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Abstract

Nucleotide Excision Repair is an evolutionary conserved DNA repair pathway which
safeguards the genome and ensures its faithful transmission to progeny. However,
several proteins participating in NER have distinct roles further to DNA repair which
could provide a direct link of NER defects to development and disease. Such a protein
is XAB2 involved in transcription, two DNA repair pathways, TC-NER and HR and pre-
MRNA splicing. XAB2 gene disruption leads to pre-implantation lethality but its
function is yet to be elucidated. We therefore used siRNA assays to study its role and
efficiently knocked-down XAB2 in JM8A3.N1, bio XAB2;birA mESCs and MEFs both in
RNA and protein levels. Assessing the impact of XAB2 elimination in transcription,
showed reduction of RNA-DNA hybrids in the nucleoli of IM8A3.N1 mESCs and MEFs
coupled with decrease in RNApolll protein levels. Both phenotypes where rescued
when overexpressing XAB2 in MEFs. Experiments conducted to validate its
participation in NER found XAB2 not interacting with previously presented factors like
RNA polll and XPA and its knock-down not causing damage studied by yH2Ax staining.
RNA-seq data from siRNA XAB2 samples presented down-regulated genes targeted to
the ribosomal group. These results suggest a probable role of XAB2 in transcription
and splicing of ribosomal genes.

Keywords: XAB2, NER, pre-mRNA splicing, ribosome



NEPINAHWH

To povomnartt emdlopbwong DNA péow ektopng voukAeotidiwv (Nucleotide Excision
Repair pathway, NER) eival éva efeAKTIKA ouvtnNpPnUEVO LOVOTIATL TO OTOolo
SladpuAaooel To yoviSiwpa kat Staodalilel Tnv ruoth petaBifacr Tou oto BuyaTpiko
kOTTapo. Map' OAa autd, umapxel MANBWPA TMPWTEIVWY TIOU EVW CUMUETEXOUV OTO
NER, 8taB£touv Slakpltolg poAoug Kat TEpa oo TN emdLopbwaon tou DNA, poAot ot
ormolol pumnopet va cuoxeticouv apeoa BAaBec oto NER pe to poAo TOU pHOVOTOTIOU
ouToU oTNnV avamtuén kot tTnv maboyévela acBevelwv. Mia TEtola MPWTEivn €lval n
XAB2 n omola gumAéketal otn petaypadn, duo povomnartia emidiopbwaong DNA, Tto
e€aptwpevo and tn petaypadr NER (Transcription Coupled-NER, TC-NER) kat auto
Tou opoAoyou avacuvbuaopol (Homologous Recombination, HR) kaBw¢ kal oto
patiopa tou mpo-mRNA. H Stdomaon tou yovidiou tTng XAB2 odnyel og mpo-gudutikn
Ovnowotnta oAA& o pOAOC TNG TAPOMEVEL akOpa adleukpiviotog. Mo auto
xpnotpornotoape pebodoug mapepBoing RNA (small interfering RNA, siRNA) wote va
UEAETOOVE TO POAO TNG KoL KATOPEPAUE VO OLY)OOUUE ETUTUXWG TNV XAB2 ota
JM8A3.N1, bioXAB2;birA eufpuikd BAaotikd KUTTapa movtikou (Mouse Embryonic
Stem Cells, mESCs) kal otoug eupuikoug wvoBAdoteg moviikou (Mouse Embryonic
Fibroblasts, MEFs) toco ota emnineda RNA 600 kol ota MPpWIEVIKA Tn¢ enineda. H
HeAETN TNG olynong tng XAB2 otn petaypadn, €deite peiwon twv uPBptdiwv RNA-DNA
otou¢ tupnviokoug twv JIM8A3.N1 gufpuikwv BAACTIKWY KUTTAPWYV TOVTLKOU KABwG
Kall 0TOUG EUPPUTKOUG LVOBAACTEG TTOVTIKOU €VW UTIHPXE KoL pia Tautdxpovn peiwon
Twv emunéedwv ¢ RNA moAupepaong . Kat ot dUo datvétunol Stacwbnkav otav
mpayupatonolndnke unepékppaon tng XAB2 ota MEFs. Melpdpoto to omola
Sie€axOnkav yla va anodewxBel n ocuppetoxn tng XAB2 oto NER, £6eifav otL bev
oAnAerudpd pe mpwteiveg mou eixe amodelxBel oe TMPONYOUUEVEG EPEUVNTIKEG
dnuootevoelg 6nwe n RNA oAupepdon Il kat n XPA kal mepattépw, n olynon tng dev
npokaAel yevetky PBAABn Onw¢ mpoteivetal péow avocodpBoplopol  OmMou
Xpnotpomnottnke To avtiowpa evavtia otn yH2Ax. Asdopéva aAAnAouxiong RNA mou
npoékuPav ano siRNA Seiypata tng XAB2 mapouaotalouv unoekppalopeva yovidia
To omoia elvat otoxeupéva otn pLRoowutkn opada yovidiwv. Katd autov Tov Tpormo,
OUTA Ta ATOTEAEOUATA TIPOTACOOUV €va TBavo poAo tng XAB2 otn petaypadn Kat
TO pATLopA PLBOCWHKWV yoviSiwv.

Né€erg KAswdLa: XAB2, Movonatt emidtopOwong DNA péow eKTOUNG VOUKAEOTLS LWV
(NER), patiopa tou mpo-mRNA, piocwpa



1. Introduction

1. 1 Genome Maintenance and Repair

DNA is a nucleic acid essential for all forms of life (Watson and Crick, 1953). It carries
most of the genetic instructions required for growth, development, function and
reproduction of all known living organisms and many viruses. This information must
be passed faithfully to the daughter cell in each cell division. This is a challenge for the
cell as genomic DNA is prone to lesions due to continuous threats. There are various
kinds of threats such as products arising from normal cell metabolism, errors coming
from DNA replication and environmental agents (i.e UV light, gamma rays or toxic
chemicals) (Harper and Elledge, 2007; Hoeijmakers, 2001).

The cell needs to protect the genomic DNA from these threats and allow its faithful
transmission to the daughter cell. For this purpose, the co-operative mode of action
of several processes in cellular metabolism is required. DNA repair systems are
responsible to identify and repair DNA lesions occurring throughout the genome
(Friedberg, 2003) and several proteins work on ensuring that a single round of DNA
replication will be completed with minimal errors in each cell cycle through cell cycle
checkpoints (Bell and Dutta, 2002). Moreover, in order for chromosomes to be
properly segregated during mitosis, spindle must be assembled, kinetochore attached
and chromosomes physically separated (Nasmyth, 2001). All of these genome
maintenance actions take place under controlled chromatin dynamics where
chromatin modifications are strictly regulated (Campos and Reinberg, 2009) and
coordinated by signalling pathways constituting the DNA damage response (DDR).
DDR regulates transcriptional reprogramming, DNA replication, mitosis and DNA
repair (Harper and Elledge, 2007). In the case that the cell is severely damaged, it is
eliminated by apoptosis or senescence. These processes constitute genome
maintenance pathways by preserving genome integrity and preventing disease
(Bansbach and Cortez, 2012) (Figure 1.).

