTQ@lepleted cells surpassed what could be solely attributed to
decreased RNF168 expression. For instance, the levels of metaphase aberrations
(Figure 47) and NCSinduced cell death Figure 51 CD) were higher in FTO KD cells
compared to RNF168&leficient cells, approaching similar levels observed in the
positive control of BRCA2lepleted cells. Additionally, while not as pronounceds the
response to NCSnduced death, both ALKBH3 and FT@epleted cells exhibited a
slightly heightened response to MMC treatment compared to RNF188pleted cells,
although not statistically significantGiven that MMC is a known alkylating agent that
induces alkylating damage, it is not unexpected that cells depleted of ALKBH3 exhibit
an enhanced response to MMEDusre et al., 1989)

From these observations, we theorized that FTO (and possibly ALKBH3) might play a
broader role in safeguarding genome integrity, beyond their epitranscriptomic
regulation of RNF168.We therefore carried out RNA sequencing of U20S cells treated
with control, FTO and ALKBH3 siRNA. Differential expression analysis demonstrated
268 differentially expressedtranscripts in cells depleted of ALKBH3Rigure 53A) and
2716 in FTO depleted cells Figure 53B). RNF168exhibited no significant differential
expression in either sample, reinforcing the hypothesis that ALKBH3 and FTO do not
influence transcription levels o0RNF168 as previously observed through §CR analysis
(Figure 24A and Figure 34 A).

5.3.4.1 FTO influence on BRCA1

Analyzing the RNA sequencing data revealed that the DNA Double Strand Break Repair
pathway was downregulated in cells depleted of FT@igure 55A). Looking further into
the downregulated transcripts revealed 9 DNA DSB repair relatedgenes to be
significantly downregulated in FTO KD cells, includinddRCA1 When validating the
BRAC1 downregulation in FTO KD cells through western blot analysis, we observed a
small decrease in BRCA1 protein expression when compared to control siRNA sample
(Figure 58 A). BRAQ is known to be alternatively spliced and has 40 different splice
variants, 26 of which are protein coding (Ensembl, 2023) In our RNA sequencing
dataset, a predominant proportion of the protein codingBRCAltranscripts were found

to have a negative log fold chage, however only oneBRCAltranscript was found to
be significantly downregulated when compared to control sample {mlue 0,035017).
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This transcript produces one of the larger BRCA1 protein structures (1884 aa), labelled
by the UniProt database as BRCA%oform 7 (UniProt ID: P3839&) and is different
from the chosen canonical BRCAltranscript (ENST00000357654.9) (UniProt ID:
P383981) as it contains an alternatively spliced exon (aa residue 14§31474). The
inclusion of the alternative exon results inraextra 21 amino acids within the BRCA1
serine cluster domain (SCD), amino acids 1280524 (Clark et al., 2012) The SCD
domain, rich in putative phosphorylation sites, undergoes phosphorylation by ATM/ATR
kinases bothin vitro and in vivo which facilitates the recruitment of BRCAL to DSBs sites
(Cortez et al., 1999)

Whether FTO is directly influencingalternative splicing of a specificBRCAlexon and
thereby affecting BRCA1 localization to DNA damage or if FTO KD causes general
downregulation of BRCAIremains unclear and demands further investigations. Current
BRCAL1 antibodies cannot distinguish betwedhe BRCA1 isoforms making it hard for us
to confirm if solely one BRCALtranscript is being affected by FTO KDHjgure 58).
Other methodological limtations in our RNA sequencing approach include the
relatively small number of replicates (n=4) and the absence of BPCR assays to
validate BRCAldownregulation post=TO KD. While our four biological replicates
exhibited general uniformity, a larger datast would offer greater clarity regarding
FTO's impact on BRCAL. However, the impact of FTO @&RCAlaligns with the slight
reduction observed in HR repair in FT@epleted cells Figure 44). This correlation
along with FT@8 influence on other DSB repair genesTable 14) may offer insights into
the increased responseto genotoxic agents and genomic instability phenotype
observed in FTCGdepleted cells compared to those lacking RNF168.

5.3.4.2 ALKBH3G Kifluence on cellular stress response.

Gene ontology and functional enrichment analysis in cells depleted of ALKBHAdure

54) revealed considerably lower number of affected targets compared to the depletion
of FTO, which is in line with previous studies showing a nuerate impact of ALKBH3
depletion on gene expression(Liefke et al., 2015) The disparity observed may be
attributed to the distinct roles these proteins assume as mMRNA demethylases, with FTO
primarily involved in the removal of the more prevalent mRNA modification %, in
contrast to ALKBH3, which predminantly targets the less common A modification.

Gene set enrichment analysis in ALKBH3 KD sample revealed that genes related to the
cellular stress response were differentially expresse&igure 54 ). Upon a more in
depth exploration of differentially expressed streselated genes, our analysis identified
three stresselated genes displaying significant downregulation and two exhibiting
upregulaion (Figure 56). Notably, the downregulated genes encompassedLKBH3
itself, alongside GTF2H4(General Transcription Factor IIH Subunit 4which also plays

a role in NER (Theil et al., 2023) and DNAJB12(DnaJ homolog subfamily B member
12), while the upregulated genes includedFXR1(FMR1 Autosomal Homolog 1) and
RTN4R(Reticulm4 receptor).
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In recent years, research has established a connection between the cellular stress
response and the MA RNA modification, along with its associated proteins. ALKBH3
has previously demonstrated protective role against cellular stress througltive
participation in the demethylation of tRNA(Z. Chen et al., 2019) and the nfA
methyltransferase proteins TRMT6 and TRMT61A have been implicated in the formation
of stress granules (SG). SGwhich form as a response to stress, are transient and
reversible structuresnvolved in regulating gene expression and protecting cells during
stress by sequestering and storing untranslated mRNAgRrotter et al., 2016) Loss of
either TRMT6 or TRMT61A in Hela cells impaired SGs formation and increased
sensitivity to stress stimiu(Alriquet et al., 2021).

RNA sequencing data revealed alterations in cellular stress response subsequent to
ALKBH3 KD, suggesting an influence on the stress response. The observed reduction in
general transcriptional factors, such as GTF2H4, is a common occurrence in resge

to cellular stress(Himanen et al., 2019)and downregulation of the heat shock protein
DNAJB12,which are known for their protective role against stres@Hu et al., 2022).
Perhaps the most interesting stress related gene found differently expressed after
ALKBH3 KD was-XR1which is considered a stress responsive gene that plays a role in
SG dynamics and function(Didiot et al., 2009; Khan et al., 2024; Law et al., 2023).
These findings suggest that cells lacking ALKBH3 may experience increased stress
levels. This raises the possibility that ALKBH3 depletion could lead to the
downregulation of protective stressesponse proteins, such as DNAJB1, ultimately
resulting in increased stress and the upregulation of a stress responsipmteins like
FXRL1.

Another possible explanation for the altered stress response in cells depleted of
ALKBH3could stem from the heighteed genomic instability characteristic of ALKBH3
deficient cells (Figures 47, 48, and 50). Increased genomic instability is known to be a
contributing factor to heightened cellular stresand the observed alterations in the
expression of stresselated genes may be attributed, at least in part, to the increased
genomic instability in cells lacking ALKBH30ne additional aspect to consideris that
ALKBH3 may directly regulate these stresssponsive genes as an A\ demethylase.
Further investigations, inluding validation of ALKBH3's impact on stress response
related genes and its biological relevance are necessary to clarify these intricate
interactions.

5.3.4.3 Interactions of ALKBH3 and FTO with DNA repair proteins: A
protein protein perspective

In addition to utilizing RNA sequencing findings to enhance our understanding of
ALKBH3 and FTO's role in maintaining genomic stability, we revisited the results
obtained from the colP/MS assay Table 13 and Appendix D) to explore potential
proteinprotein interactions. Interestingly, the ctP/MS data unveiled interactions
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between ALKBH3 and FTO with various DNA repatlated proteins, providing further
indications of their potental involvement in maintaining genomic stability and
participating in DNA repair processes

PRDX1 emerged as the sole shared DNA repair protein interacting with both ALKBH3
and FTO. As an antioxidant, PRDX1 protects cells from oxidative stress by catalytriag
reduction of various peroxides, including hydrogen peroxide. Recent research has
established a connection between PRDX1 and DNA damage repair, specifically DSB
repair. Deficiency of PRDX1 has been shown to compromise Hfluced DSB repair,
resulting in heightened levels of DNA damage(Skoko et al., 2022) In a recent study
Morett et al. identified PRDX1 as a DNA damage surveillance factor, relocating to the
nucleus upn DNA damage to mitigate nuclear reactive oxygen specigdloretton et
al., 2023). ALKBH3 was also found interacting with the previously discuss&NA
binding protein hnRNPCwhich has been shown tobe part of a nucleoprotein complex
along with PALB2, BRCA1 and BRCAZiRNA mediated KD of hnRNPQCesulted in
altered DSB repair dynamicss it reduced HR repairand caused downregulation of HR
proteins such as RAD51, BRCAL, BRCA2 and BRIP1, partially due to diminished mRNA
expression caused by altered mRNA splicinAnantha et al., 2013)

Another interesting finding from the cdP/MS assay were interactions between
ALKBH3/FTO and proteins implicated in RNF168 regulation or regulated by RNF168,
including PRMT5, TRIP12, and DHX9. ALKBH3 (catalytically dead version) was found to
interact with TRIP12, a regulator of RNF168 known to modtd chromatin ubiquitination
(Gudjonsson et al., 2012) Additionally, ALKBH3 (wild type) was found interacting with
protein Arginine Methyltransferase 5 FRMT5), a methyltransferase known to play a
diverse role in the DDR and genomic stability maintenance by epigenetic, pest
transcriptional, and postranslational mechanism@oh et al., 2015)

In glioblastomas PRMT5 has been found to promot&NF168 transcription by
maintaining a histone methylation mark on the RN&8 promoter region thereby
enhancing the DNA damage response and induce chemmadiant resistant in
glioblastoma tumor (Du et al., 2019) In prostate cancer PRMT5 functions aan
epigenetic activator that upregulates expression of various genes involved in DSB repair
including KU70/80, BRCA1 BRCA2and RAD51 (Owens et al., 2020). PRMT5 also
influences DDR protein expression through targeted RNA mifidations, contributing to
doxorubicin resistance in breast cancer by facilitating the nuclear translocation of the
RNA demethylase ALKBH5 which in turn removes®# from BRCA1leading to mRNA
stabilization and heightened DNA repair competency(Wu Wang et al.,, 2022).
Additionally, PRMT5 regulates genomic stability via pasanslational modifications of
DDR proteins like p53 and 53BPIHwang et al., 2021; Hwang et al., 2020) Overall,
PRMT5 serves as a multifaceted regulator of genomic stability through diverse
pathways.Whether ALKBH3contributes to the PRMT5 mediated DDR respongi& their
proteinprotein interactions remains to be determined Nonetheless, the intriguing
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aspect lies in the interaction between ALKBH3 and a protein with such wigkching
impact on genomic stability and the DDRFurther investigations are warrantedo
determine whether ALKBH3 can influence other aspects of the DDR beyond its known
role in epitranscriptomic regulation of RNF168 through proteiprotein interactions with
PRMTS.

