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Ágrip  
RNA sviperfðir vísa til stjórnunar á genatjáningu eftir umritun með breytingum á RNA 
sem geta haft áhrif á virkni og uppbyggingu RNA sameindarinnar án þessa að valda 
breytingum í ríbósakjarnsýru röðinni. RNA breytingar finnast á öllum gerðum RNA þar 
á meðal mRNA þar sem metýleringar eru eitt algengasta form breytinga. Tvær af 
þekktustu mRNA metýleringunum eru N6-metýladenósín (m6A) og N1-metýladenósín 
(m1A) en báðar breytingarnar eru afturkræfar. Rannsóknir hafa sýnt fram á að mRNA 
metýleringar taka þátt í og hafa áhrif á marga líffræðilega ferla, þar á meðal DNA 
skemmdarviðbragði í frumum. Viðbrögð frumna við DNA skemmdum eru mikilvæg 
fyrir lífvænleika þeirra og til að viðhalda stöðugleika erfðamengisins. DNA tvíþáttabrot 
(DTB) eru talin alvarlegasta gerð af DNA skemmdum þar sem galli í viðgerðum á DTB 
getur leitt til frumudauða og stuðlað að krabbameinsmyndun. Hæfni frumna að greina 
og gera við DNA DTB á réttan hátt er nauðsynleg til að frumur haldi erfðafræðilegum 
stöðugleika og til að flytja réttar erfðaupplýsingar frá einni kynslóð til annarrar.  

ALKBH3 og FTO (ALKBH9) eru díoxýgenasr sem tilheyra AlkB prótínfjölskyldunni. 
ALKBH3 hefur vel skilgreint hlutverk í viðgerðum á alkýlerandi DNA skemmdum en er 
einnig þekkt fyrir að starfa sem mRNA demtýlasi ásamt örðum meðlimum í AlkB prótín 
fjölskylunni. Nánar tekið, þá fjarlægir ALKBH3 m1A af mRNA og FTO er þekktast fyrir 
að fjarlægja m6A af mRNA. Fyrri rannsóknir frá Rannsóknarstofu í krabbameinsfræðum 
hafa sýnt að stýrilsvæði ALKBH3 er metýlerað í ~20% af brjóstakrabbameinum. Þessi 
sviperfðastjórnun leiðir til minni ALKBH3 tjáningar og verri lifunar hjá 
brjóstakrabbameins sjúklingum. Frekari rannsóknir á ALKBH3 og öðrum AlkB prótín 
meðlimum leiddu í ljóst að þöggun á ALKBH3 og FTO (ALKBH9), leiddi til taps á 
prótíntjáningu RNF168, lykilpróteini sem tekur þátt í viðgerð á DTB. 

Fyrsta markmið þessa verkefnis var að skilgreina stjórnunarhlutverk ALKBH3 og FTO á 
prótíntjáningu RNF168. Í ljós kom að tap á ALKBH3 og FTO leiddi til aukinna m1A og 
m6A metýleringarmerkja á umriti RNF168 sem leiðir til skerts mRNA útflutnings og tapi 
á prótíntjáningu. Bentu þessar niðurstöður til þess að ALKBH3 og FTO gætu stjórnað 
RNF168 í gengum RNA sviperfðir, ný leið í stjórnun á RNF168 prótín tjáningu.  

Seinna markmið verkefnisins fólst í að kanna möguleg áhrif ALKBH3 og FTO á DNA 
skemmdarviðbragð frumna, sem rekja má til stjórnunar þeirra á RNF168. Genaþöggun 
á ALKBH3 og FTO leiddi í ljós að frumur sem skortir ALKBH3 eða FTO sýndu sterk 
merki um truflun á starfsemi RNF168, þar á meðal að 53BP1 prótínið kom ekki lengur 
að DNA DTB. Frekari rannsóknir sýndu fram á að frumur með skerta ALKBH3 og FTO 
virkni höfðu skerta getu til að gera við DTB. Einnig kom í ljós aukinn erfðafræðilegur 
óstöðugleiki og aukið varnarleysi fyrir lyfjum sem valda DNA skemmdum við tap á 
ALKBH3 og FTO.  
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Þessar niðurstöður benda til nýrrar gerðar stjórnunar á RNF168 og sýna þátttöku mRNA 
breytinga í að hafa áhrif á DNA DTB viðgerðarsvörun. Enn fremur, gefa niðurstöðurnar 
úr þessu verkefni vísbendingar um samspil alkýleringarviðgerðar og DNA DTB 
viðgerðar. Það að fjarlæga mRNA metýleringar hafi áhrif á DNA skemmdarviðbragðið 
er ný viðbót við ört stækkandi heim RNA sviperfða og mun einnig hafa þýðingu fyrir 
rannsóknir á DNA viðgerðum. Einnig að demetýlasar hafi hlutverk í að viðhalda 
stöðugleika erfðamengisins og svörun frumna við krabbameinslyfjum gæti reynst 
mikilvæg fyrir þróun krabbameins. Tap á ALKBH3 og FTO gæti verið notað sem 
hugsanleg vísbending fyrir svörun við krabbameinsmeðferð, bæði vegna skorts á 
alkýlerunarviðgerð og hugsanlega vegna skorts á DNA tvíþáttabrotum sem undirstrikar 
mögulegan klínískan ávinning af þessu verkefni. 

Lykilorð:  

RNA sviperfðir, DNA viðgerðir, mRNA metýleringar, DNA tvíþáttabrot, RNF168. 
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Abstract  
Epitranscriptomics refers to post-transcriptional regulation of gene expression via RNA 
modifications, which can affect the function and structure of RNAs but do not entail any 
changes to the ribonucleotide sequence. RNA modifications are found on all forms of 
RNA including messenger RNA (mRNA) with methylations being the most common 
forms of mRNA modifications. Two such mRNA methylations are N6-methyladenosine 
(m6A) and N1-methyladenosine (m1A) which are known to be reversible. Studies have 
demonstrated that mRNA methylations are involved in and influence numerous 
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 AlkB protein family. 
ALKBH3 has a well-established role in DNA alkylation repair but can also act as an 
mRNA demethylase, a function shared with other members of the AlkB family. 
Specifically, ALKBH3 removes m1A from mRNA, whereas FTO is primarily recognized 
for demethylating m6A from mRNA. In a previously published article, the Sigurdsson 
laboratory revealed that ALKBH3 is promoter hyper-methylated in ~20% of breast 
cancers. This form of epigenetic regulation reduced ALKBH3 expression and was 
correlated with reduced survival. Exploring the function of silencing ALKBH3 and other 
members of the AlkB family revealed that knockdown of ALKBH3 and FTO caused 
protein downregulation of RNF168, a pivotal protein in DNA DSB repair. 

The first aim of this project involved elucidating the regulatory role ALKBH3 and FTO 
have on RNF168. Further exploration into silencing ALKBH3 and FTO revealed that loss 
of ALKBH3 and FTO lead to increased m1A and m6A methylation marks on the RNF168 
transcript, resulting in impaired mRNA export and decreased protein expression. These 
results point towards 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 RNF168. Cells 
depleted of ALKBH3 and FTO demonstrate 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 of ALKBH3 and FTO.  
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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 and DNA DSB 
repair. The removal of mRNA modification from the DNA repair factor RNF168, 
presents a new regulatory mechanism into the DNA DSB repair signaling, making it a 
unique addition to the rapidly evolving field of epitranscriptomics. The fact that 
demethylases play 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 be used 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  
 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. It is essential for safeguarding cellular 
integrity by preventing errors in DNA replication and protecting against internal and 
external genotoxic stressors. Internal genotoxic stressors include reactive oxygen 
species produced during cellular metabolism while external factors comprise ultraviolet 
(UV) light, ionizing radiation (IR), or DNA-damaging chemicals. Genome instability is a 
key characteristic of most cancers, believed to arise due to 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 sophisticated signaling 
system termed the DNA damage-response (DDR) that detects the damage, signals their 
presence, and promotes repair (Harper et al., 2007; Harrison et al., 2006; Rouse et 
al., 2002) (Figure 1). The DDR comprises cell-cycle checkpoints, cell death pathways as 
well as various DNA repair mechanisms including nucleotide excision repair (NER), 
base excision repair (BER), interstrand crosslink repair (ICL), mismatch repair (MMR), 
and double-stranded break (DSB) repair (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 day arising from both endogenous and environmental causes (Kass et al., 2010; 
Lindahl, 1993). Certain forms of damage, like oxidative damage to DNA bases, occur 
and undergo repair as frequently as 105 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.  

Single-strand breaks (SSBs) undergo restoration through both direct and indirect base excision 
repair (BER), while double-strand breaks (DSBs) are rectified through homologous recombination 
(HR) and non-homologous end joining (NHEJ). Mismatch repair (MMR) addresses replication 
errors, and nucleotide excision repair (NER) tackles DNA adducts (M. Wang et al., 2021). 

 DNA Double Strand Breaks  
Chromosome breaks or DNA double strand breaks (DSB) are the most serious type of 
DNA damage caused by exposure to exogenous agents such as ionizing radiation, 
environmental mutagens, UV light or chemotherapeutic drugs (Lieber, 2010) 
(Thompson, 2012). DSBs can also occur from endogenous processes including 
replication stress, stalled replication fork and reactive oxygen species (Alexander et al., 
2016; Cannan et al., 2016). Failure to repair DSBs can result in cell death as persistent 
DSBs can initiate apoptosis. Improperly repaired DSBs can result in chromosomal 
rearrangements such as translocations, insertions, and deletions, these 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 protein 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 Non-homologous end joining, also known as 
classical non-homologous end joining (c-NHEJ). In addition to these highly efficient 
pathways, two other more error prone repair pathways exist called single-strand 
annealing (SSA) and alternative NHEJ (alt-NHEJ) (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 DSBs and 
signaling their presence to the DNA repair and replication machinery (Figure 2). The 
MRE11-RAD50-NBS1 (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 that Poly (ADP-ribose) polymerase 1 (PARP1) initiates the repair 
response to recruit MRE11 and NBS1, or that Ku70/80 heterodimer binds immediately 
to the broken DNA ends to stabilize them (Haince McDonald Rodrigue Déry et al., 
2008; Walker et al., 2001). The established consensus is however in agreement that 
the recruitment 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 in c-NHEJ as knockdown (KD) of MRE11 in 
mammalian cells has been shown to diminish the efficiency of end-joining in c-NHEJ 
(Rass et al., 2009), although ďļǴĶ full function within c-NHEJ is not as well understood 
and require further research.  

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 Rad3-Related) and DNA-PK (DNA-dependent protein) kinases are the key DSB 
transducers and are 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 DSBs but is most commonly 
associated with stalled or collapsed replication forks during S-phase (Liu et al., 2007). 
ATM resides within cells as an inactive dimer but when a DSB occurs ATM undergoes 
auto-phosphorylation and separation, transitioning into an active, single-molecule ATM 
kinase that attaches to the DSB. At the site of the break, ATM phosphorylates and 
activates numerous mediators and effectors responsible for DSB responses, including 
Chk1, Chk2, MDC1 and BRCA1 (Ayoub et al., 2009; Bartek et al., 2007; Harper et al., 
2007; Marechal et al., 2013; Pardo et al., 2009; Riches et al., 2008; Shibata et al., 
2021). One of ATMs key actions involves phosphorylating the C-terminal tail of the 
histone variant H2A histone family member X (H2AX) on Serine 139, a crucial step that 
serves as a focal point for recruiting MDC1 (Mediator of DNA Damage Checkpoint 1) 
and subsequently initiating ubiquitination cascades by Ring Finger Protein 8 and 168 
(RNF8 and RNF168) (Burma et al., 2001). The RNF8-RNF168 ubiquitination cascade 
recruits main regulators of DNA DSB repair pathway choice, 53BP1 (p53 binding 
protein) and breast cancer gene 1 (BRCA1).  
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Figure 2. Simplified overview of the detection of DNA Double strand breaks.  

Upon DSB forming the MRN complex (NBS1, RAD50 and MRE11) recognizes and binds to the 
break triggering the DDR response. ATM is recruited by NBS1 and phosphorylates H2AX into 
gH2AX along with multiple other proteins inducing MDC1. MDC1 phosphorylation induces an 
ubiquitin cascade performed by RNF8 and RNF168, which ubiquitinate several histones 
including H2A/H2AX. Histones ubiquitination is recognized by 53BP1 which promotes c-NHEJ 
repair or by BRCA1 and its associated proteins to promote HR repair. The figure was created 
using BioRender (biorender.com). 



Introduction 

5 

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). C-NHEJ is a relatively 
fast process that repairs DSB throughout the cell cycle though a set of mechanistically 
distinct steps to join DNA ends by direct ligation (Hefferin et al., 2005). The c-NHEJ 
pathway employs proteins capable of recognizing, trimming, polymerizing, and joining 
DNA ends in a versatile manner (Figure 3). The onset of c-NHEJ begins with the 
attachment of the Ku70/ 80 heterodimer to the end of the DSB. Binding of Ku 
heterodimer to DSB servers as a scaffold to recruit various c-NHEJ repair components, 
which include the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), DNA 
ligase IV (LIG4), and accompanying scaffold proteins like XRCC4 (X-Ray Repair Cross 
Complementing 4), XRCC4-like 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 DNA-PKcs, which acts as the kinase catalytic subunit of the DNA-PK 
complex. The formed DNA-PK complex is activated at DSBs, resulting in the 
phosphorylation of members of the c-NHEJ machinery. Next the ARTEMIS nuclease is 
ıýõıŀďļýû ļĦ įıĦõýĶĶýĶ ļčý 1m*Ķȁ ćĦĜĜĦŌýû ôŔ 1X ĶŔġļčýĶďĶ ôŔ 1X įĦĜŔĠýıêĶý Ů Ħıʇ 
and finally the last step is ligation, performed by the XLF-XRCC4-DNA Ligase IV 
complex (Lieber, 2010; Ruis et al., 2008; Scully et al., 2019).  
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Figure 3. Schematic overview of classical non homologous end joining  repair.  

c-NHEJ remains active throughout the cell cycle, resulting in precise repair or the generation of 
small insertions or deletions (indels) (Mirman et al., 2020). Figure created using BioRender. 

1.2.3  Homologous recombination  

Homologous recombination is a multi-step process that is considered the more precise 
and complex method for repairing DNA DSBs (Figure 4). HR takes place exclusively in 
late S and G2 part of the cell cycle and uses homologous DNA template for the repair, 
most often the sister chromatid (Takata et al., 1998). A major step in directing DSB 
repair towards HR is end resection which involves the removal of nucleotides in a 5ǋǥ
3ǋ direction from the DNA end, resulting in the creation of a 3ǋ single-stranded DNA 
(ssDNA) overhang. The resection process involves several key proteins, including the 
MRN complex, BRCA1, BARD1 (BRCA1 Associated Ring Domain 1), EXO1 (exonuclease 
1), DNA2 (DNA replication helicase 2), and the bloom syndrome (BLM) helicase. 
MRE11 along with CtIP (c-terminal interacting protein), initiates the process by making 
an incision in one DNA strand near the site of the break, utilizing its 5ǋǥ3ǋ 
endonuclease activity. Following this, it proceeds to degrade the same strand with its 
continuous 3ǋǥ5ǋ exonuclease activity. This action leads to the displacement of 
Ku70/Ku80 from the break site as a result of MRE11Ǵs end-processing 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 BRCA1 which forms a complex with 
BARD1 and interacts with CtIP and MRN to aid in end resection (Tarsounas et al., 
2020). However, the precise mechanisms governing the coordinated regulation of 
these resection factors remain elusive and require further investigation.  

Following end resection, the replication protein A (RPA) rapidly binds to the ssDNA 
overhang preventing formation of any secondary structure and degradation (Sugiyama 
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 
BRCA2) (Lin et al., 1984) along with RAD51 paralogues, such as RAD51B, RAD51C, 
RAD51D, XRCC2, and XRCC3 (Jensen 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 search for and invasion of the 
homologous DNA sequence. Subsequently, RAD51 dissociates from the ssDNA, 
allowing for base-pairing between the invading and complementary donor strands. 
Once homology is established, a displacement loop (D-loop) is generated, forming a 
primer-template junction that facilitates DNA repair synthesis. The 3ǋ end of the D-loop, 
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 synthesis is finished, HR can progress through two pathways: synthesis-
dependent strand annealing (SDSA) or Holliday junction (HJ) formation (Heyer et al., 
2010). In SDSA, the extended break end is displaced from the D-loop and 
subsequently anneals to the complementary sequence at the non-invading end and ends 
in non-crossover product. HJs can be formed through the annealing of the non-invading 
end to the displaced strand of the D-loop in a second-end capture step, or possibly by 
the simultaneous invasion of the two resected ends into the donor and their subsequent 
extension (Matos et al., 2014). To ensure proper chromosome segregation, the 
intertwined strands must be separated, which can occur through two distinct 
mechanisms. Double HJs, which are common HR intermediates, can be processed via 
migration by the BTR (BLM, TOP3A-RMI) complex which can separate the sister 
chromatin without genetic exchanges. Alternatively, HJ can be resolved later in the cell 
cycle by SLX1-SLX4-MUS81-EME1 complex resulting in crossover or non-crossover 
products (Stephen C West 2015).  
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Figure 4 . Schematic overview of homologous recombination  repair.   

HR repair involves the creation of 3ǋ overhangs suitable for Rad51 loading. Precise repair occurs 
through synthesis-dependent strand annealing (SDSA), or complete homologous recombination 
(HR) followed by the dissolution or resolution of the double Holliday junction (Mirman et al., 
2020). Figure created using BioRender. 
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1.2.4  Alternative non-homologous end joining  

Alternative end joining (Alt-NHEJ), also known as microhomology-mediated end joining 
is defined as an error prone repair pathway, which functions without the use of c-NHEJ 
factors and operates on 3Ǵ-ssDNA ends (Figure 5) (Yan et al., 2007). Alt-NHEJ repair of 
DSBs is most active during the S and G2 phases of the cell cycle (Xiong et al., 2015) 
and requires a Pol ʃ (DNA polymerase theta) (Koole et al., 2014; Mateos-Gomez 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 alt-NHEJ requires end resection performed by endonuclease activity of 
MRN which is activated by phosphorylated CtIP. MRN trims the DNA ends and creating 
3Ǵ-overhangs spanning 15 to 100 nucleotides (Xie et al., 2009). The MRN/CtIP 
complex is 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, Polʃ and PARP1 (Haince 
McDonald Rodrigue Dery et al., 2008). Next the nucleases ERCC1\ «f= ûďĈýĶļ ļčý ƪǴ
tail, thereby generating gaps within the DNA strand which are filled by Polʃ-mediated 
DNA synthesis (Kent et al., 2015). Finally, the DNA ligase 3 (LIG3)/XRCC1 complex 
repairs the DNA, specifically XRCC1, a scaffolding protein, facilitates the proximity of 
LIG3 to DNA breaks through a physical interaction with both PARP-1 and the MRN 
complex, ultimately resulting in DSB repair. 

Alt-NHEJ is considered an error prone repair pathway due to several reasons, including 
imprecise end joining mechanisms and delayed repair kinetics (Wang et al., 2003). 
The exonuclease and endonuclease machinery within this pathway generate substantial 
deletions, revealing microhomology regions (Zhuang et al., 2009). Polʃ, with its low-
fidelity gap-filling capability, plays a role in introducing significant sequence 
irregularities, especially insertions, at repair sites. This is a result of PolʃǴs terminal 
transferase activity and the repetitive synthesis of ssDNA (Arana et al., 2008; Wood et 
al., 2016). Alt-NHEJ has been suggested to have a role as a backup repair mechanism 
when HR and c-NHEJ are defective (Iliakis et al., 2015). Several hypotheses have been 
proposed that once c-NHEJ and HR machinery have attempted repair and by some 
means DNA end processing has failed, alt-NHEJ 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 alt-NHEJ has the potential to selectively 
eradicate cancer cells reliant on this pathway for DNA repair, thereby preserving the 
integrity of healthy cells. Alt-NHEJ 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 neuroblastomas, alt-NHEJ has been shown to 
play a crucial role in both cell survival and genomic instability. Consequently, inhibition 
of key alt-NHEJ factors lead to accumulation of DSB and cells death (Newman et al., 
2015). 



Karen Kristjánsdóttir 

10 

    
Figure 5. Schematic overview  of alternative non -homologous end joining  repair . 

Alternative non-homologous end joining (alt-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 performs additional end resection, creating a gap in the DNA strand that is 
filled in by the error prone Polʃ. Finally, the Lig3/XRCC1 complex ligates the strands together. 
Alt-NHEJ is considered an error-prone pathway, leading to significant sequence irregularities, 
particularly insertions (highlighted in red), at repair sites. Figure created using BioRender. 

1.2.5  Single strand annealing  

Single strand annealing (SSA) is a DSB repair pathway that is independent of RAD51 
ļčêļ ĘĦďġĶ ļŌĦ čĦĠĦĜĦĈĦŀĶ ƪǴ-ssDNA via annealing, at the cost of deletion of the 
intervening sequence between the repeats (Paques et al., 1999). SSA has been 
observed in mammalian cells as well as in various model organisms, including S. 
cerevisiae, A. thaliana, D. melanogaster, and C. elegans (Do et al., 2014; Ivanov 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 takes 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 pathway (Ceccaldi et al., 
2016). Unlike HR repair, SSA does not need a homologous donor sequence. Similar to 
alt-NHEJ, SSA rýİŀďıýĶ ýœļýġĶďŋý ƬǴ-end resection of DSB end to reveal complementary 
homologous sequences, however, when compared to alt-NHEJ, the end resection in 
SSA is more extensive. SSA end resection is generated by the MRN complex and CtIP 
to form 15-100 nucleotide ƪǴ ĶĶ1X ļêďĜȁ êļ ļčďĶ įĦďġļ mm êġû êĜļ-NHEJ diverge. While 
the microhomology annealing of alt-NHEJ is enough for Polʃ to extend one DNA 
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strand, generating a stable structure for ligation, SSA calls for more sequence 
homology and a further extension reliant on the action of EXO1, BLM or DNA2 in order 
ļĦ Ĉýġýıêļý ĜĦġĈýı ƪǴ-ssDNA tails (Mimitou et al., 2008; Symington et al., 2011). 

=ĦĜĜĦŌďġĈ ļčý ýġû ıýĶýõļďĦġȁ ĶýõĦġûêıŔ ĶļıŀõļŀıýĶ Ħć ļčý ĜĦġĈ ƪǴ-ssDNA tails are 
prevented by coating the tail with RPA. The subsequent phases of SSA encompass the 
alignment of the adjacent repeats and the ensuing removal of non-homologous 3Ǵ 
ssDNA tails. These processes are facilitated by RAD52 and ERCC1 with RAD52 
mediates the pairing of ssDNA substrates (Rothenberg et al., 2008) and displaces the 
RPA molecules coating the ssDNA. Simultaneously, ERCC1 (Excision Repair 
Endonuclease Non-Catalytic Subunit 1) forms a complex with XPF (excision repair cross-
complementation group 4), which proficiently cleaves the 3Ǵ ssDNA tail through 
nucleolytic activity (Motycka et al., 2004). DNA polymerases, with support from DNA 
ligases, fill any gaps. The non-čĦĠĦĜĦĈĦŀĶ ıýĈďĦġ Ħć ļčý ƪǴssDNA tail which must be 
processed and removed before ligation by XPF-ERCC1 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 identified (Bhargava et al., 2016). 

Research has confirmed that the process of DSB end resection, which results in the 
creation of 3Ǵ-ssDNA, represents a crucial stage in SSA repair. For instance, the 
success of SSA is reliant on CtIP, (Ceppi et al., 2020), a key factor responsible for end 
resection. On the other hand, factors that inhibit end resection have been observed to 
suppress SSA. This includes elements of the DNA damage response pathway, such as 
H2AX, RNF168, 53BP1, and Rap1 interacting factor 1 (RIF1) (Escribano-Diaz et al., 
2013; Munoz et al., 2012). Like alt-NHEJ, SSA has been suggested as an alternative 
repair of DSB in HR compromised cells (Deniz et al., 2017), in particular BRCA 
deficient cells (van de Kooij et al., 2023) leading to the possibility of SSA related 
proteins as targets in BRCA deficient cancer.  
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Figure 6. Schematic overview of Single strand annealing repair.  

Single-strand 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 RPA-coated single strands and facilitates the annealing 
of complementary regions, aligning the DNA ends and exposing nonhomologous 3Ǵ single-strand 
tails. ERCC1/XPF removes the 3Ǵ tails, 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, Riddle Syndrome, Bloom syndrome, Nijmegen syndrome, DNA ligase 4 
syndrome and Artemis deficiency (Altmann et al., 2016; Moshous et al., 2001; Taylor et 
al., 2019).  

 

 
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 categorized by 
syndrome, DDR pathways affected, and presenting symptoms (Sharma et al., 2020). Not known 
(NK). Figure created using BioRender.  
 
In cancer cells, DNA repair pathways are often impaired due to mutations 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 instability (Figure 7). One of the best-known 
example is the tumor suppressor genes BRCA1 and BRCA2 which are frequently found 
mutated in cancers, specifically breast and ovarian cancer (Venkitaraman, 2002). As 
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previously mentioned, both BRCA1 and BRCA2 are vital for HR repair of DSBs but are 
also important for the resolution of R loops (Crossley et al., 2019) and protecting 
against stalled replication forks as BRCA1/BRCA2 deficient cells cannot properly repair 
collapsed replication forks (Schlacher et al., 2011). Mutations in other HR genes, such 
as PALB2, BRIP1, RAD51C, and RAD51D are 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 the c-NHEJ pathway have also been associated with cancer, with 
mutations in KU70, KU80 and DNA ligase 4 found in number of cancers including 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 defects in the DDR and to 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 best-known examples of synthetic lethality 
in cancer is PARP inhibitors (PARPi) which are used to target HR-deficient cells (Bryant 
et al., 2005). PARPi inhibits PARP1 and PARP2, consequently impeding the BER 
pathway. This inhibition results in an elevated accumulation of ssDNA 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 increased genomic 
instability or DDR defects, these including ATR and ATM inhibitors (Yap et al., 2020) 
(Shu et al., 2023). Although DDR inhibitors show great efficacy in cancer treatment, 
long-term 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 challenge (H. 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 pathways in certain cancer types 
and whether different tissue and cell types respond differently to the loss of DDR 
pathways remain unclear. Comprehending the diverse origins of genomic instability in 
cancer cells and the implications of defects in DDR within various 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 between DSB repair 
pathways. Each pathway is suited to specific circumstances and choosing the wrong 
one can result in ineffective repair, potentially increasing genomic instability (Ceccaldi 
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et al., 2016). The choice of repair pathway is influenced by factors including end 
resection, chromatin context, cell cycle phase, and the DNA lesion itself. The current 
working model of DNA DSB repair dictates that c-NHEJ is the predominant repair 
pathway of DSB in humans since it can operate throughout the cell cycle (Davis et al., 
2013; Lieber, 2010). The three other available repair pathways (HR, SSA and alt-NHEJ) 
are constrained to S and G2 stage Ħć ļčý õýĜĜ õŔõĜý ûŀý ļĦ ļčýďı ûýįýġûýġõý Ħġ ƪǴ
ssDNA overhang caused by DNA end resection (Ceccaldi et al., 2016; T. Liu et al., 
2016)Ȁ 3ġû ıýĶýõļďĦġ õêļêĜŔřýĶ ļčý ġŀõĜýĦļďûý ûýĈıêûêļďĦġ Ħć ļčý ôıĦĚýġ ýġû ďġ ļčý ƬǴ-
ƪǴ ûďıýõļďĦġ ļčýıýćĦıý įĜêŔĶ ê ĶŀôĶļêġļďêĜ ıĦĜý ďġ ıýĈŀĜêļďġg pathway choice (Figure 8). 

 
Figure 8. DNA end resection and the four approaches to repair DNA DSB.  

DNA end resection can influence the choice of DSB repair pathway. When end resection is 
blocked, c-NHEJ repair (A) is favored. When end resection occurs, HR (B), SSA(C) and alt-NHEJ 
(D) can compete to repair the DSB (Ceccaldi et al., 2016).  

DNA end resection only takes place in S/G2 phase of the cell cycle (Longhese et al., 
2010) and is a two strep process. The first step relies on the MRN complex and 
associated CtIP protein to start end processing which displaces the Ku70/Ku80 
complex from DSB ends in human cells (Chanut et al., 2016; Langerak et al., 2011; 
Mimitou et al., 2010). In the second step DNA ends are processed further by DNA2-
BLM and EXO1 to generate long stretches of ssDNA (Nimonkar et al., 2011; Takata et 
al., 1998)Ȁ sčý ƪǴ ĦŋýıčêġĈ õıýêļýû ôŔ 1X  end resection not only inhibits c-NHEJ, as 
it prefers blunt DNA ends but also dictates the choice among the other three pathways 
(HR, SSA and alt-NHEJ) (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 
BRCA1. 



Karen Kristjánsdóttir 

16 

ATM, MDC1, MRN complex, and the RING finger E3 ubiquitin ligases RNF8 and 
RNF168 are some of the initial components observed in DNA damage foci (Bekker-
Jensen et al., 2010). The recruitment of 53BP1 and BRCA1 occurs subsequently, relying 
on the previously mentioned upstream factors (Mailand et al., 2007). 53BP1 is quickly 
localized to DSB as it recognizes histone methylation (H4 Lys20) and ubiquitination on 
histone H2A at Lys15, which is performed by RNF168 (Botuyan et al., 2006). ATM 
phosphorylates 53BP1 N-terminal region which leads to recruitment of Pax2 
transactivation interaction protein (PTIP) and RIF1 to limit DNA end resection during G1 
phase of the cell cycle (Callen et al., 2013; Chapman et al., 2013; Escribano-Diaz & 
Durocher, 2013; Escribano-Diaz Orthwein et al., 2013; Feng et al., 2013)Ȁ fsEfǴĶ ıĦĜý
in blocking end resection involves recruiting a downstream protein, Artemis, which 
induces c-NHJE by trimming DNA ends (J. Wang et al., 2014). RIF1 recruits a fairly 
newly discovered proteins complex, the Shieldin complex, which protects DSB from 
BRCA1-dependent end resection (Arnoult et al., 2017; Noordermeer et al., 2018).  

Cyclin-dependent kinase (CDKs) activity which increases as cells enter S phase, 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 
CtIP-BRCA1 interaction in S/G2 phase of the cell cycle (Reczek et al., 2013; Yu et al., 
2004) allowing BRCA1 to antagonizes c-NHEJ by impairing RIF1 retention in a CtIP 
dependent manner, thereby enabling DNA end resection (Bunting et al., 2010; Daley 
et al., 2014) (Chapman et al., 2013; Escribano-Diaz et al., 2013; Feng et al., 2013). HR 
is suppressed during G1 by a variety of mechanisms including destabilization of CtIP by 
proteasome-mediated degradation (Germani et al., 2003). In G1 phase, 53BP1 and 
RIF1 prevent BRCA1 recruitment to DSB sites (Callen et al., 2013; Chapman et al., 
2013; Feng et al., 2013), leading to a battle between 53BP1-RIF1-PTIP and BRCA1 to 
determine end protection or resection.  

DSB end structure is another factor that can influence repair pathway choice (Chapman 
et al., 2012; Liu et al., 2014; Shibata, 2017). In general, DSB can be categorized into 
one-and two ended DSBs (Shibata, 2017). One ended breaks are the result of 
replication forks encountering a single stranded break (SSB) and are preferably 
repaired by HR due to the lack of another DNA end for end joining (Bunting et al., 
2010; Wang et al., 2013). Two ended DSBs are generated by ionizing radiation or 
DNA topoisomerases II inhibitor like etoposide. Normal healthy cells utilize c-NHEJ to 
fix the majority of two-ended breaks but in G2 HR can repair ~30% of two-ended DSBs 
(Beucher et al., 2009).  