DNA repair pathways have the ability to repair different types of DNA lesions.
Mismatch repair and base-excision repair, work on simple lesions (i.e single
nucleotides) whereas nucleotide excision repair (NER), non-homologous end-joining
(NHEJ) and homologous recombination (HR) repair more complex lesions (i.e helix
distorting lesions and Double strand breaks). The repair of these lesions is of
paramount importance. If they remain in place, they impede replication and



transcription, lead to mutations and chromosomal rearrangements which in turn
cause disease.

DNA damage <« Genotoxic stress

(A) DNA repair
(B) Chromatin Regulation

(D) Mitosis (E) Checkpoints (C) Replication

Figure 1. Several processes must be coordinated to achieve genome maintenance. (A) Operation of
DNA repair mechanisms that remove DNA lesions caused by environmental agents or cellular
byproducts. (B) DNA repair and metabolic processes take place in the context of chromatin. The
modifications of chromatin make DNA accessible to proteins and regulate the function of signaling
pathways as a response to DNA damage. (C) Chromatin structure and DNA must remain intact while
duplicating in DNA replication, once, per division cycle. (D) Correct spindle assembly and chromosome
segregation are vital during mitosis. (E) Cell cycle checkpoints oversee DNA damage, replication and
mitosis. (Adapted from Bansbach and Cortez, 2012)

1.1a Nucleotide Excision Repair (NER) pathway

NER is an evolutionary conserved DNA repair pathway which ensures that the DNA
remains functionally intact and is faithfully transmitted to the daughter cell. It
recognizes and removes helix-distorting DNA lesions. These lesions have two main
characteristics, thermodynamically destabilizing the DNA duplex and being bulky
(Hess et al., 1997). Specifically, the wide range of NER substrates include UV-induced
photoproducts (cyclopyrimidine dimmers [CPDs], 6-4 photoproducts [6,4PPs]),
adducts that may be formed by environmental mutagens (i.e benzo[a]pyrene, various
aromatic amines, specific oxidative endogenous lesions (i.e cyclopurines) and the ones
formed by chemotherapeutic drugs for cancer (i.e cisplatin) (Friedberg et al., 2005;
Gillet and Scharer, 2006).

The core NER reaction follows four basic steps, DNA damage site is recognized, dual
incisions of the damaged DNA strand take place, the oligonucleotide bearing the lesion
is removed and the undamaged DNA strand is used as template for a patch to be
synthesized and ligated to the contiguous strand (Figure 2.). NER can act through two
subpathways: global genome NER or else called GG-NER and transcription-coupled
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NER or else known as TC-NER (Hanawalt, 2002). GG-NER can remove lesions
throughout the genome, whereas TC-NER does so only in the transcribed strand of
active genes.

GG-NER scans and identifies lesions throughout the genome and is initiated by
xeroderma pigmentosum complementation group C (XPC)-RAD23B-centrin, EFhand
protein, 2 (CETN2) complex and the UV-damaged DNA-binding protein (UV-DDB)
complex. These complexes associate with the thermodynamically destabilized duplex
DNA (Masutani et al., 1994; Nishi et al., 2005; Lagerwerf et al., 2011) (Figure 2a).
RAD23B has the ability to stabilize XPC and helps its delivery to the sites of UV-
damage. For that reason, as long as the complex has bound the non-damaged strand
opposite the lesion, RAD23B dissociates from XPC and is not further involved in NER
(Bergink et al., 2012).

TC-NER identifies lesions at strands of genes being actively transcribed and is initiated
by the blocked RNA polymerase Il (RNAPII) as the first step of damage recognition
(Figure 2b) (Fousteri et al., 2006; Laine and Egly, 2006). Cockayne syndrome group B
(CSB) or ERCCB, a transcription elongation factor with DNA-dependent ATPase activity,
is recruited by the arrested elongation complex. It strongly binds the stalled RNAPII
and recruits the NER factors, CSA complex and p300, a histone acetyltrasferase (Hasan
et al., 2001). CSA (ERCC8) participates in the DCX E3-ubiquitin ligase complex which
includes DDB1, Culin 4A and ring-box 1 (ROC1/Rbx1) (Groisman et al., 2003).

(a) GGR (b) TCR
UVDDB 56 *a,. (cs8
QUL Zri® il
(7 {
“Open™& XPC “Closed” “Open” “Closed”
WD% &1
(Cul4a PDE1
CSN CSA UVSSA

€SB XAB2 1p)g

4 ['C clin H
P CAK} at1
/ . Cdk2

{ “DNA "gl”- P
[t 2
A "gA XRCCH1 C ' CNA ,

RPA
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Figure 2. Nucleotide Excision Repair (NER) in mammals, consisting of two sub-pathways, Global
Genome —NER (GG-NER) or GGR (a) and Transcription Coupled —NER (TC-NER) or TCR (b). The two
subpathways differ only at the bulky DNA lesion recognition part and merge into a common
stabilization, excision, synthesis and ligation pathway, (c), (d) and (e) respectively. (Adapted from
Kamileri et al., 2012)

CSA is also crucial for the recruitment of XPA Binding Protein 2 (XAB2), HMGN1, a
nucleosome remodeler and TFIIS at the sites of stalled RNAPII (Fousteri et al., 2006;
Nakatsu et al., 2000).

GG-NER and TC-NER both merge in a common way of action when transcription factor
Il H (TFIIH) is recruited at the site of the lesion. Specifically, TFIIH consists of 10/11
subunits (XPB, p62, p52, p44, p34, p8, XPD, Cdk-activating-kinase (CAK) complex and
XPG) (Figure 2c). TFIIH uses its XPB subunit which is an ATPase, to pry DNA open,
creating a 27-nucleotide bubble (Oksenych et al., 2009). Moreover, it allows XPD
which is a helicase, to track along DNA until it stops at the damaged site to verify the
bulkiness of the lesion (Mathieu et al., 2013). This blocking allows the formation of
the preincision complex which includes XPA, replication protein A (RPA) and XPG.
These proteins act synergistically and stabilize the damaged ssDNA. Further on,
ERCC1-XPF nucleases are recruited by XPA to create the 5’ incision. Repair synthesis is
initiated by the replicative DNA polymerases Pold/k/e and 3’ insicion is made by XPG
(Figure 2d) (Fagbemi et al., 2011). Both endonucleases are activated by RPA that
afterwards dissociates from DNA (Overmeer et al., 2011). The process is completed
by the end of the repair synthesis when sealing of the nick by DNA ligase Illa/XRCC1
or DNA ligase | takes place (Moser et al., 2007; Araujo et al., 2000; Mocquet at al.,
2008) (Figure 3e).

Defects in NER genes can cause diverse disorders and three of them are the most
known. Firstly, there are patients suffering from the genetic disorder xeroderma
pigmentosum (XP), (XPA through XPG complementation groups). They are extremely
sensitive to sunlight and present an over 1000-fold increased risk for skin cancer. This
happens as they are not capable of repairing lesions induced by solar UV irradiation
(DiGiovanna and Kraemer, 2012). Moreover, there are the Cockayne syndrome and
trichothiodystrophy (TTD) disorders, which are not associated with skin cancer
predisposition but interestingly, patients bearing these diseases, present various
developmental and neurological abnormalities (Lehmann, 2003). The severity of the
phenotypes can vary and even individuals with the same mutation can present
different clinical outcomes. This diversity and severity of the diseases rising from
defects in the same pathway, and the known paradoxical genotypes of NER mutated
genes (mutations in the Xpc gene do not present any hotspots or founder effects but
are spread throughout the gene sequence (Chavanne et al., 2000)), propose that the
clinical heterogeneity of NER syndromes cannot be explained only by the DNA repair
properties of the NER factors. For this reason, it can be assumed that proteins involved
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in NER have multiple functions, linking NER with other processes such as pre-mRNA
splicing.