In its catalytically inactive state, FTO was found to interact with DHX9 (A€pendent
RNA helicase A), a versatile protein with regulatory functions in various cellular
processes, including DNA replication, transcription, translation, and the maintenanoé
genomic stability (Lee et al., 2016) DHX9 plays a role in DSB repair by recruiting
BRCAL1 to RNA generated by the RNA polymerase Il transcription complex, where
DHX9 along with BR@1 facilitate end resection and the repair of DNA damagéy HR.
(Chakraborty et al., 2021) Recent research by Patel et al demonstrated that RNF168
suppresses Roop formation in BRCAL1/BRCA®eficient cells by ubiquitinating DHX9,
thereby facilitating its recruitment to Roops and preventing their excessive
accurrulation and preserving genomic stability(Patel et al.,, 2021) The interaction
between FTO and DHX9 presents intriguing possibilities and prompts questions about
FTO's involvement in cellular processes in which DHX9 plays a role.

Another interesting interaction between FTO (catalytic dead version) worth menti@nin
is the heterogeneous nuclear ribonucleoprotein RBMg&lso known ashnRNPG) While
RBMX is predominantly recognized for its role in regulating preind posttranscriptional
processes, such as prenRNA splicing, it has also been implicated in influencindNA
DSB repair. In a 2012 study RMBX wafund to be recruited to DSB in a PARP1
dependent mannerwhere it promoted HR repair by facilitating BR@&2 expression.
Depleting U20S cells of RMBX using siRNA resulted in loss Btinduced RAD51 foci
formation, downregulation of BRCA2 protein expressiorand decreased HR repair
efficiency (Adamson et al., 2012) RMBX has also been connectetb the maintenance
of genomic stabilityin other ways then regulatindHR repair. In a 2020 study RMBXwas
shown to bea pivotal factor in maintaining genome stability during replicatioms it was
required for the activation of ATR in response to replication stresBepletion of RBMX
in cells results in replication defects, leading to increased genomic instability, such as
elevated micronuclei formation and a high rate of sistehromatid exchange(T. Zheng
et al., 2020). As RBMX has also a A reader it is interesting to speculate if its protein
interaction with FTO is due to their A connection or if FTO might be participating in
any of RBMX many roles in maintaining genomic stability.

It is crucial to emphasize that the interaction observed betwedflTO and ALKBH3 and

the DNA repair proteins identified needs validation to draw definitive conclusions
regarding the potential involvement of ALKBH3 or FTO in DNA repair pathways
associated with these proteins

In conclusion, the results from the second pg of this thesis have demonstrated that

both ALKBH3 and FTO promote efficient DNA DSB chromatin signaling. The depletion
of ALKBH3or FTO results in the diminished recruitment of essential repair factors to
damaged chromatin, thereby altering the dynamics of DSB repair. Consequently, cells
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lacking ALKBH3 and FTO exhibit genomic instability and increased susceptibility to
genotoxic agens inducing DSBs. Moreover, the interaction of both proteins with other
DNA damage response proteins suggests a potential broader role in genomic stability
maintenance. Finally RNA sequencing data revealed that depletion of FTO causes
downregulation of the DSB repair pathway, impacting crucial repair factors, including
BRCAL. These findings point to a possible broader role for FTO in influencing the DNA
damage response, surpassing its epitranscriptomic regulation of RNF168.

5.4 Future perspectives and limitati ons of study

5.4.1 Identification of methylation sites on the RNF168 transcript

Data presented in this thesis indicates that RNF168epitranscriptomicallyregulated by
the demethylases ALKBH3 and FTO where ALKBH3 remové# rand FTO nfA from
the RNF168mRNA to promote effective mRNA export and normal protein expression of
RNF168.However, the current research is limited by the lack of precise identification
of the m*A and m°PA methylation sites on theRNF168transcript. Identification of the
methylated sites onthe RNF168transcript is crucial for validating the accuracy of our
proposed model. Therefore, a necessary future step would be to determine the precise
location of the nfA and m*A methylation siteswithin the RNF168transcript. Locating
the methylation dies on RNF168would provide an opportunity to introduce mutations,
rendering them unable to be methylated with # or m®A, and enable assessment of
RNF168mRNA nuclear retention and reduced protein expression.

One weakness in our methodology is the MeRtPCR assay used to identify
methylation of theRNF168transcript due to the reliance on A or mfA methylation
specific antibodies whose specificity varies. Notably, the ™ specific antibodies
utilized in this study lack the capability to differentiate then®A and the nfA
modification, making it hard to definitively confirm that FTO's targeted modification
removed from RNF168as nfA rather than mMAA Gl erICE =s] GK 8y GGl G
previously been shown to affect its substrate specificifyvVei et al., 2018), with FTO
having more affinity towards PA in the nucleus an niAy in the cytoplasm and in our
experimental moetl, U20S cells, FTO ismainly expressed in the nucleus it does not
definitively exclude the possibility that §A.» might be influencing RNF168. Future
investigations should focus on elucidating FTO's specific methylation target RINF168

A possible next step entails employing advanced sequencing techniques such as third
generation sequencing, notably Nanopore sequencing, to confirm the presence and
precise localization of nfA modifications on the RNF168transcript. Previous studies
have demonstrated the capability of Nanopore sequencing to detect®# modifications
on RNA (Liu et al., 2019) In the Sigurdsson laboratory, a master's project has been
started to investigate this matter and preliminary Nanopore sequencing runs have
commenced using mRNA isolated from U20S cells treated with both FTO and control
siRNA. The primary objective is toverify the presence and precise location of ff
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modifications on the RIF168transcript utilizing the Promethlon Nanopore platform for
sequencing analysis.

The ntA antibody (MBL life science #D3483) used in the mfA-RIRgPCR has also come
under scrutiny for being unspecific as research from 2019 demonstrated that theA
antibody which has been used in many fA-RIRseq analysis was also able to bind to
the n’G-cap resulting infalsg HKd | dny ¢ d(Gkzhii ét all 2059) T Gevifg h
the presence of mMA on the RNF168transcript, a potential future approach could
involve replicating the mMARIRgQPCR assay using alternative ' antibodies as
advancements in A antibody development have expanded the range of available
options. As of the present writing, hird-generation sequencing methods arenot
capable of identifying the mfA modification. Consequently, Nanopore sequencing is
not suitable for pinpointing the mMA methylation site on the RNF168 transcript.
Alternatively non-antibodydependent secondgeneraion RNA sequencing methods,
such as mA-quantseq could be used for m'A detection. These sequencing approach
rely on reverse transcriptase that introduce mutations at specific RNA modification sites
during reverse transcription, facilitating the preciseidentification of the m!A
modification site (Zhou et al., 2019)

To further strengthen our hypothesis regarding the regulatory role of FTO and ALKBH3
in RNF168 expression through their demethylase activities, rescue experiments would
provide further validation. These experiments involve reintroducing ALKBHr FTO
into cells previously depleted of these enzymes and examining RNF168 protein
expression. Multiple rescue experiments have been attempted by the Sigurdsson
laboratory but have unfortunately proved challenging. Attempts have been made using
siRNAtreatment in conjunction with siRNAresistant ALKBH3 or FTOplasmids, and
confocal microscopy to assess 53BPland RNF168 recruitment to DSB site.
Unfortunately, over expression of ALKBH3 and FTO using FL#s@ged plasmid in
combination with siRNA treatmenand induction of DSB using NCSproved too toxig
rendering it difficult to observe a healthy DNA damage responsein the cells In an
effort to try and circumvent the toxic effect oEombined siRNA and plasmids treatment
current rescue experiments have foces on utilizing the established ALKBH3 and FTO
CRISPRCas9 KO cells models along with WT and catalytically inactive mutants of FTO
or ALKBH3 plasmids. Preliminary confocal microscopy data on 53BP1 recruitment to
DSB in ALKBH3 and FTO KO cells transfected with WT and CD plasmids have been
attempted and preliminary data looks promising however further optimization is
required.

5.4.2  Validation of protein mMRNA interaction

An additional next step in future research entails the validation of the protéRNA
interaction betweenRNF168mRNA and ALKBH3 and FTO. The researchttined in this
thesis has presented evidence suggesting that ALKBH3 and FTO do not engage with
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RNF168 at the protein level Table 13, Figure 24 B and Figure 34 C). Our current
working hypothesissuggeststhat trey influence RNF168 by demethylating its mRNA
transcript and confirming the mRNAprotein interaction betweenRNF168MRNA and
ALKBH3/FTO wouldstrengthen our hypothesis Present methodologies employed to
identify RNA-protein interactions include RNA immunoprecipitation (RNARIP) or
UV/chemical crosslinking and immunoprecipitation (CLIP). RNRIP or selectively
extract RNAprotein complex from samplesand typically involve using high-affinity tags
like biotin, where biotinylated RNA probesbind to proteins from cell lysatesfollowed
by purification via agarose or magnetic beads. Proteins are identified via western
blotting or mass spectrometry. Alternatively, antibodies specific to the protein of interest
can be used to label or isolate tle RNAprotein complex, followed by RNA detection
through northern blot RFPCRor RNA sequencing CLIP methodsfunction by crosslink
RNA and protein, then purify the protein of interest and identify bound RNAs using RT
PCR or highthroughput RNA sequencig. Both methods have advantages and
disadvantages, with CLIP potentially allowing for the identification of the RNA
consensus motifs for ALKBH3 and FTO.

5.4.3 mRNA demethylases and mRNA maturation

The initial segment of this thesis presents evidence suggestitigat methylations on the
RNF168transcript are important to its mRNA maturation. Our findings illustrate that the
depletion of ALKBH3 and FTO leads to increased nuclear retention of RNF168 mRNA,
underscoring the significance of methylation removal for naral RNF168mRNA export.
Moreover, other proteins associated with B and mfA have shown similar effects on
RNF168 protein expression and nuclear retention, supporting our hypothesis regarding
the involvement of mMA and mPA methylation in RNF168 mRNA maturdion. As
previously discussed, confirming the location of methylations on tHeNF168transcript

is crucial for validating our hypothesis along with gathering additional biological
replicates from preliminary data (Appendix C).