 RNF168 
Ring finger protein 168 (RNF168) is a 571-amino 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 stability (Bohgaki et al., 2011; Doil et al., 2009; Stewart 
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et al., 2009). Initially discovered due to its association with radiosensitivity, 
immunodeficiency, dysmorphic features, 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 RNF168 and is linked to impaired DSB 
repair due to loss of 53BP1 recruitment to the site of DSBs (Devgan 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 diminished immunoglobulin levels. In 
mice RNF168 knockout (KO) results in faulty recruitment of key DNA DSB repair factors 
to the site of DNA damage and the mice suffer from radiosensitivity, immune-defect 
and decreased spermatogenesis (Bohgaki 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 non-histone 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 
multi-protein complexes at the damaged chromatin. The spatiotemporal dynamics of 
these protein complexes at damage sites are primarily regulated by post-transcriptional 
modifications (PTMs) (Huen et al., 2008). One such PTM is ubiquitination which is 
known to play a significant role in coordinating 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 has a vital role in determining the 
appropriate repair pathway for DSB repair. RNF168 has been identified as a crucial 
component in orchestrating ubiquitin 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 chromatin via 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 protein-protein interactions (Bekker-Jensen et al., 2010; Scully 
et al., 2019). RNF168 recruitment to DSB is further dependent on the activities of RNF8 
and Lethal(3)malignant brain tumor-like protein 2 (L3MBTL2) (Nowsheen et al., 2018). 
ATM-dependent phosphorylation of L3MBTL2 relocates it to the proximity of the DNA 
lesion. RNF8 then acts on this phosphorylated L3MBTL2, producing K63-linked 
polyubiquitin chains which is subsequently identified by RNF168 via its ubiquitin 
binding domain, anchoring RNF168 to 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 site-specific H2A 
mono-ubiquitination at K13 (H2A/H2AXK13ub) and K15 (H2A/H2AXK15ub) while also 
collaborating with RNF8 to generate K63-linked 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 ubiquitin-dependent recruitment motif 
(Fradet-Turcotte et al., 2013). The RNF8/RNF168-catalyzed K63-linked ubiquitin chain is 
also responsible for the recruitment of the BRCA1-Abraxas-RAP80-MERIT40 (BRCA1-A) 
complex (Sobhian et al., 2007). The BRCA1-A complex is composed of seven proteins, 
including BRCA1 and RAP80 is thought to fine-tune the repair function of BRCA1 by 
influencing DNA end resection (Coleman et al., 2011). In addition to the conventional 
K63-linked ubiquitin chains, RNF168 is also responsible for generating non-canonical 
K27-linked ubiquitin chains on chromatin. K27 ubiquitination is essential for the 
appropriate initiation of the DDR and the assembly of DSB repair proteins (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 responsible for 
maintaining genomic integrity. This includes DNA crosslinks repair (Katsuki et al., 
2021), telomeres maintenance (Rai et al., 2011), facilitating DNA replication (Schmid et 
al., 2018), resolving R-loops (Patel et al., 2021), and preventing the transcription 
machinery from accessing damaged DNA sites (Shanbhag et al., 2010). While it 
generally contributes positively to genome maintenance, excessive activation of the 
RNF8/RNF168-dependent 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 nucleus can lead to significant 
alterations in the dynamics of DNA DSB repair, increasing the utilization of error-prone 
repair methods (Zong et al., 2015) and promoting non-homologous 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 RNF168-mediated 
ubiquitination at damaged chromatin, preventing excessive signal spreading, (Lancini 
et al., 2014; Mosbech et al., 2013) and competitive binding of RNF169 to H2A 
ubiquitination mediated by RNF168 resulting 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 UBR5. TRIP12 and UBR5 are 
upstream regulators of RNF168 which strictly regulate RNF168 nuclear pool by 
degrading RNF168 thereby preventing unwarranted ubiquitin 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 that UBA80 and UBA52, unique ubiquitin-ribosomal fusion proteins, 
serve as additional regulatory factors of RNF168. Their function involves limiting 
RNF168 engagement to damaged chromatin to fine-tune the ubiquitin DDR signaling 
(Lee et al., 2023). 

 RNF168 Ubiquitination and choice of DNA repair pathway  

As previously mentioned, DSB can be repaired by two major pathways: c-NHEJ and HR. 
The decision between HR and NHEJ is controlled by a signaling pathway that entails the 
stepwise modification of chromatin surrounding DSBs (Polo et al., 2011). This pathway 
involves the combined action of both RNF8 and RNF168 which promote the ubiquitin-
dependent recruitment of the BRCA1 and 53BP1 to DSB (Doil et al., 2009; Escribano-
Diaz et al., 2013; Huen et al., 2007; Mailand et al., 2007; Stewart et al., 2009; Wang 
et al., 2007).  

In general, c-NHEJ is reliant on 53BP1 binding to H2A/H2AX K13/15 ubiquitination 
which is mediated by RNF168. 53BP1 recruits RIF1 which inhibit DNA end-resection 
and subsequently HR (Chapman et al., 2012; Escribano-Diaz et al., 2013; Munoz et al., 
2012; Schwertman et al., 2016). The current 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 BRCA1 takes place to guide the cell towards 
c-NHEJ 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 of RNF168-53BP1 via RIF1 recruitment. With the inhibitory impact 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 RNF168 mediated H2A/H2AX-K15 ubiquitination including 
RAD18 via its UB2 domain and BARD1 via its BRCT domain (Figure 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 BRCA1 via the H2AX-K15 ubiquitination 
modification. Their research demonstrated that BARD1 is recruited to DNA damage via 
a dual mechanism involving both interactions with H2AK15ub through a BRCT-domain-
associated ubiquitin-dependent recruitment motif (BUDR) and through interactions with 
histone H4 unmethylated at K20 via BARD ANK domain, subsequently recruiting 
BRCA1 to DSB. Disruption of the BUDR motif compromised HR repair and induced 
PARPi sensitivity (Becker et al., 2021). The findings from Becker et al., were later 
corroborated by Krais et al., which likewise found that mutating the BUDR motif of 
BARD1 or hindering RNF168 ubiquitination activity, reduced BRCA1 recruitment to 
DSB. More specifically, Krais et al., established essential molecular interactions 
between RNF168 ubiquitination and the PALB2-BRCA2-mediated HR repair pathway by 
demonstrating that the BARD1 recruitment via the BURD motif is vital for subsequent 
recruitment of BRCA1-P complex (BRCA1-PALB2-BRCA2-RAD51) to DNA DSB. 
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Furthermore, their research suggested that RNF168 recruits BRCA1-P complex 
independently of the BRCA1-A complex, with RNF8-RAD80-BRCA1 signaling providing 
a backup route in RNF168-/ - and BARD1-/ - cells (Krais et al., 2021). 

 

             

 
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 to ɾH2AX by ATM, which is recruited to DSB 
via the MRN complex. ATM recruits MDC1 which in turn recruits RNF8. RNF8-mediated K63-
ubiquitination of L3MBTL2 has been proposed to recruit RNF168. The concerted efforts of RNF8 
and RNF168 result in K63-linked ubiquitin chains (red), responsible for recruiting the RAP80 and 
BRCA1-A complex. RNF168 mono-ubiquitinates H2A/H2AX on K15 (green), 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 non-canonical K27-linked 
ubiquitin chains (orange), recognized by repair factors including 53BP1, RNF169, and RAP80. 
K27 ubiquitination is thought to be vital for the proper activation of the DDR response (Gatti et 
al., 2015). Figure created using BioRender.  

In 2017, Luijsterburg et al., unveiled an unexpected role for RNF168, demonstrating its 
involvement in coupling the HR machinery to the ubiquitination of H2A/H2AX in S/G2 
cells. The study revealed that RNF168 plays a role in recruiting PALB2 to DSB in an 
H2A-K13/K15 ubiquitin-dependent manner. RNF168 and PALB2 interacted in a direct 
protein-protein manner via a newly identified PALB2-inteacting-domoain (PID) on 
RNF168 and WD domain of PALB2 to facilitated PALB2 chromatin interaction. PALB2 
recruitment, in turn, facilitates the assembly of BRCA2 and RAD51 at DSBs, key 
components in the HR repair pathway. RNF168 mediated recruitment of PALB2 to DSB 
was found to be independently of the BRCA1-A complex as it took place downstream of 
BRCA1. Luijsterburg et al., further revealed that loss of RNF168 lead to defective HR 
repair in S/G2, along with impaired RAD51 and PALB2 recruitment to DSB. 
Furthermore, cellular depletion of RNF168 was shown to increase sensitivity to PARP 
inhibitors, a characteristic hallmark of defective HR repair (Luijsterburg et al., 2017).  

In a 2019 study, Zong et al., confirmed the ubiquitin dependent RNF168 recruitment of 
PALB2 and provided nuanced insights into the physiological significance of RNF168-
mediated PALB2-chromatin loading. Their research demonstrated that cells activate a 
RNF168-dependent pathway as a backup mechanism to recruit PALB2 and RAD51, 
promoting HR when BRCA1 protein expression or its interaction with PALB2 falls below 
the 50% threshold. Furthermore, Zong and colleagues showed that RNF168 activity was 
essential to restore HR and cell viability in BRCA1/53BP1 deficient cells and in order to 
maintain genomic stability and prevent tumorigenesis in BRCA1 heterozygous mice (D. 
L. Zong et al., 2019). In the absence of BRCA1, research has demonstrated that 
downregulation of RNF168 provides BRCA1 null cancers cells with lingering level of HR 
via recruitment of PALB2 which is essential for the BRCA1 null cells to retain 
tumorigenicity and vitality. Reintroducing RNF168 expression resulted in BRCA1 null 
cell death and delayed tumor formation (Krais et al., 2020). From this, it is evident that 
RNF168-mediated ubiquitination plays a more substantial role in HR repair beyond 
opposing the initial end resection step. Collectively the current research points toward 
RNF168 as a versatile regulator of the intricate orchestrated DDR pathway at damaged 
chromatin.  
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 Alkylating damage  

Alkylating lesions, a prevalent form of DNA damage, arise from both environmental 
factors and endogenous processes (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 molecule (Shrivastav et al., 2010). 
Alkylating agents induce nucleophilic substitution reactions, operating via 
monomolecular (SN1) or bimolecular (SN2) mechanisms. SN2 agents primarily target 
ring nitrogen atoms in bases, while SN1 agents can interact with both nitrogen and 
external oxygen atoms. Alkylating agents also create adducts with RNA and protein and 
this is likely to play a role in their cytotoxic effects. Repair of alkylating damage is 
critical as most alkylating lesions are mutagenic and cytotoxic. Cells have therefore 
developed several DNA repair mechanisms in order to protect against alkylating 
damage. Depending on the type of damage, cells rely on three major repair pathways 
to repair alkylating damage: direct repair by the AlkB family of enzymes, direct 
demethylation by O6-methylguanine DNA methyltransferase and the removal of the 
modified base by base excision repair. This thesis will focus on the AlkB protein family.  

1.4.1  The Alpha -ketoglutarate -dependent dioxygenase family  

The Alpha-ketoglutarate-dependent dioxygenase (AlkB) family is Fe (II) and alpha-
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 dealkylation using cofactors Fe (II) and ɻ-ketoglutarate. This process 
removes the methyl group by converting alpha-ketoglutarate to succinate, releasing 
carbon dioxide and formaldehyde (Sedgwick et al., 2007). The initial identification of 
the AlkB protein occurred in Escherichia coli (E. coli) in 1977 (Samson et al., 1977). 
AlkB exhibits a broad spectrum of substrates, encompassing N1-methyladenine (m1A) 
and N3-methylcytosine (m3C) lesions in ssDNA (Falnes et al., 2002; Trewick et al., 
2002). Mammalian cells have 9 AlkB homologs, ALKBH1-8, and the Fat mass and 
obesity-associated protein (FTO), also known as ALKBH9 (Figure 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 DNA 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 of E. coli AlkB in vivo (Aas et al., 2003; Duncan et al., 2002). 
Other members of AlkB family include ALKBH5 and FTO which have a well-defined role 
as mRNA m6A demethylases (Fu et al., 2013; Jia et al., 2011; Linder et al., 2015). 
ALKBH1 mainly acts as a tRNA demethylase by removing m1A from various tRNAs (F. 
Liu et al., 2016) and ALKBH8 has a tRNA preference and demethylases 5-carboxy 
methyl uridine (Fu et al., 2010; Songe-Moller et al., 2010). ALKBH4, ALKBH6, and 
ALKBH7 have less well-defined roles; however, studies have indicated that ALKBH4 has 
demethylating activity towards proteins (Bjornstad et al., 2011), ALKBH7 towards 
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mitochondrial tRNA (Zhang et al., 2021) and ALKBH6 has been shown to contribute to 
the maintenance of genome stability during SN2 alkylating agent-mediated DNA 
damage (Zhao et al., 2021). 

 
Figure 10. Overview of the AlkB family of proteins.  

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

1.4.2  ALKBH3  

Alpha-Ketoglutarate Dependent Dioxygenase 3 (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 
single-stranded substrate needed for ALKBH3-mediated DNA repair (Falnes et al., 
2004; Ougland et al., 2015). The lack of ALKBH3 leads to elevated levels of m3C 
damage in human cells, which are believed to hamper cell growth and result in 
spontaneous DSBs in a cell-type-specific manner (Dango et al., 2011). As an alkylating 
damage repair enzyme ALKBH3 plays a role in maintaining genomic stability as 
alkylated DNA bases are known to inhibit DNA replication and if left unrepaired can 
result in DSB. In cancer cell lines reliant on ALKBH3 to repair alkylating damage, 
depletion of ALKBH3 leads to decreased survival, both in cell culture and increased 
hypersensitivity to methyl methane-sulphonate (MMS) (Dango et al., 2011).  

In addition to DNA alkylation repair, ALKBH3 has also proven to be capable of acting 
as RNA demethylase, in particular ALKBH3 has been found to remove m1A from mRNA 
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in vitro (Aas et al., 2003; Li et al., 2016) and removing m6A, m1A and m3C from tRNAs 
(Alemu. et al., 2016; Falnes et al., 2007; Ueda et al., 2017). In 2016, Li et al utilized a 
combination of m1A immunoprecipitation and RNA sequencing to highlight the 
prevalence of m1A as an internal mRNA modification in HEK293T cells. Furthermore, 
they illustrated the reversibility of m1A methylation, identifying it as a substrate of 
ALKBH3 by pinpointing thousands of reversible m1A sites in ALKBH3 knockout 
HEK239T cells (Li et al., 2016). Similarly, in 2016, Dominissini et al employed liquid 
chromatography-tandem mass spectrometry to reveal increased m1A methylation levels 
on mRNA in HEK293T cells with a mutated form of the ALKBH3 protein compared to 
the wild-type. Providing further evidence for ALKBH3Ǵs role in reversing the m1A 
modification on mRNA (Dominissini et al., 2016). However, it is important to point out 
that the prevalence of m1A modification on mRNA has been subjected to scrutiny as 
different studies (Safra et al., 2017; Schwartz, 2018) have reported that m1A is less 
abundant on mRNA than previously reported by Dominissini and Li (Dominissini et al., 
2016; Li et al., 2016).. For further information on the controversy of the m1A 
modification on mRNA see chapter 1.5.1.2.  

 ALKBH3 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 both in vivo and in vitro. Besides suppressing cell 
survival, ALKBH3 silencing has been shown to hinder tumor growth and migration, with 
involvement in signaling pathways like VEGF (in pancreatic cancer), NOX-2-ROS, and 
Tweak/Fn12-VEGF (in urothelial carcinoma) (Shimada et al., 2012; Yamato et al., 
2012). In non-small-lung cancer and hepatocellular carcinoma KD of ALKBH3 resulted 
in induced expression of the cell cycle inhibitors p21 and p27, ultimately leading to cell 
cycle arrest, senescence, and suppressed cancer cell growth (Tasaki 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 target for cancer therapy. These findings warrant further 
investigation into inhibiting ALKBH3 expression as a potential 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 study revealed that ALKBH3 underwent GpC promoter methylation, 
resulting in transcriptional silencing in breast cancer. Notably, increased ALKBH3 
promoter methylation (>20%) was associated with reduced survival (Stefansson et al., 
2017). In a 2018 Pan-Cancer analysis conducted by Knijnenburg et al., it was revealed 
that ALKBH3 downregulation primarily resulted from epigenetic alterations. Using 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. Specifically, 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 
(Esteve-Puig et al., 2021). ALKBH3 promoter methylation led to transcriptional 
inactivation of ALKBH3 and a change in the m1A methylation patterns in Hodgkin 
lymphoma cells, where increased m1A sites were noted in cells depleted of ALKBH3. 
Specifically, inactivation of ALKBH3 led to increased m1A peaks on collagen type 1 and 
2 (COL1A2 and COL1A1), along with increased protein expression of both COL1A2 
and COL1A1, 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 shorter overall 
patient survival (Esteve-Puig et al., 2021). Epigenetic silencing of ALKBH3 in cancers 
may potentially serve as a novel prognostic biomarker, particularly in breast cancer and 
HodgkinǴs 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 that ALKBH3 contributes to cell invasion in breast and ovarian cancer by 
increasing the stability of CSF-1 mRNA by demethylating m1A from its transcript (Woo et 
al., 2019). The colony-stimulating factor (CSF-1) has been documented to play crucial 
roles in regulating tumor-associated macrophages within the tumor microenvironment 
and contributing to the onset and progression of numerous cancers (Ao et al., 2017; 
Wu Chen et al., 2022)  

1.4.3  FTO  

The fat mass and obesity associated protein (FTO), has been strongly linked 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 demethylate 3-methylthymine (m3T) in ssDNA (Gerken et al., 
2007). Despite showing some affinity for ssDNA FTO is best known for demethylating 
RNA and in 2011 FTO was first reported to catalyze the demethylation of N6-
methyladenosine (m6A) on mRNA both in vivo and in vitro (Fu et al., 2013; Jia et al., 
2011) thereby providing the first evidence of reversible post-transcriptional 
modifications on mRNA. Subsequent studies have demonstrated that FTO has 
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demethylating activity towards N6ȁƩǴ-O-dimethyladenosine (m6AmǨ ĜĦõêļýû ďġ ļčý ƬǴýġû
of mRNA (Mauer et al., 2017b), on snRNA (Mauer et al., 2019) and m1A on tRNA (J. Li 
et al., 2021). It is noteworthy to mention that, despite its primary recognition for 
catalyzing m6A demethylation on mRNA, FTO exhibits a higher affinity for m6Am as 
opposed to m6A (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 m6A methylated mRNA, whereas m6Am methylated mRNA is 
the primary target of FTO in the cytoplasm (Wei et al., 2018). The m6A modification is 
the most abundant and prevalent internal modification found in eukaryotic mRNA, 
playing diverse and crucial roles in normal biological processes. As an m6A 
demethylase, FTO has been shown to influence numerous physiological functions in 
humans. These functions encompass eukaryotic metabolism (Frayling 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 autosomal-recessive lethal 
syndrome. Cultured cells derived from individuals afflicted by this syndrome exhibited 
compromised proliferation and expedited senescence (Boissel et al., 2009). In mice 
the loss of FTO results in delayed growth after birth and a notable decrease in both 
adipose tissue and lean body mass (Fischer et al., 2009). More recently loss of FTO 
has been linked to regulation of cell cycle and mitosis checkpoint in spermatogonia in 
mice (Huang et al., 2018). 

 FTO in cancer  

Gene variations in FTO have been correlated with increased cancer risk and in 
numerous scenarios where 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 risk (Iles et al., 2013) 
and HER2-negative breast cancer (Montazeri et al., 2022). FTO has also been linked to 
cancer though its role as an m6A demethylase. Research has demonstrated that m6A 
levels disrupted in multiple cancer types due to overexpression of FTO, including 
breast cancer (Niu et al., 2019), acute myelogenous leukemia, non-small 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 migration, and invasion (Gao et al., 2023; Zou 
et al., 2019). FTO has been observed to promote cancer stem cell self-renewal and 
reshape cancer immunity in leukemia. This is achieved by suppressing the expression 
of immune checkpoint genes through the removal of m6A from mRNA, thereby 
decreasing mRNA stability (Garg et al., 2022).  

https://www.mayoclinic.org/diseases-conditions/acute-myelogenous-leukemia/symptoms-causes/syc-20369109
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FTO downregulation has also been reported in numerous cancers including colorectal 
cancer (Ruan et al., 2021) where FTO downregulation correlates with worse survival. In 
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 in breast cancer (Wu et al., 2019), 
pancreatic cancer (Zeng et al., 2021) and more. For a comprehensive overview of 
aberrant FTO expression in several types of cancers, please refer to Figure 11.  

In addition to its role in cancer, FTO is recognized as a significant contributor to the 
onset of age-related and metabolic conditions, including type 2 diabetes mellitus, 
cardiovascular disease, and dementia (Li et al., 2018; Sabarneh et al., 2018). Loss of 
FTO has also 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 disorders (Ikels et al., 2014).  

 

 
Figure 11. The aberrant expression and prognostic significance of FTO in different 
cancers. 



Karen Kristjánsdóttir 

28 

A red triangle denotes upregulated FTO, while a blue triangle indicates downregulation. A red 
circle represents a high FTO expression correlating with poorer survival, and a blue circle 
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, endometrial 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, non-small cell lung cancer; OS, osteosarcoma; OVC, ovarian cancer; PAC, 
pancreatic cancer; PRC, prostate cancer; THCA, thyroid cancer (Li et al., 2022). 
 
FTO exhibits dual functions in cancer, acting as both an inhibitor and promoter. Its 
significant involvement at the onset, advancement, and progression of diverse cancers 
is primarily attributed to its m6A demethylase activity. Given its crucial role in numerous 
diseases, FTO holds potential as a promising target for the diagnosis and treatment of 
various conditions, with a particular focus on cancer. Given growing comprehension of 
the role FTO has in many diverse types of cancers along with the elucidation of the FTO 
crystal structure has led to the development of small-molecule inhibitors targeting FTO 
for cancer therapy. Several FTO inhibitors, evaluated for their therapeutic effects in 
various tumor models, both in vitro and in vivo, show promising efficacy, suggesting 
potential translation into clinical applications for cancer therapy (S. Gao et al., 2021; 
Huff et al., 2021; Zhou et al., 2021). 

 Epitranscriptomics ǥ RNA modifications  

RNA modifications are post-transcriptional 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 sequence, thereby forming a new layer of post-
transcriptional regulation, collectively referred to as epitranscriptomic or RNA 
epigenetics. Post-transcriptional regulation plays a pivotal role in governing gene 
expression programs that determine a wide array of cellular 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 there are 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 (snRNA), mRNA 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 modifications within the coding sequences of mRNAs as potential 
regulators of gene expression has only materialized in the past two decades. This 
delayed recognition can be attributed to technological limitations along with the focus 
of earlier studies being on the more abundant and heavily modified RNAs (tRNA and 
rRNA). The technological limitations have in recent years been gradually addressed and 
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mitigated, facilitating a more comprehensive understanding of the intricate role RNA 
modifications play in gene regulation. In the last ~15 years technical advances have 
made mRNA studies more widespread (Grosjean et al., 1997; Janin et al., 2020; 
Roundtree Evans et al., 2017).  

1.5.1 mRNA methylations  

One of the most common forms of RNA modification are methylations which play a role 
in many important mRNA processes e.g. alternative splicing, stability, mRNA export 
and translational efficiency (Mauer 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 
ļčý ƬǴõêį êġû ƪǴįĦĜŔêûýġŔêļďĦġȁ ĠhX õĦġļêďġĶ ĶýŋýıêĜ ĠĦûďćďýû ġŀõĜýĦĶďûýĶȁ
including base isomerization to produce pseudouridine (Y); methylation of the ribose 
ĶŀĈêı ļĦ įıĦûŀõý ƩǴ]-methylation (Nm) and methylation of the bases to produce N6-
methyladenosine , N1-methyladenosine and 5-methylcytosine (m5C) (48). Transcriptome-
wide mapping of RNA modifications revealed widespread distribution of m6A, Nm and 
Y while the prevalence of other such as m5C and m1A are thought to be less common 
(Carlile et al., 2014; Dai et al., 2017; Mauer et al., 2017b; Meyer et al., 2012). Over 
the past few years, as researchers have uncovered methylation associated proteins and 
harnessed advanced high-throughput sequencing technology, the enigma surrounding 
mRNA methylation has slowly unraveled, shedding light on its biological significance 
and practical applications of these mRNA modifications. 

Methylation associated proteins, as the name implies, are proteins that regulate or 
interact with mRNA methylations on RNA. These proteins fall into three categories: 
methyltransferases or ǵŌıďļýıĶǶ Ōčďõč įĜêõý ļčý ĠýļčŔĜêļďĦġĶ Ħġ ĠhX ȁ ĠýļčŔĜêļďĦġ
ıýõĦĈġďļďĦġ įıĦļýďġĶ Ħı ǵıýêûýıĶǶ ļčêļ ôďġû ļĦ ļčý ĠýļčŔĜêļďĦġ êġû ļčýġ êććýõļ ê
ûĦŌġĶļıýêĠ įıĦõýĶĶ Ħć ļčý ĠhX êġû ćďġêĜĜŔ ûýĠýļčŔĜêĶýĶ Ħı ǵýıêĶýıĶǶ ļčêļ ıýĠĦŋý
the methylation from mRNA. The discovery of methylation associated proteins and 
advances in transcriptome-wide sequencing have demonstrated that mRNA 
modifications are dynamic and reversible, thereby presenting a new post-transcriptional 
gene regulation in eukaryotes.  

 N6-Methyladenosine  

When a methylation occurs at the sixth nitrogen atom of the adenylated RNA, it is 
known as N6-methyladenosie (m6A) (Figure 12, methyl group displayed in red). The 
presence of m6A on mRNA was first discovered in the 1970s (Desrosiers et al., 1974; 
Schibler et al., 1977) and it is the most prevalent internal mRNA modification with 
roughly 25% of all eukaryotic mRNA harboring at least one m6A modification 
(Dominissini et al., 2012; Meyer et al., 2012). In addition to mRNA, m6A modification 
has been discovered in various RNA types, including tRNAs, rRNAs, circular RNAs 
(circRNAs), micro RNAs (miRNAs), and long non-coding (lncRNAs) transcripts (N. Liu 
et al., 2016). 
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Figure 12. Schematic v iew of N 6-methyladeonsine . 

Methylation of m6A 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 studied (Figure 13) (Y. Yang et al., 
2018). Other proteins that are a part of this complex include RBM15/15B (RNA Binding 
Motif Protein 15), CBLL1 (Cbl Proto-Oncogene Like 1, HAKAI), VIRMA (Vir Like m6A 
Methyltransferase Associated), KIAA1429 (Vir Like m6A Methyltransferase Associated) 
and ZC3H13 (Zinc Finger CCCH-Type Containing 13). The METTL3/METTL4 complex 
recognizes and places m6A within the RRACH consensus motif (R=A or G, H=A, C or 
U) (Dominissini et al., 2012; P. Wang et al., 2016) which êıý ŀĶŀêĜĜŔ ýġıďõč ďġ ļčý ƪǴ
untranslated region (UTR), in long internal exons or near the stop codon (Dominissini et 
al., 2012; Meyer et al., 2012). 

The effects of m6A modification are determined by RNA binding proteins that can 
recognize m6A on the RNA. These proteins, as previously mentioned, are called m6A 
readers. To date several m6A reader proteins have been identified in mammalian cells, 
of which YTH domain family of proteins: YTHDF1-3 and YTHDC1-2 are the most studied 
(Berlivet et al., 2019). Initial studies regarding the YTDHF proteins suggested that the 
YTHDF paralogs have unique physiological roles once bound to m6A methylated mRNA 
due to their different RNA binding sites. YTHDF1 was primarily thought to function to 
enhance the translation of m6A-methylated mRNA by facilitating ribosome assembly on 
m6A mRNA and regulating the translation kinetics by interacting with the translation 
initiator factor such as Eukaryotic initiation factor 3 (eIF3) (X. Wang et al., 2015). 
YTHDF2 was found to affect mRNA stability by mediating mRNA degradation via 
recruitment of RNA-degrading enzymes or adaptor proteins to trigger rapid 
degradation of the m6A-containing mRNA (Du et al., 2016; Park et al., 2019; X. Wang 
et al., 2014). YTHDF3 has been suggested to facilitate both degradation and translation 
of m6A methylated mRNA. YTHDF3 interact with the ribosome, aiding in translation 
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 that recent research has challenged the unique mRNA 
binding properties of the YTHDF proteins and their distinct regulatory effects on 
mRNA. In 2020, two publications proposed an alternative model for the function of the 
YTHDF proteins, suggesting that their primary role is to promote mRNA degradation 
(Lasman et al., 2020; Zaccara et al., 2020). Subsequent 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 RNA-binding surface and were able to bind to the same mRNAs. Furthermore, 
they demonstrated that the YTHDF proteins shared subcellular localization and that 
YTHDF1 did not induce translation but instead promoted mRNA degradation, along 
with YTHDF2 and YTHDF3. Through a series of siRNA-mediated KD experiments in 
HeLa cells and leukemia cells, Zaccara and colleagues provided evidence that the 
YTHDF proteins may be functionally 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 paralog (Zaccara 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 mouse embryonic stem cells, whereas depletion of all 
three YTHDF proteins resulted in a significant reduction in degradation rates. Lasman et 
al. also showed that the YTHDF paralogs exhibit different expression levels in various 
tissues, meaning that KD of a single paralog in certain cell types may have minimal 
effects, as the other paralogs might compensate and promote m6A-mediated mRNA 
degradation (Lasman et al., 2020). Whether the YTHDF proteins are fully redundant or 
capable of performing unique regulatory functions on mRNA remains to be 
determined, and further research is needed for a more definitive conclusion.  

YTHDC1 is the only m6A reader found located in the nucleus of cells, while the 
previously mentioned YTH-family members along with YTHDC2 are found in the 
cytoplasm. YTHDC1 regulates alternative splicing of m6A methylated mRNA by 
interacting with mRNA splicing factors SRSF10 and SRSF3 (Xiao et al., 2016). In 
addition, YTHDC1 has been shown to play a significant role in mRNA export of m6A 
methylated mRNA, also via interaction with SRSF3 (Roundtree 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 germline by binding and promoting 
degradation of m6A-containing mRNA (Wojtas et al., 2017). 

Other known m6A readers include IGF2 mRNA-binding proteins (IGF2BPs) which are a 
well-preserved family of single-stranded RNA-binding proteins (RBPs) that exhibit 
specific recognition of m6A-modified RNA and have a notable impact on the fate of the 
associated transcripts (Korn et al., 2021). Members of the Heterogeneous 
ribonucleoprotein family (hnRNPs), best known for their role in alternative splicing and 
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mRNA processes, have also been recognized as m6A readers. This includes hnRNPC, 
hnRNPA1 and hnRNPA2B1 (Alarcon et al., 2015). Additional RNA-binding proteins 
involved in translation have been recognized as potential m6A readers, e.g. eIF3 
(Meyer et al., 2015), fragile X-messenger ribonucleoprotein 1 (FMR1) and 
staphylococcal nuclease-like (SN-like) domain-containing protein 1 (SND1) (Petri et al., 
2023). To date the m6A modification has two known demethylation proteins, ALKBH5 
and FTO which are known for specifically removing m6A from mRNA (Jia et al., 2011; 
Zheng et al., 2013). 

The m6A modification is present in a variety of organisms and linked to diverse 
biological functions such as: meiosis in yeast (Schwartz et al., 2013), plant development 
(Zhong et al., 2008), mouse spermatogenesis (Lin et al., 2017) and mouse 
embryogenesis (Y. Wang et al., 2018). In addition, m6A 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; Batista et 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 m6A has been implicated in 
numerous physiological defects including cancer, obesity, brain development 
abnormalities and other diseases (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). 

 

Figure 13. Overview of m 6A mRNA associated protein s. 

Methylation writer complex composed of METTL3, 14, WTAP, RM15/15B and more, places m6A 
onto mRNA. Methylation readers bind to the m6A modification and affect a downstream process 
indicated in colored boxes. Reader proteins can be found in both the nucleus and cytoplasm. 
FTO and ALKBH5 are the only known m6A erasers that remove the m6A methylation from mRNA 
(J. Li X. Yang et al., 2019). 
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Accumulating evidence shows that m6A plays a dual role in cancer by both regulating 
expression of oncogenes and tumor suppressors, thus affecting cancer progression(L. 
He et al., 2018; S. Wang et al., 2018). In addition, research has demonstrated that 
dysregulation of the m6A 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 m6A 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 Table 1 (He et al., 2019). 

 

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

The m6A modification plays a dual role in cancer, as it can either promote 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 gene expression. Pathways on the left (red) are 
examples of where m6A promotes cancer and pathways on the right (blue) demonstrated 
examples of when m6A suppresses cancer. The m6A associated proteins are labelled in yellow 
(writers and erasers) and in grey (readers) (He et al., 2019).  
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Table 1. N6-methyladenosine function and role in cancer. 