1.2 Pre-mRNA splicing

DNA damage affects pre-mRNA splicing when the cell activates the DNA damage
response (DDR) pathway. This pathway leads to a cascade of events which reconfigure
gene expression at multiple levels. In this way, splicing control is changed to provide
feedback for repair and cell decisions. For this reason, it is crucial to discuss in detail
the pre-mRNA splicing properties, regulation and mechanisms, in order to understand
the link between these two cell functions as well as the role of the proteins they have
in common.

1.2a What is pre-mRNA splicing?

Precursor (pre)-mRNA splicing occurs in eukaryotic genes to remove non-coding
sequences (introns) and ligate protein-coding sequences (exons) together. Introns
disrupt exons (Sharp, 1994; Sharp 2005). Pre-mRNA splicing can have constitutive and
alternative splice sites depending on whether they are always (constitutive) or only
sometimes (alternative) recognized as splice sites for the maturation of the pre-mRNA.
The alternative splice sites can give rise to different mature mRNAs, resulting in
different protein functions. Indeed, even though mouse and human genomes contain
almost the same amount of genes, alternative pre-mRNA splicing takes place at >95
to 100% of human genes, whereas ~63% of mouse genes. This difference results in the
expansion of the form and function of the human proteome (Merkin et al., 2012;
Barbarosa-Morais et al., 2012).

1.2b The Spliceosome

The pre-mRNA splicing reaction is catalyzed by the spliceosome which is a large, highly
dynamic ribonucleoprotein (RNP) complex. There are two types of spliceosomes, the
major and the minor spliceosome. The major spliceosome (termed U2 spliceosome)
consists of five small nuclear ribonucleoproteins (snRNP) U1, U2, U4, U5 and U6 (Wahl
et al., 2009; Will and Lithrmann, 2011) and is responsible for the excision of more
than 99% of human introns. The minor spliccosome (termed U12 spliceosome)
consists of the U5 snRNP, as well as U11, U12, U4atac and Ubatac snRNPs which act
as the functional analogues of the corresponding snRNPs of the major spliceosome
(Turunen et al., 2013). Each snRNP consists of a short non-coding RNA, an Sm or Sm-
like protein complex, which is fundamental for the formation of the mature snRNP
complex and proteins that are specific for each snRNP (Matera and Wang et al., 2014).
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The fact that the catalytic center of the spliceosome is also composed of RNA, makes
it profound that the spliceosome is actually a ribozyme, like the ribosome (Fica et al.,
2013).

1.2c Basic properties and Regulation

The splicing reaction, conducted by the spliceosome, requires fidelity and flexibility.
The splicing sites must be discriminated between correct and incorrect ones. This is
achieved through multistage proofreading of the sequences by different factors.
Splicing regulatory factors act synergistically in order to follow the splicing
commitment and be able to reinforce or repress splice site selection. Splicing itself
may be catalysed by RNA but the proper recognition of splice sites requires RNA-RNA,
RNA—protein and protein—protein interactions (Fica et al., 2013).

The proper recognition of the splice sites relies on the main characteristics of an
intron. These include four consensus elements: the exon/intron junctions at the 5’ and
3’ end of the intron, the 5" and 3’ splice sites (SS), the branch point sequence (BPS)
located upstream of the 3’ SS and the polypyrimidine tract located between the BPS
and the 3’SS as shown in Figure 3.

Moreover, there are additional cis-acting regulatory sequences which lay within
introns and exons and are recognized by trans-acting splicing factors. These sites are
capable of guiding splice site recognition by the core spliceosome. Specifically, a
variety of splicing regulators, including hnRNP (heterogeneous nuclear
ribonucleoproteins) and SR proteins (Serine (S)- Arginine (R)), have the ability to bind
to exon or intron splicing enhancers (ESE or ISE, respectively) and to exon or intron
splicing silencers (ESS or ISS, respectively) in order to control splice site recognition
and utilization (Singh and Valcarcel et al., 2005).

i snBNpP
U2snRNpP [:I Exon
ﬂ ]i j[ ﬁ a : Intron
AC UAAC YYYYYCAG GURAGU:
Branch site Poly-Y tract and 3' SS 5'SS

Figure 3. The consensus sequence elements that are required for the splicing complex recruitment. U1l
snRNP recognized 5’ SS by base-pairing interactions between the 5" end of U1 snRNA. The 3’ SS is
recognized by the binding of U2AF65/35 to the Poly-Y tract and 3’ SS. These interactions lead to the U2
snRNP recruitment to the branch site where U2 snRNP interacts in a base-pairing way with the
nucleotides flanking the branch point adenosine. (Adapted from Daguenet et al., 2015)
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SR proteins are Serine/arginine-rich proteins. They constitute a family of splicing
factors that bind pre-mRNA to activate splicing in a sequence dependent manner.
HNRNPs on the other hand, have splicing factors in their protein family that mostly
repress splicing (Figure 4.). Both families constitute of proteins that are implicated in
several cellular processes such as mRNA export, translation and RNA metabolic
processes, respectively.

Mass spectrometry analyses have shown that the spliceosome associates with more
than 170 proteins and exon recognition computational studies have proposed that
hundreds sequence motifs can contribute to the regulation of splicing, suggesting that
actually, hundreds of proteins may have splicing regulatory properties (Jurika and
Moore 2003; Barash et al., 2010).

However, one factor does not only have an activator or repressor role in splicing. On
the contrary, trans-acting factors can act either way depending on the position of their
binding site in correspondence to the regulated SS. Additionally, major role, in these
factors action, plays the context of other cognate sites for other regulatory factors
with which they can either co-operate or antagonize (Fu and Ares et al., 2014). This
creates a splicing code in which regulatory sequences, positional effects and trans-
acting factors interactions co-exist and determine splicing fate.

Pre-mRNA

—O—
) K =
N S @7

SR proteins (+)
hnRNP proteins (-)

Figure 4. Pre-mRNA splicing can be positively (SR proteins) and negatively (hnRNP proteins) controlled.
(Adapted from Lee and Rio, 2015)
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1.2d The splicing reaction