Both ALKBH3 and FTO were found to interact with numerous RNA binding proteins,
including members of the hnRNP and SR protein families, known for their roles in
important MRNA processes such as splicing, translation, and export. Further validation
of these protein interactions would be prudent, along with efforts to elucidate their
implications, particularly regarding if other mRNA maturation processes are influenced
by ALKBH3 and FTO. Investigating whether depleting ALKBH3 or FTO affects-pre
MRNA splicing o RNF168would be advisable as defects in mRNA export might be
caused by the accumulation of wspliced mRNA forms(Bartosovic et al., 2017)As of
the current literature, there is no documented evidence supporting the existence of
alternative spliced forms ofRNF168 However, this absence of information does not
diminish the significance of investigating this aspect or the notion thamRNA
methylations could play a role in constitutive or alternative splicing &NF168 Notably,

a brief in silico analysis of the 3' and 5' splice sites across the six exons constituting the
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RNF168transcript revealed a potential 3' weak splice site on ex 2 (data not shown),
suggesting the possibility of an alternatively spliced exofiYeo et al., 2004). The
potential involvement of methylation marks on thRNF168transcript in both splicing
and export, and thepossible roles of FTO and ALKBH3 within the intricate network of
proteins required for RNF168mRNA processing, merit consideration.

5.4.4  Impact of FTO and ALKBH3 on DNA repair: Potential cancer
targets and biomarkers

An intriguing path for future exploration involves investigating our findings within a
pathological context. As has been previously described both ALKBH3 and FTO are
found aberrantly expressed in numerous cancers, each with distinct implicatigns
therefore ALKBH and FTO represent intriguing candidates as potential biomarkers in
cancer diagnosis and prognosis. Their aberrant expression patterns, with upregulation
in some cancersand downregulation in others, highlight their complex roles in cancer
biology. Furthermore, the correlation between their downregulation and poorer patient
survival underscores their potential as therapeutic targets. Future research efforts aimed
at elucidating the precise mechanisms underlying the dual functions of ALKBH3 and
FTO could pave the way for their utilization as novel diagnostic tools and therapeutic
targets in the fight against cancer.

In some instances, as has been previouslynentioned downregulation of ALKBH3
expression has been linked with reduced survivain cancer as reported by the
Sigurdsson laboratory and othergEstevePuig et al., 2021; Knijnenburg et al., 2018;
Stefansson et al., 2017)Downregulation of FTOhas also been observed in number of
cancers correlating with worse survival, this ignostly related to its A demethylase
activity or due to increased risk of obesityJeschke et al., 2021; Lan et al., 2020; Ruan
et al.,, 2021; Wu et al., 2019). However genetic variants in FTO have also been
associated with an increased risk of cancer independent of obesity, including
melanoma and HER$ositive breast cancer(lles etal., 2013; Montazeri et al., 2022)
where te mechanism behind increased risk of melanoma or HER2 in not well
understood Similarly, the mechanisms underlying the relationship betweeglevated
levels of ALKBH3 promoter methylation (>20%) in breast cancer and the subsequent
decrease in patient survival remain poorly understoodConsidering the findings
presented in current thesis, which demonstrate that depleting cells of ALKBH3 or FTO
leads to increased genomic instabilitGa wellestablished hallmark of cancéit is
conceivable that lack of either ALKBH3 or FTO play contributory roles in cancer
formation.

An intriguing avenue for further exploration in ALKBH3 and FTO research involves
conducting functioral analyses of the FTO gene variants identified in melanoma and
HERZ2positive cancers. This would entail investigating how these genetic alterations
influence the functionality of FTO and its impact on cancer development and
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progression. Similarly, invesgations into the role of high ALKBH3 promoter
methylation in breast cancer could shed light on whether could ALKBH3 functions as a
tumor suppressor gene in breast cancer. Understanding the implications of ALKBH3
loss, potentially leading to increased alkgting damage and heightened DSB damage,
as suggested byresults from this thesis, could provide valuable insights into cancer
pathogenesis. The goal of this analysis is to gain insights into the molecular
mechanisms underlying cancer development, identifyg if ALKBH3 or FTO presents as
potential therapeutic targets, and inform personalized treatment strategies for cancer
patients.

Another interesting direction for future inquiry in this project entailsnvestigating the
possibility of targeting ALKBH3 or FTO to restore synthetic lethality in H&ficient
cancers, given their influence on RNF168As previously noted, in the absence of
BRCA1 or when BRCAL fails to interact with PALB2, RNF168 becomes essential for
PALB2recruitment (Krais et al., 2021; Luijsterburg et al., 2017; D. Zong et al., 2019)
Restoring HR in BRCAdeficient cells by relying on RNF168 ubiquitin dependent
backup pathwayto recruit PALB2 could lead to weaknesses that might be targeted to
induced synthetic lethality inBRCA1deficient cells Targeting the RNF168ALB2 axis
could potentially mitigate or overcome PARP inhibitor resistance in a substantial subset
of BRCA1lmutant cancers.RNF168 deficiency has been shown to suppressREBA1-
associated mammary tumorigenesis in a mouse model, while IRNF168mRNA levels

in HRdefective human breast cancer correlate with improved patient survival.
Moreover, loss of RNF168 suppressan vitro and in vivo growth of BRCAland BRCA-
deficient tumors and enhances their sensitivity to PARP inhibitqiRatel et al., 2021)
and targeting RNF168 inBRCAland 53BP1null cells has been shown taoeverse PARPI
resistance(D. Zong et al., 2019) The potential impact of targeting ALKBH3 or FTO to
overcome PARPI resistance through their epitranscriptomic regulation of RNF168
remains unexplored, yet it represents a compelling area for further investigation. To
address this, a master's project was initiated within the Sigurdsson laboratory to
investigate theimpact of ALKBH3 and FTO on cellular response to PARPi and assess
whether targeting either enzyme could restore synthetic lethality to PAR&Gditionally,
diminished RNF168 protein expression due to ALKBH3 or FTO KD mighhold
significant implication for BRCAlmutation carriers. The factors contributing to cancer
formation in BRCAlmutation carriers are not fully understood, however evidence
suggests that cells carrying one germline mutateBRCAlallele experience increased
replication stress and genomic instability(Pathania et al., 2014) As BRCA1l
haploinsufficiency can be masked by RNF168 mediated PALB2 recruitmébt L. Zong

et al., 2019), RNF168 protein expression might become a crucial factor for maintaining
genomic stability inBRCAImutation carriers.

Lastly, alimitation to the methodology used in this body of work ishe lack of validation
of findings in vivo. To date, all genetic stability assays and assessments of cell survival
following genotoxic exposure have been conducteéh vitro. Employingin vivo assays to
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corroborate our findings would bolster the credibility of our hypothesis. Currently,
knockout mouse models for FTO and ALKBHS3 are accessible, presenting an opportunity
to validate our data and toassess ALKBH3 and FTO as potential biomarkers for
genotoxic drug treatment

5.4.5 Exploring novel directions: Expanding the scope of FTO and
ALKBH3 research

Numerous avenues for future research exist within this project. ALKBH3 and FTO
exhibit a diverse array of effects on various cellular function as RNA demethylases. Data
from both RNA sequencing andcodP/MS provide an excellent starting point to expand
the scope of this project in multiple directions.

Firstly, an intriguing pathway for future investigation entails investigating the role of
ALKBH3 in the cellular stress response. This includes exam@iwhether the depletion
of ALKBH3 and the heightened AfA methylation has an impact on stress granule
formation and overall cellular stress response mechanisms. Secondly, a promising
opportunity for investigation involves delving deeper into the impact ofTO on the
general maintenance of genomic stability within cells. RNA sequencing data presented
in this study has revealed that depleting cells of FTi@fluence the expression ofBRCA1
Elucidating if and how FTO is influencingBRCA1would be a very interesting future
research as FTO has been found aberrantly expressed in breast canfi¢aklamani et
al., 2011; Niu et al., 2019; Wu et al., 2019). Nanopore sequencing techniques $.4.1)
could shed light on potential epitranscriptomic regulation oBRCAlby FTO.

Thirdly, the colP/MS data unveiled numerous intriguing protein interactions, with a
notable emphasis on ALKBH3. Among ALKBH3's ldimg partners, PRMT5 stands out,
given its significant role in DNA repair and genomic maintenance, as previously
discussed. Further investigation into the nature of their interaction could prove
interesting for the field of DNA repair. PRMT5 represents mely one among several
intriguing proteins that engage in interactions with ALKBH3, pointing to a variety of
potential research directions for this project. Despite the data for FTO interactions
being relatively limited some interesting binding partners sicas RMBX and DHX9
were discovered and their interaction with FTO would be an interesting research area.
It might prove beneficial to repeat the FTO ctP/MS assay and consider relocating the
FLAG tag to the Germinus to improve resultsAn interesting eyperiment to perform
would be replicating the codP/MS assayafter inducing DNA damage in cells. This
approach could be of significant importancein ascertainingwhether ALKBH3 and FTO
exhibit increased interaction with specific repair factors following the induction of DNA
damage Such findings would provide further insight into the importance of the
identified protein{protein interaction and the potential diffegntial roles of ALKBH3 and
FTO in DNA repair and maintenance of genomic stability.
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Fourthly, an under explored avenue in this project is what role if any mRNA
Gyl ¢RGé| dAgK ¢cény dg | ¢y B8yGGGK 1 yKjHGKY
determined whether RNF168 exhibits altered methylation patterns on its mRNA
following DNA damage induction. Given that the significance of RNF16Becomes the
most relevant following DNA damage, it would beinteresting to investigate whether
inducing DNA damage impads the methylation levels of RNF168. This inquiry arises
from the possibility that induced DNA damage might elevate the expression of ALKBH3
or FTO, resulting in increased demethylation of RNF168. Consequently, this could lead
to increased protein expressin and a swifter response to DNA damage. Evaluating
m°A and m'A methylation levels on RNF168 post induction of DSB might give us
interesting insight into the significance of MRNA demethylation as a regulatory factor in
the response to DSB. This could be aomplished through established methodologies
such as MeRIPCR or by the previously described Nanopore sequencing or A#-
quantseq approaches.

In recent years growing evidence has unveiled an unexpected and significant role of
RNA across different stage®f the DDR sensing damage,guiding repair enzymes to
damaged sites and regulating repair gene expressiofVagbo et al., 2020). Recent
research has demonstrated that DNA DSB and reactive oxygen species can induce
DNA:RNA hybrids (Wei et al., 2015). These hybrids have been found to facilitate the
recruitment of particular DNA repair proteins, thus boogtg the effectiveness and
accuracy of DSB repair processefCrossley et al., 2019; Teng et al., 2018; Yasuhara et
al., 2018). Interestingly the function of RNA in recruiting DNA repair factors bears
resemblance to the chromatin surrounding DSB raising the interesting question if like
the chromatin, RNA can undergo modifications at the site of DSB @rwhether the
enzymes responsible for writing, reading, and erasing RNA modifications play a crucial
role in DSB repair.