Cancer 
Type 

m6A 
protein  

RNA 
Target  

Effect on 
target RNA  

m6A influence in 
cancer 

Reference  

AML 

METTL3 c-MYC, 
BCL2, 
PTEN 

Translation Inhibits cell apoptosis 
& differentiation. 

(Vu et al., 2017) 

METTL3 SP1 Translation Reduces cell 
differentiation & 
induces cell 
proliferation. 

(Barbieri et al., 
2017) 

Breast 
cancer 

ALKBH5 NANOG Stabilization Reduces tumor 
formation & inhibits 
breast cancer stem 
cell population. 

(Zhang et al., 
2016) 

FTO BNIP3 Degradation Inhibits metastasis, 
cell proliferation & 
colony formation  

(Niu et al., 2019) 

METTL3 HBXIP Expression Inhibits apoptosis & 
induces invasion, 
proliferation, 
metastasis. 

(Cai et al., 2018) 

CSCC 
FTO ɼ-catenin Expression Enhances resistance 

to chemo-
radiotherapy. 

(S. Zhou et al., 
2018) 

GSC 

ALKBH5 FOXM1 Expression Impairs 
tumorigenicity & 
proliferation. 

(Zhang et al., 
2017) 

METTL3 SOX2 Stability Enhances the 
formation of 
neurosphere. 

(Visvanathan et al., 
2018) 

HCC 

METTL14 miRNA 
126 

Splicing Limits tumor 
metastasis & reduces 
invasiveness & 
migration of HepG2 
cells.  

(Ma et al., 2017) 

LUSC 
FTO MZF1 Stability Induces apoptosis & 

inhibits invasion & 
proliferation. 

(Liu et al., 2018) 

Ovarian 
cancer 

METTL3 AXL Translation Promotes ovarian 
tumor invasion & 
growth. 

(Hua et al., 2018) 

Pancreatic 
cancer 

ALKBH5 KCNK15-
AS1 

Expression Induces invasion & 
migration. 

(Y. He et al., 2018) 

Renal cell 
carcinoma 

FTO PGC-1ɻ Stability Increases cell growth 
& enables apoptosis. 

(Zhuang et al., 
2019) 
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1.5.1.1.1.1 m6A in DNA repair and genomic stability 

A recent body of research has unveiled the potential role of m6A 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(A)+ RNA is rapidly m6A 
methylated and transiently induced at DNA damage site in response to UV irradiation. 
The m6A methylation was found on numerous poly(A)+ transcripts and is regulated by 
FTO and METTL3. In the absence of METTL3 methylation activity, cells demonstrated 
increased sensitivity and delayed repair to UV damage. DNA polymerase ʆ, a crucial 
component of nucleotide excision repair (NER) and trans-lesion synthesis pathways 
responsible for repairing UV-induced lesions (Ogi et al., 2006; Yoon et al., 2009) , was 
recruited to UV damage sites simultaneously with m6A 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 UV-damage site however, METTL3 localization preceded 
that of FTO possibly allowing for a brief window of m6A RNA accumulation in order to 
respond to UV damage before being demethylated by FTO. In a more recent study, 
FTO expression emerged as a pivotal protective factor against genotoxic stress in 
mouse osteoblasts. FTO KO conferred cellular sensitivity to UV and H2O2, thereby 
promoting cell death. FTO was found to remove m6A methylation from a number of 
DNA repair transcripts, resulting in increased mRNA stability and ultimately increasing 
protection in osteoblasts from DNA damage (Q. Zhang et al., 2019). 

Secondly, m6A has also been found to 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 m6A to RNAs associated with DNA damage. This 
modification serves to attract the m6A reader protein YTHDC1 for protective functions. 
Consequently, the METTL3-m6A-YTHDC1 axis regulates the presence of DNA-RNA 
hybrids at DSB sites, which then attract RAD51 and BRCA1 to facilitate HR-mediated 
repair. Cells lacking METTL3 exhibit impaired HR, accumulation of unrepaired DSBs, 
and genomic instability (Zhang et al., 2020). Finally, m6A has also been implicated in 
the regulation of R-loop formation (Abakir et al., 2020; Yang et al., 2019), in direct 
DNA repair by stimulating translation of the repair enzyme O6-methylguanine DNA 
methyltransferase in mice (Ozkurede et al., 2019) and the regulation of telomere length 
and genomic integrity in human cancer (Lee et al., 2021). Despite these examples, our 
current understanding of the multifaceted role of m6A in regulating genome stability 
and DNA repair is still in its early stages and further research is necessary.  

 N1-Methyladenosine  

When a methylation occurs at the first nitrogen atom of the adenylated RNA, it is known 
as N1-methyladenosi ne (m1A) (Figure 15, methyl group displayed in red) and was first 
reported in 1961 (Dunn, 1961). m1A is not as well defined as m6A 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., 2019) and 
lncRNAs (Shi et al., 2021), with tRNAs being the most heavily modified with m1A.  
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Figure 15. Schematic overview of N 1-Methyladenosine.  

In mRNA, m1A has been discovered in every mRNA segment, including the coding 
Ķýİŀýġõý ǧ+1mǨȁ ƬǴwsh êġû ƪǴwsh. It has mostly been found in the highly structured 
ƬǴwshand near start codons and has been found to be correlate with enhancement in 
translation (Dominissini et al., 2016; Li et al., 2016). Dominissini et al found m1A to be 
enriched din GC rich areas while Li et al found m1A to be associated with purine-rich 
motives. These prior studies indicated that, on average, the m1A/A ratio in mRNA 
stands at roughly 0,015% to 0,054% in mammalian cells. This ratio is relatively low 
when compared to the m6A/A ratio in mRNA as the occurrence of m1A is around 6-fold 
less than that of m6A (Dominissini et al., 2016; Li et al., 2016; Yang et al., 2020). The 
earlier transcriptome-wide mapping studies conducted by Dominissini and Li 
demonstrated the presence of m1A across thousands of distinct gene transcripts. 
However, these studies have faced criticism due to their lack of single-nucleotide 
resolution in detecting m1A and for not identifying the enzyme responsible for 
catalyzing m1A on mRNA. 

The development of m1A sequencing techniques and new single-base resolution 
methods have greatly aided in uncovering the presence of m1A in nuclear, cytosolic, 
and mitochondrial-encoded transcripts (X. Li X. Xiong et al., 2017; Safra et al., 2017). 
These studies utilize the fact that during revers transcription m1A causes 
misincorporation or termination, allowing for the identification of m1A at single-base 
resolution. In 2017 Li et al reported 740 m1A site in the HEK293T transcriptome using 
such single-base resolution method where 473 m1A sites were found in mRNA and 
lncRNAs transcripts in HEK293T cells. The majority of these m1A sites were situated 
within the 5Ǵ UTR which aligns with earlier findings (Dominissini et al., 2016; Li et al., 
2016). Li et al., shed further light on m1A and its location within the mRNA and 
demonstrated that m1A modifications located in the CDS have a slight preference for 
õĦûĦġ ļŔįýĶ Ōďļč êıĈďġďġý ǧ+> Ǩ êġû êļ ļčý ćďıĶļ ġŀõĜýĦļďûý ǧ+êįȕƨǨ êļ ļčý ƬǴ ýġû Ħć ļčý
mRNA which was linked with increased translation efficiency. Li and colleagues further 
demonstrated that m1A is prevalent in mitochondrially encoded transcripts, where it 
disrupts the process of mitochondrial translation (X. Li X. Xiong et al., 2017).  
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The development of single-base resolution methods has also prompted criticism 
regarding the reported prevalence of m1A, particularly in cytosolic mRNA (Safra et al., 
2017; Schwartz, 2018). As mentioned earlier (1.4.2), the prevalence of m1A on mRNA 
has been contested by Safra et al., who reported the m1A modification to be less 
abundant than previously revealed by Li and Dominissini with only 10 m1A sites 
identified in human mRNA (Safra et al., 2017). However, other studies have suggested 
that the sequencing technique used by Safra et al. has limited sensitivity and does not 
provide an accurate picture of the prevalence of m1A on mRNA (Xiong et al., 2018; L. 
Y. Zhao et al., 2020). Moreover, independent studies have reported m1A/A ratios 
comparable to those observed by Dominissini and Li, providing additional validation 
for the number of m1A sites in mRNA (Xu et al., 2017). Finally, a more recent study 
using an evolved reverse transcriptase that reads through m1A more efficiently reported 
hundreds of m1A sites in human mRNA (Zhou et al., 2019). Collectively, the research 
indicates that the m1A modification is present on human mRNA; however, its precise 
abundance remains uncertain and warrants further investigation. Advancements in 
sequencing methods and optimization of technologies are necessary to achieve 
transcriptome-wide and single-base resolution detection of m1A. 

As with other mRNA methylations, m1A has methylation associated proteins that interact 
with m1A on RNA (Figure 16). TRMT61 and TRMT6 are m1A methyltransferases that form 
a heterotetrametric complex to methylated tRNA (Anderson et al., 2000; M. Wang et 
al., 2016) and in some nuclear mRNAs within a GUUCRA (R=A or G) tRNA-like motif 
with T-loop-like 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 donor, S-
adenosyl-L-methionine (SAM). Other m1A methyltransferase include TRMT61B, best 
known to methylate mitochondrial 16S rRNA (Bar-Yaacov et al., 2016), TRMT10C that 
methylases mitochondrial (mt)-tRNA coupled with SDR5C1 (Vilardo et al., 2012) and mt-
mRNA (Safra et al., 2017). 

m1A has several known demethylases, all members of the AlkB protein family. ALKBH1 
was first discovered to mediate demethylation of m1A on tRNA in 2016 (F. Liu et al., 
2016) and on mt-RNA (Kawarada et al., 2017). ALKBH3 is known to demethylase both 
m1A and m3C in tRNA, along with demethylating m1A 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 m1A mRNA demethylase and has been shown to specifically 
recognize m1A site in HEK293T cell, possibly hinting at ALKBH3 role in transcriptional 
regulation (Li et al., 2016)Ȁ  SQ*CƪǴĶ ıĦĜý ďġ ļıêġĶõıďįļďĦġêĜ ıýĈŀĜêļďĦġ čêĶ įıýŋďĦŀĶĜŔ
been contested by Liefke et al., which demonstrates that ALKBH3 does not directly 
influence the transcription of its target genes (Liefke et al., 2015). It is however worth 
considering that Liefke et al., approached ALKBH3 and its influence on transcription 
from a DNA standpoint. Using ChIP-Seq to analyze the binding sites of ALKBH3 in the 
DNA and examining the expression of those genes following ALKBH3 depletion. 
Whether ALKBH3 is able to influence transcription via m1A-mRNA demethylation is still 
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an area of active research and requires further investigation. In addition to ALKBH3 
both ALKBH7 and FTO have demonstrated m1A demethylase activity. FTO has proven 
able to remove m1A from tRNA (Wei et al., 2018) while ALKBH7, which is localized in 
the mitochondria, is known to eliminate m1A modification mitochondrial RNA (Zhang et 
al., 2021).  

Four members of the YTH-domain containing family have been shown to be able to 
interact with m1A in vitro, YTHDC1, YTHDF1-3 (X. Dai et al., 2018; Safra et al., 2017). 
YTHDF2 has been shown to bind to m1A mRNA and accelerate their degradation while 
YTHDF1 and YTHDF3 help promote translation (Seo et al., 2020; Q. Zheng et al., 
2020). Less information is available on whether these readers bind to m1A in vivo and 
what cellular and molecular events are influenced by this. Conflicting evidence exists 
regarding YTHDC1ǴĶ ıĦĜý as a m1A reader. While research by Seo et al., have 
demonstrated that YTHDC1 has no affinity for m1A (Seo et al., 2020) other studies have 
associated YTHDC1 to mRNA regulation via m1A interaction in vitro (X. Dai et al., 
2018). As previously mentioned, these same four proteins have been reported as m6A 
readers and their binding affinity for m1A is weaker than m6A. 
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Figure 16. m1A associated proteins on tRNA, rRNA and mRNA.  

Top panel denotes nuclear RNAs (mRNA, tRNA and rRNA) and their associated proteins. The 
bottom panel displays mitochondrial RNAs. Methyltransferases are labelled in blue (dark blue: 
catalytic core of the methyltransferase complex), methyl erases in purple and m1A-binding 
proteins (readers) in green (Jin et al., 2022) . 

The regulatory influence of m1A varies across different types of RNA and since its 
discovery extensive efforts have been dedicated to unravelling its dynamic role in RNA 
metabolism and gene expression regulation. In mRNA the m1A modification has been 
shown to block Watson-Crick base pairing thereby affecting protein translation and 
reverse transcription (Aas et al., 2003). Recent research performed by Qi et al., using 
transcriptome wide sequencing in primary mouse neuron cells demonstrated that m1A 
peaks in different regions have different effects on gene expression. They reveal that 
m1A peaks situated in the stop codons promoted gene expression, while those located 
in the CDS and 3ǋ UTR inhibit gene expression (Qi et al., 2023). Prior to this Li et al., 
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demonstrated that m1A modification positioned at the initial and secondary positions of 
the 5ǋ UTR within the transcript can enhance protein translation (X. Li X. Xiong et al., 
2017), this promotion it thought to be even higher for m1A at the cap+1 position (X. Li 
X. Xiong et al., 2017). Collectively, m1A peaks located at various positions within the 
transcript exert distinct effects on both transcription and translation processes. Despite 
this, the physiological function of m1A modification remains unclear. 

The limited exploration of m1A RNA modification as a pathological feature has 
predominantly centered on its contribution to tumor progression. However, it is 
noteworthy that dysregulation of m1A and its associated proteins has been linked to a 
spectrum of diseases, encompassing cancer, AlzheimerǴs disease (Shafik et al., 2022), 
and cardiovascular conditions (Wu Jiang et al., 2022). Like m6A, m1A has demonstrated 
a dual role in cancer, exhibiting both suppressive and promotional roles in cancer 
(Figure 17). The m1A regulators ALKBH3, TRMT6 and TRMT61A have been shown to 
promote proliferation via tRNA regulation in in gastrointestinal cancer (J. 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 cancer ALKBH3 has been shown to enhances the translation CSF-1 
mRNA by demethylating a m1A resulting in increased cancer cell invasion (Woo et al., 
2019). Additionally, the m1A reader YTHDF3 has been identified as an inhibitor of 
trophoblast invasion and migration by enhancing the degradation of IGF1R mRNA 
(Esteve-Puig et al., 2021; Q. Zheng et al., 2020). The intricate regulatory network 
involving m1A methylation is active in various cancer types and offers potential for 
further exploration. Moreover, the potential for developing targeted cancer therapies 
associated with m1A is a promising area for research. 
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Figure 17. The potential roles of m 1A in cancer progression.  

The m1A modifications play a crucial role in numerous cancers, often involving the addition or 
removal of m1A modifications in the mRNA of oncogenes or tumor suppressor genes. This 
process regulates the expression of oncogenes or tumor suppressor genes by interacting with 
m1A through reader proteins or hindering the recognition of m1A markers by readers. Upper 
panel demonstrates when the m1A modification has a promotional role in cancer and lower panel 
shows when m1A has a suppressive role in cancer (Weidong Xiong, 2023) 

 N6ȁƩǴ-O-dimethyladenosine  

N6,2ǋ-O-dimethyladenosine (m 6Am) refers to when methylations are located on the 
sixth nitrogen atom of the adenylated RNA and the adenosine hydroxyl group at 
position 2Ǵ is replaced by a methoxy group (Figure 18, methyl group displayed in red). 
m6Am is situated at the initial transcribed nucleotide position near the cap in numerous 
mRNAs and snRNAs in mammals, and it is also found as an internal modification in the 
snRNA U2 (Ramanathan et al., 2016). 

https://pubchem.ncbi.nlm.nih.gov/compound/hydroxy
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Figure 18. Schematic overview of N 6,2ǋ-O-dimethyladenosine.  

In contrast to m6A which is placed on mRNA by a complex of proteins, m6Am is added 
by a one protein: PCIF1 (Phosphorylated CTD Interacting Factor 1) (Sendinc et al., 
2019). PCIF1 has been shown to add m6Am ļĦ ļčý ćďıĶļ ġŀõĜýĦļďûý êćļýı ļčý ƬǴ X7-
methylguanosine (m7G) cap by several independent studies (Akichika et al., 2019; 
Boulias et al., 2019; Sun et al., 2019). Mice lacking PCIF1 have been found to display 
significant growth defects but are viable (Pandey et al., 2020). FTO is the only known 
demethylase capable of removing m6Am on mRNA and snRNA (X. Zhang et al., 2019). 
Studies have reported that FTO-mediates the removal of m6Am and that m6Am 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 m6Am.  

1ŀý ļĦ ďļĶ ĜĦõêļďĦġ Ħġ ļčý ƬǴõêįȁ Ġ6Am was initially thought to promote RNA stability via 
resisting the de-capping enzyme Dcp2 (Mauer et al., 2017b). This was later validated in 
transcriptomic data from mouse tissue (Pandey et al., 2020) though m6Am showed 
negligible effect on Dcp2 in vitro (Sikorski et al., 2020). Further studies on m6Am and 
mRNA stability have demonstrated that PCIF1 KD caused significantly decrease in the 
stability of a subgroup of m6Am containing mRNAs in both HEK293 and HELA cells 
(Boulias et al., 2019). Conversely, other research has raised skepticism about the role 
of m6Am in mRNA stability, indicating that m6Am has the opposite or no effect on mRNA 
stability (Akichika et al., 2019; Sendinc et al., 2019). Further research is needed on 
m6Am 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 alkylated 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 that the ALKBH3ǴĶ promoter region is hypermethylated in 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 both ALKBH3 
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 epitranscriptomic regulation of RNF168. 

 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 RNF168 epitranscriptomically i.e., by removing 
methylation marks from the RNF168 transcript 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 and 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 cellǴĶ ability to correctly repair DSB and maintain genomic 
integrity. 
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3 Materials and Methods  
 Materials  

3.1.1 Antibodies  
Table 2. Antibodies and their dilution used in western blot (WB), immunofluorescence (IF) and 
RNA immunoprecipitation (IP). 

Target  Source Identifier  
WB 

dilution  
IF 

dilution  
RNA IP 

53BP1 Santa Cruz sc-22760 1:2000 1:100 - 
Actin AMD Millipore MAB1501R 1:10000 - - 
Alexa Fluor 488 
Anti-mouse IgG1 

Life Technologies A21121 - 1:1000 - 

Alexa Fluor 488 
Anti-Rabbit IgG 

Life Technologies A32731 - 1:1000 - 

Alexa Fluor 555 
Anti rabbit IgG 

Life Technologies A21434 - 1:1000 - 

Alexa Fluor 647 
Anti rabbit IgG 

Life Technologies A27040 
 

- 1:1000 - 

ALKBH3 Millipore 09-882 1:500 1:250 - 
ASCC3 Bethyl A304-014A-

M 
1:1000 1:1000 - 

ATM Santa Cruz sc-23921 1:500 - - 
ATR Santa Cruz sc-1887 1:500 - - 
BRCA1 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 - 
gamma-H2AX Cell Signaling 9718S 1:1000 1:500 - 
gamma-H2AX Abcam ab22551 1:1000 1:1000 - 
HRP Secondary 
Anti mouse 

Santa Cruz sc-2096 1:10000 - - 

HRP Secondary 
Anti rabbit 

Santa Cruz  sc-2357 1:10000 - - 

MDC1 Abcam  ab11171 - 1:2000 - 
N1-
methyladenosine 

Medical and 
Biological 
Laboratories 

D345-3  - 
5µg 
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N6-
metyladenosine  

NEB E1610S - - 5µg 

N6-
metyladenosine  

Merk Millipore ABE572 - - 5µg 

RIF1 Bethyl A300-569A 1:500 1:500 - 
RNF168 Millipore ABE367 1:500 1:250 - 
RNF8 Santa Cruz  sc-133971 - 1:500 - 
SMC1 Abcam ab9262 1:1000 - - 
Vinculin Santa Cruz sc-5573 1:1000 - - 

3.1.2  Small interfering RNAs  
Table 3. List of small linterfering RNAs. 

siRNA mýİŀýġõý ƬǴ-3- Identifier  Source 
siRNA Control NA 4390843 Thermo Fisher  
siALKBH3 #1 GGACCUUGUUAAUCAUGGAtt s47967 Thermo Fisher  
siALKBH3 #2 CAUGGGACCUUGUUAAUCAtt s47968 Thermo Fisher  
siALKBH3 #3 GCAACUCAUFUUGGUAAUAtt 122027 Thermo Fisher  
siALKBH3 #4 UAGUGAGGGUUCAUCAUCACUGU

GC 
10620318 Thermo Fisher  

siFTO #1 CCAAGGAGACUGCUAUUUCtt 278910 Thermo Fisher  
siFTO #2 CAUUACCUGCUGAUCAGAAtt s35511 Thermo Fisher  
siFTO #3 GAGAAGAAAUUCAUAAUGAtt s35512 Thermo Fisher  
siFTO #4 GCCUAACCUACUUUCCUCUtt 272126 Thermo Fisher  
siFTO #5 GGCACCAGUCCUAAGGUGAtt 272127 Thermo Fisher  
siFTO #6 CAUCCUCAUUGGUAAUCCAtt 278910 Thermo Fisher  
siALKBH2 GAATCTGACTTTTCGTAAA s42494 Thermo Fisher  
siALKBH5 GGCUCAUCCUUACGUAGUUtt s29688 Thermo Fisher  
siRNF168 GGCGAAGAGCGAUGGAAGAtt 126171 Thermo Fisher  
siBRCA2 GGAUUAUACAUAUUUCGCAtt s2085 Thermo Fisher  
siASCC3 CAAGCAAGAUAAUUAUAAUtt s21605 Thermo Fisher  
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Table 4. List of single guide RNA. 

sgRNA  mýİŀýġõý ƬǴ-3- Source  
ALKBH3-1 CCCAGGGUCUGUUUGUAUCC Synthego 
ALKBH3-2 CAGAGGACUGGCAUCAGAGA Synthego 
ALKBH3-3 UACUAGGAAACAUUCCAGAG Synthego 
FTO-1 GCUUCUCGGAGAAUUAGUUU Synthego 
FTO-2 UGGCUGCUUAUUUCGGGACC Synthego 
FTO-3 CCGGUAUCUCGCAUCCUCAU Synthego 
Positive Control-1 CUCUCAGCUGGUACACGGCA Synthego 
Positive Control-2 GAGAAUCAAAAUCGGUGAAU Synthego 
Positive Control-3 ACAAAACUGUGCUAGACAUG Synthego 

3.1.3  Primers  
Table 5. List of primers used in qPCR assay. 

Primer Name  mýİŀýġõý ƬǴ-3- 
RNF168 forward TCCAGTTACACCCAAGTCTGAA 
RNF168 reverse GAGGCTGACCCAAACTGAGA 
Beta actin forward AGGCACCAGGGCGTGAT 
Beta actin reverse GCCCACATAGGAATCCTTCTGAC 
GADPH forward GGCCTCCAAGGAGTAAGACC 
GADPH reverse  AGGGGTCTACATGGCAACTG 
ALKBH3 forward primer  AGCCACCAGTGATTGACAGAG 
ALKBH3 reverse primer ACAAACAGACCCTAGATACACCT 
FTO forward primer TGTTTTGGCCGGTTCACAAC 
FTO reverse primer  ACATTCTGCAGAGCCAACTG 
HPRT1 qPCR reverse CTTCGTGGGGTCCTTTTCACC 
HPRT1 qPCR forward ACCAGTCAACAGGGGACATAA 
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3.1.4  Plasmids 
Table 6. List of plasmids. 

Plasmid name  Catalog Number  
 

Vendor  

ALKBH3/ABH3 Gene ORF cDNA clone expression 
plasmid, N-Flag tag 

HG15639-NF Nordic Bio-
Site 

FTO gene ORF cDNA clone expression plasmid, N-
Flag tag 

HG12125-NF Nordic Bio-
Site 

pCMV3-N-FLAG Negative Control  158-CV016 Nordic Bio-
Site 

pDRGFP plasmid 26475 Addgene 
primEJ5GFP 44026  Addgene 
hprtSAGFP 41594 Addgene 
pAc-GFP-N1 vector  632469 Addgene 

3.1.5  Drugs 
Table 7. List of drugs and their usage.  

Drug name  
Catalog 
Number  Vendor  Use 

Neocarzinostatin (NCS) N9162 Sigma-Aldrich Induce DSB. 
Clonogenic assay 

Mitomycin C (MMC)  3258/2  Bio-Techne Clonogenic assay 
Colcemid  15212-012 Invitrogen Metaphase arrest 
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 Methods  

3.2.1  Cell culture  

All cells were grown using DMEM (DulbeccoǴs Modified Eagle Medium) with GlutaMAX 
and pyruvate (Thermo Fisher, LT-31966-021) supplemented fetal bovine serum (FBS, 
10% Thermo Scientific, 10500064) penicillin (20 U/mL) and streptomycin (20 µg/mL) 
(Thermo Scientific, 15070-063) and cultured in 95% air with 5% CO2 at 37°C.  

3.2.2  RNA isolation  

RNA was extracted from cells using Tri-Reagent (Thermo Fisher Scientific, AM9738) 
êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġ Ħı ŀĶďġĈ WĦġêıõč Ʉ sĦļêĜ hX Wďġďįıýį Qďļ
ǧX3*ȁ sƩƧƨƧmǨ êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġȀ sčý õĦġõýġļıêļďĦġ Ħć ļĦļêĜ hX 
was measured using Nanodrop One. 

3.2.3  siRNA transfection  

All siRNA transfections were performed using Lipofectamine RNAiMAX transfection 
ıýêĈýġļ ǧsčýıĠĦ =ďĶčýıȁ ƨƪƮƮƯƧƮƬǨ êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀ +ýĜĜĶ
were transfected with 10nM siRNA (Thermo Fisher) for 48-72h. 

3.2.4  Plasmid transfection  

Human osteosarcoma wƩ]m õýĜĜĶ Ōýıý ļıêġĶćýõļýû ŀĶďġĈ >ýġOýļɅIn Vitro DNA 
sıêġĶćýõļďĦġ ıýêĈýġļ ǧmďĈġêĈýġȁ mSƨƧƧƫƯƯǨ êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀ
All plasmid transfections were performed for 48h.  

3.2.5  Plasmid mutagenesi s 

Site-directed mutagenesis was performed on ALKBH3-FLAG (HG15639-NF) and FTO-
FLAG (HG12125-NF) tagged plasmids using Q5 Site-Direct Mutagenesis kit (NEB, 
E0554S) and Q5 High-Fidelity DNA polymerase (NEB, M0491) to create a catalytically 
inactive version of each plasmid (Jia et al., 2011; Sundheim et al., 2006). Primers were 
designed to mutate the Fe2+ binding site of each plasmid (Table 8) by altering Histidine 
(H0191) aspartic acid (D193) to Alanine for ALKBH3 plasmid and Histidine (H231) and 
aspartic acid (D233) changed to Alanine for FTO plasmid. Altering the Fe2+ binding site 
renders each plasmid catalytically inactive as ALKBH3 and FTO are dioxygenases that 
rely on Fe2+ as a cofactor for enzymatic activity (Fedeles 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, midi-prep plasmid preparation and 
sequencing to confirm that mutagenesis worked.  
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Table 8. Primers used for FLAG-plasmid mutagenesis 

Primer name  Sequence  
ALKBH3_Mut_Fw TGCTGATGAACCCTCACTAGGGAG 
ALKBH3_Mut_Rev CTAGCCCAGTCCACGCTGTCCTT 
FTO_Mut_Fw TGCTGAAAATCTGGTGGACAGG 
FTO_Mut_Rev TGAGCCCAGCTCACTGCCATTTTC 
 

Table 9. Thermocycler conditions for Q5 High-fidelity DNA polymerase 

PCR thermocycler Program  
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 NEB 5-alpha 
Competent E. coli cells. 60µL of complemented cells were incubated with 5µL of PCR 
product, mixed by gentile flicking, incubated on ice for 30min followed by heat shock 
at 30 sec at 42°C and lastly 5 min incubation on ice. 300 µL of Super Optimal broth 
with Catabolite repression (SOC) media was added to the transformation mix and the 
tube incubated in a shaking incubator at 37C, 250 RPM for 45 min. Following 
incubation, 100µL of culture was spread on Lysogeny broth (LB) agar plates with 
50µg/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 50µg/mL Kanamycin and left to 
grow at 37°C, 250 RPM for 10-18h. For isolation of copious quantities of plasmid from 
bacterial culture using NucleoBond Xtra Midi kit (Macherey Nagel, 740410.50) was 
ŀĶýû êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀDNA concentration was measured using 
Nanodrop 1000 spectrophotometer (Thermo Fisher) and plasmids sent for DNA 
sequencing at deCODE Genetics to confirm the introduction of mutation in Fe2+ 
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 1µg of total RNA isolated 
using previously described methods, Oligo(dT)12-18 primers (Thermo Fisher, SO132) 
and mŀįýımõıďįļ Ʌ EE hýŋýıĶý sıêġĶõıďįļêĶý ǧsčýıĠĦ =ďĶčýıȁ ƨƯƧƭƫƧƨƫǨ êõõĦıûďġĈ ļĦ
ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀ 

3.2.9  Quantitative polymer chain reaction (qPCR)  

Following cDNA synthesis, a qPCR assay was carried out utilizing SYBR Green master 
mix (Thermo Fisher, A25742) in the Bio-Rad CFX384 system (Table 10). For each 
reaction 2,5µL of SYBR Green master mix was combined with 2µL of diluted cDNA, 
0,15 µL of 10µM reverse and forward primer and 0,2 µL of nuclease free water for a 
total of 5µL reaction. Subsequent analysis was conducted using Bio-Rad CFX Manager 
version 3.0. The threshold cycle number (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 the 2-ÂÂ+s 
method for relative quantification as previously described by Livak er al., (Livak et al., 
2001). 

Table 10. Thermocycler conditions for qPCR. 

qPCR thermocycler Program  
Step Cycles Temperature (°C) Time (min) 

1. Uracil-DNA 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 

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

 

3.2.10  Methylations specific immunoprecipitation (MeRIP)  

MeRIP was performed following previously documented m6A-sequencing protocol 
(Zeng et al., 2018, Dominissini et al., 2013) with a few adjustments. 30µL of both 
protein A and protein G magnetic beads (Thermo Fisher, 10002D, 10004D,) were 
incubated with 300µg of total RNA, along with 5µg of m6A or m1A antibody, 10% of 
total RNA was saved as input sample. IP-RNA was eluted with 300µL of elution buffer 
(100mM KCl, 5mM MgCl2, 10mM HEPES, 0.5% Tween-20, 1mM DTT, 0.1% SDS, 
RNAse inhibitor 100U and 15 µg/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 phenol-chloroform (Sigma Aldrich, P3803) extraction 
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used to isolated IP-RNA. IP-RNA was precipitated using 100% ethanol, 3M sodium 
acetate pH 5,2 and 20µg glycogen (Thermo Fisher, R0561T).  

3.2.11  MeRIP-qPCR 

MeRIP real-time qPCR involved evaluating the relative expression of gene of interest in 
both IP-RNA and input RNA samples. cDNA was synthesized as previously described, 
using Oligo(dT)12-18 primers and Superscript II, 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 Ct values using the formula: 2-̂
(Ct[IP]-Ct[Input-logDF]) * 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 48h, cellular fractionation was carried out 
to isolate cytoplasmic and nuclear RNA. This isolation process was conducted using the 
RNA Subcellular Isolation Kit from Active Motif (25501), following the manufacturerǴs 
instructions. Subsequently, qPCR assay was performed as previously detailed. Gene 
expression levels for the genes of interest were then normalized to housekeeping genes 
(HPRT or GAPDH) and control sample, calculated using the 2-ÂÂ+s method. The nuclear-
to-cytoplasmic ratio was determined as the ratio of mRNA expression in the nucleus 
compared to mRNA expression in the cytoplasm using the following formula:  

ὔόὧὰὩὥὶ ὸέ ὅώὸέὴὰὥίάὭὧ ὶὥὸὭέ
ὔόὧὰὩὥὶ ὩὼὴὶὩίίὭέὲ ὫὩὲὩ ρ ς

ὅώὸέὴὰὥίάὭὧ ὩὼὴὶὩίίὭέὲ ὫὩὲὩ ρς
 

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-tagged protein co -Immunoprecipitation.   