In order to understand the role and functions of the different proteins needed in pre-
mMRNA splicing, it is of major importance to study the splicing reaction, conducted by
the spliceosome, itself. The spliceosome assembly pathway follows specific steps.
Firstly, Complex E is created. It consists of U1 snRNP which recognizes the 5’ SS, the
binding of SF1 splicing factor to the BPS region and the binding of a heterodimer
consisting of U2 auxiliary factors (U2AFs) and the U2AF65/U2AF35 to the
polypyrimidine tract and 3’ SS (Figure 5.). Afterwards, complex A (pre-spliceosome)
is assembled as U2 snRNP is recruited to the BPS region in an ATP-dependent manner.
The BPS adenosine is bulged out and SF1 is displaced. The pre-catalytic spliceosome
forms when the preassembled U4-U6-U5 snRNP trimer is recruited to the pre-
spliceosome and establishes complex B. U1 and U4 snRNP are released and after the
enzymatic activation of the machinery the final catalytic active spliccosome (Complex
Bact/ B*) is created. Complex B* and complex C are the ones responsible for the first
and second trans-esterification reactions of the splicing reaction. Lastly, the lariat
intron is excised and both exons are ligated (Figure 5.). (Wahl et al., 2009; Will et al.,
2011)
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Figure 5. The main steps of pre-mRNA splicing are depicted. At first, complex E is created for the
recognition of 5’ SS, BPS, polypyrimidine tract and 3’ AG. These interactions recruit U2 snRNP to BPS,
leading to Complex A formation. Afterwards, the pre-spliceosome is converted to complex B by the
addition of pre-assembled tri-snRNP. The machinery is then activated by a series of changes and
becomes complex B (Bact, B*), which catalayzes the first trans-esterification reaction and complex C,
which catalyzes the second. The lariat intron is then linearized and led to degradation. (Adapted from
Daguenet et al., 2015)
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Several pathologies (i.e myelodysplastic syndromes, cancer, neurodegenerative
diseases) are linked with splicing defects. These defects are caused by mutated
sequence elements, altered expression or function of splicing factors and effects
resulting from nucleotide repeat expansions. Firstly, the mutations that can affect cis-
acting elements (5SS, 3’SS, Pol-Y tract, enhancers, silencer sequences) lead to
constitutive exon skipping, retained introns, activation of cryptic splice sites and
altered exon inclusion. These missplicing events have been shown to lead to a variety
of diseases such as spinal muscular atrophy (Naryshkin et al., 2014), cystic fibrosis
(Pagani et al., 2005) and cancer (Gnad et al., 2013; Supek et al., 2014). Secondly, there
have also been found mutations in trans-acting factors such as core splicing machinery
components, snRNP biogenesis proteins and splicing regulators. The defects in those
genes can cause widespread splicing modifications. These modifications are hallmarks
of cancer and tissue-specific alterations and lead to, amongst other diseases, cancer,
Alzheimer’s disease (Bai et al., 2013) and Huntington’s disease (MacDonald et al.,
1993). Thirdly, the nucleotide repeat expansions can cause both loss of function and
gain of function mutations. These affect the sequestration and stabilization of splicing
factors as well as their splice site recognition. When the stability of the splicing factors
changes and the SS is altered, widespread splicing modifications can take place and
RNA toxicity mechanisms are activated. This activation is due to the aberrant splicing
factors distribution and the production of short spliced RNA isoforms with pathogenic
(toxic) properties. These missplicing events could cause a large spectrum of diseases
like myotonic dystrophies (Liquori et al., 2001) and Fragile X-associated tremor/ataxia
syndrome (Cooper et al., 2009). Lastly, it should be mentioned that available mouse
models bearing deletions of several pre-mRNA splicing associated factors, present
lethal phenotypes, such as BRCA1 (Savage et al., 2014), PRP19 (Farmer et al., 2005),
TRA2B (Storbeck et al., 2014), SFRS10 (Mende et al., 2010), Aquarius and XAB2
(Yonemasu et al., 2005).

1.3 DNA damage affects pre-mRNA splicing

In order to repair DNA lesions, a cell activates the DNA damage response (DDR)
pathway to help the cell recover from damage or lead it to apoptosis if the damage is
excessive. Except for following the distinct repair mechanisms that were previously
mentioned, DDR should first sense the DNA lesion’s existence and for example block
transcription and replication. In this way, DNA damage can cause phosphorylation of
the histone variant H2AX, modify canonical histones and recruit poly (ADP-ribose)
enzymes.

DDR recruits several other proteins such as ATM and DNA-PK kinases in the case of
double-strand breaks (DSBs) whereas single strand breaks (SSBs) recruit the ATR
kinase and the signaling cascade goes on with CHK1 and CHK2 (Ciccia and Elledge,

17



2010). All these actions from DDR lead to cell cycle arrest, DNA repair and apoptosis

in case of excessive damage. The resulting cascade of events reconfigures gene

expression at multiple levels. For this to be achieved, splicing control is changed
through the modification, recruitment, relocalization and altering of the expression of
splicing and alternative splicing factors which provide feedback for repair and cell

decisions (Figure 6.).
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1.3a Post-translational modifications

As mentioned earlier, DDR recruits splicing and alternative splicing factors. Splicing
proteins and RNP complexes are known to bind nascent transcripts to protect genome
integrity by preventing RNA/DNA duplexes but except for this distinct function, they
can also be recruited or removed from sites of damage (Shkreta and Chabot, 2015).
This recruitment aims in their post-translational modification which regulates their
localization and activity. In this way it would be interesting to refer to the alterations
on pre-mRNA splicing factors due to DDR events.

Firstly, as an initial step of detecting DNA lesions, DNA damage modifies splicing
factors at the post-translational level, in the same way that proteins of the DDR are
modified themselves in response to damage stimuli (Polo and Jackson et al., 2011).
These changes affect the localization, stability and activity of the proteins. For
example, hnRNP proteins are PARylated which inhibits their RNA binding and modifies
RNA splicing (Ji and Tulin et al., 2009). Moreover, acetylation has been associated with
altering the activity of splicing factors. Specifically, BCLAF1, a BRCA1 interactor that
recruits spliccosome components after damage stimuli, has been found rapidly
deacetylated after the treatment of U20S cells with IR (Bennetzen et al., 2013).
Furthermore, phosphorylation which is an immediate link between DNA lesion sensing
and DDR due to the signaling cascades being activated, seems to affect several splicing
factors. For example, PRP19, which is a splicing factor in yeast and has been implicated
in transcription elongation when recruiting TREX components in mammals, has been
found phosphorylated at ATM/ATR consensus sites in proteomic studies of yeast
treated with IR (Smolka et al., 2007; Chanarat et al., 2012). However, these post-
translational modifications can also occur on components of the transcription
machinery that change the rate or pausing of transcription in order to impact splice
selection. A characteristic example is the phosphorylation of RNAPII upon UV which is
altered so as to affect transcription elongation and splicing (Munoz et al., 2009). In
general, simultaneously with the post-translational modifications (i.e phosphorylation
of kinases) of DDR genes, RNA-splicing factors are modified to feedback on these
genes themselves (i.e signaling genes). As a result, the required response is amplified
or the cell is recovered from damage.
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1.3b Absence of splicing factors causes DNA damage through R-loop

formation

It has already been mentioned that the DDR considers essential the role of splicing
factors to reconfigure gene expression. The same applies the other way around as the
absence of splicing factors itself has the ability to cause DNA damage through R-loop
formation.

RNA-DNA hybrids can be formed during DNA replication in a 11bp hybrid of an Okazaki
fragment, at transcription in a 8bp hybrid found within the RNA polymerase active site
and in longer tracts, the so called R-loops. Specifically, R-loops can form whenever an
RNA molecule can anneal with its template DNA strand, creating a displaced sense
ssDNA. This is based on the thread back mechanism which happens co-
transcriptionally (in cis). This mechanism proposes that DNA which is behind RNA
polymerase and is negatively supercoiled (Westover et al., 2004), has the ability to
unwind which may allow the annealing of the template strand with nascent RNA.
Moreover, it can also form post-transcriptionally (in trans) as a transcribed RNA from
one locus, forms an R-loop with a homologous DNA sequence from another locus
(Wahba et al., 2013).