Emerging evidence suggests that postanscriptional RNA modifications may function
as a regulatory mechanism influencing DNA repair gthways, thus underscoring the
significance of exploring this avenue. In 2020 Chen et al., published a paper
suggesting that postranscriptional modifications of RNA could act as DNA damage
codes to regulate DNA repair. They demonstrated that the 5@ methyltransferase,
TRDMT1, was recruited to the site of DNA damage where it prompted mRNAGn
methylation. Loss of TRDMT1 led to loss of RAD51 and RAD52 recruitment and
compromises HR repair, revealing that HR repair was influenced by RNAS@
Furthermore, los of TRDMT1 confers PARPI sensitivity bathvitro and in vivo (Chen et
al., 2020). This is not the first recorded instance of RNA methylation influencing the
DNA damage response. As we have previously meahed, the mfA methylation and its
associated proteins have been implicated in DNA damage repair by regulating the UV
damage response(Xiang et al., 2017) promote HR repair by aiding in BRCAL1 and
RADS51 recruitment{Zhang et al., 2020) and to regulate the DNA damage response to
reactive oxygen speciegYu et al., 2021)
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A promising path for further investigation ould involve investigating whether the
absence of ALKBH3 or FTO influences RNA methylation at DNA damage sites. Our
current findings indicate that neither protein localizes to DSB sites upon their induction
(Figure 24 C and Figure 31). However, it raises the question of whether they might be
recruited in response to other forms of DNA damage, partipating in RNA
demethylation to facilitate DNA repair. In their 2017 publication, Xiang et al.
demonstrated FTO's localization to sites of UV damage, where it demethylate$Am
from RNA to enhance the repair of UWnduced DNA damage. Thus, it would be
intriguing to examine whether the losof ALKBH3 or FTO affects RNA methylation
levels in response to various types of DNA damage.

Additionally, a compelling area for future investigation entails exploringvhether
ALKBH3 and FTO regulate other mRNA targets slarly to RNF168. Existing research
has demonstrated that other DNA repair factors can undergo epitranscriptomic
regulation, as exemplified by a recent investigation conducted Wu et al. This study
provided evidence of nfA modification on BRCAL, which is removed by ALKBH5 to
maintain BRCAL mRNA stability and function(Wu Wang et al., 2022). Utilizing
techniques such a Nanopore sequencing and mA-quantsequencing may provide
insights into additional mRNA targets influenced by the demethylation activity of FTO
and ALKBHS3.Furthermore, could ALKBH3 and FTO be regulating other proteins via
mMRNA demethylation and impairechuclear mRNA export? The Sigurdsson laboratory
has started investigating this using an RNA subcellular isolation kit in conjunction with
secondgeneration RNA sequencing. U20S cells are subjected to treatment with FTO
siRNA, ALKBHZIRNA, or a double knocklown of ALKBH3 and FTO, followed by
cellular fractionation to isolate RNA from both the cytoplasm and nucleus.

Finally, research has demonstrated that RNF168 mediated ubiquitination is important
for other pathways responsible for maintaining genomic intetyy, this include resolving
Rioops (Patel et al., 2021) DNA crosslinks repair (Katsuki et al., 2021) facilitating
(Schmid et al., 2018)and promoting (Yang et al., 2024) DNA replication. What role if
any silencing FTO and ALKBH3 hathese processes remains unknown, presenting an
intriguing avenue for future research.

5.4.6 Final conclusion

The work presented in this thesis provides evidence that ALKBH3 and FT@embers of
the AIkB protein family exert regulatory control over the E3 ubiquitin ligase RNF168
plausibly in an epitranscriptomic manner. The removal of mMRNA methylation®in the
RNF168transcript by ALKBH3 and FTQlemonstrats how mRNA methylation can
influence mMRNA exportand protein expression ofRNF168 These findingsthereby
revealhow mRNAexport can impactthe effectiveness of DNA DSB chromatin signaling
and additionally provide evidence of crosstalk betweertwo DNA repair pathways,
alkylation repair and DNA DSB repair.
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Furthermore,our data demonstrateshe absence of ALKBH3 or FTO results in impaired
recruitment of crucial repair factors to break sites, compromised DNASB repair
dynamics, genomic instability, and increased susceptibility to genotoxic agents. These
findings suggest that the absence of ALKBH3 or FTO may serve as potential markers for
cancer treatment response. Overall, this research expands our understanding of
epitranscriptomic gene regulation and reveals a mvel role for mMRNA methylations in
governing DNA DSBrepair signaling.

This project opens up numerous avenues for future research. The epitranscriptomic
regulation of RNF168 by ALKBH3 and FTO represents only the beginning in the
exploration of potential tagets influenced by these enzymes. It is my hope that the
results presented in this thesis will open up opportunities for further researdtto both
DNA damage response and signaling, as well as epitranscriptomics, fostering a deeper
understanding of thesentricate processes and their implications in health and disease.
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Summary

DNA double-strand breaks (DSBs) are one of the most harmful forms of DNA damage
as incorrectly repaired DSBs can lead to severe genome instability and increased risk of
cancer development. Histone ubiquitination, radiated by the E3 ubiquitin ligase
RNF168, plays a central role in the recruitment of repair factors to DNA DSBs. Here we
report that ALKBH3 and FTO, dioxygenases with wed#iscribed functions in repair of
alkylation damage, promote efficient DNA DSB chroatin signaling. Depletion of
ALKBH3 and FTO leads to increased RNF168 mRNA methylation, resulting in impaired
MRNA nuclear export and reduced RNF168 protein expression. Consequently, ALKBH3
or FTO deficient cells show strong signs of RNF168 dysfunction,cloding impaired
53BP1 recruitment to DNA DSBs, genome instability and hypersensitivity to genotoxic
agents. Our findings uncover the role of mMRNA modifications in regulations of DNA
DSB repair signaling and provide evidence for crosstalk between alkylatioepair and

DNA DSB repair.

Keywords

DNA Double strand break repair; mRNA methylations; epitranscriptomics; genomic

stability; RNF168; ALKBH3; FTO

Introduction

The integrity of the genome is constantly being challenged by intrinsic and extrinsic
factors that damage the DNA. Unrepaired, or incorrectly repaired lesions, can lead to
severe genomic aberrations, which can have lifdareatening consequences. To

counteract these harmful events cells have evolved a comprehensive network of
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pathways commonly referred to as the DNA damage response (DDR). Inherited defects
in DDR genes predispose to diverse human diseases, including cancer, immune
deficiencies, and neurodegeerative disorders, highlighting the importance of genome

maintenance in safeguarding normal cellular function's

DNA double strand breaks (DSB) are one of the most cytotoxic forms of DNA damage.
Failure in repairing DSBs has the potential to cause severe genome insli&piand
mutations in key members of the DNA DSB repair pathways predispose to several types
of cancer, including breast and ovarian cancer?*. The chromatin ubiquitination
pathway orchestrated by the E3 ubigjtin ligases RNF8 and RNF168 plays an essential
role in the stepwise assembly of key DNA DSB repair factors at damaged chromatin,
including 53BP1 and BRCAZT’. The RNF8/RNF168 pathway has a known role in
promoting nonhomologous end joining (NHEJ) repair and class switch recombinaiti

8, although more recently, it has alscbeen implicated in homologous recombination
(HR) repair . Studies from mice suggest that RNF168 activity supports HR repair in
cells with decreased BRCA1 activity?, and serves as an important barrier against
genome instability andtumorigenesis in BRCAL heterozygote mic€!2 demonstrating
the important rde of RNF168 in tumorigenesis. Mutations in RNF168 are known to
cause a rare genetic disordeRadiosensitivity, immunodeficiency, dysmorphic features
and learning difficulties (RIDDLE) syndrome, first reported in 200%, and associated
with defective DSB repair as patients suffering from this disease are unable to recruit

53BP1 to the site of DSB&!“.

In addition to its role in DNA DSB repair, the chromatin ubiquitination
pathway contributes to several other genome maintenance pathways, includirkp&d
resoluion 5, DNA replication 8, telomere maintenance!’, DNA crosslinking repair 8
and preventing access of the transcription machinery at sites of DNA damagdé
Despite this general positive impact on genome maintenance, studies have shown that

excessive activation of RNF8/RNF168 dependent chronmatisignaling can have
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deleterious consequences on cell function?®?, which in some cases can drive
tumorigenesis'®. Changes in the nuclear pool of RNF168 result in dramatic changes in
DNA DSB repair dynamics, with increased usage of mutagenic DSB rep&f and
activation of NHEJ at uncapped telomere end®, increasing the risk of introducing
mutations and chromosome end fusions. In line with that, cells have evolved a series of

mechanisms, which counteract the activity of RNF168 at damaged chromatin

In recent years, mMRNA modifications have emerged as an important regulatory
mechanism of gene expressionmRNA modifications have been shown to influence
several stages ofthe mRNA life cycle, thereby affecting thefunction, structure, and
catalytic activity of mMRNAg>?6. One of the most common forms of mMRNAnodification
is methylations and two of the most weknown methylations are Rimethyladenosine
(mfA) and N'methyladenosine (). Both modifications have a set of specific writers
(methyltransferases), readers and erasers (demethylases), demonstrating the dynamic

nature of MRNA methylation.

Two such erasers are the fat mass and obesity associated protein (FTO) and

AlkB homolog 3(ALKBHS3). These proteins are two out of nine members of the Fe (H)
ketoglutaratedependent dioxygenase (AlkB) family which is a part of the cells DDR
network that removes alkylating lesions from DNA and RN&2, FTO (also known as
ALKBH9) was the first discovered mRNA dentfstlase and has been reported to
catalyze the demethylation of A\ both in vitro and in vivo 2%, thereby providing the
first evidence of reversible postranscriptional modifications on mRNA. Subsequent
studies showed that FTO can also catalyze demethylation SBNE @ipmethyladenosine
(mPAn), located at the 5Njend of mRNA, showing greater affinity towards ff\n
compared to nfPA 3. This discovery was reproduced by Wei et al who also
demonstrated that FTO has increased preference for®As in in vitro experiments. In

this context, however, it has been shown that the intracellular localizatiof FTO
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dictates its substrate specificity. In the nucleus, FTO predominantly targetSAm
whereas MiAnis the primary target of FTO in the cytoplasi.