U2OS cells were harvested 48 h following previously described plasmid transfection 
ŀĶďġĈ >ýġOýļɅ Eġ £ďļıĦ 1X sıêġĶćýõļďĦġ ıýêĈýġļȀ sčý õýĜĜĶ Ōýıý ĜŔĶýû Ōďļč ƨ ĠS Ħć
FLAG lysis buffer (150 mM NaCl, 50 mM Tris HCl pH 7.4, 1% TRITON X-100and 1 mM 
EDTA) supplemented with a protease inhibitor cocktail at a 1:100 ratio. Cells were 
incubated with the lysis buffer for 30 min on a shaker at 4°C, followed by centrifugation 
at 14.000 rpm for 10 min to remove cell debris. The resulting supernatant was 
ļıêġĶćýııýû ļĦ ê õčďĜĜýû ƨȀƬ ĠS ļŀôýȁ Ōďļč ƨƧƧ ŮS ǧƨƧǮǨ įıýĶýıŋýû êĶ êġ ďġįŀļ õĦġļıĦĜȀ 

The remaining lysate was mixed with Anti-FLAG-conjugated 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 ice-cold TBS buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl), 
with a 1-minute centrifugation step between each wash. For elution, 100 µL of 300 
ng/µL 3xFLAG peptide (Sigma, F4799) was added to 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. Immunoprecipitation and input samples were subjected to 
downstream analysis either by immunoblotting or mass spectrometry.  

3.2.14  SDS-polyacrylamide gel electrophoresis (PAGE)  

Proteins were extracted from cells at 80-100% confluency, utilizing 2x Laemmli sample 
buffer (Santa Cruz, sc-286963), and subsequently treatment with Benzonase nuclease 
(Sigma Aldrich, E1014) for 30 min at 37°C. Following Benzonase treatment, samples 
were subjected to electrophoresis at 90V for 1h-1h 30 min using 6, 8, or 10% SDS-
acrylamide gels (Table 11). SDS-gels were assembled using Mini-PROTEAN® Tetra 
Vertical electrophoresis system (Bio-Rad, 1658004) and filled with running buffer 
(190mM Glycine, Sigma Aldrich, G8898, 25mM Tris, Sigma Aldrich, T1378 and 0.1% 
m1mȁ mďĈĠê  Ĝûıďõčȁ 1ƭƮƬƧǨȀ =Ħı Ķďřý õĦĠįêıďĶĦġȁ fêĈýhŀĜýıɅ fıý-stained Protein 
Sêûûýıȁ ƨƧ ļĦ ƨƯƧ Ě1ê ǧsčýıĠĦ =ďĶčýıȁ ƩƭƭƨƭǨ Ħı mįýõļıêɅ WŀĜļďõĦĜĦı CďĈč hêġĈý
Protein Ladder (Thermo Fisher, LC5699) were used.  

Table 11. SDS acrylamide gels. 

Running gel  

Reagent 
Volume (mL) to 
10 mL 6% gel 

Volume (mL) to 
10 mL 8% gel 

Volume (mL) to 
10 mL 10 % gel 

MilliQ H2O 5,3 4,6 4 
30% Acrylamide (Bio-Rad, 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 (Thermo 
Fisher, A3678-25G) 0,1 0,1 0,1 
TEMED (Sigma Aldrich, T7024) 0,008  0,006  0,004  

 
Stacking Gel   

Reagent Volume (mL) to 4 mL stacking gel 
MilliQ H2O 2,7 
30% Acrylamide (Bio-Rad, 161-0148) 0,67 
1.0M Tris (pH 6,8) 0,5 
10%SDS 0,04  
10% Ammonium persulfate (Thermo 
Fisher, A3678-25G) 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, sc-3724) at 90V for a 90 min using the Mini Trans-Blot® Cell electrophoresis 
system (Bio-Rad, 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 at 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 3x using wash buffer (1xPBS 
and 0.1% Tween-20) 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, sc-2048) and visualized using a ChemiDoc XRS+ 
system from Bio-Rad. 

3.2.16  BCA Assay 

To analyze total protein concentration of protein samples a Bicinchoninic acid (BCA) 
protein assay kit (Sigma Aldrich, 71285) was used according to ĠêġŀćêõļŀıýıǴĶ 
instructions. The BCA assay relies on a highly sensitive and selective colorimetric 
method for detecting the presence of the cuprous cation (Cu+), achieved using 
bicinchoninic acid. This method enables the quantification of protein concentration by 
observing a color change in the sample 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 purple-colored complex that is soluble in water and 
demonstrates a strong, linear increase 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 study, a known concentration of bovine 
serum albumin (BSA) was utilized to construct this standard curve, employing three 
replicates for each BSA sample. 

3.2.17  UPLC- Mass spectrometry  

Prior to mass spectrometry analysis protein concentration was established using a 
previously described BSA assay. 20µg of proteins were precipitated using cold (-20°C) 
isopropanol (1:4 ratio protein: isopropanol) 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 60 min. Samples were reconstituted in 20µL of 
digestion buffer (1M DTT, 8% Rapi-Gest and 1M ammonium bicarbonate), followed by 
10 sec sonication and finally incubation at 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 1M DTT, and this quenching 
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step occurred for 20 min at RT, also in the dark. Subsequently, the samples were 
subjected to an overnight digestion using 1.5ŮĈ Ħć ļıŔįĶďġ êļ ƪƮ°C. After ON 
digestion, 6µL of 10% trifluoracetic 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 96-well plate as previously described (Gilar 
et al., 2001). Finally, samples were resuspended in 5% acetonitrile with 0,1% formic 
acid to a final concentration of 400 ng/µL and 12,5µL of sample used for MS/MS 
analysis. Peptides were analyzed on a Waters Synapt XS mass spectrometer using Ultra 
definition MSE acquisition mode. Mobile 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 5-40% mobile phase B and a flow rate of 300 nL/min over 90 min. 

 Mass Spectrometry analysis  

Raw data was 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 12 min and after 110 min. Peptide 
identification was performed using the following search criteria: 

Table 12. Mass Spectrometry analysis criteria 

Mass spectrometry analysis  
Proteome Homo sapiens (Human) ID: UP000005640  
Enzyme Trypsin 
Max missed cleavages 3 
Fixed modifications Carbamidomethyl C 
Variable modifications Acetyl N-term; Deamidation N; Deamidation Q; 

Oxidation M 
 

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

3.2.18  Metaphase spread.  

Following 48h incubation period with siRNA at a concentration of 10nM, U2OS cells 
were exposed to 500ng/µL of Colcemid (Invitrogen, 15212-012) to induce metaphase 
arrest. Cells were then trypsinized, followed by 20 min incubation at 37°C in a 75mM 
KCl solution to induce cell swelling. Subsequently, samples were centrifuged 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 acid. Fixing step was repeated three 
times ending with chromosomes suspended in 200µL of the fixing solution. 
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Microscope slides were prepared by placing the chromosome suspension on slides 
using the HANABI metaphase spreader from ADS Biotech. The slides were then stained 
with Giemsa staining, scanned and images were automatically captured using the 
DUET-3 automated 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 six-well plates, with 500 cells per well 
(or 2500 cells for the siFTO condition). Following this, cells were subjected to 24-hour  
treatment with Mitomycin C (Bio-Techne, 3258/2) or a 1-hour treatment with NCS 
(Sigma-Aldrich, N9162). The cells were subsequently given fresh media and cultured 
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). CRISPR-Cas9 KO cells were 
seeded out in low density (500 cells) in six well plates and treated as described for 
siRNA samples. 

3.2.20  Micronuclei assay  

U2OS cells cultured on coverslips were subjected to siRNA (10nM) treatment for 48h. 
Following siRNA treatment cells were fixed with 4% paraformaldehyde for 15 min, 
followed by permeabilization using 0.2% Triton-X for 5 min, and 1h of blocking with 
DMEM containing 10% FBS. Subsequently, cells were stained using Nuclear DAPI stain 
(Sigma-Aldrich, D9542) diluted 1:5000 for 1 hour at RT. Coverslips were mounted on 
glass slides using Fluoroshield mounting medium (Sigma Aldrich- F6182). CRISPR 
clones were cultured, fixed, and stained using the same methods. Images were 
captured using an FV1200 Olympus inverted confocal microscope, with nuclear DAPI 
staining visualized using excitation by a 405 nm laser. For each condition, 5-10 images 
were randomly acquired using a 20x objective and imported into ImageJ and Cell 
Profiler for subsequent image analysis. Approximately 200-300 cells were analyzed for 
each condition.  

3.2.21  RNA sequencing  

RNA was isolated using Monarch ® Total RNA Miniprep Kit (NEB, T2010S) according 
ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġ ćıĦĠ õýĜĜĶ įıýŋďĦŀĶĜŔ ļıeated with siRNA (10nM) for 48h. 
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 
previously described qPRC analysis.  
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 Library preparation and s equencing 

Downstream sample preparation was conducted by deCODE genetics. cDNA libraries 
were produced from RNA samples using the Illumina TruSeq RNA v2 Prep Kit 
(Illumina, RS-122-2001). Fragmentation of RNA samples was performed at 94°C with 
divalent cations followed by first strand cDNA synthesis using SuperScript IV reverse 
transcriptase (Invitrogen, 18090200) along with random hexamers, following 
ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀ Xýœļ, second-strand cDNA synthesis performed along with 
end repair, addition of a single A nucleotide, unique dual-indexed 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 Illumina sequencing, the samples were combined and 
clustered on NovaSeq S4 v 1.0 flow cells through on-board clustering. The XP workflow 
was employed to conduct paired-end sequencing on NovaSeq6000 instruments, 
involving 2x125 cycles for incorporation and imaging, along with 2x8 cycles for the 
dual indexes. Real-time basecalling was executed using real time analysis v3.4.4, and 
the demultiplexing of Binary Base Call files and generation of FASTQ files were carried 
out using bcl2fastq2.20. 

 RNA sequencing data analysis  

Kallisto was utilized to perform pseudo-alignment and transcript abundance estimation 
on Fastq files (Bray et al., 2016). Sleuth R-package 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 heatmaps were created using 
Sleuth to evaluate sample quality. Distribution plots of expressed genes in the samples 
were generated through Jupyter Notebooks (Kluyver et al., 2016) for additional quality 
assessment. Differentially expressed transcripts were visually represented using Volcano 
plots generated with Sleuth. Gene set enrichment analysis (Wu et al., 2021) was 
performed using the R package clusterProfiler. Graph modification was carried out 
using R packages ggplot2, RcolorBrewer, gridR, ggrepel, grid, and cowplot. Statistical 
analyses were conducted using the R package rstatix.  

3.2.22  CRISPR-Cas9 generated knockout models.  

To induce knockout of either the FTO or ALKBH3 gene, U2OS cells were transfected 
with three single-guide RNAs (sgRNAs) using the RNAiMAX transfection reagent along 
with the CRISPR/Cas9 system. 72h post transfection, cells were seeded at a low 
density, allowing individual clones to form. Individual clones were subsequently 
harvested, DNA isolated and Synthego Inc provided ǵInference of CRISPR EditsǶ 
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 Sanger sequencing. 
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3.2.23  Immunofluorescence  

Cells were cultured on coverslips, fixed with 4% paraformaldehyde for 15 min and 
permeabilized with 0.2% Triton-X for 5 min. Subsequently, they were subjected to a 1-
hour blocking step with DMEM containing 10% FBS. Primary antibodies were applied at 
RT for 1½h, with varying dilutions (1:250, 1:500, or 1:1000). Following primary 
antibody incubation cells were washed 3x using 1xPBS. Next secondary antibodies 
(1:1000 dilution) and nuclear DNA stain DAPI (1:5000) were incubated for at RT for 1h. 
Subsequently cells were washed 3x using 1xPBS along with a single wash in MilliQ 
water and coverslips were placed onto glass slides using Fluoroshield mounting 
medium (Sigma Aldrich, F6182). An Olympus FV1200 inverted confocal microscope 
was utilized for image acquisition. Dual-color confocal images were captured with 
standard settings using laser lines at 488 nm, 546 nm, and 635 nm to excite Alexa 
Fluor 488, Alexa Fluor 555, and Alexa Fluor 647 dyes, separately. Excitation by 405 
nm laser was used to capture images of DAPI nuclear staining. Each experimental 
condition was imaged randomly 5-10 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 each data point. 

3.2.24  DNA damage induction  

Neocarzinostatin (NCS) (Sigma Aldrich, N9162-100UG) is an effective DNA-
damaging, radiomimetic anti-tumor antibiotic (Jadav et al., 2013) from Streptomyces 
carzinostaticus a gram-positive bacteria. NCS is made up of a complex consisting of a 
small molecule called an enediyne chromophore attached to a single-chain protein 
composed of 113 amino acids. When a thiol is introduced, the chromophore transforms 
into a highly reactive biradical species, which can selectively cause breaks in DNA 
strands by removing hydrogen from the deoxyribose of DNA thereby causing DNA to 
be cleaved (Edo et al., 1997). NCS impedes DNA synthesis, proliferation by prompting 
cell cycle arrest in G2 and demonstrates antitumor effects against a range of human 
tumors. 

Mitomycin C  (MMC) (Bio-Techne, 3258/2) is an alkylating chemotherapy drug 
derived from Streptomyces caespitosus a gram-positive actinobacteria (Tomasz, 1995). 
MMC is a potent cross-linking reagent that induces DNA crosslinking leading to 
replication and transcriptional stress and eventually apoptosis. This is accomplished by 
reductive activation of Mitomycin to form a mitosene, which reacts via N-alkylation with 
7-N-guanine nucleotide residues in the minor groove of DNA at the location of 5ǋ-CpG-
3ǋ sequence that causes DNA crosslinking. MMC induced DSBs are the results of 
collapse of inter-strand cross-link-stalled replication forks (Al-Minawi et al., 2009). DNA 
crosslink induced by MMC can be repaired by different 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 performed in U2OS cells containing single 
pathway reporter systems: HR (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 
contains disrupted GFP gene separated by a rare restriction site, which is recognized 
by the endonuclease I-Sce1 (Gunn et al., 2012). U2OS cells were treated with siRNAs 
for 24h followed by co-transfected with plasmids expressing the endonuclease I-Sce1. I-
Sce1 cuts the I-Sce1 sites flanking the GFP gene, creating a DSB. Repairing the DSB 
restores the GFP gene and enables detection of corresponding DSB repair via GFP 
signal emission. 48h post plasmid transfection HR, NHEJ or SSA rates are defined by 
quantifying GFP+ cells by flow cytometry, fluorescence activated cell sorting (FACS) 
SH800 and FlowJo single cell analysis software V10 program. 

 pDRGFP and hprtSAGFP reporter system plasmids were a gift from Maria Jasin (Stark 
et al., 2004) and pimEJ5GFP was a gift from Jeremy Stark (Bennardo et al., 2008).  

3.2.26  RNA Scope  

RNA scope assay was performed using RNAScope® Multiplex Fluorescent Reagent Kit 
(ACD Bio, 323100), following manufacturers instruction. In short, after 48h incubation 
with siRNAs U2OS cells were fixed with 4% paraformaldehyde for 30 min followed by 
protease digestion using Pretreat protease III (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). Subsequently, 
primary, secondary, tertiary, and fluorescent probes (ACD bio, 320850) were applied 
successively for durations of 30, 15, 30, and 15 min, each followed by two 5 min 
washes in the wash buffer (ACD bio, 310091). Following this, cells were subjected to 
DAPI nuclear 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 staining rather than RNAScope foci. Image analysis was performed 
using Image J and Cell Profiler 3.0, with approximately 200-300 cells counted for each 
treatment. 

3.2.27  Statistical  analysis  

All data generated were taken from distinct samples and presented as mean ± SD. 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 ANOVAT-test or two-tailed T-test using Graph Pad Prism 6 for windows, 
except for RNA sequencing data which was analyzed as described above in RNA 
sequencing data analysis chapter. P-values are as follows: ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.05.  
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4  Results 

 Deciphering the regulatory role of ALKBH3 and FTO in 
RNF168 function  

4.1.1  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 primary focus was to 
investigate DNA repair genes subjected to epigenetic silencing in breast cancer 
through promoter methylations (Stefansson et al., 2017). A list of repair genes (n=178) 
(Kauffmann et al., 2008) were cross-referenced to genes undergoing 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 displaying 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 reduced 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 alteration correlated with poor disease outcomes for patients, as 
a higher degree of ALKBH3 promoter methylation (>20%) was associated with reduced 
breast cancer-specific 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 Stefansson et al, Dango et al (Dango et al., 2011) had provided 
indication of a possible connection between ALKBH3 and DNA DSB repair. Their 
proteomics studies demonstrated 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., 2010). 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 our understanding 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 (U2OS). This thesis predominantly employed U2OS 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 lines. 53BP1 foci 
formation signifies the activation of the DSB-induced signaling pathway, and the 
absence of 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 U2OS cells using small interfering RNAs (siRNAs), followed by western blot 
analysis to examine 53BP1 and RIF1 protein expression (Figure 19 A). Recruitment of 
53BP1 and RIF1 to sites of DSB was likewise examined in U2OS cells depleted of 
ALKBH3 and treated with Neocarzinostatin (NCS) to induce DNA DSB damage. Cells 
were immunostained for 53BP1, RIF1 and phosphorylated histone H2AX (gH2AX), a 
commonly used marker for DSB (Valdiglesias et al., 2013) (Figure 19B-E).  
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Figure 19. ALKBH3 knockdown results  in reduced 53BP1 and RIF1 recruitment to DSBs. 

A) U2Os cells treated with the above-mentioned siRNAs for 48h followed by western blot analysis 
of RIF1, 53BP1, ALKBH3 and SMC1 used as loading control. B-C) Representative images U2OS 
cells transfected with indicated siRNAs, 48h post transfection cells were treated with 50ng/mL of 
NCS for 15 min to induce DSBs and cells fixed 1h later. Cells were immunostained with 53BP1 
(Green), RIF1 (purple) and gH2AX (red). Nuclear DNA was visualized by DAPI (blue), scale bar: 
10µm. RNF168 was used as a 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 53BP1 (Figure 19A) when compared to cells treated with control 
and ALKBH2 siRNA. As previously mentioned, ALKBH2 along with ALKBH3 is the true 
functional homolog of the AlkB enzyme in E. 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 (Figure 19 B-E), 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 upstream in the DNA DSB signaling pathway to the E3 
ubiquitin ligases RNF8 and RNF168 which play a significant role in the recruitment of 
53BP1 and RIF1. U2OS cells along with MCF7 breast cancer cells were depleted of 
ALKBH3, using two different siRNAs and protein expression of RNF8 and RNF168 
examined (Figure 20). MCF7 cells were included in the analysis to eliminate the 
possibility of cell line-specific effects observed in U2OS cells. In addition, the PC-3 
pancreatic cancer cell line, known for its relatively higher expression of ALKBH3 
(Dango et al., 2011) and the non-cancerous HEK293T human embryonic kidney were 
employed to assess RNF168 expression in the absence of ALKBH3.  

 

Figure 20 . ALKBH3 knockdown results in reduced  RNF168 protein expression.  

A) U2OS and MCF7 cells treated with the above-mentioned siRNAs for 48h followed by western 
blot analysis of RNF8, RNF168 and ALKBH3, Vinculin used as a loading control. B) RNF168 and 
ALKBH3 protein expression analyzed by immunoblotting in U2O2, PC-3 and HEK293T cells 48h 
post siRNA transfection with the indicated siRNAs, SMC1 or Actin used as loading control. 

Reduced expression of ALKBH3 led to decreased protein expression of RNF168 in all 
four tested cell lines but did not affect RNF8 in either U2OS or MCF7 cells (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 expression. The 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 influencing 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). To 
eliminate the possibility that our observed RNF168 phenotype being dependent on the 
cell cycle, U2OS cells were depleted of ALKBH3 and were immunostained 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 cells or if it occurred 
independently of the cell cycle. 

 
Figure 21. RNF168 downregulation is cell cycle independent.  

Representative images of U2OS cells transfected with ALKBH3, ALKBH2, RNF168 and control 
siRNA for 48h and immunostained with DAPI (blue), RNF168 (green) and Cyclin A (red). Scale 
bar: 10µM. 

The reduction in RNF168 protein expression resulting from ALKBH3 KD appeared to 
occur independently of the cell cycle phase (Figure 21), as evidenced by observed 
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 role in repairing alkylating damage on 
ssDNA, a process facilitated by the DNA helicase ASCC3. ASCC3 unwinds the DNA 
ļčýıýôŔ õıýêļďġĈ ļčý ġýõýĶĶêıŔ ĶĶ1X ćĦı  SQ*CƪǴĶ êĜĚŔĜêļďĦġ ıýįêďı êõļďŋďļŔ(Dango et 
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 
U2OS cells of ASCC3 and ALKBH2 and examined RNF168 protein expression along 
with 53BP1 recruitment to DSBs (Figure 22). Should loss of ASCC3 result in a similar 
effect on RNF168 protein expression as loss of ALKBH3 it could indicate that ALKBH3 
influence over RNF168 might be connected to its role in alkylation repair.  

 
Figure 22 . Depletion of ASCC3 and ALKBH2 had no discernible impact on RNF168 
expression or 53BP1 recruitment.  

A) U2OS cells treated with indicated siRNAs for 48h prior to protein analysis of ASCC3, ALKBH3 
and RNF168 using western blot. SMC1 was used as loading control. B-C) Quantification of 53BP1 
and gH2AX foci formation in U2OS cells treated with the 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 and gH2AX. One-way ANOVA, n=3 mean°SD.  

Neither ALKBH2 nor ASCC3 exhibited any noticeable effect on RNF168 expression nor 
did depleting U2OS cells of ALKBH2 or ASCC3 have any impact on the recruitment of 
53BP1 to DSB when DNA damage was induced (Figure 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.  

4.1.3  ElucidatiġĈ  SQ*CƪǴĶ ıĦĜý ďġ hX=ƨƭƯ ıýĈŀĜêļďĦġȀ 

Having demonstrated that ALKBH3 influences protein expression of RNF168 in a 
number of cell lines, the focus turned towards clarifying how ALKBH3 influences 
RNF168 protein expression. Given that RNF168 plays a crucial role as a rate-limiting 
factor in the response to DSB, maintaining proper expression levels of RNF168 is 
essential for normal cellular function (Gudjonsson et al., 2012). One well-documented 
mechanism for regulating RNF168 involves protein turnover, a process that 
encompasses a series of factors within the ubiquitin-proteasome pathway of protein 
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degradation (Gudjonsson et al., 2012; Sharma et al., 2018; Zhu et al., 2015). To 
determine if the loss of ALKBH3 affected RNF168 protein turnover, U2OS cells were 
treated with control and ALKBH3 siRNA along with MG-132. MG-132 is a widely used 
proteasome inhibitor that binds to the active site of the b subunits of the 20S 
proteasome, thereby blocking its activity. To assess whether the lack of ALKBH3, in 
combination with MG-132 treatment, could rescue the RNF168 protein expression, the 
RNF168 expression was analyzed using western blot (Figure 23).  

 

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

U2OS cells were treated with control siRNA and ALKBH3 siRNA for 48h followed by 3h treatment 
with 10µM MG-132. RNF168 expression was analyzed using western blot. SMC1 was used as 
loading control. 

Knocking down ALKBH3 along with MG-132 treatment did not restore RNF168 protein 
expression demonstrating ALKBH3 was not influencing RNF168 protein turnover, this 
however did not rule out other forms of regulation. In light of the absence of known 
epigenetic or post-translational regulatory roles for ALKBH3, focus shifted towards 
exploring alternative forms of regulatory mechanisms. Initially, attention was directed to 
the synthesis of RNF168 mRNA in the presence and absence of ALKBH3 (Figure 24 A) 
to assess if ALKBH3 exerted transcriptional influence on RNF168. Simultaneously, 
potential protein-protein interactions between ALKBH3 and RNF168 were investigated 
through co-immunoprecipitation (co-IP) followed by western blot analysis (Figure 24 B). 
Lastly, to test if ALKBH3 was influencing RNF168 at the site of DSBs, ALKBH3 
recruitment to the site of DSB in response to DNA damage was evaluated (Figure 24 
C). 
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Figure 24 . Deciphering ALKBH3's Regulatory Impact on RNF168.  

A) Total ALKBH3 and RNF168 mRNA levels in U2OS cells treated with control, ALKBH3 and 
RNF168 siRNA followed by qPCR analysis, normalized to GAPDH housekeeping gene. One-way 
ANOVA, n=3 mean°SD. B) Western blot analysis of protein-protein co-immunoprecipitation in 
U2OS cells transfected with ALKBH3-FLAG tagged expression vector. Cell lysate was subjected to 
FLAG M2-pull down followed by immunoblotting using RNF168 and FLAG antibody. Input 
sample (IN), immunoprecipitation sample (IP). C) U2OS 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 (blue), gH2AX (red) and FLAG-tagged ALKBH3 (green). Scale bar: 10µm. 

Depleting U2OS cells of ALKBH3 did not have any discernible impact on the total 
mRNA levels of RNF168, 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 protein-protein interaction between 
ALKBH3 and RNF168 (Figure 24 B), suggesting that the regulation of RNF168 by 
ALKBH3 may not involve direct physical interactions between these two proteins. Lastly, 
ALKBH3 was not being recruited to the site of DSB in response to DNA damage (Figure 
24 C) and therefore likely not influencing RNF168 at the break site. From this we 
argued that further exploration into post-transcriptional regulatory mechanisms was 
necessary to provide deeper insights into  SQ*CƪǴĶ ıýĈŀĜêļďĦġ Ħć RNF168. 

4.1.4  The epitranscriptomic influence on RNF168 by ALKBH3  

Apart from its involvement in repairing DNA alkylation damage, ALKBH3 has been 
shown to influence gene expression by acting as an m1A mRNA demethylase. In fact, 
transcriptome-wide mapping of m1A modification in human cells (HEPG2, HEK293 and 
HELA) identified RNF168, along with thousands of transcripts, to contain the m1A 
modification (Dominissini et al., 2016). It is important to point out that there has been 
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some discrepancy regarding the precise prevalence of m1A modification on RNF168, as 
a second round of transcriptome-wide studies did not observe any modification of 
RNF168 with m1A (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 regulates RNF168 by removing a 
methylation mark from its transcript.  

An m1A methylation specific RNA immunoprecipitation followed by a qPCR (m1A 
MeRIP-qPCR) was performed in cells depleted of ALKBH3 and compared to control 
cells (Figure 25). The hypothesis of this experiment is that the depletion of the m1A 
demethylase, ALKBH3, results in increased m1A methylation on the RNF168 transcript. 
This increase in m1A methylation leads to elevated amount of RNA that is 
immunoprecipitated, consequently yielding enrichment of RFN168 levels in the 
subsequent qPCR analysis. 

 

Figure 25 . ALKBH3 depletion results in increased m 1A methylation marks on  the 
RNF168 transcript.  

U2OS cells treated with control, ALKBH3 and RNF168 siRNA for 48h followed by m1A MeRIP-
qPCR. Graph shows relative quantification of RNF168 mRNA levels from m1A pulldown, 
expression normalized to GAPDH. One-way ANOVA, n=3 mean°SD. 

RNF168 mRNA was found in both the control and ALKBH3 KD RNA 
immunoprecipitation samples. The ALKBH3-depleted sample exhibited approximately a 
2.2-fold increase in RNF168 mRNA levels compared to the control, suggesting the 
presence of the m1A modification on the RNF168 transcript.  

As mRNA modifications are known to play crucial roles in various stages of the mRNA 
life cycle, encompassing translation, splicing, export, and stabilization, our next aim 
was to unveil the significance of ALKBH3-mediated removal of m1A from RNF168 
transcripts. In recent years, research has illuminated the impact of mRNA modifications 
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on translation efficiency and mRNA stability. Given that qPCR analysis (Figure 24) had 
already revealed no discernible effect of ALKBH3 KD on RNF168 mRNA levels, our 
focus shifted to exploring mRNA stability as it represents one of the most extensively 
researched ways in which methylation influences mRNA dynamics. RNA stability post 
ALKBH3 KD was tested in U2OS 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 mRNA 
decay by measuring mRNA abundance following transcription inhibition (Figure 26). 

 

Figure 26 . ALKBH3 knockdown had no effect on RNF168 mRNA stability  

RNF168 mRNA stability in U2OS cells treated with control and ALKBH3 siRNA for 48h followed 
by Actinomycin D treatment (8 µg/ml) followed by qPCR, normalized to HPRT housekeeping 
gene. N=3, mean°SD, two-tailed T-tes.  

Knocking down ALKBH3 using siRNA had no statistically significant effect on RNF168 
mRNA stability compared to control siRNA, therefore we next moved towards mRNA 
export. To evaluate if RNF168 mRNA export was affected by ALKBH3 m1A 
demethylation an RNA cellular fractionation assay was performed. Cellular fractionation 
assay enables the isolation of cytoplasmic and nuclear RNA. Subsequently a qPCR 
assay was performed to compare RNF168 mRNA expression in nucleus and cytoplasm 
in cells depleted of ALKBH3 (Figure 27). 
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Figure 27 . ALKBH3 knockdown results in increased nuclear retention of RNF168 
mRNA. 

RNA fractionation assay. Ratio between nuclear and cytoplasmic RNF168 mRNA expression in 
U2OS cells treated with control, ALKBH3 and ALKBH2 (NC) siRNAs for 48h followed by qPCR, 
expression normalized to housekeeping gene HPRT. Ratio>1 indicates more mRNA expression in 
nucleus, ratio<1 demonstrates more mRNA expression in cytoplasm. N=3, mean°SD, One-way 
ANOVA 

Interestingly, loss of ALKBH3 resulted in higher mRNA expression of RNF168 in the 
nucleus compared to both the control sample and cells depleted of ALKBH2 (Figure 
27), suggesting a malfunction in RNF168 mRNA export in the absence of ALKBH3. To 
further validate the mRNA export defects RNA Scope assay was performed in U2OS 
cells treated with control, RNF168 and ALKBH3 siRNA (Figure 28). RNA Scope is an in-
situ hybridization technique that enables both quantification and visualization of the 
mRNA of interest.  
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Figure 28 . ALKBH3 promotes nuclear export of RNF168 mRNA.  

A) Representative pictures and B) quantification of RNA scope assay performed in U2OS cells 
treated with control and ALKBH3 siRNA for 48h followed by incubation with RNF168 specific 
probes, control probes (green) and nucleus stain (DAPI). PPIB was used as control mRNA. Graph 
illustrates RNF168 mRNA nuclear: cytoplasmic ratio where ratio>1 indicates more mRNA 
expression in nucleus, ratio<1 demonstrates more mRNA expression in cytoplasm. N=3, 
mean°SD, two-tailed T-test. Scale bar: 10µm 

Cells depleted of ALKBH3 exhibited a notable elevation in the RNF168 mRNA levels 
within the nucleus compared to the cytoplasm, approximately a 2.2-fold increase in 
contrast to the control sample. This observed shift supports the notion that the absence 
of ALKBH3 affects the nuclear export of RNF168 mRNA. Importantly, the loss of 
ALKBH3 did not exert any discernible influence on the mRNA export of the control 
gene (peptidyl-propyl isomerase B: PPIB) (Figure 28).  

The results obtained 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 the RNF168 transcript, 
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thereby facilitating the unimpeded export of RNF168 mRNA and contributing to the 
maintenance of normal RNF168 protein expression. 

4.1.5  Exploring the impact of other AlkB members on RNF168 
functi on 

ALKBH3 is one of nine members of the AlkB protein family where other members are 
known to 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 potential impact of other AlkB family members on RNF168, we 
knocked down members exhibiting demethylase activity (ALKBH1, ALKBH3, ALKBH5, 
and FTO) in U2OS cells, alongside ALKBH2 as a negative control (NC), and assessed 
RNF168 protein expression through a western blot assay (Figure 29 ). Among the 
examined AlkB members, only the depletion of FTO led to a reduction in RNF168 
protein expression compared to the control sample. ALKBH1 KD and ALKBH5 KD 
showed no impact on RNF168, consistent with the findings for ALKBH2, as previously 
observed (Figure 19A and Figure 22A). To further confirm FTOs influence on RNF168 
protein expression, FTO was depleted in HEK293T, and PC-3 cells followed by western 
blot assay to evaluate RNF168 protein expression (Figure 22 B-C).  