Even though R-loops form naturally during transcription, a mechanism evolutionarily
conserved, their persistence may threaten genome integrity. So far, five mechanisms
have been documented to regulate R-loop formation. Firstly, RNase H1 and RNase H2
act towards the dissolution of R-loops by degrading the RNA in hybrids (Shaban et al.,
2010). Secondly, RNA/DNA helicases like Rho, DHX9 and Senataxin are able to unwind
the RNA from the R-loop (Richardson, 2003; Chakraborty and Grosse, 2011; Mischo
et al., 2011). Thirdly, topoisomerases suppress R-loop formation. They have the ability
to resolve the negative torsional stress behind RNA polymerase Il in order to prevent
the annealing of the nascent RNA with the DNA template (Tuduri et al., 2009; Sordet
et al., 2009). Moreover, suppressors of proteins that promote R-loop formation (like
Rad51 and Rad52) also regulate R-loop formation. Specifically, Rad51, promotes
strand exchange between homologous sequences during HR. Rad52 has strand-
annealing properties and can stimulate Rad51 activity. Both of them have been shown
to favor hybridization of the RNA to the template DNA during trans R-loop formation
(Wahba et al., 2013). Lastly, defects in RNA processing factors, which are involved in
coating, splicing, exporting and degrading the nascent RNA, elevate the level of R-
loops. In the case that any of these five mechanisms is absent, persistent R-loops, that
endanger genome stability and cause DNA damage, are created.

The absence of RNA processing causes R-loop formation because basic processes are
deficient such as pre-mRNA splicing, in the case of splicing factors absence. The fact
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that the depletion of splicing factors causes DNA damage was showed in a specific
genome-wide siRNA screen of several splicing factors, including XAB2, in which yH2AX
phosphorylation was increased (Paulsen et al., 2009). Specifically, if a nascent RNA
sequence is not bound by an RNA binding protein (RBP), R-loops are formed (Wan et
al., 2015). This happens because RNA hybridizes to the template strand of the melted
DNA. This structure blocks replication, causes fork collapse (Gan et al., 2011), obscures
transcription, creates mutations and hyper-recombination having serious impacts on
genome stability and leading to DDR activation (Li and Manley et al., 2006; Aguilera
and Garcia-Muse, 2012). Further on cell cycle checkpoint is activated and DNA
damage and chromosome rearrangements take place. This is due to the fact that the
ssDNA is more unstable and prone to transcription associated mutagenesis,
recombination (TAR) and DSBs (Li and Manley, 2005). The latter happens because R-
loops are cleaved by structure specific endonucleases to create DSBs (Lin and Pasero
et al., 2014). This process requires the NER endonucleases XPF and XPG as well as the
TCR factor CSB (Sollier et al., 2014). In this way, R loops have been associated with a
large number of cancers and human diseases in general.

R-loops can also act positively. Several examples can prove this function. The
accumulative R-loop environment leads to genomic rearrangements required for the
change of class of antibody. Moreover, R-loops regulate the expression of IncRNA
COOLAIR in Arabidopsis and protect the promoter of a subset of transcriptionally
active, unmethylated CpG islands, from the de novo methyltransferase DNMT3B1
(Roy et al., 2008; Sun et al., 2013; Ginno et al., 2012). The biggest challenge in the
field of R-loops would be to explore the mechanisms which could balance the “bright”
with the “dark” side of these RNA-DNA hybrids.

1.3c Recruitment or disassociation from sites of damage

DNA damage can either exclude or recruit splicing factors to the site of damage. On
the one hand, exclusion may take place at sites of damage because the cell pauses
transcription in order to provide access to the repair machinery and decrease the
association of splicing factors to limit mRNA processing (Shanbhag et al., 2010). It has
been shown that UV-induced transcription blocking DNA lesions decrease U2 and
U5/U6 snRNPs localization at irradiated sites proposing exclusion of late-stage
spliceosomes (Tresini et al., 2015). This spliceosome displacement has been proposed
to lead to R-loop formation which activates ATM and modulates global alternative
splicing. On the other hand, even though it has been proposed that splicing
components can be recruited to sites of damage, they may not participate in the repair
process but coordinate repair with splicing decisions. Sites of damage themselves are
poorly defined only by yH2AX stainings and it is not sure which proteins exist so close
in the DNA lesion (Lukas et al., 2011). However, there are multifactorial proteins that
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play important and direct roles in DNA repair, such as hnRNP C (moves to sites of
damage after IR), PRP19 (essential for DNA repair in yeast and activates ATR through
RPA interactions) and the other way around BRCA1 that functions in DDR but plays
roles in splicing as well (Anatha et al., 2013; Zhang et al., 2005; Savage et al., 2015).

1.3d Altering of expression

DNA damage also alters the expression of splicing factors. This happens in order to
modulate splicing processes towards needed mRNA products for translation. These
proteins are involved in DNA repair, cell cycle control and apoptotic signaling as well
as changing transcription-coupled splicing decisions such as speed of elongation (Ip et
al., 2011; Munoz at al., 2009).

1.4 XAB2

XAB2 (XPA Binding Protein 2) is a protein involved in both DNA repair (NER pathway)
and pre-mRNA splicing mechanisms. It consists of 855 amino acids with a molecular
mass of approximately 100kDa. NCI BLAST homology search reveals that it is highly
conserved among lower and higher eukayotes. Specifically, mouse XAB2 shares 99%
identity with its human homologue, 82% with that of zebrafish (Danio rerio), 61% with
the fruitfly (Drosophila melanogaster), 49% with Caenorhabditis elegans and 28% with
yeast (Saccharomyces cerevisiae). It is a predicted acidic protein containing three
stretches of acidic residues and belongs to the tetratricopeptide repeat (TPR)
superfamily. It comprises of 4 TPR domains (www.ebi.ac.uk) throughout the protein
molecule, mediating protein interactions, or 11 HAT (Half a TPR) which mediate
protein-RNA interactions (Nakatsu et al., 2000). Specifically, TPR structural motifs are
34 amino acid scaffolds which create alpha-helix pair repeats that fold together to
produce a single linear solenoid domain, the TPR (Lamb et al., 1995). TPRs have been
implicated in cycle control, transcriptional regulation, RNA processing, mitochondrial
and peroxisomal protein transport.

In humans the XAB2 gene is located at chromosome 19 (19p13.2) whereas in mice at
chromosome 8 (8A1.1) (www.genecards.org). The mouse XAB2 gene produces five
transcripts. Two of them are protein coding (855aa, 285aa) while the remaining three
do not produce any protein (www.ensembl.org).
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1.4a XAB2 is important for DNA damage repair and transcription

XAB2 was initially described by Nakatsu et al., 2000 where it was found enrolled in
TC-NER as it interacts with XPA, in yeast two-hybrid system assays (XPA Binding
Protein 2) and CSA, CSB in in vitro translation assays and in vivo immunoprecipitation
of whole cell extracts of SV-40 transformed CSA/B fibroblast lines. It was also shown
to interact with RNA-polll through co-Immunoprecipitation experiments in Hela
whole cell extracts. Specifically, Kuraoka et al., 2008 showed an interaction of the
XAB2 complex with the hyperphosphorylated form of RNApolllo (elongation) which
was enhanced upon DNA damage similar to the XPA interaction.

In addition, more evidence suggests the role of XAB2 in TC-NER and normal
transcription (Nakatsu et al., 2000). Microinjection of anti-XAB2 antisera in fibroblasts
of XPC patients, who lack functional GG-NER and would produce unscheduled DNA
synthesis (UDS) only from TC-NER, reduced the UDS in these cells compared to normal
human cells that derive UDS mainly from GG-NER. Moreover, the microinjection
inhibited the normal RNA synthesis (RS) which is attributed to transcription and the
recovery of RNA synthesis after UV irradiation (RRS) in normal human cells, where a
failure of RRS is known to be ascribed to defective TC-NER (Nakatsu et al., 2000).