ALKBH3 is known to demethylatdl-methylated bases from both RNA and DNA
with single strand substrate preference’?® and is best known for removing 3
methylcytocine (MC) from ssDNA* with the aid of ASCC3 helicase®. Additionally,
ALKBH3 has provercapable of removing mtA methylation from mRNA®?7. Previously,
we and others have shown that ALKBH3 expression is silenced by promoter methylation
across several different cancer type®¥*°. Furthermore, loss ofALKBH3 has been shown
to be clinically relevant and significantly affect survival of both breast canc& and
Hodgkin lymphoma patients®.

Transcriptomevide mapping of mfA and m'A mRNA modifications have
demonstrated that the RNF168 transcript contains both modificatss™#2. However, the
functional importance of these mMRNA methylations on the RNF16&rscript is
unknown. Here, we show that the RNA demethylases ALKBH3 and FTO play a
significant role in promoting efficient RNF168 expression. We find that depletion of
ALKBH3 and FTO results in increased RNF168 mRNA methylation and defective mRNA
nuclear export, which results in decreased RNF168 protein expression. This translates
into reduced recruitment of key genome caretakers such as 53BP1 and RIF1 to sites of
DNA damage, increased genome instability and impaired cell survival in response to
genotoxic dress inducing agents. This data indicates that ALKBH3 and FTO play a role
in the epitranscriptomic regulation of RNF168 and presents mRNA modifications as a

novel regulatory mechanism in DNA DSB repair signaling.

Results

ALKBH3 promotes efficient expression of RNF168.

Results from two independent previously published, mass spectrometry proteomics

studies, have reported an interaction between ALKBH3 and RI®%® which is a key
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effector in the chromatin ubiquitination pathway*. Inspired by this, we analyzed the
recruitment of RIF1 and itsmimediate upstream functional partner, 53BP1, to sites of
DNA DSBs, in naive and ALKBH3 depleted U20S cells. Interestingly, siRNA mediated
knockdown of ALKBH3 suppressed the focal accumulation of both 53BP1 and RIF1 at
sites of DNA DSBs (Figure 1A, 1B andigure S1A, S1B), without affectingYH2AX
formation, which is upstream of the ubiquitin dependent DSB signaling pathway.
Further analysis revealed a clear reduction in RNF168 protein levels following ALKBH3
depletion, a phenotype reproduced by independentsiRNAs in several different cancer
cell lines (Figure 1C and Figure S1C,S1D). Importantly, no decrease was detected in the
protein levels of other key genome maintenance factors; including RNF8, RIF1 and
53BP1 (Figure S1E, S1F) suggesting that decreasedFRE8 expression is not caused
by a global decrease in gene expression. This is further supported by previously
published transcriptomic analysis in ALKBH3 knockdown cells, which indicates that

ALKBHS3 does not directly regulate gene transcriptiofi.

To determine the consequence of decreasl RNF168 expression in ALKBH3
knockdown cells, we first turned to one of the main functions of RNF168, promoting
efficient DNA DSB repair. Following RNAi mediated silencing of ALKBH3, we treated
U20S cells with neocarzinostatin (NCS) to induce DNA DSBsdaifollowed in time the
number of DNA DSB nuclear foci. As a readout for DNA DSB repair dynamics, we
used MDC1 accumulation at sites of DNA DSBs. MDCL1 is one of the first proteins to
arrive at DNA DSB sites, where it directs the recruitment of downstreampsar factors
to DNA DSBs. It is upstream of the ubiquitin dependent steps in the DNA DSB repair
signaling pathway, and gradually dissociates from DSBs with ongoing DNA repéir In
line with its key role in promoting efficient DNA DSB repair, inactivation of RNF168
results in slower clearance of MDC1 foci following DNA damage (Figure. 1D and
Figure. S1G), as seen in previous publication®?. Interestingly this was also the case in

ALKBH3 knockdowncells, where there was a significant increase in cells with MDC1
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foci, compared to control cells, 8h following NCS treatment, indicating less efficient

DNA DSB repair.

DNA DSB repair defects are an important source of genome instability in
cancer. Humanand mouse cells lacking RNF168 show an increase in the frequency of
genomic aberrations, including increased frequency of micronuclei and chromosomal
aberrations %4748 To determine if the effects of ALKBH3 knockden on genome
integrity are comparable to RNF168 deficiency, we examined the numbers of
spontaneous chromosomal aberrations in metaphase spreads in U20S cells (Figure 1E,
1F). Compared to control cells, both RNF168 and ALKBH3 knockdown cells displayed a
significant increase in spontaneous chromosomal aberrations suggesting increased
genome instability. Collectively, these findings suggest that there are phenotypic
similarities between RNF168 and ALKBH3 deficient cells, suggesting that
downregulation of RNF18 in ALKBH3 deficient cells has deleterious effects on normal

cell function.

ALKBH3 plays a central role in DNA alkylation repair, preferably on single
stranded DNA ?7. In DNA alkylation repair, ALKBH3 interacts with the DNA helicase
ASCC3, which unwinds DNA and creates the singigtranded DNA substrate needed
for the DNA repair activity of ALKBH3*. Interestingly, siRNA mediated depletion of
ASCC3 has no impact on RNF168 protein levels or 53BP1 recruitment to sites of DNA
DSBs. Furthermore, silencing ALKBH2, which together with ALKBH3 is the functional
homoalog of the AIkB enzyme in E. coli, did not affect RNF168 protein expression
(Figure S1H, S1I). This suggests that ALKBHS3 is regulating the expression of RNF168,

independent of its welldescribed role in DNA alkylation repair.

ALKBH3 promotes the nuclear export of RNF168 mRNA.
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RNF168 is a ratdimiting factor in the chromatin response to DNA DSBs; therefore,
keeping RNF168 expression levels in balance is important for normal cellular function.
In this context, one of the bestlescribed mechanisms is the dyamic regulation of
RNF168 protein turnover, which involves a sequence of factors involved in the
ubiquitinproteasome pathway of protein degradation. To determine if ALKBH3
depletion affects RNF168 protein turnover, we treated ALKBH3 knockdown cells with
the proteasome inhibitor MGL132, followed by western blot analysis to determine
RNF168 protein expression. M&32 treatment did not restore RNF168 levels in
ALKBH3 depleted cells (Figure 2A), which indicates that the decrease observed in

RNF168 expressions not a result of protein degradation.

In addition to its role in DNA alkylation repair, ALKBH3 has been shown to
influence gene expression by removing AA methylation marks of MRNASS4149,
Previous transcriptomavide mapping of m!A modifications in human cell lines
(HEK293, HELA and HEPG2) identified RNF168 among thousands of transcripts
containing the modifications*'. There is however some uncertainty regarding the exact
prevalence of A mRNA modifications on RNF168, since it was not reported as a'fn
containing transcript in a second transcriptomaide study**°. To address this in our
experimental system, we performed an antibody basedRNA immunoprecipitation
(RIP) assay in U20S cells, followed by a gPCR to determine the abundance of RNF168
associated with A in control and ALKBH3 depleted cells. iA-RIP was based on
previously described methylations specific IP>%%51, In both the control sample and
ALKBH3 depleted samle, we detected RNF168 in the A pulled-down RNA
population; however, ALKBH3 knockdown resulted in a substantial increase in RNF168
levels (Figure 2B). This suggests that the ' modification is present on RNF168
mRNAs, and that upon decreased ALKBH3 esgssion, there is an increase in the

overall levels of MA-modified RNF168 RNA.
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Inspired by this, we set out to analyze the potential impact of ALKBH3 on the RNF168
mRNA molecule. mMRNA modifications influence several stages of the mRNA life cycle,
including mMRNA transcription, stability, translation, splicing and intracellular mRNA
dynamics#2%, RNF168 gene expression analysis by quantitative PCR (QPCR) reackal
no change in total RNF168 mRNA levels following ALKBH3 depletion (Figure 2C),
indicating that decreased transcription does not explain the drop in RNF168 protein

levels.

Next, we performed a cellular RNA fractionation analysis, followed by gPCR,
to evaluate the potential impact of ALKBH3 on the intracellular distribution of the
RNF168 mRNA pool. Strikingly, we observed a clear enrichment of the RNF168
transcript in the nuclear fraction following ALKBH3 depletion (Figure 2D), indicating
increased nuclea retention of RNF168 mRNA molecules. To validate these findings, we
used RNA scope, an RNAIn situ hybridization assay, to visualize and quantify any
potential changes in the intracellular distribution of individual RNF168 molecules, in
ALKBH3 depleted c#ls. Consistently, the results from the RNA scope analysis also
showed an increase in nuclear RNF168 transcripts, and associated decrease in the
cytoplasmic fraction (Figure 2E, 2F). Collectively, these data suggest that in ALKBH3
depleted cells, there isincreased nuclear accumulation of RNF168 mRNA, which could

indicate problems with the nuclear export of the RNF168 mRNA.

The potential role of additional AlkB family members in RNF168
regulation.

When combined, our results suggest that active removal of RNA methylation marks
might play an important role in promoting efficient RNF168 expression, which is to our
knowledge, a novel regulatory mechanism for RNF168. This encouraged us to explore
the role of RNA demethylation enzymes in RNF168 regulation further. In addition to
ALKBH3, other members of the AIkB gene family are known to have RNA demethylase

activity 52, This includes FTO and ALKBHS5, which both catalyze oxidative demethylation
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of mRNA. Depletion of ALKBH5, which has previously been implicated in the
regulation of mRNA nuclear export \d mSA demethylation %3, had no impact on
RNF168 expression (Figure 3A). Remarkably, however, FTO knockdown dramatically
reduced RNF168 protein leels, comparable to the downregulation observed in
ALKBHS3 depletion cells (Figure 3A). This was observed with multiple independent
siRNAs in U20S cells (Figure S2A) and confirmed in P& cells. (Figure S2B).
Interestingly, no additive effect on RNF168 prote levels was detected upon ce
depletion of ALKBH3 and FTO (Figure 3B), suggesting that ALKBH3 and FTO might be
regulating RNF168 expression via the same pathway. Similar to previous results when
depleting cells of ALKBH3, decreased FTO expression did naffect total mRNA levels

of RNF168 (Figure S2C), oRNF168 protein turnover (Figure S2D).

Subsequent experiments showed that comparable to ALKBH3 depletion, FTO
knockdown resulted in reduced number of 53BP1 foci following NCS treatment (Figure
3C) and increased chromosomal aberrations (Figure 3D and Figure. S2E), with no
effect on key repair fators protein expression (Figure. S2F). Importantly, we also
detected increased nuclear accumulation of RNF168 mRNA following FTO depletion

(Figure 3E,3F,3G), suggesting that FTO promotes nuclear RNF168 mRNA export.