 

 
Figure 29 . The effect of knocking down AlkB family members on RNF168 protein 
expression.  

Western blot of protein expression in A) U2OS, B) PC-3 and C) HEK293T cells treated with the 
above-mentioned 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  

Considering the phenotypical similarities between the loss of FTO and ALKBH3 on 
RNF168 protein expression (Figure 29) we became interested in exploring if FTO was 
influencing RNF168 in a similar manner as ALKBH3. To start with we set out to examine 
the recruitment of 53BP1 in U2OS depleted of FTO. As our previous data had 
demonstrated that the depletion of ALKBH3 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 U2OS cells when DNA DSBs are induced. To test this 
hypothesis U2OS 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).  

 

 
Figure 30 . FTO depletion results in reduced 53BP1  recruitment to DSBs. 
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A) Representative images and B) quantification of U2OS 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 53BP1 (Green) and gH2AX (red). Nuclear DNA 
was visualized by DAPI (blue). N=3 mean°SD, One-way ANOVA. Scale bar: 10µm 

FTO-depleted cells exhibited a reduced recruitment of 53BP1 when DSBs were induced 
while the expression of ɾH2AX, an upstream DSB marker independent of RNF168Ǵs 
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, U2OS 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). 

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

U2OS cells were treated with control and FTO siRNA for 48h, followed by NCS (50 ng/mL) 
treatment on control siRNA cells for 15 min and cells fixed 1h later. Cells were immunostained 
with FTO (red) and gH2AX (green). Nuclear DNA was visualized by DAPI (blue). Scale bar: 
10µm. Treatment with FTO siRNA was performed to confirm the specificity of FTO antibody.  

Upon induction of DNA DSB damage in U2OS cells, there was no observable 
recruitment of FTO to the site of DSB, as there was no overlap between FTO and the 
formation of ɾH2AX 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 in 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 ALKBH3. Given FTOǴs 
established role as an m6A mRNA demethylase, we hypothesized that FTO might be 
responsible for removing an m6A methylation mark from the RNF168 transcript and 
regulating RNF168 in a comparable manner as ALKBH3. To investigate this possibility a 
m6A MeRIP-qPCR was performed (Figure 32), similar to the m1A MeRIP-qPCR described 
in Figure 25. 

 

Figure 32 . FTO depletion causes increased m 6A methylation marks on  the RNF168 
transcript . 

U2OS cells treated with the above mentioned siRNAs for 48h followed by m6A RNA 
immunoprecipitation assay. Graphs represent relative A) RNF168 and B) SETD7mRNA levels from 
m6A pulldown, expression normalized to GAPDH housekeeping gene. N=4, mean ° SD, One-
way ANOVA.  

RNF168 mRNA was found in both the control and FTO KD RNA immunoprecipitation 
samples. Knocking down FTO results in 1.8-fold increase of the RNF168 levels when 
compared to control sample. These results indicate that the RNF168 transcript is likely to 
contain a m6A modification and that FTO is responsible for its removal. Interestingly, 
these results parallel the increased m1A methylation marks on RNF168 observed 
following ALKBH3 depletion in the m1A MeRIP-qPCR assay (Figure 25). SETD7 was 
used a positive control in m6A MeRIP-qPCR assay as it had previously been shown to be 
m6A 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 6-fold 
increase of the SETD7 mRNA when compared to control sample indicating the 
presence of m6A on the SETD7 transcript, thereby providing validation that the m6A 
MeRIP-qPCR assay was successful.  

To address the possibility of substrate overlaps between ALKBH3 and FTO, RNF168-m6A 
levels were checked post ALKBH3 KD and RNF168-m1A levels after FTO KD (Figure 33). 
This investigation was particularly relevant to investigate as both proteins have shown 
affinity for the opposite modification on tRNA (Ueda et al., 2017; Wei et al., 2018). 
Interestingly, ALKBH3 depletion did not affect m6A levels nor did knocking down FTO 
affect m1A levels pointing towards no substrate overlap between the two demethylases.  

 
Figure 33 . No substrate overlap b etween FTO and ALKBH3.  

U2OS cells treated with the above mentioned siRNAs for 48h followed by A) m1A MeRIP-qPCR 
assay and B) m6A MeRIP-qPCR assay. Graphs represent relative RNF168 mRNA expression from 
m1A and m6A pulldown, normalized to GAPDH housekeeping gene. N=3, mean ° SD, One-way 
ANOVA.  

Having established that the loss of FTO causes an increase in m6A methylation marks on 
the RNF168 transcript, our next objective was to investigate if FTO regulates RNF168 in 
a manner similar to ALKBH3. To ensure the specificity of the observed phenotypical 
similarities between ALKBH3 and FTO-depleted cells, we systematically examined 
factors previously excluded in ALKBH3-depleted samples. The investigation included 
assessing RNF168 mRNA expression post-FTO KD to understand transcriptional 
regulation. Additionally, we explored translational regulation through the evaluation of 
protein turnover and protein-protein interactions between RNF168 and FTO, using 
protein-protein co-IP followed by western blot analysis (Figure 34).  
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Figure 34 . Deciphering FTO's Regulatory Impact on RNF168 . 

A) Total FTO and RNF168 mRNA levels in U2OS cells treated with the indicated siRNAs for 48h 
followed by qPCR analysis, GAPDH used as housekeeping gene, n=3, mean°SD, One-way 
ANOVA. B) Western blot showing protein levels of RNF168, ALKBH3 and FTO in U2OS cells 
treated with the indicated siRNAs for 48h. C) Western blot analysis of protein-protein co-
immunoprecipitation in U2OS cells transfected with FTO-FLAG tagged expression vector. Cell 
lysate was subjected to FLAG M2-pull down followed by immunoblotting using RNF168 ALKBH3 
and FLAG antibody. Input sample (IN), immunoprecipitation sample (IP). D) Western blot 
showing the protein levels of RNF168 in U2OS cells treated with control and FTO targeting 
siRNAs for 48h, in the presence or absence of the proteasome inhibitor MG-132 (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 of RNF168, and FTO did not confer 
protection against RNF168 protein degradation. Interestingly, when ALKBH3 and FTO 
were co-depleted, there was no cumulative impact on the downregulation of RNF168 
protein or its mRNA expression. Moreover, no detectable protein-protein interaction 
was observed between FTO and RNF168. Intriguingly, the FTO-FLAG co-IP assay 
yielded noteworthy results, revealing a possible protein-protein interaction between 
FTO and ALKBH3 (Figure 34 C). To delve deeper into this interaction, we explored the 
reciprocal scenario by examining whether FTO could be detected in the ALKBH3-FLAG 
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co-IP (Figure 35). Indeed, a robust signal for FTO was observed in the 
immunoprecipitation sample from the ALKBH3-FLAG co-IP, suggesting a potential 
formation of a complex between these two demethylase proteins.  

 
Figure 35 . ALKBH3 and FTO interaction on protein level.  

Western blot showing protein-protein co-immunoprecipitation in U2OS cells transfected with 
ALKBH3-FLAG tagged expression vector. Cell lysate was subjected to FLAG M2-pull down 
followed by immunoblotting using FTO and FLAG antibody. Input sample (IN), 
immunoprecipitation sample (IP). 

4.1.8  =s]ǴĶ ďġćĜŀýġõý ĦġRNF168 mRNA export  

Having ruled out varied potential regulatory mechanisms and establishing FTOǴs 
involvement in modulating m6A methylation marks on RNF168 our subsequent focus 
was on exploring whether FTO depletion led to effects on RNF168 mRNA export akin to 
those observed upon ALKBH3 depletion. After depleting U2OS cells of FTO, we 
proceeded to investigate both mRNA stability (Figure 36) and mRNA export of RNF168 
(Figure 37). To assess mRNA stability, 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 U2OS cells treated with control and siRNA for 48h followed by 
Actinomycin D treatment (8µg/ml) followed by qPCR, normalized to HPRT housekeeping gene. 
N=3, mean ° SD, two-tailed T-test.  
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The loss of FTO did not lead to significant 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 of RNF168 mRNA.  

 
Figure 37. FTO knockdown results in increased nuclear retention of RNF168 mRNA.  

RNA fractionation assay. A) Ratio between nuclear and cytoplasmic RNF168 mRNA expression in 
U2OS cells treated with control, ALKBH3, FTO and ALKBH3+FTO siRNAs for 48h followed by 
qPCR, expression normalized to housekeeping gene HPRT. B) Ratio between nuclear and 
cytoplasmic RNF8 mRNA expression in U2OS cells treated with control, ALKBH3 and FTO siRNA 
for 48h followed by qPCR, expression normalized to housekeeping gene HPRT Ratio>1 indicates 
more mRNA expression in nucleus, ratio<1 demonstrates more mRNA 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 elevated RNF168 
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 (1.8-fold nuclear retention) than the loss 
of ALKBH3 (1.5-fold nuclear retention) (Figure 37 A). In addition, RNF8 nuclear and 
cytoplasmic levels were checked after depleting cells of either ALKBH3 or FTO to 
evaluate if ALKBH3 or FTO could influence other DNA repair factors via mRNA export. 
Neither loss of ALKBH3 nor FTO caused nuclear retention of RNF8 mRNA (Figure 37 
B). The double KD of ALKBH3 and FTO did not lead to increased nuclear retention of 
RNF168 mRNA 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 assay (Figure 38).  
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Figure 38 . FTO promotes nuclear export of RNF168 mRNA. 

A) Representative pictures and B) quantification of RNA scope assay performed in U2OS cells 
treated with control and FTO siRNA for 48h followed by incubation with RNF168 specific probes 
and control probes (green) and nucleus stain (DAPI). PPIB was used as control mRNA. Graph 
illustrates RNF168 mRNA nuclear: cytoplasmic ratio where ratio>1 indicates more mRNA 
expression in nucleus, ratio<1 demonstrates more mRNA expression in cytoplasm. N=3, 
mean°SD, two-tailed T-test. 
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RNA Scope analysis confirmed the fractionation results (Figure 37 A) and further 
demonstrated that FTO depletion is affecting the mRNA export of RNF168. The nuclear 
retention caused by lack of FTO was 3.4-fold higher when compared to control sample, 
significantly surpassing the 2.3-fold nuclear retention observed when ALKBH3 is 
knocked down (Figure 28). 

Results obtained thus far have revealed 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, thereby affecting efficient mRNA export 
and subsequent protein synthesis of RNF168. 

4.1.9  =s]ǴĶ substrate specificity in U2OS cells  

In addition to removing the m6A modification from mRNA, FTO has also demonstrated 
demethylation activity towards the m6Am modification on mRNA. Notably, research 
indicates that FTO exhibits higher affinity for m6Am then m6A. The m6A MeRIP-qPCR 
analysis (Figure 32) applied to assess the influence of FTO on m6A methylation marks 
on RNF168, utilizes an m6A antibody which is unable to distinguish between the m6A 
and m6Am modifications. Consequently, deciphering which modification FTO is 
interacting with on the RNF168 transcript proved challenging, relying merely on the 
m6A MeRIP data. To gain a better understanding of the specific modification FTO is 
removing from the RNF168 ļıêġĶõıďįļȁ Ōý ýœêĠďġýû =s]ǴĶ ĜĦõêļďĦġ Ōďļčďġ wƩ]m õýĜĜĶȀ
=s]ǴĶ õýĜĜŀĜêı ĜĦõêļďĦġ čêĶ ôýýġ įıĦŋýġ ļĦ êćfect its target affinity, with FTO showing 
greater affinity for demethylating m6Am in the cytoplasm but shifting its affinity towards 
m6A in the nucleus (Wei et al., 2018) (Figure 39).  

 
Figure 39 . FTO expression in U2OS cells is  predominantly in the nucleus.  

U2OS 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 µm. 
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Confocal microscopy results show that FTO localizes primarily in the nucleus in U2OS 
cells, suggesting that in our experimental model FTO is likely targeting the m6A 
modification rather than m6Am.  

4.1.10  Confirming RNF168 phenotype using CRISPR-Cas9 knockout 
models 

So far, our findings indicate that the absence of either ALKBH3 or FTO results in 
increased nuclear retention of RNF168 mRNA, leading to a reduction in RNF168 
protein expression. To validate our observations regarding the involvement of ALKBH3 
and FTO in the regulation of RNF168 and mitigate the potential for off-target effects 
associated with siRNA, we utilized CRISPR-Cas9 genome editing to establish stable KO 
U2OS cell line models for both ALKBH3 and FTO. Two KO cell lines were established 
for both ALKBH3 and FTO and RNF168 protein expression in the CRISPR-Cas9 KO cell 
line was analyzed using western blot (Figure 40 A). One KO cell line was chosen for 
each condition and RNF168 mRNA export was assessed through the previously 
described RNA cellular fractionation assay (Figure 40 B).  

 

 
Figure 40 . CRISPR-Cas9 KO cells display comparible  RNF168 phenotype  to siRNA 
treated cells . 

A) Western blot analysis of ALKBH3, FTO and RNF168 expression CRISPR-Cas9 KO cell lines 
compared to wild type (WT) U2OS cells. SMC1 was used as loading control. B-C) RNA 
fractionation assay. Ratio between nuclear and cytoplasmic RNF168 mRNA expression in WT 
U2OS cells and CRISPR-Cas9 KO cell lines. Followed by qPCR of RNF168 mRNA expression, 
normalized to housekeeping gene HRPT. Ratio>1 indicates more mRNA expression in nucleus, 
ratio<1 demonstrates more mRNA expression in cytoplasm. N=3, mean°SD, two-tailed T-test. 

CRISPR-Cas9-generated KO cell lines exhibited a comparable phenotype to siRNA-
treated cells. Both ALKBH3 and FTO KO cell lines displayed reduced protein 
expression of RNF168 compared to wild-type U2OS cells. Additionally, both ALKBH3 
and FTO KO cell lines unveiled increased RNF168 mRNA levels in the nucleus 
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compared to the cytoplasm when compared to wild-type U2OS cells, once again 
suggesting impaired RNF168 mRNA 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 thesis so far has demonstrated that depletion of ALKBH3 and 
FTO impacts the mRNA export of RNF168. Both RNA Scope and RNA cellular 
fractionation experiments have revealed nuclear retention of RNF168 mRNA following 
the KD of ALKBH3 and FTO. Our working hypothesis is that the observed impact is 
attributed to the epitranscriptomic regulation of RNF168 by ALKBH3 and FTO. This 
implies that for the normal mRNA export of RNF168 and subsequent protein 
expression, both FTO and ALKBH3 play a crucial role in removing a methylation mark 
from the RNF168 transcript, FTO the m6A methylation and ALKBH3 the m1A methylation. 
Whether these methylations are mainly a hindrance for efficient mRNA export or play a 
further role in the maturation of the RNF168 mRNA still remains uncertain.  

 mRNA methylations and mRNA export  

In recent years research has revealed a link between the mRNA export machinery and 
m6A modification. Multiple members of the m6A methylation complex have been found 
to interact with core components of the mRNA export machinery such as the 
Transcription-Export (TREX) complex and the NXF1-NXT1 heterodimer, strongly 
suggesting a functional interaction between the two processes (Lesbirel et al., 2019). 
Recent investigations have begun to unveil the intricate connections between the m6A 
modification and the export of mRNA (Lesbirel et al., 2018; Roundtree Luo et al., 
2017).  

The m6A (and m1A) reader protein YTHDC1 has been shown to facilitate the nuclear 
export of mature m6A-methylated transcripts by cooperating with the splicing factor and 
nuclear export adaptor protein SRSF3. This interaction facilitates the delivery of mRNA 
to the nuclear mRNA 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 set of transcripts, suggesting their involvement in 
the same pathway. Knocking down YTHDC1 results in mRNA export defects for specific 
transcripts, particularly m6A-containing transcripts, indicating that YTHDC1 selectively 
exports m6A-modified mRNAs, highlighting m6A methylation as a mark for selective 
nuclear processing (Roundtree Luo et al., 2017). Furthermore, the m6A writer 
machinery has been shown to recruit the TREX complex to m6A-methylated mRNA and 
KD of components of the m6A methyltransferase complex result in defective mRNA 
export (Lesbirel et al., 2018). Where the methylation eraser protein fit into the export 
process remains unclear. 
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From this we decided to investigate what influence major export factors along with YTH-
proteins had on RNF168 protein expression (Figure 41). While our primary focus 
centered on YTHDC1 and SRSF3, we decided to incorporate other members of the YTH 
domain-containing family (YTHDF1-3) and an additional SR protein. YTHDC2 was 
excluded as its primary role is promoting transition from mitotic to meiotic divisions in 
stem cells (Wojtas et al., 2017). SRSF7, similar to SRSF3, is recognized for promoting 
NXF1 recruitment to mature mRNA in vivo (Muller-McNicoll et al., 2016) and interacting 
with YTHDC1 to facilitate nuclear export (Kasowitz et al., 2018). 

 
Figure 41. KD of nuclear export factors and m 6A/m 1A methylation readers affects 
RNF168 protein expression.  

U2OS cells treated with the above-mentioned 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 siRNA. N=2, mean°SD. 

Western blot analysis revealed a notable decrease in RNF168 protein expression upon 
depleting cells of SRSF7, SRSF3, YTHDC1, YTHDF3 and NXF1. Intriguingly, depleting 
U2OS cells of SRSF7 had the most pronounced effect, comparable to ALKBH3 and FTO 
depletion. The YTHDF1 and YTHDF2 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(A)+ mRNA, 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 regulating 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 expression our investigation extends to exploring the impact of m6A and m1A 
methylation writers on RNF168 protein expression along with using cellular fractionation 
assays to evaluate RNF168 mRNA nuclear retention in cells depleted of YTHDC1, 
SRSF3, and SRSF7. These results are considered preliminary as they are composed of 
one biological replicate and can be found in Appendix C. Briefly, when m6A and m1A 
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methylation writers were silenced in U2OS 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 
RNF168 mRNA. Further validation is required to confirm these initial findings, and 
additional experimental investigation is necessary to understand the involvement of 
m1A/m 6A writers and readers in regulating RNF168 mRNA export. However, our 
current data suggests that the methylation marks on RNF168 may 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 protein-protein interactions involving ALKBH3 and FTO and to 
validate the findings from the co-IP followed by western blot assay (Figure 34 C and 
Figure 35) a protein co-IP coupled with ultra-performance liquid chromatographyǥmass 
spectrometry was conducted in U2OS cells. Mass spectrometry analysis was performed 
using FLAG-tagged wild-type (WT) ALKBH3 and FTO plasmid along with catalytically 
dead (CD) ALKBH3 and FLAG tagged plasmids, each plasmid was done in triplicate.  

The catalytically dead plasmids are as the name suggest catalytically inactive, meaning 
they are unable to demethylate nucleic acid. The iron-binding domain of the catalytic 
dead proteins has been altered which prevents binding of the Fe2+ion. Since the AlkB 
protein family relies on the Fe2+ ion as a cofactor for their enzymatic activity, 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 proteins 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 additional protein-protein 
interactions in the mass spectrometry assay. 

 Interesting binding partners found in co -IP/MS  

Mass spectrometry analysis confirmed our previous findings of protein interaction 
between ALKBH3 and FTO (Figure 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 WT-FTO plasmid. The reason for 
this is unknown but the FTO-WT co-IP/MS did overall not result in many protein 
interaction hits for FTO. ALKBH3 did however appear on the list for the CD FTO 
plasmid co-IP, providing a credible conformation of previously seen results in FTO co-IP 
(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 further strengthens 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 co-IP/MS analysis revealed numerous noteworthy protein-protein interactions 
associated with both ALKBH3 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 co-IP/MS analysis, integral to the current 
research, are summarized in Table 13. For a full list of interactions found for each 
individual plasmid co-IP see Appendix D. 
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Table 13. Interesting protein interactions from co-IP/MS 

Plasmid Protein  Function  

ALKBH3 WT / ALKBH3 CD FTO m6A RNA demethylase 

ALKBH3 WT ZMYM2 
Zinc finger protein, antagonizes 53BP1 to facilitate HR 
repair 

ALKBH3 WT / ALKBH3 CD PRMT5 
Regulates RNF168 expression in glioblastomas. Activates 
transcription of DSB repair genes upon DNA damage 

ALKBH3 WT HNRNPF 
RNA binding protein, known to regulate mRNA alternative 
splicing 

ALKBH3 WT / ALKBH3 CD WDR77 Forms a complex with PRMT5 

ALKBH3 WT / ALKBH3 CD HNRNPA2B1 RNA binding protein, known to regulate mRNA alternative 
splicing. A nuclear m6A reader  

ALKBH3 WT / ALKBH3 CD HNRNPA1 
m6A reader protein. Transports of poly(A) mRNA from the 
nucleus to the cytoplasm and modulation of splice site 
selection 

ALKBH3 WT ALKBH5 m6A RNA demethylase 

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

ALKBH3 WT / ALKBH3 CD HNRNPC 
RNA interacting protein. Aids in stability and translation of 
bound mRNA and effects pre-mRNA splicing. Has also 
proven able to bind to m6A and also to affect HR repair.  

ALKBH3WT / ALKBH3 CD / 
FTO WT/ FTO CD PRDX1 Antioxidant enzyme which reduces DNA damage and 

contributes to DNA Repair 

ALKBH3 CD SRSF3 
A mRNA splicing factor. Interact with m6A reader YTDHC1 
to aid in mRNA export of m6A methylated mRNA via 
NXF1. 

ALKBH3 CD TRIP12 Regulator of RNF168  

ALKBH3 CD SRSF1 A mRNA splicing regulator. Interacts with YTDHC1. 
Participates in mRNA export via NXF1.  

FTO CD ALKBH3 Alpha-ketoglutarate-dependent dioxygenase AlkB homolog 
3 

FTO CD CHD2 PARP1 recruits CHD2 to rapidly expand chromatin and 
deposit H3.3 variants to initiate NHEJ repair 

FTO CD RBM6 Splicing factor involved in mRNA splicing. Promotes HR 
repair of DSB. 

FTO CD DHX9 RNA helicase, known to influence HR repair. RNF168 
ubiquitinates DHX9 for resolution and removal of R-loops 

FTO CD RMBX / 
HNRNPG 

RNA-binding. Influences DNA end resection. Activates 
ATR during replication stress response. M6A reader 
protein that mediates splicing. 

FTO CD METTL14 m6A methyltransferase.  
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The ALKBH3 protein, in both wild-type (WT) and catalytically dead (CD) forms, 
demonstrated interactions with various m6A methylation-associated proteins, such as 
FTO, ALKBH5, hnRNPA2B1, hnRNPC and hnRNPA1. Additionally, ALKBH3 exhibited 
associations with well-known 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 RNA-binding proteins, FTO was observed to bind to METTL14, a 
principal component of the m6A methyltransferase complex, and hnRNPG, an m6A 
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, and CHD2.  

 Overlap between co -IP/MS  

Comparison of all four co-IP/MS analyses revealed some overlap among the samples, 
as summarized in Figure 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 co-IP/MS experiments, primarily 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 such as 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. Interestingly, when 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 their targets. 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 Co-IP/MS Analyses.  

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

 ALKBH3ǴĶ êġû =s]ǴĶ ýććýõļ Ħġ 1X 1m* ıýįêďı êġû ĈýġĦĠďõ
instability  

4.2.1  ALKBH3 and DNA repair dynamics  

RNF168 is widely recognized as a multifaceted regulator in 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 BRCA1 to the damaged 
chromatin. To better understand the consequences of RNF168 loss due to ALKBH3 
depletion for effective repair of DNA DSB we silenced ALKBH3 in U2OS cells. 
Subsequently, DSBs were induced using NCS, and MDC1 was utilized as a readout for 
DNA DSB repair dynamics (Figure 43). MDC1 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. MDC1 is recruited to DSB before the initiation 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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Figure 43 . ALKBH3 depletion results in slow clearance of MDC1 . 

A) Representative images and B) quantification of U2OS 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 antibodies. Scale bar: 10µm. One-
Way ANOVA, n=3 mean°SD.  

In cells deficient in ALKBH3, 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 noteworthy 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 ALKBH3. 

4.2.2  ALKBH3ǴĶ êġû =s]ǴĶ ýććýõļ Ħġ 1X 1m* ıýįêďıchoice 

Thus far the research presented in 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 case 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 in influencing 
the choice of DNA DSB repair, coupled with previous research demonstrating that loss 
of RNF168 drives cells to use the highly mutagenic repair 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 utilizing DNA DSB repair 
pathways such as HR or c-NHEJ, thereby potentially directing them towards the more 
error-prone and mutagenic SSA repair pathway, similar to cells lacking RNF168? 

To answer this question fluorescence-activated cell sorting (FACS) analysis and 
established DSB GFP reporter system designed for HR, c-NHEJ, 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 (DR-GFP), c-NHEJ (primEJ5-GFP), or SSA (hprtSA-GFP) repair, however they all 
contain similar constructs containing a disrupted GFP gene separated by an I-Sce1 
restriction site. When the I-Sce1 restriction enzyme is introduced, it induces a DSB and 
repairing the DSB restores the GFP gene, enabling the detection of the corresponding 
DSB repair pathway.  

U2OS cells stability expressing each reporter system were co-transfected with siRNAs 
and I-Sce1 restriction enzyme and repair rates of HR (Figure 44), NHEJ (Figure 45) and 
SSA (Figure 46) evaluated. For more information on DNA repair reporter systems see 
Appendix C.  

 

 
Figure 44 .The influence of  ALKBH3 and FTO depletion on HR repair efficiency in U2OS 
cells.   

U2OS cells stably expressing HR-GFP plasmid were transfected with the indicated siRNAs for 24h 
followed by transfection of I-Sce1 plasmid to induce DSB. 24h post plasmid transfection cells 
were fixed and GFP signal analysis 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 U2OS cells resulted in 
a 20% reduction in homologous recombination (HR) repair efficiency. A similar 
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reduction in HR repair efficiency was observed upon the depletion of FTO. Depleting 
cells of BRCA2 resulted in an 80% drop in HR repair efficiency; this was expected due 
to *h+ ƩǴĶ well defined role in HR repair. These results indicated that loss of either 
ALKBH3 or FTO contributes to small drop in the cells capacity to repair DSB using HR 
repair.  

 
Figure 45 . The influence of ALKBH3 and FTO depletion on c-NHEJ repair  efficiency  in 
U2OS cells.  

U2OS cells stably expressing primEJ5-GFP plasmid were transfected with the indicated siRNAs 
for 24h followed by transfection of I-Sce1 plasmid to induce DSB. 24h post plasmid transfection 
cells were fixed and GFP signal analyzed using FACS analysis. N=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 53BP1) resulted in 40% drop in c-NHEJ 
repair efficiency. Conversely, cells lacking ALKBH3 demonstrated no effect in c-NHEJ 
repair efficiency. 
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Figure 46 . The influence of ALKBH3 and FTO depletion on SSA  repair efficiency i n 
U2OS cells.  

siCtrl siALKBH3 siFTO si53BP1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
e
la

ti
v
e
 c

-N
H

E
J
-r

e
p

a
ir

 e
ff

ic
ie

n
c
y



Karen Kristjánsdóttir 

94 

U2OS cells stably expressing hprtSA-GFP plasmid were transfected with the indicated siRNAs for 
24h followed by transfection of I-Sce1 plasmid to induce DSB. 24h post plasmid transfection cells 
were fixed and GFP signal analyzed using FACS analysis. RAD52 served as PCNn=2, mean 
° SD. 

Preliminary results from SSA repair efficiency revealed around 40% 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 pathway (Munoz et al., 2012; Ochs et al., 2016), here we 
observe a negligible 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 expected. As depletion of ALKBH3 and FTO 
has demonstrated loss of RNF168 protein expression (Figure 29) we would expect loss 
of ALKBH3 and FTO to result in increased usage of SSA, however we see the opposite.  

RAD52 was used as a positive control of SSA repair efficiency as RAD52 is considered 
a key mediator of the SSA DNA repair mechanism (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 RAD52 led to decrease SSA repair efficiency, or around 65% drop. 

Cumulative data from DSB repair assays suggests 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 data contain 2 biological replicates and are therefore considered 
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 in the 
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 
micronuclei (Bohgaki et al., 2011; Devgan et al., 2011; Stewart et al., 2009).  

Our results have demonstrated that deficiency of ALKBH3 and FTO results in both the 
ĜĦĶĶ Ħć hX=ƨƭƯ įıĦļýďġ ýœįıýĶĶďĦġ êġû êććýõļĶ ļčý õýĜĜǴĶ êôďĜďļŔ ļĦ ıýįêďı 1m* ǧFigure 
44-Figure 46). Given these observations, we sought to investigate whether cells devoid 
of FTO and ALKBH3 exhibited increased genomic instability. To assess whether the 
absence of ALKBH3 and FTO have any impact on genomic integrity spontaneously 
forming chromosomal aberrations were examined in U2OS cells through metaphase 
spread analysis (Figure 47).  
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Figure 47 . Increased chromosomal aberrations in cells depleted  of  ALKBH3 or  FTO. 

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, 
DNA fragments with white triangles outlined in red and end fusion reprinted with red triangles. 
Scale bars: 10 µm. B) Quantification of the number of metaphase aberrations in U2OS 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 metaphases were analyzed per condition 
from 2 independent experiments.  

An elevated frequency of spontaneous chromosomal aberrations was detected in both 
ALKBH3- and FTO-depleted samples as compared to the control sample. Intriguingly, 
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the absence of FTO led to a higher incidence of aberrations per metaphase spread in 
comparison with the ALKBH3 and RNF168 depleted samples.  

Beyond the metaphase spread assay, genomic instability in U2OS cells subjected to 
ALKBH3 and FTO depletion was assessed using the micronuclei assay, 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 proteins (Figure 
48). 

, 

 
 

Figure 48 . Depletion  of ALKBH3 and FTO result in increased micronuclei formation.  



Results 

97 

A) Representative images of micronuclei assay in U2OS cells treated with above mentioned 
siRNAs for 48h followed by immunostaining by DAPI nuclei stain. BRCA2 and RNF168 served as 
PC. Micronuclei are represented by white arrows. Scale bars: 20 µm. 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, mean ° SD, One-way ANOVA. 

Knocking down either ALKBH3 or FTO resulted in 2-fold increase in micronuclei 
formation compared to control sample while the positive controls exhibited 4-fold 
(RNF168) and 5-fold (BRCA2) 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 conditions (Figure 49 A).  

Co-depleting ALKBH3 and FTO findings have been consistent across multiple assays, 
encompassing western blot assay, micronuclei assay, cellular fractionation assay 
(evaluating RNF168 expression in the nucleus and cytoplasm), and RT-qPCR (assessing 
total mRNA levels of RNF168). Double KD of ALKBH3 and FTO did not manifest in 
additive effect in any of the tested assays. A comprehensive summary of the data from 
the ALKBH3 and FTO double KD is presented in Figure 49. 

 
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 U2OS cells treated with indicated siRNAs for 48h. N=3, mean ° SD, 
One-Way ANOVA. Each sample was normalized to siRNA control sample. B) RNA fractionation 
assay. Ratio between nuclear and cytoplasmic RNF168 mRNA expression in U2OS cells treated 
with the indicated siRNAs for 48h followed by qPCR, expression normalized to housekeeping 
gene HPRT. Ratio>1 indicates more mRNA expression in nucleus, ratio<1 demonstrates more 
mRNA expression in cytoplasm. N=3, mean ° SD, One-way ANOVA. Each sample was 
normalized to siRNA control sample. C) Total RNF168 mRNA levels in U2OS cells treated with 
the indicated siRNAs for 48h followed by qPCR analysis, expression normalized to housekeeping 
gene GAPHD, n=3, mean ° SD, One-way ANOVA. Each sample was normalized to siRNA 
control sample. D) Western blot showing the protein levels of RNF168, FTO and ALKBH3 in 
U2OS cells treated with indicated 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 our CRISPR/Cas9 
established KO cell lines for ALKBH3 and FTO, compared against the wild-type U2OS 
cells (Figure 50). This step was undertaken with the additional objective of 
corroborating and validating the results obtained through siRNA-based experiments.  