The role of XAB2 in TCR and transcription was also shown by colony forming assays in
Hela cells knocked-down for XAB2. Specifically, these cells were hypersensitive to UV
light, suggesting a defect in NER and the RS as well as RRS were decreased (Yonemasu
et al., 2008).

Lastly, XAB2 has been found to regulate gene expression by associating with retinoic
acid receptor a (RARa) and histone deacetylase 3 (HDAC3). This complex acts as a
corepressor which inhibits gene activation by RARa. Binding of retinoic acid (ATRA) to
its receptor leads to the dissociation of XAB2 and HDAC3 allowing transcription of
RARa associated genes (Ohnuma-Ishikawa et al., 2007).
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1.4b XAB2 gene disruption leads to pre-implantation lethality

One of the most intriguing functions of XAB2 is the one in mouse embryogenesis.
Yonemasu et al., 2005 worked on elucidating the in vivo function of XAB2 through the
introduction of two types of mutations into the XAB2 gene in mice. One is the deletion
of the region encompassing the promoter and exons 1-4, XAB2(-/-) and the other one
is the deletion of C-terminal 162 amino acids, XAB2(-%¢/-<9). The group observed both
types of heterozygous mice to appear normal as far as physiology and behavior is
concerned, but surprisingly, homozygous mutants were selectively absent in the
newborn mice. Having analyzed the embryos at different stages of development, they
discovered that XAB2-homozygous mutants could only survive until the morula stage
and did not have the ability to develop to the blastocyst stage (Figure 7).

Wild type Heterozygote Homozygote abnomal developmental embryos
(null) (null)

before
compaction

morula

blastocyst

Figure 7. The embryos that have been collected from the XAB2(+/-) intercrosses were examined at 3.5
d.p.c and were separated into normal (left panel) and abnormal (right panel) developmental embryos.
The abnormal developmental embryos did not manage to reach compaction which normally occurs at
the eight-cell stage of development (Adapted from Yonemasu et al., 2005).

1.4c XAB2 is involved in pre-mRNA splicing

XAB2 has been found to be part of a multimeric protein complex from
immunoprecipitation assays of HelLa nuclear extracts which stably express FLAG-XAB2
(Kuraoka et al., 2008). Using mass spectrometry analysis, it was shown that the
protein complex which was isolated had six subunits, hAquarius (IBP160), XAB2
(hSYF1), hPRP19, CCDC16, hISY1 and peptidyl-prolyl cis-trans isomerase E (PPIE). All
these proteins have been implicated in pre-mRNA splicing. The fact that XAB2 consists
of 4 TPR motifs which are responsible for both inter and intra-molecular protein
interactions means that it could simultaneously interact with many proteins. The
deletions of various lengths in the FLAG-XAB2 protein in Hela cells, suggested that the
N-terminal regions of 1-469, 1-699, 1-734 are required for the binding of CCDC16,
hAquarius and hPRP19, respectively and that the N-terminal region of 1-295 is
responsible for hISY1 and PPIE interactions (Kuraoka et al., 2008). Moreover, knock-
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down of XAB2 in Hela cells resulted in the decrease of hAquarius and hISY1 protein
levels suggesting that XAB2 is crucial for the expression or stability of the affected
subunits (Kuraoka et al., 2008). In order to check whether pre-mRNA splicing is
affected in the knock-down cells, Bcl-x mRNA was studied and difference in the
expression of the alternative spliced products was detected. XAB2 has also been found
to interact with human Debranching enzyme 1 (hDbr1), part of the Intron Large (IL)
complex, which acts as an intermediate complex of the intron degradation pathway.
This interaction was suggested through immunoprecipitation experiments from total
cell lysates of HEK293T with Flag-tagged proteins even though mass spectrometry
experiments from the same group did not detect such an interaction (Masaki et al.,
2015).

Furthermore, Hofmann et al., 2010 propose that XAB2 is part of Complex C in the pre-
mMRNA splicing reaction, associated with the catalysis of the second transesterification
reaction. An RNAI screen of pre-mRNA splicing factors essential for mitosis showed
that XAB2 knocked-down cells exhibit mitotic delay, M alignment delay and m-phase
delay which ultimately leaded to cell death (Neumann et al., 2006). This agrees with
the lethal phenotype of XAB2 expressed by Yonemasu et al., 2005.

The hPRP19/CDC5L complex (both interact with XAB2) with ~30 more other proteins
is part of the Nineteen-containing complex (NTC) and is recruited by the spliceosome
to help it maintain its catalytically active RNA network (Grote et al., 2010). It is
proposed that NTC is present at the human Complex C but is less tightly associated
with the core complex. It has also been found in the 35S-supercomplex, a proposed
dissociation product of the splicing machinery that includes U5snRNP, NTC and other
accessory proteins. However, given its great stability, it is highly likely that it is
recruited earlier, from the stage of step 1 splicing reaction (Complex B) (Makarova et
al., 2004).

1.4d XAB2 preferentially binds RNA

Lastly, gel mobility shift assays have proposed that XAB2 has the ability to
preferentially bind RNA and not DNA (Kuraoka et al., 2008).
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1.4e XAB2 involvement in the end resection step of homologous
recombination

XAB2 has also been found to participate in the homologous recombination repair
pathway (HR) for the repair of DSBs. Specifically, Onyango et al., 2016 show that XAB2
is involved in the end resection step that generates the 3’ ssDNA intermediate in the
HR (Figure 8). This role emerged from Camptothesin (Cpt) treatment, which induced
damage, in U20S cells. XAB2 forms a complex with ISY1 and PRP19 which localizes to
interchromatin granules having adjacent localization with yH2AX. It should be noted
that their siXAB2 experiments showed no change in yH2AX foci which contrasts the
siRNA study from Miller et al., 2009. Lastly, their mass spectrometry analysis upon Cpt
treatment was not able to detect any NER interactors, BRCA1 or CtIP with which XAB2
is suggested to associate functionally.
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Figure 8. XAB2 role in the end resection step of HR. XAB2 interacts with PRP19 and ISY1 and they are
localized in interchromatin granules, separate from DSBs. XAB2 promotes a series of DDR responses
that are associated with the end resection step of DSBs which are required for both HDR and SSA but
not EJ. (Adapted from Onyango et al., 2016)
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2. Aim of the Study

The fact that the disruption of the XAB2 gene leads to pre-implantation lethality,
makes XAB2 a fascinating protein to study. XAB2 has been shown to participate in
several processes, among which are the repair of DNA lesions (NER and HR pathways),
pre-mRNA splicing and transcription. However, its direct role and functions in vivo are
yet to be elucidated. To decipher the role of XAB2, we used RNAi combined with
immunostaining, immunoblotting and RNA-seq assays. Immunoprecipitation assays
were also conducted to verify previously shown XAB2 interactors in our system and
shed light in the complexes it participates.
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3. Materials and Methods

3.1 Cell culture

3.1.aJM8A3.N1 & bioXAB2;birA mESCs

JM8A3.N1 is a highly germline competent C57BL/6N mouse embryonic stem cell line.
The dominant agouti coat color gene was restored in these cells by targeted repair of
the C57BL/6 nonagouti mutation (Pettitt et al., 2009). IM8A3.N1 mESCs were cultured
on 0.2% gelatin coated tissue culture vessels, in DMEM (Gibco) supplemented with
15% FBS, 0.5% Penicillin =Streptomycin, 1% L-glutamine, 1% Non-essential Amino
Acids, 4.8% LIF (supernatant from CHO cells expressing human recombinant LIF), CHIR
(3uM), PD (1uM) and 0.001% B-merkaptoEtOH. Medium was renewed daily and cells
were split every two to three days. Plates were incubated at a humidified 37°C, 5% CO-

incubator.