Previous studies have shown that in¢mucleus FTO has a preference fom°A
mRNA %, Immunofluorescence analysis showed that in U20S cells FTO protein
expression is predominantly confined to the nucleud-igure S2G). Based on this, we
hypothesized that defects in ®A mMRNA demethylation might explain the increased
nuclear retention of RNF168 mRNA in FTO knockdown cells. To elucidate if FTO
influences the levels of RNF168n°A modified mRNA we used a previously described
mPA-RNA immunoprecipitation assay®, which is based on the same principle as the

m'A-RIP assay described above.
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Compared to control cells, we observed a significant increase in %A
interacting RNF168 mRNA following FTO depleted cells (Figure 3H). These results
indicate that nfA methylated RNF168 mRNA is a substrate for FTO, which could
potentially explain the observed nuclear export defect. As expected, no increase iiAn
associatel mMRNA was detected following ALKBH3 depletion, nor was there any change
in m!A-modified RNF168 RNA in FTO knockdown cells (Figure S2H, S2[yogether,
this suggeststhat although FTO and ALKBH3 are both important for RNF168 mRNA
export, there is currentlyno evidence for mRNA substrate overlap between the two

proteins.

Genomic instability and increased sensitivity to genotoxic drugs in
ALKBH3 and FTO knockout cell lines.

To further confirm the role of ALKBH3 and FTO in RNF168 regulation and minimize the
chances of siRNA oftarget effects we turned to CRISRRas9 genome editing to
establish stable knockout cell line models. As expected, ALKBH3 and FTO knockout,
respectively, caused reduced RNF168 protein expression (Figure 4A). Additionally, we
detected increased micronuclei formation in both ALKBH3 and FTO knockout cell lines,
which is a clear sign of genome instability (Figure 4B). This observation was further
confirmed using siRNA mediated ALKBH3 and FTO knockdown (Figure S3A, S3B).
Furthermore, comparedto control cells, there was a clear enrichment of RNF168
mMRNA in the nucleus in both knockout cell lines (Figure 4C, 4D), strongly supporting

that ALKBH3 and FTO are involved in the RNF168 mRNA nuclear export process.

As a central regulator of DNA repair, RNF168 plays an important role in
promoting survival after genotoxic stres&®, In line with that, one of the hallmarks of
RNF168 deficiency in mice and humans is hypersensitivity to ionizing irradiation (IR)
71448 To determine if this was also the case in ALKBH3 and FTO deficient cells, we
performed a clonogenic survival assay in ALKBH3 and FTO knockout cell lines treated

with NCS, which is a radiomimetic drug and a potent inducer of DNA DSBs.

195



Compared to control cells, both knockout cell lines displayed reduced survival
following NCS treatment (Figure 4E). Likewise, both the FTO and ALKBH3 knockout
cell lines were hypersensitivity to the DNA crosslinking agent Mitomycin C (MMC)
(Figure 4F), which is in line with vihat has previously been reported in RNF168
deficient cells 8 Increased sensitivity to NCS and MMC was also observed following
siRNA mediated knockdown of ALKBH3 an8TO (Figure. S3C, S3D). Taken together,
these findings indicate that similar to RNF168, ALKBH3 and FTO are important for

genomic stability and survival in response to genotoxic agents.

Discussion

In recent years, precise spatial and temporal control of RNA methylation has emerged
as an important regulatory mechanism in diverse biological processes, including the
DNA damage response***®. For DNA double strand break repair, this has been linked
to the role of mPA modification enzymes in RNA:DNA hybrids and Rop resolution,
which in return has important implications for genome maintenance and recruitment of
critical repair factors to sites of DNA double strand break§®*. In this study, we
provide an example of a more specific form of regulation, with two known mRNA
demethylation enzynes, ALKBH3 and FTO, directly influencing the activity of a key
DNA DSB signaling factor by regulating its expression. These findings provide several
additions to the current concept of mMRNA methylation and DNA repair. First, our
results indicate that actie removal of mMRNA methylation marks can in specific cases
stimulate mRNA nuclear export, which is in contrast to previous reports showing that
ALKBH5 dependent removal of i marks inhibits mMRNA export®. Second, our results
suggest that in addition to the predominantly studied P modification, m'A mRNA
methylation might potentially also be involved in maintaining genome stability and the

regulation of mRNA export whichis to our knowledge the first reported case of A
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influencing mMRNA export. Finally, we for the first time show that mMRNA eraser enzymes

are important for efficient DNA DSB signaling and subsequent DNA repair.

ALKBH3 has previously been shown to promotgenome stability through its
role in DNA alkylation repair®. Here, we show that ALKBH3 might have a broader role
in genome maintenance than previouslanticipated. ALKBHS3 via its impact on RNF168
also contributes to DNA DSB repair, suggesting there is a functional crosstalk between
the two essential cellular defense mechanisms. Recently, an interesting example of such
crosstalk was published by®®, where they show interaction between RAD51C and
ALKBH3 stimulated the DNA alkylation repair function of ALKBHB vitro. Here we
show that ALKBH3 promotes efficient DNA DSB repair, which further supports the

functional overlap betveen DNA alkylation and DNA DSB repair.

In contrast to ALKBH3, there are no reports of a direct function for FTO in
DNA alkylation repair there is, however, a link between FTO, % and genotoxic stress
responses, especially the ultraviolénduced DNA damage response %%, Xiang et al
reported that FTO localizes to sites of UV damage, where it is involved in the dynamic
regulation of a specific nffA RNA mark, needed for efficient repair of UMnduced DNA
damage. Interestgly, no recruitment of FTO to sites of DNA double strand breaks was
detected, which is in line with our findings where we did not see any ctocalization
between FTO and the DNA DSB markeH2AX (data not shown). Therefore, it is highly
unlikely that FTOis regulating RNF168 mRNA methylation locally at sites of DNA
damage. However, since the need for RNF168 is most pressing in response to DNA
double strand breaks formation, it would be interesting to study whether DNA

damaging agents affect the levels of 168 mMRNA methylation.

Previously we reported ALKBH3 gene inactivation through promoter
methylation in over 20 % of breast cancer cases, and that ALKBH3 loss is associated

with reduced patient survivaf®. Following studies revealed that epigenetic silencing of
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ALKBH3 is not restricted to breast cancer, in it is a frequent event across cancer
types, detected in 8 % of all tumor samples in The Cancer Genome Atlas (TCGA)
database *°. Interestingly, here we show that ALKBH3 deficiency is associated with
increased sensitivitto NCS and MMC (Figure 4D4G and Figure S3BS3E), suggesting
ALKBHS3 contributes to survival in response to genotoxic stress. From the clinical
perspective, this might potentially be an important finding, since it raises the possibility
that ALKBH3 deficieny might be a potent biomarker to predict treatment outcomes in
cancer and be a valuable contribution to personalized cancer management, although
further studies are necessary to explore this in greater detail. Currently, there are no
publications that shav FTO epigenetic silencing in cancer. There are, however, several
examples of FTO gene variants associated with increased cancer i%kn particular
breast cancer®’. In many cases, the increased cancer risk can be directly linked with
obesity, where FTO mutations are considered a major risk factor. Nevertheless, there
are some examples where there is no apparent link to obesity. Work from lles et al
suggests an assdation between two FTO variants and melanoma risk, independent of
increased body mass index®?. A more recent example demonstrated a connection
between FTO genotype and breast cancer risk in HER2gative patients, unrelated to
obesity ®. The mechanism behind the increased risk is not understood; however, given
the strong connection between genome instability and cancer, it might be possible that
the FTQs role in genome maintenance presented here, and iprevious publications,
contributes to cancer formation. Intriguingly, several FTO inhibitors are showing
promising results in animal and cell line models, as potential therapeutic targets in
cancer 5% stressing the need for further research on FTO and its contribution to

cancer formation.

Compared to RNF168 deficient cells, the DNA DSB signaling defects were slightly
milder in ALKBH3 and FTO depleted cells, indicating a partial loss of RNF168 functjon

which is in line with the level of reduction we observe in RNF168 protein expression.
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This indicates that even in the absence of ALKBH3 and FTO, cells can still express
RNF168 to some extent, suggesting there are additional mechanisms available to
support RNF168 mRNA export. In certain cases, however, the genome instability
phenotypes in FTO depleted cells extended beyond what can be explained by
decreased RNF168 expression. For instance, the level of metaphase aberrations and
NCS induced cell death is smnewhat higher in FTO knockdown cells, compared to
RNF168 deficient cells, suggesting a broader role in safeguarding genome integrity.
This highlights the need for further research on the role of FTO in maintaining genome

stability.

RNF168 is a ratdimiting factor in DNA DSB repair signaling and aberrant
RNF168 expression has important implications for human disease. It is therefore not
surprising that RNF168 functions have many layers of regulation, which include
stepwise regulation of recruitment to site of DNA damage, and multiple factors
controlling protein abundance. Likely, the dynamic regulation of RNF168 mRNA
methylation levels is a novel example of a mechanism, which contributes to the fine

tuning of RNF168 expression.

The connection between mRNAmethylations and mRNA export has become
more evident in recent years, primarily due to the discovery of robust interactions
between multiple constituents of the P& methylation complex, methylation reader
proteins and the core mRNA export machinery, indidang a functional interplay
between these two processe®®’. The precise role of the methylation eraser proteins,
ALKBH3 and FTO, in the mRNA export process remaingnhiguous and requires
additional investigation. It is plausible that the removal of %A and m'A modifications
serves as a quality control mechanism as the extended presence of methylation marks
on mRNA transcripts may inhibit their nuclear export.

Notably, the antibody used in the miA RNAdimmunoprecipitation analysis

cannot distinguish between rfA and mPA,,. However, as previously noted experimental
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evidence highlights FTO's selective affinity for # within the cell nucleus®. Given that

in our experimental model, U20S cells, FTO localizes in the nucleus, the likelihood
leans towards rhA being the methylation target instead of ff\n. To confirm this,
locating specific methylation sites on RNF168 mRNA transcripts through advanced
sequencing techniques, such a®Nanopore direct RNA sequencing would be needed.
Furthermore, information on specific FTO and ALKBH3 target sites, and how these
residues impact mRNAprotein interactions, could hold the key to elucidating the
mechanism behind how the removal of A and m!A regulates mMRNA exports.
Mechanistically, we do not fully understand the cooperative effect of ALKBH3 and FTO.
Apart from being members of the ALKBH gene family, the two genes differ in substrate
specificity, and have no apparent functional overlap. It isowever interesting, that we
see no additional impact on RNF168 protein levels following edepletion of ALKBH3
and FTO, which might suggest ALKBH3 and FTO promote RNF168 mRNA export via
the same pathway, potentially involving crosstalk between different RINA

modifications.