 
Figure 50 . ALKBH3 and FTO CRISPR-Cas9 knockout cell lines display similar levels of  
genomic instability as siRNA -treated cells  
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A) Representative images of micronuclei assay in wild type U2OS cells (NC) and ALKBH3 and 
FTO CRISPR-Cas9 KO clones. Cells are fixed after growing for 48h followed by immunostaining 
by DAPI nuclei stain. Micronuclei are represented by white arrows. Scale bars: 20 µm. B) 
Quantification of the number of micronuclei in CRISPR-Cas9 KO clones. The graph shows the 
relative change in number of aberrations compared to wild type U2OS cells. N=3, mean ° SD, 
One-way ANOVA. 

Both KO cell lines exhibited a notable increase in micronuclei formation, approximately 
a threefold rise compared to wild-type U2OS cells. This increase, while slightly greater 
than that observed in siRNA-treated 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 irradiation observed in both human and murine 
systems in the absence of RNF168 (Bohgaki 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 DNA DSB repair pathways (Figure 
44 ǥ Figure 46) and lead to increased genomic instability (Figure 47-Figure 48). From 
this a hypothesis emerged suggesting that cells subjected to KD or KO of either 
ALKBH3 or FTO would prove vulnerable to DSB-inducing cancer therapy. To test this 
hypothesis, a clonogenic assay was conducted in U2OS cells depleted of ALKBH3 and 
FTO using siRNAs, followed by treatment with NCS (a radiomimetic drug and effective 
inducer of DSB) and Mitomycin C (MMC, a potent DNA crosslinking agent) (Figure 51). 
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Figure 51. ALKBH3 and FTO depletion and sensitivity to genotoxic agents.  

U2OS cells were treated with the indicated siRNAs for 48h, BRCA2 used as PC. Cells were 
seeded out in low density, treated with A-B) Mitomycin C and C-D) Neocarzinostatin. Cells grown 
for 11-14 days. N=3, mean ° SD, One-Way ANOVA.  

Upon exposure to NCS and Mitomycin 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 not-significant increase in 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 exposed to 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 using the ALKBH3 and FTO CRISPR-Cas9 KO clones and their response to 
NCS and MMC evaluated (Figure 52). 
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Figure 52 . ALKBH3 and FTO CRISPR clones display comparable sensitivity to genotoxic 
agents as siRNA treated cells . 

U2OS cells and ALKBH3 and FTO KO cells were seeded out in low density, treated with A-B) 
Mitomycin C or C-D) Neocarzinostatin and cells grown for 11-14 days. N=3, mean ° SD, One-
Way ANOVA.  

Both ALKBH3 and FTO KO cells exhibited increased susceptibility to both genotoxic 
agents when compared to wild-type U2OS cells, providing further confirmation to our 
hypothesis. Notably, FTO KO cells appear to exhibit greater susceptibility 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 pathways and cellular survival 
mechanisms. 

4.2.5  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 and 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 C-D) 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 RNF168-depleted cells, as 
observed in the MMC response (Figure 51 A-B). It is worth noting that the increased 
response to MMC in ALKBH3-depleted cells did not reach 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 epitranscriptomic regulation 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, U2OS cells were subjected to siRNA 
treatments targeting ALKBH3, FTO, and control siRNA. Following siRNA treatments, 
RNA sequencing was performed utilizing the Illumina 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 expression (DEG) analysis was employed. 
Volcano plots were generated to visualize the significantly differentially expressed 
transcript in ALKBH3 and FTO samples vs control sample (Figure 53). Likelihood ratio 
and Wald test were utilized to determine significance and transcripts with p-value equal 
to or lower than 0.05 were deemed significantly differentially expressed. 

 
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. U2OS cells 
underwent treatment with control siRNA, FTO siRNA, and ALKBH3 siRNA for 48 hours, followed 
by Illumina RNA sequencing. Differential gene expression analysis was conducted using Sleuth. 
Significantly differentially expressed genes are marked with blue dots, while black dots represent 
non-statistically significantly differentially expressed transcripts. Top 10 most significantly altered 
transcripts by p-value 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, it became 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 analysis (GSEA) 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 estimate fold change for each 
sample. Non-protein coding transcripts were excluded to ensure reliability of results 
along with any transcripts that did not have a p-value of ¢0.05. Using the Gene 
Ontology (GO) knowledgebase transcripts were assigned a biological function 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 downregulated) significantly differentially 
expressed gens. The substantial increase in the number of differentially expressed 
genes in FTO-depleted cells, approximately tenfold more than cells lacking ALKBH3, 
underscores the broader impact on the overall transcriptional landscape by FTO when 
compared to ALKBH3. This observation could be associated with their functions as m1A 
and m6A demethylases, given that the m6A modification is more prevalent than the m1A 
modification on mRNA, however further research would be needed in order to gain a 
ôýļļýı ŀġûýıĶļêġûďġĈ Ħć  SQ*Cƪ êġû =s]ǴĶ ďġćĜŀýġõý Ħġ ļčý ļıêġĶõıďįļĦĠýȀ 
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Figure 54 . Dot plot functional enrichment analysis in ALKBH3 KD cells.  

All significantly A) downregulated and B) upregulated biological processes in cells lacking 
ALKBH3. The color intensity of the nodes corresponds to p-value of the enrichment analysis. 
ǵ>ýġý ıêļďĦǶ ďĶ ļčý įýıõýġļêĈý Ħć ġŀĠôýı Ħć 13>Ķ êĜļýıýû ďġ ļčý Ĉďŋýġ >] ļýıĠ êġû ǵõĦŀġļǶ
corresponds to the number of DEGs found to be differently expressed. 
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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 color intensity of the nodes corresponds to p-value of the enrichment 
êġêĜŔĶďĶȀ ǵ>ýġý ıêļďĦǶ ďĶ ļčý įýıõýġļêĈý Ħć ġŀĠôýı Ħć 13>Ķ êĜļýıýû ďġ ļčý Ĉďŋýġ >] ļýıĠ êġû
ǵõĦŀġļǶ õĦııýĶįĦġûĶ ļĦ ļčý ġŀĠôýı Ħć 13>Ķ ćĦŀġû ļĦ ôý ûďććýıýġļĜŔ ýœįıýĶĶýûȀ 

When comparing ALKBH3 KD and control cells (Figure 54 A-B), 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 
ıýĜêļýû ļĦ ġýŀıĦġ ûýŋýĜĦįĠýġļȀ EġļýıýĶļďġĈĜŔ ŌčďĜý ǵhýĶįĦġĶý ļĦ ĶļıýĶĶǶ ŌêĶ ćĦŀġû
ûĦŌġıýĈŀĜêļýû ďġ  SQ*Cƪ Q1 õýĜĜĶȁ ǵhýĈŀĜêļďĦġ Ħć ıýĶįĦġĶý ļĦ ĶļıýĶĶǶ ŌêĶ
upregulated. Most significantly altered stress related genes, three downregulated stress-
related genes and two upregulated, are displayed in Figure 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 ALKBH3 KD cells. Graphs represent n=4 mean ° SD.  

Results from comparison of FTO KD cells and control cells (Figure 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 exhibited a tenfold greater impact on altered genes than ALKBH3-depleted 
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 cells including 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 project double strand break repair. By using GO annotation, 
DNA DSB repair genes could be filtered out and examined more thoroughly. When 
FTO KD cells were compared to control cells, 9 DNA DSB repair genes were 
significantly downregulated in FTO KD cells (Table 14 and Figure 57).  

Table 14. 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 mean°SD.  

The number of downregulated genes listed in Table 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 include BRCA1, FANCD2, FANCM, RAD21 and 
SFR1. Both FANCD and FANCM have a role in Fanconi anemia repair pathway. 
Additionally, one NHEJ related gene, Aprataxin (APTX), was downregulated in FTO-
depleted cells. The DNA DSB recognition and recruitment factor, ESCO2, was found to 
be downregulated. ESCO2 has been shown to be recruited to DSB in an ATM and 
MDC1 dependent manner and promotes 53BP1 recruitment (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 (CDC45-MCM2-GINS) helicase complex which unwinds 
double-stranded DNA during DNA replication (Xiang et al., 2023). 

 Confirming DNA DSB repair gen e downregulation  

Among the nine downregulated genes identified in FTO-depleted cells, BRCA1 was 
selected to further validate the gene expression analysis, using western blot. BRCA1, a 
well-established tumor suppressor gene, holds a crucial role in maintaining 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 apoptosis. U2OS cells 
were treated with FTO, ALKBH3, RNF168 and control siRNA followed by western blot 
analysis (Figure 58). The inclusion of ALKBH3 siRNA in the analysis was motivated by 
the absence of a significant difference in BRCA1 expression 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 . BRCA1 protein expression in FTO and ALKBH3 KD cells.  

A-B) U2OS cells treated with the above-mentioned siRNAs for 48h followed by western blot 
analysis of BRCA1, BRCA2 and RNF168 and ALKBH3, SMC1 is used as loading control. 

Upon depleting U2OS cells of FTO, a modest reduction in BRCA1 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 BRCA1. The 
downregulation of BRCA1 protein expression, along with the downregulation of other 
DNA DSB repair-related genes in FTO KD samples, may offer a plausible explanation 
for the heightened response of FTO-depleted cells to genotoxic reagent treatments and 
the observed increase in genomic instability. 
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5  Discussion and conclusions  

 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 
damage-response (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 damage-response factors and their irregularities becomes crucial, 
especially in the context of cancer prevention. In-depth 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 for developing interventions 
that can mitigate cancer risk and advance precision medicine, early detection, 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 demonstrate that two 
dioxygenases, ALKBH3 and FTO, belonging to the AlkB protein family, influence 
protein expression of RNF168 conceivably via epitranscriptomic regulatory 
mechanisms. We find using siRNA mediated KD cells that cells depleted of ALKBH3 
and FTO show increased methylation levels on the RNF168 transcript defective RNF168 
mRNA export and reduced RNF168 protein expression. This defect in mRNA export 
and reduced RNF168 protein expression was later confirmed in CRISPR-Cas9 KO cell 
models. This presents a novel regulatory 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 RNF168 despite 
targeting distinct methylation marks on its transcript, ALKBH3 targeting m1A and FTO 
targeting m6A. Depleting cells of either ALKBH3 or FTO results in remarkably similar 
phenotypic effects on RNF168, however, simultaneous depletion of both proteins did 
not produce an additive effect. Co-IP experiments unveiled a protein-protein interaction 
between ALKBH3 and FTO, suggesting a potential complex formation and their 
combined impact on RNF168 through a shared pathway. Furthermore, co-IP/MS 
analysis revealed interactions between ALKBH3 and FTO with several RNA-binding 
proteins involved in mRNA maturation, hinting at a potentially more nuanced role for 
these two demethylation proteins in mRNA processing. 
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The second part of this thesis was designed to gain a better understanding of the effect 
ALKBH3 and FTO have on the DNA DSB response through their influence on RNF168. 
We demonstrate that cells lacking ALKBH3 or FTO show diminished recruitment of 
crucial repair factors to the break sites, including 53BP1. Furthermore, loss of either 
ALKBH3 or FTO impacted DNA DSB repair dynamics, caused genomic instability, and 
increased susceptibility to genotoxic agents. RNA-sequencing analysis of cells with 
ALKBH3 or FTO KD unveiled an effect on various cellular functions. Particularly notable 
in FTO-depleted cells, gene ontology analysis highlighted significant downregulation of 
DNA double-strand break repair genes in FTO knockdowns, including BRCA1. 
Meanwhile, ALKBH3 knockdown cells showed a notable decrease in the cellular stress 
response, among other pathways. 
Findings reported in this thesis could lead to new therapeutic insight as lack of either 
ALKBH3 or FTO may be used as a potential marker for cancer treatment response. The 
epitranscriptomic regulation of genome integrity demonstrated in this thesis presents a 
novel addition to the fast-growing field of epitranscriptomics and unveils a new role for 
mRNA methylations in governing DNA DSB repair signaling. 

 RNA modifications: A new layer of gene expression 
regulation  

Post-transcriptional mRNA processing in eukaryotes involves modifying RNA after 
transcription but before protein translation. Among the prominent post-transcriptional 
processes are the 5Ǵ capping and 3Ǵ polyadenylation modifications, discovered over 50 
years ago (Edmonds et al., 1971; Muthukrishnan et al., 1975; Wei et al., 1975). The 
exploration of RNA modifications predates the identification of the 5Ǵ cap, with 
pseudouridine reported in 1957 followed by the discovery of m1A in 1961 and m6A in 
1974 (Davis et al., 1957; Desrosiers et al., 1974; Dunn, 1961). The acknowledgment of 
the biological significance of RNA modifications, coupled with advancements in 
methodology, has given rise to the field of ǵepitranscriptomics.Ƕ Comparable to 
epigenetics, epitranscriptomics explores functionally relevant chemical modifications on 
RNA that do not modify the genomic sequence. 

5.2.1  Post-transcriptional regulation of RNF168  

Methylations represent one of the most common forms of mRNA modifications and can 
significantly 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 of mRNA takes place co-transcriptionally (Adhikari et al., 2016; 
Akhtar et al., 2021; Slobodin et al., 2017).  
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Data presented in the first part of this thesis show epitranscriptomic regulation of the 
DDR factor, RNF168 by two demethylases or methylation erasers. Firstly, we note that 
loss of the alkylating repair enzyme, ALKBH3 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 ALKBH3ǴĶ canonical role as an alkylating damage repair 
enzyme (Figure 22). Presenting a possible new distinct role for ALKBH3 in influencing 
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 m1A mRNA demethylase. Our research 
demonstrated that depleting cells of ALKBH3 led to increased m1A methylation levels on 
the RNF168 transcript (Figure 25). The m1A modification is known to affect mRNA 
translation by blocking Watson-Crick 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 transcription (Figure 24A) or mRNA stability 
(Figure 26) of RNF168 in the absence of ALKBH3, but rather demonstrated in increased 
nuclear retention of the RNF168 mRNA, indicating faulty mRNA export (Figure 27-
Figure 28). These results connect the m1A modification to mRNA export, indicating that 
m1A demethylation by ALKBH3 influences mRNA export. This is to our knowledge the 
first reported case of ALKBH3 affecting nuclear export of m1A 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) (Figure 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 well-established role 
as a m6A mRNA demethylase (Jia et al., 2011) and the depletion of FTO resulted in an 
increased levels of m6A methylation on the RNF168 transcript (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 using CRISPR-Cas9 KO cell models (Figure 40).  

Previous studies that have linked the m6A modification to mRNA export (Lesbirel et al., 
2018; Lesbirel et al., 2019; Roundtree Luo et al., 2017), however in contrast to 
previous findings which observed inhibition of mRNA export upon the removal of m6A 
by ALKBH5 (Zheng et al., 2013), our results suggest that actively eliminating m6A 
methylation induce stimulation of nuclear export. This discrepancy may stem from the 
mechanism through which ALKBH5 was found to affect mRNA export. In some 
instances, m6A methylation enhances mRNA export by facilitating the recruitment of 
mRNA export factors or by promoting the formation of export-competent 
ribonucleoprotein complexes. Conversely, in other cases, m6A modification may hinder 
mRNA export by altering RNA secondary structure or by regulating the binding of 
RNA-binding 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 thought to influence mRNA splicing while 
hypophosphorylated SRSF1 facilitates the interaction between the NXF1-P15 complex 
and mRNA cargo to promote mRNA export (Li et al., 2005). The modified subcellular 
localization of SRPK1 in ALKBH5-deficient cells may contribute partially to the altered 
phosphorylation status of SRSF1. It is plausible that the demethylation activity of FTO on 
m6A has different effects on mRNA export compared to ALKBH5, e.g., aiding in the 
recruitment of other export factors. Additional research is required to uncover what role 
FTO m6A demethylation plays in mRNA export.  

5.2.2 The function of mRNA 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 NXF1-P15 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 ribonucleic 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 the m6A methylation 
machinery and mRNA export. Firstly, specific factors related to the m6A modification 
have been found to localize within nuclear specklesǦregions in the nucleus housing 
mRNA export factors (Ping et al., 2014), this includes FTO which has demonstrated 
partial co-localization with nuclear speckles in HeLa and MCF7 cells (Berulava et al., 
2013; Jia et al., 2011). Secondly, research has shown that knockdown experiments 
involving various m6A associated proteins, including METTL3, WTAP, KIAAA1429, 
RBM15, YTHDC1, and ALKBH5, have 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, 
co-IP and proteomics studies have unveiled multiple interactions between the core 
mRNA export machinery (TREX-NXF1) and m6A methylation-associated proteins, strongly 
suggesting a functional connection between these two processes (Horiuchi 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 link between the molecular 
mechanisms of mRNA export and m6A modifications. The methylation reader protein 
YTHDC1 has emerged as a pivotal player, helping transport mature m6A-methylated 
transcripts to the nuclear mRNA export receptor NXF1 via its interaction with SRSF3. 
Notably, KD of SRSF3 or YTHDC1 leads to the nuclear accumulation of shared 
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transcripts, indicating their joint pathway involvement (Roundtree Luo et al., 2017). 
Additionally, research has shown that the association of the TREX complex with m6A-
methylated mRNA is contingent upon the m6A methyltransferase complex. 
Subsequently, the TREX complex plays a crucial role in aiding the effective binding and 
stabilization of YTHDC1 with m6A 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 m6A demethylase, FTO, in the export of 
methylated has yet to be elucidated.  

The research presented in this study contributes additional evidence supporting the 
connection between the m6A mRNA methylations and the export of mRNA from the 
nucleus, along with offering new evidence that suggest a link between demethylation of 
m1A modification by ALKBH3 to mRNA export. The demethylation events of m6A by 
FTO and m1A by ALKBH3 appear to play a role in the maturation process of RNF168 
mRNA. Preliminary data employing siRNAs to suppress the expression of m6A and m1A 
methyltransferases (writers) did not lead to an elevation in RNF168 protein expression, 
as one might anticipate if the presence of m1A or m6A methylation marks on the 
RNF168 transcript were merely a mechanism to impede mRNA export (Supplementary 
Figure 8). Indicating that these methylations may not serve solely as quality control 
measures requiring removal before mRNA export. It is however crucial to consider that 
methyltransferases exert influence on various mRNA maturation processes beyond 
mRNA export. This suggests the plausibility of their involvement in regulating RNF168 
protein expression through alternative mechanisms, necessitating further investigation 
into the impact of mRNA methylations on the RNF168 transcript. 

Further investigations into other m1A/m 6A-associated proteins revealed that suppressing 
the expression of the m6A/m 1A interaction protein YTDHC1 and YTHDF3 along with 
RNA-binding proteins SRSF7 and SRSF3 using siRNAs significantly reduced the protein 
expression of RNF168 (Figure 41). The KD of the cytoplasmic m6A reader YTHDF3 
resulted in a decrease in the protein expression of RNF168 (Figure 41), which could be 
attributed to YTHDF3Ǵs role in aiding in mRNA translation. According to our working 
hypothesis FTO removes m6A methylation from the RNF168 transcript, facilitating 
regular mRNA export and protein expression. It is plausible that RNF168 contains 
multiple m6A-methylated bases, and FTO may not eliminate all of them, enabling 
YTHDF3 to bind to m6A on RNF168 mRNA upon its cytoplasmic entry and contribute to 
its translation. Similar to YTHDF3, the depletion of nuclear m6A reader YTHDC1 and 
SRSF3 resulted in an approximate 40% reduction in RNF168 protein expression, while 
the absence of SRSF7 led to a 70% decrease (Figure 41). Furthermore, preliminary data 
derived from the RNA fractionation assay (Supplementary Figure 9) indicated that the 
KD of YTHDC1, SRSF3, and SRSF7 increase the nuclear accumulation of RNF168 
mRNA.  



Karen Kristjánsdóttir 

114 

These results align with previous findings from Roundtree et al., which demonstrated 
using RIP-seq and PAR-CLIP experiments that RNF168 mRNA is one of the numerous 
transcripts targeted by YTHDC1. Moreover, knocking down YTHDC1 using siRNA 
effects the subcellular location of its targets transcripts i.e., depleting cells of SRSF3 
and YTHDC1 led to nuclear retention of m6A 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 mRNA export (Hargous et al., 2006; Muller-McNicoll et al., 
2016; Reed et al., 2005). Moreover, SRSF7 has also been shown to interact with 
YTHCD1 and to be able to influence alternative polyadenylation and splicing (Kasowitz 
et al., 2018; Xiao et al., 2016). Recently, SRSF7 was identified as an m6A regulator of a 
small portion of m6A sites in glioblastoma cells by aiding in recruiting members of the 
methyltransferase complex (METTL3, METTL4, and WTAP) (Cun et al., 2023).  

In their 2017 publication, Roundtree et al., propose a mechanism for the export of m6A-
methylated mRNA. According to their model YTDHC1-mediated mRNA export occurs in 
a manner dependent on m6A methylation, independent of splicing, and takes place 
non-co-transcriptionally (Roundtree Luo et al., 2017). Considering the impact of 
YTHDC1 KD and SRSF3 KD on RNF168 protein expression (Figure 41) and RNF168 
mRNA nuclear accumulation (Figure 27 Figure 28, Figure 37, Figure 38 and 
Supplementary Figure 9), along with the observed increase in methylation levels on the 
RNF168 mRNA following ALKBH3 KD and FTO KD (Figure 25 and Figure 32), it is 
reasonable to speculate that efficient RNF168 mRNA export relies on both the presence 
and removal of these methylations. Another interesting point regarding export of m6A 
methylated mRNA was put forward by Lesbirel et al in 2018 where they demonstrated 
that the m6A methyltransferase complex was vital for the recruitment of the TREX 
complex to m6A modified mRNA and its export. Moreover, they demonstrate that the 
efficient association of the m6A reader YTHDC1 with mRNAs necessitated the presence 
of the TREX complex (Lesbirel et al., 2018).  

One could hypothesize that placement of m6A (and m1A) on the RNF168 transcript is 
important for the recruitment of the TREX complex which in turn aids in the recruitment 
of YTHDC1. YTHDC1 along with aid from SRSF3 and SRSF7 then aids in the export of 
the RNF168 mRNA by interacting with NXF1 for efficient export. The removal of the m1A 
and m6A methylations occurs post-transcriptionally and after YTHDC1-SRSF3 interactions 
with the mRNA methylations. Failure to remove these methylations could potentially 
extend the nuclear lifespan of mRNA, rendering it vulnerable to further mRNA 
processing events. Alternatively, the presence of ALKBH3 and FTO might be crucial for 
recruitment of other mRNA-binding 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 data. To 
confirm our hypothesis and to precisely elucidate the mechanisms 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 mRNA export  

To further explore the possibility of ALKBH3 and FTO playing a role in the mRNA 
export of RNF168, a co-IP/MS assay using FLAG tagged ALKBH3 or FTO plasmid was 
conducted to gain insight into the protein-protein interactions of ALKBH3 and FTO 
(Table 13 and Appendix D). The co-IP/MS data unveiled interactions between ALKBH3 
and, to a lesser extent, FTO, with various RNA-binding proteins.  

Members of the hnRNP protein family were identified as the most abundant RNA-
binding proteins interacting with ALKBH3. The hnRNP proteins are recognized for their 
involvement in various aspects of RNA metabolic processes (Geuens et al., 2016), 
including mRNA export as a subset of these proteins are known to shuttle between the 
nucleus and cytoplasm (Izaurralde 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/B1 are 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 been categorized as m6A interaction proteins. hnRNPA2/B1 is 
classified as a nuclear reader of m6A that can affect alternative splicing (Alarcon et al., 
2015), while hnRNPA1 is recruited to m6A-modified SARS-CoV-2 RNA, acting as an 
m6A reader to enhance transcription (Kumar et al., 2022). hnRNPC has been found to 
bind to m6A 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 serine-arginine 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 as translation, 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 m6A methylated mRNA with YTDHC1. SRSF1 has also 
been found to interact with YTHDC1 on a protein level (Timcheva et al., 2022) but has 
not been linked to nuclear export of methylated mRNA in the same way SRSF3 has.  

Discrepancies with the existing literature emerged when the ALKBH3 co-IP/MS assay 
failed to detect any interaction between ALKBH3 and established partners, including 
ASCC3, ASCC2, RIF1, or OTUD4 (Dango et al., 2011; Zhao et al., 2015). These studies 
employed a similar co-IP/MS assay with a FLAG-tagged ALKBH3 vector, albeit in 
different cell linesǦHEK293T (Dango et al., 2011) and PC-3 (Zhao et al., 2015). These 
discrepancies may stem from a range of factors, including cell line differences, as 
higher endogenous ALKBH3 levels are found in both HEK293 and PC-3 cells than 
U2OS cells. Higher ALKBH3 levels may reflect the cell line-specific importance of 
ALKBH3 in the repair of alkylation damage and other cellular functions. In fact, Dango 
et al, demonstrated that loss of ALKBH3 in U2OS cells did not result in increased 
sensitivity to the alkylating agent MMS, in contrast to PC-3 cells where ALKBH3 is highly 
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expressed (Dango et al., 2011). Despite variations, some commonalities emerged 
between the co-IP/MS results presented in this thesis and previous ALKBH3 co-IP/MS 
studies. Specifically, PRMT5 (Protein Arginine Methyltransferase 5) emerged as a 
shared interaction partner of ALKBH3 in all three co-IP/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 RNA-binding 
proteins, RBMX (also known as hnRNPG), RBMXL3 and RBM6, two of which RBMX and 
RBM6 have been associated with mRNA splicing (Bechara et al., 2013; Thonda et al., 
2022). In addition, RBMX functions as an m6A reader protein, binding to the m6A 
modification on mRNA where it has been shown to associate with RNA polymerase II 
co-transcriptionally and modulates alternative splicing (Liu et al., 2017). Furthermore, 
RBMX has been shown to be a positive regulator of HR repair by influencing BRCA2 
expression (Adamson et al., 2012). 

The established view on mRNA methylation, in particular m6A, suggests that these 
modifications occur co-transcriptionally, with transcription influencing the catalytic 
activity of m6A methyltransferases on mRNA (Slobodin et al., 2017). Similarly, pre-
mRNA splicing is known to occur co-transcriptionally, as evidenced by multiple studies 
demonstrating the co-transcriptional nature of the splicing process (Herzel et al., 2017). 
Although mRNA export is not a co-transcriptional process, the prevailing notion is that 
the recruitment of the export machinery occurs in a co-transcriptional manner 
(Viphakone et al., 2019). Furthermore, the splicing machinery has been shown to aid in 
the recruitment of the TREX complex (Masuda et al., 2005) and as previously 
mentioned the m6A methyltransferase complex has also been shown to play a role in 
recruitment of the TREX complex (Lesbirel 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 reasons behind the 
necessity of removing these methylations for efficient mRNA export are currently not 
well understood. Given the number of protein-protein interactions ALKBH3 and FTO 
were found to have with other RNA binding proteins it is possible to imagine that their 
presence is important for mRNA export, whether they aid in the recruitment of these 
RNA binding proteins or other important export factors, although further research is 
needed to establish their precise contribution in this process.  

5.2.4  Crosstalk between mRNA Modification: Collaboration of 
ALKBH3 and FTO  

Throughout the 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 on RNF168 protein expression, mRNA nuclear 
retention, mRNA levels, or levels of genomic instability (Figure 49).  
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Co-IP/ WB assay revealed an interaction between ALKBH3 and FTO, later confirmed 
co-IP/MS assay hinting at a possible complex formation between ALKBH3 and FTO. In 
both co-IP/WB assay (Figure 34 C, Figure 35 ) and co-IP/MS assay (Table 13 and 
Appendix D ) FTO came up as a strong interaction partner of ALKBH3 while ALKBH3 
interaction with FTO was significantly weaker (Figure 34C) and ALKBH3 did not come 
up as an interaction partner of WT FTO but did appear in co-IP/MS data for the 
catalytically dead version of FTO (Appendix D). The reason for these discrepancies 
remains unknown. It is noteworthy that the co-IP/MS analysis of WT FTO revealed 
limited interaction partners for FTO, with established partners such as SFPQ failing to 
emerge in the co-IP/MS results (Song et al., 2020). One possible explanation is that the 
FTO-FLAG tagged protein used for both co-IP assays may be immobilized in a manner 
that renders the protein-protein interaction site inaccessible. Alternatively, the 
overexpression of FTO might result in heightened protein aggregation or changes in 
protein shape, thereby rendering the FTO protein less accessible or unable to interact 
effectively. Another possibility is that a significant portion of FTO's protein interactions 
may be transient making them harder to detect using the WT FTO-plasmid. 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 co-IP data the overall protein-protein interaction data presented in 
this study suggests collaboration 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 protein-protein interaction suggests the possibility that ALKBH3 and FTO may 
influence RNF168 through a shared pathway, potentially involving crosstalk between 
distinct mRNA modifications. 

In recent years, research has emerged demonstrating crosstalk between mRNA 
methylations including crosstalk between m1A and m6A 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 m5C and m6A to enhance protein translation (Q. Li et al., 2017).  

Looking at co-IP/MS data revealed a surprising amount of m6A 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 m6A demethylating proteins, FTO and ALKBH5 along with several m6A 
reader proteins. This data suggests a potential association between ALKBH3 and m6A-
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mediated processing, providing further evidence for a possible crosstalk between m6A 
and m1A modification on the RNF168 transcript. Furthermore, ALKBH3 had no impact 
on the m6A levels on RNF168 and FTO no impact on the m1A levels (Figure 33) and 
both FTO and ALKBH3 seem to function fine in the absence of one another (neither 
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 RNF168 mRNA export to take place. Additional research is required to 
validate these findings, focusing on elucidating the specific mRNA methylation sites 
targeted by FTO and ALKBH3.  

In conclusion, in the first segment of this thesis, the results indicated that both ALKBH3 
and FTO exert an epitranscriptomic regulatory influence on RNF168. The depletion of 
ALKBH3 resulted in increased m1A methylation levels on the RNF168 transcripts, while 
depletion of FTO led to increased m6A methylation levels. Furthermore, loss of either 
ALKBH3 or FTO leads to nuclear retention of RNF168 mRNA, ultimately leading to 
reduction in RNF168 protein expression. These results provide further evidence of 
connection between the m6A methylation machinery and mRNA export and establish a 
new connection between the demethylation activity of both FTO and ALKBH3 and 
mRNA export. Lastly, the observed protein-protein interactions between FTO and 
ALKBH3 suggest a potential collaboration between these demethylases within a shared 
pathway. These findings underscore the possibility of mRNA modification as a novel 
regulatory factor in DNA DSB repair signaling which contributes to the fine-tuning of 
RNF168 expression.  

 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 rate-limiting factor for 
the recruitment of key DDR factors to the damaged chromatin via the ubiquitination 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, BARD1 and 53BP1 
(Becker et al., 2021; Doil 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 specificity. This regulatory mechanism ensures 
proper functionality while guarding against uncontrolled amplification of chromatin 
ubiquitylation which can have undesirable outcomes for genomic stability (Gudjonsson 
et al., 2012; Lancini et al., 2014; Mosbech et al., 2013). 

Results presented in this thesis reveal an additional regulatory mechanism governing 
RNF168. This mechanism involves epitranscriptomic regulations orchestrated 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 production. This 
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  ALKBH3 and FTO: Implications for the DNA damage response 

The precise structural and temporal control of mRNA methylation has in recent 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 m6A 
mRNA modification has previously been linked to the resolution of R-loops (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 repair (Zhang et al., 2020). The connection 
between DNA repair and the m1A modification is less clear, but research has indicated 
the potential involvement of m1A 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 m1A modification and the repair of 
DSB. In part one of this thesis, we revealed the epitranscriptomic regulation of RNF168 
mediated by FTO and ALKBH3, introducing a unique regulatory paradigm distinct from 
previously documented relationships between mRNA methylations and the DDR. Our 
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 
ALKBH3 led to loss of recruitment of both 53BP1 and its immediate binding partner 
RIF1 (Figure 19 B-E) to the site of DSB without affecting the protein expression (Figure 
19 A) indicating ALKBH3 impacts the recruitment of these proteins via its regulation of 
RNF168. Moreover, loss of ALKBH3 led to slower clearing of MDC1 from DSB site 
indicating less efficient DNA DSB repair (Figure 43). Comparable results were seen in 
cells depleted of FTO where 53BP1 recruitment to DSB was decreased (Figure 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 expression (Figure 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 regulation of 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 
BRCA1 hinders the proper 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, ensuring proper chromatin ubiquitination is crucial for effective 
DSB repair. Previous studies have revealed that disrupting the RNF168-53BP1 pathway 
promotes the use of the very mutagenic SSA repair pathway (Munoz 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? 