We have also used mESCs isolated from bioXAB2*/*;birA mice generated in our lab.
They bear an Avidin-TEV-Flag (ATF) tag that comprises an Avidin and a Flag affinity
moiety linked by a cleavage site which is recognized by the protease TEV. The Avidin
tag is recognized and biotinylated by the bacterial BirA ligase creating a very high
affinity module in order to isolate the interactors of XAB2. The TEV site allows the
elution of the isolated complexes from the streptavidin beads whereas the Flag tag is
used for the second round of purification. The targeting vector can be observed at
Figure 9. BioXAB2;birA mESCs were isolated using standard protocols (Czechanski et
al., 2014) and were cultured in the same way as IM8A3.N1 cells.

As far as the generation of ATF-tagged XAB2 knock-in mice is concerned, targeted ESCs
with the desired vector were injected in blastosysts which were then transferred in
pseudopregnant foster mothers. The embryos generated chimera mice which were
crossed with C57BL/6 mice. The ATF-tagged knock-in XAB2 offsprings were crossed
with BirA transgene mice to produce Biotinylated XAB2 mice.

wt Xab2 ex 9-19 3'utr

locus

pBSK
targeting ex9-12  ex13-19 l_ 3’homology | packbone MC1-TK

vector 13kb 1.2kb 2.4kb 3.6kb

5’homology

. ATF Tag ( LoxP site - Neomycin resistance (positive selection)

MC1-TK  Thymine kinase (negative selection)

Figure 9. The targeting vector has an Avidin-TEV-Flag (ATF) at the 3’ prime of XAB2 gene. (Adapted and
manufactured from Ph.D candidate M. Tsekrekou)
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3.1.b Mouse Embryonic Fibroblasts (MEFs)

Isolation of MEFs from mouse embryos

C57BL/6 MEFs were isolated by standard protocols (Xu, 2005). In brief, MEFs were
isolated from C57BL/6 pregnant females at day 13.5 of gestation. The mouse was
sacrificed by cervical dislocation, sprayed with 70% Ethanol and subsequnently
dissected inside the tissue culture hood. The uterus was dissected out using blunt
forceps and sterile dissection scissors, (caution was taken not to damage internal
organs or getting contact with the mouse skin) and transferred in a 10-cm tissue
culture dish containing 10ml sterile PBS (DULBECCO’S w/o Mg?*, Ca?*). A pair of fine
watchmakers forceps was used to hold the uterine wall and cut through one side of
the uterine wall to expose individual embryos. The yolk sac was opened and each fetus
was dissected out, free of extra-embryonic membranes and placed in a new, clean 10-
cm tissue culture dish with sterile PBS where the soft organs and viscera were
removed (e.g liver, brain, gut etc.). The brain was either removed and discarded or
kept for genotyping in the case that the parental mice were heterozygous. The
remaining carcass was cut into small pieces using scissors and placed into 15ml falcon
tubes containing 3ml 0.5X Trypsin (GIBCOM 10X) (1 embryo per falcon). It was left at
a 37°C water bath for 20 to 30min depending on the efficiency of the Trypsin and
diluted by hand every 5min. Tubes were then vigorously resuspended, to break up the
digested tissues into a cell suspension, three to five times. 4ml MEF culture medium
was mixed and tubes were centrifuged at 1.200rpm, 5min at room temperature (RT).
Cell pellet was resuspended in 1Iml MEF medium and homogenized by pipetting up
and down and then placed into 6-cm culture plates containing 5ml of MEF medium.
Plates were incubated at a humidified 37°C, 5% CO incubator.

MEFs isolated from mouse embryos can be expanded in culture and manipulated
experimentally at passages 3 and 4 or cryopreserved in a -80°C freezer or liquid
nitrogen tank when they have reached 80-100% confluency after isolation. They can
be used as primary cultured cells or further immortalized to generate cell lines that
can be maintained permanently in culture. MEF culture medium consists of DMEM,
10%FBS and 1.5% Penicillin —Streptomycin and is renewed every 2-3 days.
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3.2 Transfection assays

3.2a siRNA of XAB2 in different cell types

Small (or short) interfering RNA (siRNA) is a synthetic RNA duplex which has been
designed to target a specific mMRNA or even a long non-coding RNA (IncRNA). This
synthetic RNA is commonly used as a RNA interference (RNAI) tool in order to induce
short-term silencing of protein coding genes. This transient knock-down can take place
in various cell lines and primary cells and experiments in this matter are limited within
96h after transfection of these synthetic nucleotides.

siRNAs are double stranded: one of the RNA strands is the antisense (or guide) and
the other one is the sense (or passenger) strand. These two form a duplex of 19 to 25
nucleotides with 3’ dinucleotide overhangs. This dsRNA can be transfected into cells
and used by the RNAi machinery which cleaves and degrades the complementary
single target mRNA sequence in the cytoplasm (dharmacon.gelifesciences.com).

The dsRNA is loaded onto the RNA-induced silencing complex (RISC). This complex
contains Argonaute 2 (Ago-2) which has the ability to cleave and release one strand
from the dsRNA. That is the guide siRNA which activates the RISC complex and can
direct the specific binding in the target mRNA through complementarity. Afterwards,
Ago-2 cleaves the target mRNA between bases 10 and 11 relative to the 5’ end of the
siRNA antisense strand and in this way causes mRNA degradation and gene silencing
(Wang et al., 2010) (Figure 10.).

The dsRNA can be delivered to a cell by transfection (cationic liposomes or polymer
based), electroporation (electrical pulse) or viruses (lentivirus, adenovirus, retrovirus).
Our siRNA experiments were conducted using Lipofectamine 2000 (Invitrogen), a
cationic lipid-based carrier (de Fougerolles et al., 2008). Cationic lipids have three
parts, a cationic head group, a lipophilic tail group and a connecting linker. The cationic
lipid has the ability to spontaneously form multilamellar structures with negatively
charged nucleic acids such as siRNA upon mixing. The lipocomplexes (lipofectamine
and dsRNA) can protect the siRNA from being degraded and as a consequence,
facilitate the cellular uptake of the dsRNAs through endocytosis (Wang et al., 2010).
Moreover, the release of the siRNA from the endosomal/lysosomal entrapment is
enhanced in a way that siRNA accumulates in the cytosol and can target the mRNA for
cleavage.
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Figure 10. Mechanism of RNAI using dsRNA nucleotides (Adapted from Wang et al., 2010).