Recently, several examples of crosstalk between different mMRNA methylation
marks have been reported, for instance in protein translation where®f and m°C
cooperate to enhance protein translatio®. Another example of such crosstalk comes
from studies on mRNA degradation, where crosatk between mMA and nfA
modifications, and their specific reader proteins, is needed to facilitate efficient mMRNA
degradation ®°. Here, we envisage a comparable mechanism, where FTO and ALKBH3
dependent removal of A and m'A, respectively, are two distinct steps in the same

MRNA export pathway.

In this study, we uncover mRNZAexport as an important regulatory mechanism involved
in DNA DSB repair signalling. More specifically, our results indicate that two RNA

demethylases, ALKBH3 and FTO, promote efficient RNF168 mRNA export, and play
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important roles in genome maintenance andell survival in response to genotoxic

stress.
Material and methods

Cell culture: U20S, MCF7 and PG were maintained in DMEM (Dulbecco's Modified
Eagle Medium) with GlutaMAX with pyruvate (Thermo Fisher, -31966-021)
supplemented fetal bovine serum (FBS, 10% Thermo Scientific, 10500064) penicillin
(20 U/mL) and streptomycin (20 pg/mb (Thermo Scientific, 1507@063) and cultured
in 95% air with 5% CO2 at 37°C. MCF7 were additionally cultured with 0,01mg/mL

insulin (Sigma Aldrich, SAI6634-100MG)

RNA extraction: RNA was extracted from human osteosarcoma U20S cells using Tri
Reagent (The GH =dK¢y méddygl dé¢deK eéedori adgcC

concentration of total RNA was measured on Nanodrop One (Thermo Fish&l9738).

Quantitative real time PCR (gPCR) : Following cDNA synthesized; qPCR assay was
conducted using SYBR Greemaster mix (Thermo Fisher, A25742) in BiRad system
CFX384. Downstream analysis was performed using BRad CFX manager version 3.0.
The threshold cycle number (Cq) was analyzed in triplicates for each sample. Gene
expression for genes of interest were nmalized to housekeeping genes (HPRT, beta
actin or GAPDH) and calculated using the using the “2**smethod for relative

quantification.

siRNA transfection: Using Lipofectamine RNAIMAX transfection reagent (Thermo
Fisher, 13778075) cells were transfected ith 10nM siRNA (Thermo Fisher) according

| # | &y Gégléeodslliyr GK dgKl 18] dARgKA

FLAG co-4mmunoprecipitation: U20S cells were harvested 48h post plasmid
| 1 égKeEydl dHg Ood| ¢ > Jranection\ Re&ggnt fér dU203H Cells X

(SignaGene Laboratories, SL10@B-OS) using 1mL FLAGP lysis buffer (50 mM Tris
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HCI pH 7.4, 150 mM NaCl, 1mM EDTA and 1% TRITONIX0) with added protease
inhibitor cocktail 1:100. Plates were incubated with lysis buffer for 30 minutes on a
shaker at 4°C. Cell debris were removed by c#rifugation at 14.000 rpm for 10 min.
mkjyirgeéleéegl OéK |1 égKéyr1ya |H & 8¢dGGya 2AT
an input control (IN). The remaining lysate was added to AHLAG conjugated agarose
beads (SigmaAldrich,2220) and rotated at 4°Covernight. Agarosebeads were washed
three times in ice cold TBS buffer (50 mM Tris HCI pH 7.4, 150 mM NacCl), with 1 min
centrifuging between each spin. For elution 100uL of 300ng/puL 3xFLAG peptide
(Sigma, F4799) was added to sample and incubated at 4°C OMNith gentile shaking.
Samples were then centrifuged at 7000g for 1 min and supernatant was gathered as
immunoprecipitation sample (IP). Samples were mixed with 2xLaemmmli sample buffer
(Santa Cruz, s€86963) in 1:1 ratio and boiled at 95°C for 5 minutesand analyzed with

immunoblotting.

Immunoblotting: Proteins were extracted from cells at 890% confluency using
2xLaemmmli sample buffer (Santa Cruz,286963) and treated with Benzonase
nuclease (Sigma Aldrich, E1014). Samples were electrophoresed usifg 8 or 10%
acrylamide gel followed by transfer to nitrocellulose membrane. Primary antibodies
were incubated with membrane overnight at 4°C followed by washing with 1xPBS+0,2%
Tween for 5 min. Secondary antibodies (1:10.000 dilution) were incubated for 14t RT.
The membrane was developed withLuminol Reagent (Santa Cruz, s2048) and

visualized in aChemiDoc XRS+ system (BRad)

Immunofluorescence confocal microscopy: Cells were grown on coverslips and
fixed with 4% paraformaldehyde for 15 min followedby permeabilization with 0,2%
TritonX for 5 min and 1h of blocking with DMEM with 10% FBS. Primary antibodies
were incubated for 1h at RT (dilutions 1:250, 1:500 or 1:1000) followed by secondary

antibodies AlexaFluor 488 goat anti rabbit/mouse, AlexaFluor 555 goat antk
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rabbit/mouse (1:1000) and nuclear DNA was stained by DAPI (1:5000) for 1h.
Coverslips were mounted on glass slides using Fluoroshield (Sigma Aldrich, F6182)
mounting medium.

FV1200 Olympus inverted confocal microscope was used to acquirenages. Dual
color confocal images were attained with standard settings using laser lines 488 nm
and 543 nm for excitation of Alexa Fluor 488 and Alexa Fluor 555 dyes. Nuclear DAPI
staining was imaged using excitation by the 405 nm laser. For each conditids-10
images were randomly obtained with the 20X objective and imported into ImageJ and
Cell Profiler for downstream image analysis. For each data point, at least 200 cells

(identified by DAPI staining) were analyzed.

méA and m!A RNA immunoprecipitation (MeRIP): MeRIP was based on previously
described nPA-sequencing protocol®® *with a few alterations.

300pg of total RNA was incubated with 30ulof both protein A and protein G magnetic
beads (Thermo Fisher, 10002D, 10004D,) along with A or m?A antibody, 10% of
RNA was saved as input.

IPRNA was eluted with 300uL of elution buffer (100mM KCI, 5mMmgCI2, 10mM
HEPES, 0.5% Tweefl0, 1mM DTT, 0.1% SB, RNase inhibitor 100U and 15 pg/mL
proteinase K) for 2 min at RT followed by 30 min at 50°C. Magnetic rack was used to
separate RNA from beads, supernatant was collected into a new tubes andRIRA
extracted using phencthloroform (P3803, Sigma). IFRNA was precipitated using
100% ethanol, 3M sodium acetate pH 5,2 and 20pg glycogen R0561T, Thermo

Fisher).

MeRIP real time gPCR: Real time gPCR was performed to assess the relative

expression of RNF168 in HRNA and input RNA samples. cDNA was synthesizddbm

using Oligo(dT)21s primers (Thermo Fisher,SO132 and Superscript 1l (18064022,
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Thermo Fisher) following manufacture’s protocol. Quantitative analysis of the PCR
products was performed using SYBR Green master mix (A25742, Thermo Fisher) in
BioRad system CFX384. Downstream analysis was performed using & CFX

manager version 3.0.

The pulldown efficiency was calculated as % of input by computing the difference in
| &y +]| & K CRGE@&EPH @R, AvheBegDF stands for input dilution factor.

GAPDH expression was used to normalize target gene expression in IP sample.

Cellular fractionation : Following siRNA treatment for 48h, cellular fractionation was

completed were cytoplasmic and nuclear RNA was isolated using the RNA Subcellular
EKHGé| dAHg QdIl ¢1 HG 8l dny WHI dny gZITT2a2K ¢HRG
performed as described above.Nuclear:cytoplasmic ratio was defined as the ratio of

MRNA expression in nucleus vs mRNA expression in cytoplasm.

RNA Scope: Following a 48h incubation with siRNAs U20S cells were fixed with 4%
paraformaldehyde for 30 minutesfollowed by protease digestion (Pretreat protease I,
ACD Bio 322340) for 10 min at RT. Cells were incubated with target probes (ACD Bio
300031/320861) for 2h at 40°C and washed two times with 1XRNAScope wash buffer
(ACD Bio ,310091). Next primary, secodary, tertiary, and fluorescent probes (ACD
bio, 320850) were placed on for 30, 15, 30 and 15 minutes respectively, each with
two 5 min washes in the wash buffer. Finally, cells were treated with DAPI nuclear stain
for 60 sec followed immediately by mountig samples on glass slips with mounting
medium. Images were acquired with confocal microscopy, using Olympus FLV1200
under the 60X oil immersion objective in an unbiased manner, based on DAPI staining
rather than the RNAScope foci and analyzed using Imagé and Cell Profiler 3.0.

Approximately 200 cells were counted for each treatment.
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Proteasome Inhibition: U20S cells were treated with 10 phMMG-132 (Sigma Aldrich,
121187736-9) a peptide aldehyde that blocks proteolytic activity of the 26S the major
protease in eukaryotic cells for 3h.Cells were treated@ 6 6 H1 0 dgC | # Gégl ¢

instruction.

Clonogenic assay: Following a 48h incubation with siRNA (10nM) cells were counted
in seeded out in triplicates in six well plates (500 cells, 2500 cells for siFTOAfter 24h
cells were treated with NCS (Sigmdaldrich, N9162) for 1h or with Mitomycin C
(Biotechne,3258/2) for 24h. Cells were cultured for an additional L1 days. Colonies
were stained with crystal violet and counted. Survival fraction was calculasegtording

to 7°. CRISPRCas9KO cells were seeded out in low density (500 cells) in six well plates

and treated as described above.

CRISPR cell line generation: Using RNAIMAX transfection reagent (Thermo Fisher,
13778030) U20S cells were transfected with three singlguide RNA (sgRNA) with
CRISPR/Cas9 system to induce knockout of either FTO or ALKBH3. TRAC gene used as
a positive control. 72h after transfection, cells were plated out in single cell density

after which individual clones were isolated. Inference of CRISPR edits (ICBakysis

tool provided by Synthego Inc was used to analyze specific fragment deletions or indels
and to evaluate overall knockout score for each sample. The knockout was verified by

western blot and Sanger sequencing.

Metaphase chromosome spread: Following 48h incubation with sSiRNA U20cells
were treated with 500ng/pL of Colcemid (Invitrogen, 1521012) to cause metaphase
arrest. Cells were trypsinized, swollen with 75mM KCI solution for 20 min at 37 °C,
followed by centrifugation at 1000 rpm, supernatantemoved, and pellet resuspend in
fixing solution (3:1 methanol: acidic acid). Fixing step was repeated 3 times and
chromosomes suspended in 200pL fixing solutionMicroscope slides were created by

dropping the cell suspension on the slides in HANABI metalse spreader from ADS
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Biotech and stained with Giemsa staining. The slides were scanned, and images
automatically captured using DUET automated imaging system from BioView. The

images were analyzed using Solo software from BioView and aberration counted.