 HR repair efficiency  

Utilizing single pathway GFP reporter systems to assess HR, NHEJ and SSA repair of 
DSBs in the absence of ALKBH3 or FTO, we observed an approximate 20% reduction 
in HR repair upon the depletion of ALKBH3 and FTO (Figure 44). This reduction in HR 
repair is likely to stem from the downregulation of RNF168 in cells depleted of FTO and 
ALKBH3. It is possible that partial depletion of RNF168 protein expression observed 
when FTO and ALKBH3 are KD using siRNA (Figure 29), permitting some HR repair to 
occur. However, additional investigations are warranted to elucidate these results 
further as the existing literature presents a varied perspective on the role of RNF168 in 
HR repair, with contradictory findings regarding its impact following depletion. Some 
studies using HR-reporter systems indicate that loss of RNF168 and RNF8 does not 
significantly affect HR (Meerang et al., 2011; Munoz et al., 2012; Sy et al., 2011), while 
others suggest that these proteins play a regulatory role in HR (Lu et al., 2012; 
Luijsterburg et al., 2017). More recent research has shed further light on hX=ƨƭƯǴĶ 
involvement in HR as RNF168 has been linked to BRCA1 recruitment to DSB via BARD1. 
BARD1 binds to RNF168 mediated ubiquitination of H2A/H2 AX through its BURD motif 
which facilitate in the downstream recruitment of PALB2 and RAD51 to DSB (Becker et 
al., 2021; Krais et al., 2021). Additionally, RNF168 has been shown to recruit PALB2 to 
the damaged chromatin in a BRCA1 independent manner. Where RNF168 recruits 
PALB2 via H2A/H2AX ubiquitination and protein-protein interactions between RNF168 
and PALB2. RNF168 siRNA mediated KD resulted in impaired PALB2 and RAD51 
recruitment to DSB, defective HR repair and PARPi sensitivity, a hallmark of HR defect 
(Luijsterburg et al., 2017). This RNF168-PALB2 interaction has also been shown to mask 
BRCA1 haploinsufficiency and provide PALB2 dependent HR in BRCA1 heterozygous 
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mouse cells (D. Zong et al., 2019). Additionally, RNF168 has been observed to assume 
an interesting role in BRCA1 null cells, where a downregulation of RNF168 protein 
expression has been noted in BRCA1 mutated cell lines and primary tumors. This 
diminished expression of RNF168 protein has been associated with the facilitation of 
BRCA1 null cancer cell proliferation by balancing the levels of HR and NHEJ activity 
(Krais et al., 2020). 

Considering these recently revealed associations between RNF168 and HR repair along 
with data presented in this thesis, demonstrating loss of RNF168 protein expression 
following ALKBH3 and FTO KD (Figure 20 and Figure 29), it is somewhat expected that 
the depletion of ALKBH3 and FTO would influence the HR repair efficiency in U2OS 
cells (Figure 44). The implications of decline in RNF168 protein expression due to 
ALKBH3 and FTO on the viability of BRCA1 null cells or for the promotion of PALB2-
RAD51 dependent HR repair in BRCA1 deficient cells remain to be fully elucidated but 
presents an interesting future research topic.  

 c-NHEJ and SSA repair efficiency  

C-NHEJ was not affected by the loss of ALKBH3 whereas depletion of FTO resulted in 
an approximately 30% decrease c-NHEJ repair efficiency (Figure 45). The observation 
that ALKBH3 KD had little to no effect on NHEJ repair, while 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 29) along with impaired 
recruitment of 53BP1 to DSB (Figure 19 and Figure 30) one would anticipate a more 
pronounced effect on c-NHEJ in the absence of ALKBH3, potentially comparable to the 
effect observed with FTO depletion. It is conceivable that during ALKBH3 KD, there 
might be sufficient RNF168 expression to sustain NHEJ while the impact of FTO KD 
could potentially have a broader effect on c-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 reduction in 
SSA repair efficiency by 35% and 65%, respectively. This 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 repair. Should 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 RNF168 (Munoz et al., 2012, Ochs et al., 2016). 

It is worth mentioning that the c-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 accuracy of the results obtained from all three DSB repair 
reporter assays. The single pathway reporter systems, although widely used, 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; Liu et 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 al (Ochs et al., 2016). 
Confocal microscopy could also be utilized to look at recruitment to DSB of pathway 
specific repair factors after ALKBH3 and FTO KD and induced DNA DSB damage, 
RAD51 foci (HR-repair), RAD52 foci (SSA-repair) and XRCC4 (c-NHEJ). Furthermore, an 
intriguing next step could involve the utilization of multi-pathway reporter systems to 
obtain a more comprehensive 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 it seems to affect all three tested repair pathways, 
indicating a potentially larger influence on DSB repair beyond influencing RNF168. 
RNA sequencing data in FTO KD cells (Figure 57) offered some valuable insight into 
FTO's broader impact on DNA DSB repair. It highlights the downregulation of DNA 
DSB repair pathways and crucial HR repair factors such as BRCA1 in the absence of 
FTO.  

An important, yet underexplored question is how alt-NHEJ repair is affected by the 
absence of ALKBH3 and FTO. Alt-NHEJ is considered a backup repair mechanism when 
HR and c-NHEJ pathways are compromised (Iliakis et al., 2015). Our current findings 
indicate that the loss of ALKBH3 and FTO impairs HR repair and, in FTO-depleted cells, 
also affects c-NHEJ, without an increase in SSA repair. This suggests the possibility that 
cells deficient in ALKBH3 and FTO may rely on alt-NHEJ for double-strand break repair.  

To recap, the preliminary DNA repair assay results 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 FTO KD cells. 
Silencing FTO and ALKBH3 with siRNAs induces a notable reduction 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 RNF168, as 
evidenced by FTO's impact on BRCA1 expression (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 a recognized 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 recruitment of 
53BP1 (Figure 19 and Figure 30) and altered DNA DSB repair dynamics (Figure 44-
Figure 46). From this we argued that loss of either ALKBH3 or FTO is 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 FTO (Figure 47-Figure 48). Lack of ALKBH3 and FTO 
resulted in approximately 2-fold increase in micronuclei formation compared to the 
control sample. Comparable findings were observed in CRISPR-Cas9 KO ALKBH3 and 
FTO clones, where a 3-fold increase in micronuclei was evident compared to WT U2OS 
cells (Figure 50), slightly exceeding 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 ALKBH3, reaching a comparative level with the positive control BRCA2.  

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 genome from alkylating damage. 
This process preserves the integrity of DNA, contributing to the preservation of 
genomic stability (Dango et al., 2011). The results 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 and DSB repair pathways has been 
recognized, as ALKBH3 has previously been shown to have a direct protein-protein 
interaction with the RAD51 paralogue, RAD51C, a key player in HR. In their 2019 
publication, Mohan and colleagues demonstrate that ALKBH3 interacts with RAD51C 
and that these interactions might enhance ALKBH3-mediated repair of alkyl-adducts in 
ƪǴ-tailed DNA, indicating that a HR repair factor was influencing ALKBH3 mediated 
repair (Mohan et al., 2019). The findings presented in this thesis serve as juxtaposition, 
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 repair. Still, 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 arrest (Huang 
et al., 2018). Furthermore, FTO has displayed a functional role in the genotoxic stress 
response as an m6A associated protein (Xiang et al., 2017; Q. Zhang 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 m6A RNA mark essential for 
the effective repair of DNA damage caused by UV radiation. 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 cell-cycle progression (Liu 
et al., 2023). According to the results presented in this body of work, neither FTO nor 
ALKBH3 were observed to be localized to the DNA DSB site when DSB were induced, 
as indicated by the absence of overlap between FTO (Figure 31) or ALKBH3 (Figure 
24C) and the DNA DSB marker ɾH2AX. This lack of co-localization along 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 siRNA-treated cells (Figure 51) and in ALKBH3- 
and FTO-CRISPR-Cas9 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 clinical perspective as previous research by the 
Sigurdsson laboratory and others have demonstrated ALKBH3 expression is 
downregulated by promoter methylation across several different cancer types (Esteve-
Puig et al., 2021; Knijnenburg et al., 2018; Stefansson et al., 2017) and that loss of 
ALKBH3 has been shown to be clinically relevant and to affect survival in breast cancer 
(Stefansson et al., 2017) and Hodgkin's lymphoma (Esteve-Puig et al., 2021). ALKBH3 
deficiency might be a potent biomarker to predict treatment outcomes in cancer and be 
valuable contribution to personalized cancer management. Data presented in this body 
of work indicates that cancer patients with high ALKBH3 promoter methylation might 
benefit from cancer treatment using DNA-damaging agents or genotoxic agents which 
cause DSB and increase genomics instability. These include platinum-based 
chemotherapy agents, topoisomerase inhibitors or 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 variants linked to heightened cancer susceptibility (Lan et al., 2020) 
in particular breast cancer (Kaklamani et al., 2011), with the increased risk often being 
associated with obesity. There is however instance of increased cancer risk due to FTO 
variants without any links to obesity. These include melanomas and HER2 breast cancer. 
The increased risk is not well understood. However, given the results presented in this 
study including the increased genomic instability and response to genotoxic agents it 
could be possible that FTO regulation of RNF168 and influence on DBS signaling could 
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contribute to cancer formation meaning that loss of FTO could present as markers for 
cancer development. Similar to loss of ALKBH3, loss of FTO could present as possible 
targets for treatment using chemotherapy treatment causing DSB and 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 genomic instability 
phenotypes in FTO-depleted cells surpassed what could be solely attributed to 
decreased RNF168 expression. For instance, the levels of metaphase aberrations 
(Figure 47) and NCS-induced cell death (Figure 51 C-D) were higher in FTO KD cells 
compared to RNF168-deficient cells, approaching similar levels observed in the 
positive control of BRCA2-depleted cells. Additionally, while not as pronounced as the 
response to NCS-induced death, both ALKBH3 and FTO-depleted cells exhibited a 
slightly heightened response to MMC treatment compared to RNF168-depleted cells, 
although not statistically significant. Given 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 MMC (Dusre 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 U2OS cells treated 
with control, FTO and ALKBH3 siRNA. Differential expression analysis demonstrated 
268 differentially expressed transcripts in cells depleted of ALKBH3 (Figure 53A) and 
2716 in FTO depleted cells (Figure 53B). RNF168 exhibited no significant differential 
expression in either sample, reinforcing the hypothesis that ALKBH3 and FTO do not 
influence transcription levels of RNF168, as previously observed through qPCR analysis 
(Figure 24A and Figure 34 A).  

 FTO influence on BRCA1 

Analyzing the RNA sequencing data revealed that the DNA Double Strand Break Repair 
pathway was downregulated in cells depleted of FTO (Figure 55A). Looking further into 
the downregulated transcripts, revealed 9 DNA DSB repair related genes to be 
significantly downregulated in FTO KD cells, including BRCA1. 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). BRAC1 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 coding BRCA1 transcripts were found 
to have a negative log fold change, however only one BRCA1 transcript was found to 
be significantly downregulated when compared to control sample (p-value 0,035017). 
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This transcript produces one of the larger BRCA1 protein structures (1884 aa), labelled 
by the UniProt database as BRCA1 isoform 7 (UniProt ID: P38398-7) and is different 
from the chosen canonical BRCA1 transcript (ENST00000357654.9) (UniProt ID: 
P38398-1) as it contains an alternatively spliced exon (aa residue 1453 ǥ 1474). The 
inclusion of the alternative exon results in an extra 21 amino acids within the BRCA1 
serine cluster domain (SCD), amino acids 1280-1524 (Clark et al., 2012). The SCD 
domain, rich in putative phosphorylation sites, undergoes phosphorylation by ATM/ATR 
kinases both in vitro and in vivo which facilitates the recruitment of BRCA1 to DSBs sites 
(Cortez et al., 1999).  

Whether FTO is directly influencing alternative splicing of a specific BRCA1 exon and 
thereby affecting BRCA1 localization to DNA damage or if FTO KD causes general 
downregulation of BRCA1 remains unclear and demands further investigations. Current 
BRCA1 antibodies cannot distinguish between the BRCA1 isoforms making it hard for us 
to confirm if solely one BRCA1 transcript is being affected by FTO KD (Figure 58). 
Other methodological limitations in our RNA sequencing approach include the 
relatively small number of replicates (n=4) and the absence of RT-qPCR assays to 
validate BRCA1 downregulation post-FTO KD. While our four biological replicates 
exhibited general uniformity, a larger dataset would offer greater clarity regarding 
FTO's impact on BRCA1. However, the impact of FTO on BRCA1 aligns with the slight 
reduction observed in HR repair in FTO-depleted cells (Figure 44). This correlation 
along with FTOǴs influence on other DSB repair genes (Table 14) may offer insights into 
the increased response to genotoxic agents and genomic instability phenotype 
observed in FTO-depleted cells compared to those lacking RNF168. 

 ALKBH3ǴĶ influence on cellular stress response. 

Gene ontology and functional enrichment analysis in cells depleted of ALKBH3 (Figure 
54) revealed considerably lower number of affected targets compared to the depletion 
of FTO, which is in line with previous studies showing a moderate 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 mRNA demethylases, with FTO 
primarily involved in the removal of the more prevalent mRNA modification m6A, in 
contrast to ALKBH3, which predominantly targets the less common m1A modification.  

Gene set enrichment analysis in ALKBH3 KD sample revealed that genes related to the 
cellular stress response were differentially expressed (Figure 54 ). Upon a more in-
depth exploration of differentially expressed stress-related genes, our analysis identified 
three stress-related genes displaying significant downregulation and two exhibiting 
upregulation (Figure 56). Notably, the downregulated genes encompassed ALKBH3 
itself, alongside GTF2H4 (General Transcription Factor IIH Subunit 4), which also plays 
a role in NER (Theil et al., 2023) and DNAJB12 (DnaJ homolog subfamily B member 
12), while the upregulated genes included FXR1 (FMR1 Autosomal Homolog 1) and 
RTN4R (Reticulon-4 receptor).  
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In recent years, research has established a connection between the cellular stress 
response and the m1A RNA modification, along with its associated proteins. ALKBH3 
has previously demonstrated protective role against cellular stress through active 
participation in the demethylation of tRNA (Z. Chen et al., 2019) and the m1A 
methyltransferase proteins TRMT6 and TRMT61A have been implicated in the formation 
of stress granules (SG). SG, which form as a response to stress, are transient and 
reversible structures involved in regulating gene expression and protecting cells during 
stress by sequestering and storing untranslated mRNAs (Protter et al., 2016). Loss of 
either TRMT6 or TRMT61A in HeLa cells impaired SGs formation and increased 
sensitivity to stress stimuli (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 response 
to cellular stress (Himanen et al., 2019) and downregulation of the heat shock protein 
DNAJB12, which are known for their protective role against stress (Hu et al., 2022). 
Perhaps the most interesting stress related gene found differently expressed after 
ALKBH3 KD was FXR1 which 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 stress-response proteins, such as DNAJB1, ultimately 
resulting in increased stress and the upregulation of a stress responsive proteins like 
FXR1.  

Another possible explanation for the altered stress response in cells depleted of 
ALKBH3 could stem from the heightened 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 stress and the observed alterations in the 
expression of stress-related genes may be attributed, at least in part, to the increased 
genomic instability in cells lacking ALKBH3. One additional aspect to consider is that 
ALKBH3 may directly regulate these stress-responsive genes as an m1A demethylase. 
Further investigations, including validation of ALKBH3's impact on stress response-
related genes and its biological relevance are necessary to clarify these intricate 
interactions. 

 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 co-IP/MS assay (Table 13 and Appendix D) to explore potential 
protein-protein interactions. Interestingly, the co-IP/MS data unveiled interactions 
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between ALKBH3 and FTO with various DNA repair-related proteins, providing further 
indications of their potential 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 catalyzing the 
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 HR-induced 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 upon DNA damage to mitigate nuclear reactive oxygen species (Moretton et 
al., 2023). ALKBH3 was also found interacting with the previously discussed RNA 
binding protein hnRNPC which has been shown to be part of a nucleoprotein complex 
along with PALB2, BRCA1 and BRCA2. siRNA mediated KD of hnRNPC resulted in 
altered DSB repair dynamics as it reduced HR repair and caused downregulation of HR 
proteins such as RAD51, BRCA1, BRCA2 and BRIP1, partially due to diminished mRNA 
expression caused by altered mRNA splicing (Anantha et al., 2013).  

Another interesting finding from the co-IP/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 modulate chromatin ubiquitination 
(Gudjonsson et al., 2012). Additionally, ALKBH3 (wild type) was found interacting with 
protein Arginine Methyltransferase 5 (PRMT5), a methyltransferase known to play a 
diverse role in the DDR and genomic stability maintenance by epigenetic, post-
transcriptional, and post-translational mechanisms (Koh et al., 2015).  

In glioblastomas PRMT5 has been found to promote RNF168 transcription by 
maintaining a histone methylation mark on the RNF168 promoter region thereby 
enhancing the DNA damage response and induce chemo-radiant resistant in 
glioblastoma tumor (Du et al., 2019). In prostate cancer PRMT5 functions as an 
epigenetic activator that upregulates expression of various genes involved in DSB repair 
including KU70/80, BRCA1, BRCA2 and RAD51 (Owens et al., 2020). PRMT5 also 
influences DDR protein expression through targeted RNA modifications, contributing to 
doxorubicin resistance in breast cancer by facilitating the nuclear translocation of the 
RNA demethylase ALKBH5 which in turn removes m6A from BRCA1, leading to mRNA 
stabilization and heightened DNA repair competency (Wu Wang et al., 2022). 
Additionally, PRMT5 regulates genomic stability via post-translational modifications of 
DDR proteins like p53 and 53BP1 (Hwang et al., 2021; Hwang et al., 2020). Overall, 
PRMT5 serves as a multifaceted regulator of genomic stability through diverse 
pathways. Whether ALKBH3 contributes to the PRMT5 mediated DDR response via their 
protein-protein interactions remains to be determined. Nonetheless, the intriguing 
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aspect lies in the interaction between ALKBH3 and a protein with such wide-reaching 
impact on genomic stability and the DDR. Further investigations are warranted to 
determine whether ALKBH3 can influence other aspects of the DDR beyond its known 
role in epitranscriptomic regulation of RNF168 through protein-protein interactions with 
PRMT5. 

In its catalytically inactive state, FTO was found to interact with DHX9 (ATP-dependent 
RNA helicase A), a versatile protein with regulatory functions in various cellular 
processes, including DNA replication, transcription, translation, and the maintenance of 
genomic stability (Lee et al., 2016). DHX9 plays a role in DSB repair by recruiting 
BRCA1 to RNA generated by the RNA polymerase II transcription complex, where 
DHX9 along with BRCA1 facilitate end resection and the repair of DNA damage by HR. 
(Chakraborty et al., 2021). Recent research by Patel et al demonstrated that RNF168 
suppresses R-loop formation in BRCA1/BRCA2-deficient cells by ubiquitinating DHX9, 
thereby facilitating its recruitment to R-loops and preventing their excessive 
accumulation 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 mentioning 
is the heterogeneous nuclear ribonucleoprotein RBMX (also known as hnRNPG). While 
RBMX is predominantly recognized for its role in regulating pre- and post-transcriptional 
processes, such as pre-mRNA splicing, it has also been implicated in influencing DNA 
DSB repair. In a 2012 study RMBX was found to be recruited to DSB in a PARP1 
dependent manner where it promoted HR repair by facilitating BRCA2 expression. 
Depleting U2OS cells of RMBX using siRNA resulted in loss of IR-induced RAD51 foci 
formation, downregulation of BRCA2 protein expression and decreased HR repair 
efficiency (Adamson et al., 2012). RMBX has also been connected to the maintenance 
of genomic stability in other ways then regulating HR repair. In a 2020 study RMBX was 
shown to be a pivotal factor in maintaining genome stability during replication as it was 
required for the activation of ATR in response to replication stress. Depletion of RBMX 
in cells results in replication defects, leading to increased genomic instability, such as 
elevated micronuclei formation and a high rate of sister-chromatid exchange (T. Zheng 
et al., 2020). As RBMX has also a m6A reader it is interesting to speculate if its protein 
interaction with FTO is due to their m6A 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 between FTO 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 part of this thesis have demonstrated that 
both ALKBH3 and FTO promote efficient DNA DSB chromatin signaling. The depletion 
of ALKBH3 or 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 agents 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 
BRCA1. These findings point to a possible broader role for FTO in influencing the DNA 
damage response, surpassing its epitranscriptomic regulation of RNF168.  

 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 RNF168 is epitranscriptomically regulated by 
the demethylases ALKBH3 and FTO where ALKBH3 removes m1A and FTO m6A from 
the RNF168 mRNA 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 m1A and m6A methylation sites on the RNF168 transcript. Identification of the 
methylated sites on the RNF168 transcript is crucial for validating the accuracy of our 
proposed model. Therefore, a necessary future step would be to determine the precise 
location of the m6A and m¹A methylation sites within the RNF168 transcript. Locating 
the methylation sites on RNF168 would provide an opportunity to introduce mutations, 
rendering them unable to be methylated with m1A or m6A, and enable assessment of 
RNF168 mRNA nuclear retention and reduced protein expression. 

One weakness in our methodology is the MeRIP-qPCR assay used to identify 
methylation of the RNF168 transcript due to the reliance on m1A or m6A methylation-
specific antibodies whose specificity varies. Notably, the m6A specific antibodies 
utilized in this study lack the capability to differentiate the m6A and the m6Am 
modification, making it hard to definitively confirm that FTO's targeted modification 
removed from RNF168 as m6A rather than m6AmȀ  ĜļčĦŀĈč =s]ǴĶ õýĜĜŀĜêı ĜĦõêļďĦġ čêĶ
previously been shown to affect its substrate specificity (Wei et al., 2018), with FTO 
having more affinity towards m6A in the nucleus an m6Am in the cytoplasm and in our 
experimental model, U2OS cells, FTO is mainly expressed in the nucleus it does not 
definitively exclude the possibility that m6Am might be influencing RNF168. Future 
investigations should focus on elucidating FTO's specific methylation target on RNF168. 
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 m6A modifications on the RNF168 transcript. Previous studies 
have demonstrated the capability of Nanopore sequencing to detect m6A 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 U2OS cells treated with both FTO and control 
siRNA. The primary objective is to verify the presence and precise location of m6A 
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modifications on the RNF168 transcript utilizing the PromethIon Nanopore platform for 
sequencing analysis. 

The m1A antibody (MBL life science #D345-3) used in the m1A-RIP-qPCR has also come 
under scrutiny for being unspecific as research from 2019 demonstrated that the m1A 
antibody which has been used in many m1A-RIP-seq analysis was also able to bind to 
the m7G-cap resulting in false-įĦĶďļďŋý čďļĶ ďġ ļčý ƬǴwsh(Grozhik et al., 2019). To verify 
the presence of m1A on the RNF168 transcript, a potential future approach could 
involve replicating the m1A-RIP-qPCR assay using alternative m1A antibodies as 
advancements in m1A antibody development have expanded the range of available 
options. As of the present writing, third-generation sequencing methods are not 
capable of identifying the m1A modification. Consequently, Nanopore sequencing is 
not suitable for pinpointing the m1A methylation site on the RNF168 transcript. 
Alternatively, non-antibody-dependent second-generation RNA sequencing methods, 
such as m1A-quant-seq could be used for m1A detection. These sequencing approach 
rely on reverse transcriptase that introduce mutations at specific RNA modification sites 
during reverse transcription, facilitating the precise identification of the m1A 
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 ALKBH3 or 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 
siRNA-treatment in conjunction with siRNA-resistant ALKBH3 or FTO plasmids, and 
confocal microscopy to assess 53BP1 and RNF168 recruitment to DSB site. 
Unfortunately, over expression of ALKBH3 and FTO using FLAG-tagged plasmid in 
combination with siRNA treatment and induction of DSB using NCS proved too toxic, 
rendering it difficult to observe a healthy DNA damage response in the cells. In an 
effort to try and circumvent the toxic effect of combined siRNA and plasmids treatment 
current rescue experiments have focused on utilizing the established ALKBH3 and FTO 
CRISPR-Cas9 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 -mRNA interaction  

An additional next step in future research entails the validation of the protein-RNA 
interaction between RNF168 mRNA and ALKBH3 and FTO. The research outlined 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 hypothesis suggests that they influence RNF168 by demethylating its mRNA 
transcript and confirming the mRNA-protein interaction between RNF168-mRNA and 
ALKBH3/FTO would strengthen our hypothesis. Present methodologies employed to 
identify RNA-protein interactions include RNA immunoprecipitation (RNA-RIP) or 
UV/chemical crosslinking and immunoprecipitation (CLIP). RNA-RIP or selectively 
extract RNA-protein complex from samples and typically involve using high-affinity tags 
like biotin, where biotinylated RNA probes bind to proteins from cell lysates, followed 
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 the RNA-protein complex, followed by RNA detection 
through northern blot, RT-PCR or RNA sequencing. CLIP methods function by cross-link 
RNA and protein, then purify the protein of interest and identify bound RNAs using RT-
PCR or high-throughput RNA sequencing. 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 suggesting that methylations on the 
RNF168 transcript 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 normal RNF168 mRNA export. 
Moreover, other proteins associated with m1A and m6A have shown similar effects on 
RNF168 protein expression and nuclear retention, supporting our hypothesis regarding 
the involvement of m1A and m6A methylation in RNF168 mRNA maturation. As 
previously discussed, confirming the location of methylations on the RNF168 transcript 
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 of RNF168 would be advisable as defects in mRNA export might be 
caused by the accumulation of un-spliced mRNA forms (Bartosovic et al., 2017). As of 
the current literature, there is no documented evidence supporting the existence of 
alternative spliced forms of RNF168. However, this absence of information does not 
diminish the significance of investigating this aspect or the notion that mRNA 
methylations could play a role in constitutive or alternative splicing of RNF168. Notably, 
a brief in silico analysis of the 3' and 5' splice sites across the six exons constituting the 
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RNF168 transcript revealed a potential 3' weak splice site on exon 2 (data not shown), 
suggesting the possibility of an alternatively spliced exon (Yeo et al., 2004) . The 
potential involvement of methylation marks on the RNF168 transcript in both splicing 
and export, and the possible roles of FTO and ALKBH3 within the intricate network of 
proteins required for RNF168 mRNA 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 implications, 
therefore ALKBH and FTO represent intriguing candidates as potential biomarkers in 
cancer diagnosis and prognosis. Their aberrant expression patterns, with upregulation 
in some cancers and 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 previously mentioned, downregulation of ALKBH3 
expression has been linked with reduced survival in cancer as reported by the 
Sigurdsson laboratory and others (Esteve-Puig et al., 2021; Knijnenburg et al., 2018; 
Stefansson et al., 2017). Downregulation of FTO has also been observed in number of 
cancers correlating with worse survival, this is mostly related to its m6A demethylase 
activity or due to increased risk of obesity (Jeschke 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 HER2-positive breast cancer (Iles et al., 2013; Montazeri et al., 2022) 
where the mechanism behind increased risk of melanoma or HER2 in not well 
understood. Similarly, the mechanisms underlying the relationship between elevated 
levels of ALKBH3 promoter methylation (>20%) in breast cancer and the subsequent 
decrease in patient survival remain poorly understood. Considering the findings 
presented in current thesis, which demonstrate that depleting cells of ALKBH3 or FTO 
leads to increased genomic instabilityǦa well-established hallmark of cancerǦit 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 functional analyses of the FTO gene variants identified in melanoma and 
HER2-positive 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, investigations 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 alkylating damage and heightened DSB damage, 
as suggested by results 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, identifying 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 entails investigating the 
possibility of targeting ALKBH3 or FTO to restore synthetic lethality in HR-deficient 
cancers, given their influence on RNF168. As previously noted, in the absence of 
BRCA1 or when BRCA1 fails to interact with PALB2, RNF168 becomes essential for 
PALB2 recruitment (Krais et al., 2021; Luijsterburg et al., 2017; D. Zong et al., 2019). 
Restoring HR in BRCA1-deficient cells by relying on RNF168 ubiquitin dependent 
backup pathway to recruit PALB2 could lead to weaknesses that might be targeted to 
induced synthetic lethality in BRCA1 deficient cells. Targeting the RNF168-PALB2 axis 
could potentially mitigate or overcome PARP inhibitor resistance in a substantial subset 
of BRCA1 mutant cancers. RNF168 deficiency has been shown to suppress BRCA1-
associated mammary tumorigenesis in a mouse model, while low RNF168 mRNA levels 
in HR-defective human breast cancer correlate with improved patient survival. 
Moreover, loss of RNF168 suppresses in vitro and in vivo growth of BRCA1 and BRCA2-
deficient tumors and enhances their sensitivity to PARP inhibitors (Patel et al., 2021) 
and targeting RNF168 in BRCA1 and 53BP1 null cells has been shown to reverse 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 the impact of ALKBH3 and FTO on cellular response to PARPi and assess 
whether targeting either enzyme could restore synthetic lethality to PARPi. Additionally, 
diminished RNF168 protein expression due to ALKBH3 or FTO KD might hold 
significant implication for BRCA1 mutation carriers. The factors contributing to cancer 
formation in BRCA1 mutation carriers are not fully understood, however evidence 
suggests that cells carrying one germline mutated BRCA1 allele experience increased 
replication stress and genomic instability (Pathania et al., 2014). As BRCA1 
haploinsufficiency can be masked by RNF168 mediated PALB2 recruitment (D. L. Zong 
et al., 2019), RNF168 protein expression might become a crucial factor for maintaining 
genomic stability in BRCA1 mutation carriers.  

Lastly, a limitation to the methodology used in this body of work is the lack of validation 
of findings in vivo. To date, all genetic stability assays and assessments of cell survival 
following genotoxic exposure have been conducted in vitro. Employing in vivo assays to 
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corroborate our findings would bolster the credibility of our hypothesis. Currently, 
knockout mouse models for FTO and ALKBH3 are accessible, presenting an opportunity 
to validate our data and to assess 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 and co-IP/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 examining whether the depletion 
of ALKBH3 and the heightened m1A 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 of FTO on the 
general maintenance of genomic stability within cells. RNA sequencing data presented 
in this study has revealed that depleting cells of FTO influence the expression of BRCA1. 
Elucidating if and how FTO is influencing BRCA1 would be a very interesting future 
research as FTO has been found aberrantly expressed in breast cancer (Kaklamani et 
al., 2011; Niu et al., 2019; Wu et al., 2019). Nanopore sequencing techniques (5.4.1) 
could shed light on potential epitranscriptomic regulation of BRCA1 by FTO.  

Thirdly, the co-IP/MS data unveiled numerous intriguing protein interactions, with a 
notable emphasis on ALKBH3. Among ALKBH3's binding 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 merely 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 such as RMBX and DHX9 
were discovered and their interaction with FTO would be an interesting research area. 
It might prove beneficial to repeat the FTO co-IP/MS assay and consider relocating the 
FLAG tag to the C-terminus to improve results. An interesting experiment to perform 
would be replicating the co-IP/MS assay after inducing DNA damage in cells. This 
approach could be of significant importance in ascertaining whether 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 differential 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 
ĠýļčŔĜêļďĦġĶ čêŋý ďġ ļčý õýĜĜǴĶ ıýĶįĦġĶý ļĦ 1X ûêĠêĈýȀ =Ħı ďġĶļêġõýȁ ďļ ıýĠêďġĶ ļĦ ôý
determined whether RNF168 exhibits altered methylation patterns on its mRNA 
following DNA damage induction. Given that the significance of RNF168 becomes the 
most relevant following DNA damage, it would be interesting to investigate whether 
inducing DNA damage impacts 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 expression and a swifter response to DNA damage. Evaluating 
m6A and m1A 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 accomplished through established methodologies 
such as MeRIP-qPCR or by the previously described Nanopore sequencing or m1A-
quant-seq approaches. 
 