Micronuclei assay: Following 48h incubation with siRNA, U20s cellsvere fixed with
4% paraformaldehyde for 15 min followed bypermeabilization with 0,2% TritorX for 5
min and 1h of blocking with DMEM with 10% FBS. Cells were stained with Nuclear
DNA was stained, DAPI (Sigmahldrich, D9542) diluted 1:5000 for 1h at RT.
Coverslips were mounted on glass slides using Fluoroshield (SIGMA, F6182) mounting
medium. CRISPR clones were grown on coverslips and fixed and stained as described
above.

FV1200 Olympusinverted confocal microscope was used to acquire images. Nuclear
DAPI staining was imaged using excitation by the 405 nm laser. For each condition 5
images were randomly obtained with the 20X objective and imported into ImageJ and
Cell Profiler for downsteam image analysis. Approximately 20800 cells were

counted for each treatment.

Statistical analysis : All data generated were taken from distinct samples and
presented as meahSD. All experiments were performed in a minimum of three
biological replicates. The statistical significance of experimental data was assessed
using twotailed unpaired students Test or twotailed MannWhitney Test (metaphase

spread data), using Graph Pad Prism 6 for windows.

Pvalues are as follows: ****p<0.0001, ***p<0.001, **  p<0.01, *p<0.05.

Data availability: The authors declare that the data supporting the findings of this

study are available from the corresponding authors upon request.
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Figure 1. ALKBH3 promotes efficient expression of RNF168.

(ab) Representative images (a) and quantification (b) of U20S cells transfected with the
indicated siRNAs, 48h post transfection cells were exposed to 50 ng/mL NCS for 15
min and fixed 1h later. Cells were immunostained with 53BP1 (green) agd2AX (red)
antibodies. Nuclear DNA was visualized by DAPI (blue). Graphs demonstrate the mean
number of 53BP1 andgH2AX foci per nucleus from five biological replicates, at least
1000 cells were scored for each condition. MeahASD (n=5) Scale bars: 10 pm(c)
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RNF168 and ALKBH3 protein expression analyzed by Western blotting in U20S and
PC3 cells 48h post transfection with the indicated siRNA. SMC1 was used as a loading
control. (d) Quantification of U20S cells treated with the indicated siRNAs for 48h
followed by a 15 min of 50 ng/mL NCS exposure. 1h and 8h post NCS treatment, cells
were fixed and immunostained with MDC1 and 53BP1 antibodies, nuclear DNA was
stained by DAPI. The graph is a summary of three experiments and shows percentage
of cells with NCS hduced MDC1 foci 1 and 8h following NCS treatment. At least 500
cells were analyzed per condition. Data are presented as mea®D (n=3) (e)
Quantification of the number of metaphase aberrations in U20S cells treated with the
indicated siRNA for 48h. The gaph shows the number of nhumber of aberrations in
each sample, thirteen aberration were analyzedfor each sample (n=2). (f)
Representative images showing metaphase aberrations described @). (DNA double
strand breaks are shown with red arrows, DNA fragmés with white triangles outlined

in red and end fusion reprinted with red triangles. Scale bars: 10 um.

Statistical significance was determined by OA¢/ay ANOVA. * P < 0.05, ** p < 0.01,

*** n < 0.001, **** p<0.0001.
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Figure 2

s
A) 3 B) & 3 o
o
9 g ©
g g
[a) [s] TR
T A o o
z ¢ Z 4 g
o 2 0o z 5 21
€
[}
RNF168 -~ o — E
Q
SMC1 - <
E .
[}
2
T 0-
& siCON  siALKBH3 siRNF168
2.0+
©) D) 2
o 1.57 RNF168 P2 b
ns
) mm ALKBH3 <
g ns E 1.5
510 =
.01 Q
-
£ g 1.0
£ ., o
[*]
S 0.5- <
© *kk g 0 5_
= s .
o
T il 3
° ©
* 0.0 , y . 3
SICON SIALKBH3  siRNF168 0.0-
siCON SIALKBH3
E) F) g mm CON mRNA
siCON siALKBH3 siRNF168 RNF168mRNA

1RNA

DAPV/
NF168-n
N
1

R

ns

-
1

nRNA

DAPV/

Nuclear:Cytoplasmic mRNA Ratio

o
I

SICON SIALKBH3

Figure 2. ALKBH3 promotes nuclear e xport of RNF168 mRNA.

(8) Western blot showing the protein levels of RNF168 in U20S cells treated with
control and ALKBH3 targeting siRNAs for 48h, in the presence or absence of the
proteasome inhibitor MG132 (3h). SMC1was usedas a loading control. (b) Relative
guantification of RNF168 mRNA levels in B pull-downs by MeRIRIPCR analysis.
U20S cells were treated with indicated siRNAs for 48h, followed by RNA isolation and
immunoprecipitation using MA antibody. RNF168 levels in the pulledown RNA
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sampks were analyzed using quantitative real time PCR-RER) and normalized to
GAPDH housekeeping gene. Data are presented as m&g®D (n=3) (c) Total RNF168
and ALKBH3 mRNA levels in U20S cells treated with control, ALKBH3 and RNF168
targeting siRNAs for 48h analyzed with gPCR. The graph shows a summary of three
experiments. In all samples, RNF168 expression was normalized to the GAPDH
housekeeping gene. Data are presented as mead8D (n=3) (d) The ratio between
nuclear and cytoplasmic RNF168 mRNA levels i020S cells treated with indicated
siRNAs for 48h analyzed using gPCR and normalized to internal control genes (beta
actin and HPRT). Ratio >1 indicates more mRNA expression in nucleus. Ratio <1
indicates more mRNA expression in cytoplasm. Data are presedtas mearf SD (n=3).

(e) Representative images from the RNA Scope assay performed in U20S cells treated
with indicated siRNAs for 48h, followed by incubation with RNF168 specific and
control mRNA probes (green) and nuclear DNA stained with DAPI. Images were
acquired on a confocal microscope as Atacks and are displayed as maximuimtensity
projections. PPIB probes were used as contrdiRNA probes. Scale bars: 10 um(f)
Quantification of the experiment described in (e). The graph shows nucleus:cytoplasmic
ratio of RNF168 mRNA in each sample, normalized to control sample. Ratio>1
indicates increased mMRNA expression in nucleus. Ratio<l indicates increased mRNA
expression in cytoplasm. The graph shows a summary of three independent
experiments, meafASD.

Statstical significance was determined by twaaniled unpaired ttest (D, F) or OneWay
ANOVA (BC). * P <0.05, ** p < 0.01, *** p < 0.001, **** p<0.0001
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Figure 3. The potential role of additional AIkB family members in RNF168
regulation.

(ab) U20S cells were treated with the indicated siRNAs for 48h followed by Western
blotting to analyze RNF168, ALKBH3 and FTO protein expression. SMC1 was used as a
loading control. (c) U20S cells were treated with siRNA for 48h as indicated and
exposed to 5g/mL NCS for 15 min, 1h later cells were immunostained with 53BP1
and gH2AX antibodies. Nuclear DNA was stained by DAPI. The graph is a summary of
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three independent experiments showing the average number of foci per nucleus,
mearf SD. (d) Quantification of the number of metaphase aberrations in U20S cells
treated with the indicated siRNA for 48h. The graph shows the relative change in
number of aberrations compared to control siRNA treated cells. Data are presented as
mearf SD (n=3). (e) Representative image from the RNA Scope assay performed in
U20S cells treated with FTO and control siRNAs for 48h, followed by incubation with
RNF168 specific and control mRNA probes (green) and nuclear DNA stained with
DAPI. Images were acquired on a confocal microscope asstacks and are displayed as
maximumintensity projections. PPIB probes were used as conttaRNA probes. Scale
bars: 10 um. (f)Quantification of the experiment described in (e). The graph shows
nucleus:cytoplasmic ratio of RNF168 mRNA in each sample, moalized to control
sample. Ratio<1 indicates increased mMRNA expression in cytoplasm. The graph shows
a summary of three independent experiments, measD. (g) The ratio between nuclear
and cytoplasmic RNF168 mRNA levels in U20S cells treated with indicats@®NAs for
48h analyzed using gPCR and normalized to internal control genes (beta actin and
HPRT). Ratio >1 indicates more mRNA expression in nucleus. Ratio <1 indicates more
MRNA expression in cytoplasm. Data are presented as mé&bD (n=3). (h) Relative
guantification of RNF168 mRNA levels in f pull-downs. U20S cells were treated with
indicated siRNAs for 48h, followed by RNA isolation and immunoprecipitation using
mPA antibody. RNF168 levels in the pulledown RNA samples were analyzed using
guantitative real time PCR (¢PCR) and normalized to GAPDH housekeeping gene. Data
are presented as meahSD (n=3).

Statistical significance was determined by twailed unpaired ttest f-g) or One-Way
ANOVA (C, H). * P <0.05, ** p < 0.01, *** p < 0.001, **** p<0.0 001
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Figure 4
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Figure 4. Genomic instability and increased sensitivity to genotoxic drugs in
ALKBH3 and FTO knockout cell lines.

(a) RNF168, ALKBH3 and FTO protein expression in ALKBH3 and FTO CRIG&$®

KO U20S cells analyzed by Western blotting. SMC1 was used as a loading conti()
Quantification of the number of micronuclei in ALKBH3 and FTO CRKSRs9 KO U20S
cells. DAPI staining was used to visualize the nucleus. Bar graph represents the relative
number of micronuclei per nucleus compared to control sample me&&D (n=3). (c-d)
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The ratio between nuclear and cytoplasmic RNF168 mRNA levels in ALKBH3 (c) and
FTO (d) CRISPRas9 KO U20S cells analyzed using gPCR and normalized to internal
control genes (bda actin and HPRT). Ratio >1 indicates more mRNA expression in
nucleus. Ratio <1 indicates more mMRNA expression in cytoplasm. Data are presented as
mearf SD (n=3). (ef) Survival curves derived from colony formation assay in wild type
and ALKBH3 and FTO CBPRCas9 KO U20S cells, exposed to the indicated
concentration of NCS (e)and MMC (f), mea® SD (n=3).

Statistical significance was determined by twailed unpaired ttest ¢-d) or One-Way
ANOVA (b, ef). * P < 0.05, ** p <0.01, *** p < 0.001, **** p<0.0 001
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Supplementary material

Supplementary Figure 1. ALKBH3 regulates RNF168 expression and DNA DSB
induced signaling. the. Related to Figure 1.

(8) U20S cells were treated withthe indicated siRNAs for 48h and exposed to 50
ng/mL NCS for 15 min, 1h later cells were immunostained with RIF1 amgH2AX
antibodies. Representative images showing DAPI (blue), RIF1 (magenta) ahl@AX
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