In recent years growing evidence has unveiled an unexpected and significant role of 
RNA across different stages of the DDR, sensing damage, guiding repair enzymes to 
damaged sites and regulating repair gene expression (Vagbo 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 boosting the effectiveness and 
accuracy of DSB repair processes (Crossley 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 and whether the 
enzymes responsible for writing, reading, and erasing RNA modifications play a crucial 
role in DSB repair.  
Emerging evidence suggests that post-transcriptional RNA modifications may function 
as a regulatory mechanism influencing DNA repair pathways, thus underscoring the 
significance of exploring this avenue. In 2020 Chen et al., published a paper 
suggesting that post-transcriptional modifications of RNA could act as DNA damage 
codes to regulate DNA repair. They demonstrated that the m5C methyltransferase, 
TRDMT1, was recruited to the site of DNA damage where it prompted mRNA m5C 
methylation. Loss of TRDMT1 led to loss of RAD51 and RAD52 recruitment and 
compromises HR repair, revealing that HR repair was influenced by RNA m5C. 
Furthermore, loss of TRDMT1 confers PARPi sensitivity both in vitro 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 mentioned, the m6A 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 BRCA1 and 
RAD51 recruitment (Zhang et al., 2020) and to regulate the DNA damage response to 
reactive oxygen species (Yu et al., 2021).  
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A promising path for further investigation could 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, participating 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 demethylates m6A 
from RNA to enhance the repair of UV-induced DNA damage. Thus, it would be 
intriguing to examine whether the loss of ALKBH3 or FTO affects RNA methylation 
levels in response to various types of DNA damage. 

Additionally, a compelling area for future investigation entails exploring whether 
ALKBH3 and FTO regulate other mRNA targets similarly 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 m6A modification on BRCA1, which is removed by ALKBH5 to 
maintain BRCA1 mRNA stability and function (Wu Wang et al., 2022). Utilizing 
techniques such as Nanopore sequencing and m1A-quant-sequencing may provide 
insights into additional mRNA targets influenced by the demethylation activity of FTO 
and ALKBH3. Furthermore, could ALKBH3 and FTO be regulating other proteins via 
mRNA demethylation and impaired nuclear mRNA export? The Sigurdsson laboratory 
has started investigating this using an RNA subcellular isolation kit in conjunction with 
second-generation RNA sequencing. U2OS cells are subjected to treatment with FTO-
siRNA, ALKBH3-siRNA, or a double knockdown 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 integrity, this include resolving 
R-loops (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 has these 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 FTO, members of 
the AlkB protein family, exert regulatory control over the E3 ubiquitin ligase RNF168, 
plausibly in an epitranscriptomic manner. The removal of mRNA methylations from the 
RNF168 transcript by ALKBH3 and FTO demonstrates how mRNA methylation can 
influence mRNA export and protein expression of RNF168. These findings thereby 
reveal how mRNA export can impact the effectiveness of DNA DSB chromatin signaling 
and additionally provide evidence of crosstalk between two DNA repair pathways, 
alkylation repair and DNA DSB repair.  
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Furthermore, our data demonstrates the absence of ALKBH3 or FTO results in impaired 
recruitment of crucial repair factors to break sites, compromised DNA DSB 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 novel role for mRNA methylations in 
governing DNA DSB repair 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 targets influenced by these enzymes. It is my hope that the 
results presented in this thesis will open up opportunities for further research into both 
DNA damage response and signaling, as well as epitranscriptomics, fostering a deeper 
understanding of these intricate 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, mediated 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 well-described functions in repair of 

alkylation damage, promote efficient DNA DSB chromatin 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, including impaired 

53BP1 recruitment to DNA DSBs, genome instability and hypersensitivity to genotoxic 

agents. Our findings uncover the role of mRNA modifications in regulations of DNA 

DSB repair signaling and provide evidence for crosstalk between alkylation repair 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 life-threatening 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 neurodegenerative disorders, highlighting the importance of genome 

maintenance in safeguarding normal cellular functions 1  

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 instability and 

mutations in key members of the DNA DSB repair pathways predispose to several types 

of cancer, including breast and ovarian cancer 2-4. The chromatin ubiquitination 

pathway orchestrated by the E3 ubiquitin ligases RNF8 and RNF168 plays an essential 

role in the stepwise assembly of key DNA DSB repair factors at damaged chromatin, 

including 53BP1 and BRCA1 5-7. The RNF8/RNF168 pathway has a known role in 

promoting non-homologous end joining (NHEJ) repair and class switch recombination 

8, although more recently, it has also been implicated in homologous recombination 

(HR) repair 9-11. Studies from mice suggest that RNF168 activity supports HR repair in 

cells with decreased BRCA1 activity 12, and serves as an important barrier against 

genome instability and tumorigenesis in BRCA1 heterozygote mice 11,12, demonstrating 

the important role of RNF168 in tumorigenesis. Mutations in RNF168 are known to 

cause a rare genetic disorder Radiosensitivity, immunodeficiency, dysmorphic features 

and learning difficulties (RIDDLE) syndrome, first reported in 2007 13, and associated 

with defective DSB repair as patients suffering from this disease are unable to recruit 

53BP1 to the site of DSBs 7,14.  

 In addition to its role in DNA DSB repair, the chromatin ubiquitination 

pathway contributes to several other genome maintenance pathways, including R-loop 

resolution 15, DNA replication 16, telomere maintenance 17, DNA crosslinking repair 18 

and preventing access of the transcription machinery at sites of DNA damage 19. 

Despite this general positive impact on genome maintenance, studies have shown that 

excessive activation of RNF8/RNF168 dependent chromatin signaling can have 
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deleterious consequences on cell function 20,21, which in some cases can drive 

tumorigenesis 15. Changes in the nuclear pool of RNF168 result in dramatic changes in 

DNA DSB repair dynamics, with increased usage of mutagenic DSB repair 22 and 

activation of NHEJ at uncapped telomere ends 23, 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 24.  

In recent years, mRNA modifications have emerged as an important regulatory 

mechanism of gene expression. mRNA modifications have been shown to influence 

several stages of the mRNA life cycle, thereby affecting the function, structure, and 

catalytic activity of mRNAs 25,26. One of the most common forms of mRNA-modification 

is methylations and two of the most well-known methylations are N6-methyladenosine 

(m6A) and N1-methyladenosine (m1A). 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 (ALKBH3). These proteins are two out of nine members of the Fe (II) -

ketoglutarate-dependent dioxygenase (AlkB) family which is a part of the cells DDR 

network that removes alkylating lesions from DNA and RNA 27,28. FTO (also known as 

ALKBH9) was the first discovered mRNA demethylase and has been reported to 

catalyze the demethylation of m6A both in vitro and in vivo 29,30, thereby providing the 

first evidence of reversible post-transcriptional modifications on mRNA. Subsequent 

studies showed that FTO can also catalyze demethylation of N6ȁƩǴ]-diomethyladenosine 

(m6Am), located at the 5ǋ end of mRNA, showing greater affinity towards m6Am 

compared to m6A 31. This discovery was reproduced by Wei et al who also 

demonstrated that FTO has increased preference for m6Am in in vitro experiments. In 

this context, however, it has been shown that the intracellular localization of FTO 
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dictates its substrate specificity. In the nucleus, FTO predominantly targets m6A, 

whereas m6Am is the primary target of FTO in the cytoplasm 32. 

ALKBH3 is known to demethylate N-methylated bases from both RNA and DNA 

with single strand substrate preference 27,28 and is best known for removing 3-

methylcytocine (m3C) from ssDNA 33 with the aid of ASCC3 helicase 34. Additionally, 

ALKBH3 has proven capable of removing m1A methylation from mRNA 35-37. Previously, 

we and others have shown that ALKBH3 expression is silenced by promoter methylation 

across several different cancer types 38-40. Furthermore, loss of ALKBH3 has been shown 

to be clinically relevant and significantly affect survival of both breast cancer 38 and 

Hodgkin lymphoma patients 40. 

Transcriptome-wide mapping of m6A and m1A mRNA modifications have 

demonstrated that the RNF168 transcript contains both modifications 41,42. However, the 

functional importance of these mRNA methylations on the RNF168 transcript 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 stress 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 RIF1 34,43 which is a key 
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effector in the chromatin ubiquitination pathway 44. Inspired by this, we analyzed the 

recruitment of RIF1 and its immediate upstream functional partner, 53BP1, to sites of 

DNA DSBs, in naïve and ALKBH3 depleted U2OS cells. Interestingly, siRNA mediated 

knockdown of ALKBH3 suppressed the focal accumulation of both 53BP1 and RIF1 at 

sites of DNA DSBs (Figure 1A, 1B and Figure S1A, S1B), without affecting Ὓ-H2AX 

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 independent siRNAs 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 decreased RNF168 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 

ALKBH3 does not directly regulate gene transcription 45. 

To determine the consequence of decreased 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 

U2OS cells with neocarzinostatin (NCS) to induce DNA DSBs and followed 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. MDC1 is one of the first proteins to 

arrive at DNA DSB sites, where it directs the recruitment of downstream repair 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 repair 46. 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 publications 6,20. Interestingly this was also the case in 

ALKBH3 knockdown cells, 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. Human and mouse cells lacking RNF168 show an increase in the frequency of 

genomic aberrations, including increased frequency of micronuclei and chromosomal 

aberrations 15,47,48. To determine if the effects of ALKBH3 knockdown on genome 

integrity are comparable to RNF168 deficiency, we examined the numbers of 

spontaneous chromosomal aberrations in metaphase spreads in U2OS 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 RNF168 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 27. In DNA alkylation repair, ALKBH3 interacts with the DNA helicase 

ASCC3, which unwinds DNA and creates the single-stranded DNA substrate needed 

for the DNA repair activity of ALKBH3 34. 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 

homolog of the AlkB enzyme in E. coli, did not affect RNF168 protein expression 

(Figure S1H, S1I). This suggests that ALKBH3 is regulating the expression of RNF168, 

independent of its well-described role in DNA alkylation repair.  

 

ALKBH3 promotes the nuclear export of RNF168 mRNA.  
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RNF168 is a rate-limiting 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 best-described mechanisms is the dynamic regulation of 

RNF168 protein turnover, which involves a sequence of factors involved in the 

ubiquitin-proteasome pathway of protein degradation. To determine if ALKBH3 

depletion affects RNF168 protein turnover, we treated ALKBH3 knockdown cells with 

the proteasome inhibitor MG-132, followed by western blot analysis to determine 

RNF168 protein expression. MG-132 treatment did not restore RNF168 levels in 

ALKBH3 depleted cells (Figure 2A), which indicates that the decrease observed in 

RNF168 expression is 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 m1A methylation marks of mRNAs 35,41,49. 

Previous transcriptome-wide mapping of m1A modifications in human cell lines 

(HEK293, HELA and HEPG2) identified RNF168 among thousands of transcripts 

containing the modifications 41. There is however some uncertainty regarding the exact 

prevalence of m1A mRNA modifications on RNF168, since it was not reported as a m1A 

containing transcript in a second transcriptome-wide study 35,49. To address this in our 

experimental system, we performed an antibody based m1A-RNA immunoprecipitation 

(RIP) assay in U2OS cells, followed by a qPCR to determine the abundance of RNF168 

associated with m1A in control and ALKBH3 depleted cells. m1A-RIP was based on 

previously described methylations specific IP 35,50,51. In both the control sample and 

ALKBH3 depleted sample, we detected RNF168 in the m1A pulled-down RNA 

population; however, ALKBH3 knockdown resulted in a substantial increase in RNF168 

levels (Figure 2B). This suggests that the m1A modification is present on RNF168 

mRNAs, and that upon decreased ALKBH3 expression, there is an increase in the 

overall levels of m1A-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. mRNA modifications influence several stages of the mRNA life cycle, 

including mRNA transcription, stability, translation, splicing and intracellular mRNA 

dynamics 25,26. RNF168 gene expression analysis by quantitative PCR (qPCR) revealed 

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 qPCR, 

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 nuclear retention of RNF168 mRNA molecules. To validate these findings, we 

used RNA scope, an RNA in situ hybridization assay, to visualize and quantify any 

potential changes in the intracellular distribution of individual RNF168 molecules, in 

ALKBH3 depleted cells. 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 is increased 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 de-methylation enzymes in RNF168 regulation further. In addition to 

ALKBH3, other members of the AlkB gene family are known to have RNA demethylase 

activity 52. This includes FTO and ALKBH5, 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 via m6A demethylation 53, had no impact on 

RNF168 expression (Figure 3A). Remarkably, however, FTO knockdown dramatically 

reduced RNF168 protein levels, comparable to the downregulation observed in 

ALKBH3 depletion cells (Figure 3A). This was observed with multiple independent 

siRNAs in U2OS cells (Figure S2A) and confirmed in PC-3 cells. (Figure S2B). 

Interestingly, no additive effect on RNF168 protein levels was detected upon co-

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 not affect total mRNA levels 

of RNF168 (Figure S2C), or RNF168 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 factors 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 the nucleus FTO has a preference for m6A 

mRNA 32. Immunofluorescence analysis showed that in U2OS cells FTO protein 

expression is predominantly confined to the nucleus (Figure S2G). Based on this, we 

hypothesized that defects in m6A mRNA demethylation might explain the increased 

nuclear retention of RNF168 mRNA in FTO knockdown cells. To elucidate if FTO 

influences the levels of RNF168 m6A modified mRNA we used a previously described 

m6A-RNA immunoprecipitation assay 50, which is based on the same principle as the 

m1A-RIP assay described above. 
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Compared to control cells, we observed a significant increase in m6A 

interacting RNF168 mRNA following FTO depleted cells (Figure 3H). These results 

indicate that m6A methylated RNF168 mRNA is a substrate for FTO, which could 

potentially explain the observed nuclear export defect. As expected, no increase in m6A 

associated mRNA was detected following ALKBH3 depletion, nor was there any change 

in m1A-modified RNF168 RNA in FTO knockdown cells (Figure S2H, S2I). Together, 

this suggests that although FTO and ALKBH3 are both important for RNF168 mRNA 

export, there is currently no 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 off-target effects we turned to CRISPR-Cas9 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, compared to control cells, there was a clear enrichment of RNF168 

mRNA 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 stress 6,18. In line with that, one of the hallmarks of 

RNF168 deficiency in mice and humans is hypersensitivity to ionizing irradiation (IR) 

7,14,48. 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. 
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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 what has previously been reported in RNF168 

deficient cells 18. Increased sensitivity to NCS and MMC was also observed following 

siRNA mediated knockdown of ALKBH3 and FTO (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 mRNA methylation has emerged 

as an important regulatory mechanism in diverse biological processes, including the 

DNA damage response 54,55. For DNA double strand break repair, this has been linked 

to the role of m6A modification enzymes in RNA:DNA hybrids and R-loop resolution, 

which in return has important implications for genome maintenance and recruitment of 

critical repair factors to sites of DNA double strand breaks 56,57. In this study, we 

provide an example of a more specific form of regulation, with two known mRNA 

demethylation enzymes, 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 mRNA methylation and DNA repair. First, our 

results indicate that active removal of mRNA methylation marks can in specific cases 

stimulate mRNA nuclear export, which is in contrast to previous reports showing that 

ALKBH5 dependent removal of m6A marks inhibits mRNA export 53. Second, our results 

suggest that in addition to the predominantly studied m6A modification, m1A mRNA 

methylation might potentially also be involved in maintaining genome stability and the 

regulation of mRNA export which is to our knowledge the first reported case of m1A 
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influencing mRNA export. Finally, we for the first time show that mRNA eraser enzymes 

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

ALKBH3 has previously been shown to promote genome stability through its 

role in DNA alkylation repair 34. Here, we show that ALKBH3 might have a broader role 

in genome maintenance than previously anticipated. ALKBH3 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 58, where they show interaction between RAD51C and 

ALKBH3 stimulated the DNA alkylation repair function of ALKBH3 in vitro. Here we 

show that ALKBH3 promotes efficient DNA DSB repair, which further supports the 

functional overlap between 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, m6A and genotoxic stress 

responses, especially the ultraviolet-induced DNA damage response 54,59. Xiang et al 

reported that FTO localizes to sites of UV damage, where it is involved in the dynamic 

regulation of a specific m6A RNA mark, needed for efficient repair of UV-induced DNA 

damage. Interestingly, 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 co-localization 

between FTO and the DNA DSB marker H2AX (data not shown). Therefore, it is highly 

unlikely that FTO is 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 RNF168 mRNA 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 survival 38. Following studies revealed that epigenetic silencing of 
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ALKBH3 is not restricted to breast cancer, in fact it is a frequent event across cancer 

types, detected in 8 % of all tumor samples in The Cancer Genome Atlas (TCGA) 

database 39. Interestingly, here we show that ALKBH3 deficiency is associated with 

increased sensitivity to NCS and MMC (Figure 4D-4G and Figure S3B-S3E), suggesting 

ALKBH3 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 deficiency 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 show FTO epigenetic silencing in cancer. There are, however, several 

examples of FTO gene variants associated with increased cancer risk 60 in particular 

breast cancer 61. 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 Iles et al 

suggests an association between two FTO variants and melanoma risk, independent of 

increased body mass index 62. A more recent example demonstrated a connection 

between FTO genotype and breast cancer risk in HER2-negative patients, unrelated to 

obesity 63. 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 FTO¡s role in genome maintenance presented here, and in previous 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 60,64  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 function, 

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 somewhat 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 rate-limiting 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 sites 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 mRNA methylations and mRNA export has become 

more evident in recent years, primarily due to the discovery of robust interactions 

between multiple constituents of the m6A methylation complex, methylation reader 

proteins and the core mRNA export machinery, indicating a functional interplay 

between these two processes 65-67. The precise role of the methylation eraser proteins, 

ALKBH3 and FTO, in the mRNA export process remains ambiguous and requires 

additional investigation. It is plausible that the removal of m6A and m1A 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 m6A RNA-immunoprecipitation analysis 

cannot distinguish between m6A and m6Am. However, as previously noted experimental 
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evidence highlights FTO's selective affinity for m6A within the cell nucleus 32. Given that 

in our experimental model, U2OS cells, FTO localizes in the nucleus, the likelihood 

leans towards m6A being the methylation target instead of m6Am. To confirm this, 

locating specific methylation sites on RNF168 mRNA transcripts through advanced 

sequencing techniques, such as Nanopore direct RNA sequencing would be needed. 

Furthermore, information on specific FTO and ALKBH3 target sites, and how these 

residues impact mRNA-protein interactions, could hold the key to elucidating the 

mechanism behind how the removal of m6A and m1A regulates mRNA 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 is however interesting, that we 

see no additional impact on RNF168 protein levels following co-depletion of ALKBH3 

and FTO, which might suggest ALKBH3 and FTO promote RNF168 mRNA export via 

the same pathway, potentially involving crosstalk between different mRNA 

modifications.  

Recently, several examples of crosstalk between different mRNA methylation 

marks have been reported, for instance in protein translation where m6A and m5C 

cooperate to enhance protein translation 68. Another example of such crosstalk comes 

from studies on mRNA degradation, where crosstalk between m1A and m6A 

modifications, and their specific reader proteins, is needed to facilitate efficient mRNA 

degradation 69. Here, we envisage a comparable mechanism, where FTO and ALKBH3 

dependent removal of m6A and m1A, respectively, are two distinct steps in the same 

mRNA export pathway.  

In this study, we uncover mRNA export 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 and cell survival in response to genotoxic 

stress.  

Material and methods  

Cell culture:  U2OS, MCF7 and PC-3 were maintained in DMEM (Dulbecco's Modified 

Eagle Medium) with GlutaMAX with pyruvate (Thermo Fisher, LT-31966-021) 

supplemented fetal bovine serum (FBS, 10% Thermo Scientific, 10500064) penicillin 

(20 U/mL) and streptomycin (20 µg/mL) (Thermo Scientific, 15070-063) and cultured 

in 95% air with 5% CO2 at 37°C. MCF7 were additionally cultured with 0,01mg/mL 

insulin (Sigma Aldrich, SA-I6634-100MG) 

RNA extraction:  RNA was extracted from human osteosarcoma U2OS cells using Tri-

Reagent (TheıĠĦ =ďĶčýı mõďýġļďćďõǨ êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġȀ sčý

concentration of total RNA was measured on Nanodrop One (Thermo Fisher, AM9738). 

Quantitative real time PCR (qPCR) : Following cDNA synthesized; qPCR assay was 

conducted using SYBR Green master mix (Thermo Fisher, A25742) in Bio-Rad system 

CFX384. Downstream analysis was performed using Bio-Rad CFX manager version 3.0. 

The threshold cycle number (Cq) was analyzed in triplicates for each sample. Gene 

expression for genes of interest were normalized to housekeeping genes (HPRT, beta 

actin or GAPDH) and calculated using the using the 2-ÂÂ+s method for relative 

quantification. 

siRNA transfection:  Using Lipofectamine RNAiMAX transfection reagent (Thermo 

Fisher, 13778075) cells were transfected with 10nM siRNA (Thermo Fisher) according 

ļĦ ļčý ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġĶȀ 

FLAG co-immunoprecipitation:  U2OS cells were harvested 48h post plasmid 

ļıêġĶćýõļďĦġ Ōďļč >ýġOýļɅ Eġ £ďļıĦ 1X Transfection Reagent for U2OS Cells 

(SignaGene Laboratories, SL100489-OS) using 1mL FLAG-IP lysis buffer (50 mM Tris 



 

202 

HCl pH 7.4, 150 mM NaCl, 1mM EDTA and 1% TRITON X-100) 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 centrifugation at 14.000 rpm for 10 min. 

mŀįýıġêļêġļ ŌêĶ ļıêġĶćýııýû ļĦ ê õčďĜĜýû ƨȀƬ ĠS ļŀôýȁ Ōďļč ƨƧƧ ŮS ôýďġĈ įıýĶýıŋýû êĶ

an input control (IN). The remaining lysate was added to Anti-FLAG conjugated agarose 

beads (Sigma-Aldrich,2220) and rotated at 4°C overnight. Agarose-beads were washed 

three times in ice cold TBS buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl), with 1 min 

centrifuging between each spin. For elution 100µL of 300ng/µL 3xFLAG peptide 

(Sigma, F4799) was added to sample and incubated at 4°C ON with 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, sc-286963) in 1:1 ratio and boiled at 95°C for 5 minutes and analyzed with 

immunoblotting. 

 

Immunoblotting:  Proteins were extracted from cells at 80-90% confluency using 

2xLaemmmli sample buffer (Santa Cruz,sc-286963) and treated with Benzonase 

nuclease (Sigma Aldrich, E1014). Samples were electrophoresed using 6, 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 1h at RT. 

The membrane was developed with Luminol Reagent (Santa Cruz, sc-2048) and 

visualized in a ChemiDoc XRS+ system (Bio-Rad).  

Immunofluorescence confocal microscopy:  Cells were grown on coverslips and 

fixed with 4% paraformaldehyde for 15 min followed by permeabilization with 0,2% 

Triton-X 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 Alexa-Fluor 488 goat anti rabbit/mouse, Alexa-Fluor 555 goat anti-
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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 acquire images. 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 condition 5-10 

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.  

 

m6A and m 1A RNA immunoprecipitation (MeRIP): MeRIP was based on previously 

described m6A-sequencing protocol 50 51with a few alterations.  

300µg of total RNA was incubated with 30µL of both protein A and protein G magnetic 

beads (Thermo Fisher, 10002D, 10004D,) along with m6A or m1A antibody, 10% of 

RNA was saved as input.  

IP-RNA was eluted with 300µL of elution buffer (100mM KCl, 5mMmgCl2, 10mM 

HEPES, 0.5% Tween-20, 1mM DTT, 0.1% SDS, RNase inhibitor 100U and 15 µg/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 and IP-RNA 

extracted using phenol-chloroform (P3803, Sigma). IP-RNA was precipitated using 

100% ethanol, 3M sodium acetate pH 5,2 and 20µg glycogen (R0561T, Thermo 

Fisher).  

 

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

expression of RNF168 in IP-RNA and input RNA samples. cDNA was synthesized from 

using Oligo(dT)12-18 primers (Thermo Fisher, SO132) and Superscript II (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 

Bio-Rad system CFX384. Downstream analysis was performed using Bio-Rad CFX 

manager version 3.0.  

The pulldown efficiency was calculated as % of input by computing the difference in 

ļčý +ļ êĶ ćĦĜĜĦŌĶȂ Ʃȹ-(Ct[IP]-Ct[Input-logDF]) *10, where DF 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 

EĶĦĜêļďĦġ Qďļ ćıĦĠ  õļďŋý WĦļďŋý ǧƩƬƬƧƨǨ ćĦĜĜĦŌďġĈ ĠêġŀćêõļŀıýıǴĶ ďġĶļıŀõļďĦġ êġû İf+h

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 U2OS cells were fixed with 4% 

paraformaldehyde for 30 minutes followed by protease digestion (Pretreat protease III, 

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, secondary, 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 mounting 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 Image J and Cell Profiler 3.0. 

Approximately 200 cells were counted for each treatment. 
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Proteasome Inhibition:  U2OS cells were treated with 10 µM MG-132 (Sigma Aldrich, 

1211877-36-9) a peptide aldehyde that blocks proteolytic activity of the 26S the major 

protease in eukaryotic cells for 3h. Cells were treated êõõĦıûďġĈ ļĦ ĠêġŀćêõļŀıýıǴĶ

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 siFTO). After 24h 

cells were treated with NCS (Sigma-Aldrich, N9162) for 1h or with Mitomycin C 

(Biotechne,3258/2) for 24h. Cells were cultured for an additional 7-11 days. Colonies 

were stained with crystal violet and counted. Survival fraction was calculated according 

to 70. CRISPR-Cas9 KO 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) U2OS cells were transfected with three single-guide 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 (ICE) analysis 

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 siRNA U2OS cells 

were treated with 500ng/µL of Colcemid (Invitrogen, 15212-012) to cause metaphase 

arrest. Cells were trypsinized, swollen with 75mM KCl solution for 20 min at 37 °C, 

followed by centrifugation at 1000 rpm, supernatant removed, and pellet resuspend in 

fixing solution (3:1 methanol: acidic acid). Fixing step was repeated 3 times and 

chromosomes suspended in 200µL fixing solution. Microscope slides were created by 

dropping the cell suspension on the slides in HANABI metaphase spreader from ADS 
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Biotech and stained with Giemsa staining. The slides were scanned, and images 

automatically captured using DUET-3 automated imaging system from BioView. The 

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

Micronuclei assay:  Following 48h incubation with siRNA, U2Os cells were fixed with 

4% paraformaldehyde for 15 min followed by permeabilization with 0,2% Triton-X for 5 

min and 1h of blocking with DMEM with 10% FBS. Cells were stained with Nuclear 

DNA was stained, DAPI (Sigma-Aldrich, 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 Olympus inverted 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 downstream image analysis. Approximately 200-300 cells were 

counted for each treatment. 

Statistical analysis : All data generated were taken from distinct samples and 

presented as mean°SD. All experiments were performed in a minimum of three 

biological replicates. The statistical significance of experimental data was assessed 

using two-tailed unpaired students T-test or two-tailed Mann-Whitney T-test (metaphase 

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

P-values 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.   
(a-b) Representative images (a) and quantification (b) of U2OS 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) and gH2AX (red) 
antibodies. Nuclear DNA was visualized by DAPI (blue). Graphs demonstrate the mean 
number of 53BP1 and gH2AX foci per nucleus from five biological replicates, at least 
1000 cells were scored for each condition. Mean°SD (n=5) Scale bars: 10 µm. (c) 
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RNF168 and ALKBH3 protein expression analyzed by Western blotting in U2OS and 
PC-3 cells 48h post transfection with the indicated siRNA. SMC1 was used as a loading 
control. (d) Quantification of U2OS 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 induced MDC1 foci 1 and 8h following NCS treatment. At least 500 
cells were analyzed per condition. Data are presented as mean°SD (n=3). (e) 
Quantification of the number of metaphase aberrations in U2OS cells treated with the 
indicated siRNA for 48h. The graph shows the number of number of aberrations in 
each sample, thirteen aberration were analyzed for each sample (n=2). (f) 
Representative images showing metaphase aberrations described in (e). DNA double 
strand breaks are shown with red arrows, DNA fragments with white triangles outlined 
in red and end fusion reprinted with red triangles. Scale bars: 10 µm. 
Statistical significance was determined by One-Way ANOVA. * P < 0.05, ** p < 0.01, 
*** p < 0.001, **** p<0.0001.  
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Figure 2. ALKBH3 promotes nuclear e xport of RNF168 mRNA.  
(a) Western blot showing the protein levels of RNF168 in U2OS cells treated with 
control and ALKBH3 targeting siRNAs for 48h, in the presence or absence of the 
proteasome inhibitor MG-132 (3h). SMC1 was used as a loading control. (b) Relative 
quantification of RNF168 mRNA levels in m1A pull-downs by MeRIP-qPCR analysis. 
U2OS cells were treated with indicated siRNAs for 48h, followed by RNA isolation and 
immunoprecipitation using m1A antibody. RNF168 levels in the pulled-down RNA 
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samples were analyzed using quantitative real time PCR (q-PCR) and normalized to 
GAPDH housekeeping gene. Data are presented as mean°SD (n=3). (c) Total RNF168 
and ALKBH3 mRNA levels in U2OS cells treated with control, ALKBH3 and RNF168 
targeting siRNAs for 48h, analyzed with qPCR. The graph shows a summary of three 
experiments. In all samples, RNF168 expression was normalized to the GAPDH 
housekeeping gene. Data are presented as mean°SD (n=3). (d) The ratio between 
nuclear and cytoplasmic RNF168 mRNA levels in U2OS cells treated with indicated 
siRNAs for 48h analyzed using qPCR 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 mean°SD (n=3). 
(e) Representative images from the RNA Scope assay performed in U2OS 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 Z-stacks and are displayed as maximum-intensity 
projections. PPIB probes were used as control-mRNA probes. Scale bars: 10 µm. (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 mRNA expression in nucleus. Ratio<1 indicates increased mRNA 
expression in cytoplasm. The graph shows a summary of three independent 
experiments, mean°SD. 
 
 Statistical significance was determined by two-tailed unpaired t-test (D, F) or One-Way 
ANOVA (B-C). * P < 0.05, ** p < 0.01, *** p < 0.001, **** p<0.0001  
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Figure 3. The potential role of additional AlkB family members in RNF168 
regulation.  
(a-b) U2OS 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) U2OS cells were treated with siRNA for 48h as indicated and 
exposed to 50ng/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, 
mean°SD. (d) Quantification of the number of metaphase aberrations in U2OS 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 
mean°SD (n=3). (e) Representative images from the RNA Scope assay performed in 
U2OS 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 as Z-stacks and are displayed as 
maximum-intensity projections. PPIB probes were used as control-mRNA probes. Scale 
bars: 10 µm. (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 mRNA expression in cytoplasm. The graph shows 
a summary of three independent experiments, mean°SD. (g) The ratio between nuclear 
and cytoplasmic RNF168 mRNA levels in U2OS cells treated with indicated siRNAs for 
48h analyzed using qPCR 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 mean°SD (n=3). (h) Relative 
quantification of RNF168 mRNA levels in m6A pull-downs. U2OS cells were treated with 
indicated siRNAs for 48h, followed by RNA isolation and immunoprecipitation using 
m6A antibody. RNF168 levels in the pulled-down RNA samples were analyzed using 
quantitative real time PCR (q-PCR) and normalized to GAPDH housekeeping gene. Data 
are presented as mean°SD (n=3). 
 
Statistical significance was determined by two-tailed unpaired t-test (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. 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 CRISPR-Cas9 
KO U2OS cells analyzed by Western blotting. SMC1 was used as a loading control. (b) 
Quantification of the number of micronuclei in ALKBH3 and FTO CRISP-Cas9 KO U2OS 
cells. DAPI staining was used to visualize the nucleus. Bar graph represents the relative 
number of micronuclei per nucleus compared to control sample mean°SD (n=3). (c-d) 
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The ratio between nuclear and cytoplasmic RNF168 mRNA levels in ALKBH3 (c) and 
FTO (d) CRISPR-Cas9 KO U2OS cells analyzed using qPCR 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 
mean°SD (n=3). (e-f)  Survival curves derived from colony formation assay in wild type 
and ALKBH3 and FTO CRISPR-Cas9 KO U2OS cells, exposed to the indicated 
concentration of NCS (e)and MMC (f), mean°SD (n=3).  
 
Statistical significance was determined by two-tailed unpaired t-test (c-d) or One-Way 
ANOVA (b, e-f). * 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.  
(a) U2OS cells were treated with the indicated siRNAs for 48h and exposed to 50 
ng/mL NCS for 15 min, 1h later cells were immunostained with RIF1 and gH2AX 
antibodies. Representative images showing DAPI (blue), RIF1 (magenta) and gH2AX 






