The dsRNA nucleotides were designed using the Dharmacon online tool and ordered
from Invitrogen. Their names are attributed to the position of the first nucleotide of
the XAB2 cDNA that they target. For example, 1685 RNA nucleotide sequence starts
from the 1685 nucleotide of the XAB2 cDNA. The sequence as well as the transcript
ID target of each dsRNA is shown at Table 1.

dsRNA nucleotide 5’->3’ prime sequence TRANSCRIPT TARGET ID
1355 CCTTAAAGCTGCTGCGGAAUU ENSMUST00000019614.12
1460 GGTCCATGCTTGCCGACTTUU ENSMUST00000019614.12

ENSMUST00000159548.1
ENSMUST00000159235.1
1685 CCAAATTCATCTCGCGCTAUU ENSMUST00000019614.12
ENSMUST00000159548.1
ENSMUST00000159235.1
1874 CAGCACAGCAGTACGACATUU ENSMUST00000019614.12
ENSMUST00000159548.1
ENSMUST00000159235.1

Table 1. Main information on the dsRNA nucleotides used for the siRNA transfection experiments.

The protocol followed in order to knock-down XAB2 in Mouse Embryonic Fibroblasts
was a combination of Singh et al., 2015, Ma et al., 2010 and Lipofectamine 2000
Manufacturer’s Protocol, whereas for the knock-down of XAB2 in JM8A3.N1 and
bioXAB2;birA mouse embryonic stem cells, it was a combination of Ma et al., 2010
and Lipofectamine 2000 Manufacturer’s Protocol (Mouse D3 embryonic stem cells
siRNA transfection).
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To prepare siRNA/lipid solutions for each 6cm plate, 600pmol of siRNA (20pmol/ul)
for MEFs or 250pmol of siRNA (20pmol/ul) for mESCs were diluted in 500ul OPTI-
MEMI (Invitrogen) and incubated at room temperature for 5min. In a separate tube,
10ul of Lipofectamine 2000 (Invitrogen) was diluted in 500ul OPTI-MEMI and
incubation was carried out for 15min at room temperature. The contents of the two
tubes were combined by gentle pipetting and incubated at room temperature for 20-
40min. The resulting transfection solution (complexes, 1.040mL for MEFs or 1.022mL
for mESCs) was used to resuspend a cell pellet of 3x10°> MEFs at passage 4 or 1x10°8
mMESCs. The mix was flicked every 2min and incubated for 7-9min. The cells-complexes
mix was added dropwise in 6cm tissue culture plates containing 5ml MEFs or mESCs
growth medium. Fresh medium (2mL) was added 24h post-transfection. Subsequent
analysis (RNA or protein extraction, stainings) was performed 48h or 72h post-
transfection. In case that subsequent staining was to be performed, 0.2% gelatin
coated plates with coverslips were used. To further improve the knock-down
efficiency, the dsRNA concentration was increased up to 1.4 times for MEFs or 1.6
times for mESCs (it will be mentioned in each case). Scrambled (AllStars Negative
control, Qiagen), mock transfected (lipofectamine only) and untransfected controls
were also included.

3.2b Overexpression of XAB2 in MEFs

On the first day, Passage 3 MEFs were split in 6cm plates of 3x10° cells each. On the
second day, 8ug of plasmid DNA (50ng/pl) carrying the XAB2 cDNA fused with the ATF-
tag was used to overexpress XAB2 according to the manufacturer’s protocol.

3.3 RNA extraction

RNA extraction was conducted either with TRIreagent (Sigma), according to
manufacturer’s protocol for the evaluation of the knock-down efficiency, or with
RNeasy Mini Kit (QIAGEN) for the RNA-seq experiments.

RT-gPCR

For the first strand (cDNA) synthesis a mix of 1ug total RNA (~500ng/ul), 1ul of Oligo
dT (Invitrogen) and RNase free water to 11.5ul final volume was prepared and
incubated in a thermocycler at 65°C for 10min and 4°C for 5min. During the 5min
incubation at 4°C, 8.5ul of the RT mix (5x RT buffer, 10mM dNTPs, 0.1M DTT, RNAse
Out (40u/ul) and Superscript 1)) was added in each sample to reach a 20ul final
volume. Afterwards the samples were incubated at 42°C for 60min and cooled at 4°C.
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The samples were diluted 5X with ddH,0 and stored in -20°C or used for gPCR
according to the reaction mixture shown in Table 2.

5x diluted cDNA 2.5ul
50mM MgCl>
1.25ul
10x Platinum Taq 2.5ul
Buffer
SYBR1 (1/2000) 0.75ul
10mM dNTPs 0.4pl
gPCR primer mix 4ul
Platinum Taq 0.1pl
Polymerase
H20 13.5ul
Final volume 25ul
PRIMERS SEQUENCE
XAB2 F: 5- TCATGGCTTCACAGATGCTC-3’
R: 5'-GGATGCATCACTCCTCACAA-3’
HPRT F: 5'-CCCAACATCAACAGGACTCC-3’
R: 5’CGAAGTGTTGGATACAGGCC-3’

Table 2. Upper: gPCR reaction mixture, Lower: Primers sequence of XAB2 and HPRT cDNA used for qPCR
reaction

It should be noted that SYBR Green was added just before adding the mix to the
samples. Knock-down efficiency was evaluated by the relative expression of XAB2
cDNA to HPRT cDNA (Table 2.). The PCR program that was followed was: 94°C for
5min, 94°C for 15s, 60°C for 25s, 72°C for 25s, 78°C for 1s (x39 cycles from second
step), 72°C for 2min, 72°C for 1s and 94°C for 5 s.

3.4 Western Blot

Protein extraction

Adherent cells were washed twice with PBS, trypsinised with 1x Trypsin (GIBCO) and
centrifuged at 1.200rpm for 5min, RT. The cell pellet was washed once with PBS and
resuspended with 5 volumes of Whole Cell Protein Extraction Buffer (50mM Tris-HCL
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pH=7.5, 150mM NaCl, 5% Glycerol, 1% NP-40, ImM PMSF, 1x Pls (Sigma)). The mix
was kept on ice for 30 min and was flicked by hand every 5min. Cellular debris were
then pelleted at 14.000rpm for 15min at 4°C. Supernatant was kept as the whole cell
protein extract and its protein concentration was determined by Bradford assay. As
far as the Bradford assay is concerned, 20ul were used for each BSA standard
(0.1pg/ul, 0.25ug/ul, 0.5ug/ul, 0.75ug/ul, 1ug/ul) and 1-4 ul were used from the
extracts/WCE buffer as control, depending on cell pellet. 1ml of BIORAD working
solution (stock solution diluted 1:5 with ddH.0) was added to each sample and
200ul/sample were transfered in duplicates in a 96-well plate. The absorbance was
measured by [Elisa reader] using Chromate Manager application.

SDS-PAGE

Whole protein extracts (50ug) were rediluted with ddH;0 and 5x Loading Dye in a final
volume of 50pul and were heated for 10min at 80°C. The apparatus used for the SDS-
PAGE is the Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (BIORAD). Samples
were then loaded into an SDS-PAGE gel using gel loading tips. As far as the SDS-PAGE
gels are concerned, separating gels of 10% for a M.W range of 20kDa -300kDa and 14%
for a M.W range of 3kDa- 100kDa were used. Stacking gel is poured on top of the
separating gel and a gel comb is inserted in the stacking gel. The acrylamide
percentage in SDS-PAGE is dependent on the size of the target protein in the sample.

10ml separating gel:

10% 14%

3.35ml Acrylamide-Bis-acrylamide (29:1) | 4.7ml Acrylamide-Bis
2.5ml Tris 1.5M, pH=8.8 2.5ml Tris 1.5M, pH=8.8
100ul 10% SDS 100ul 10% SDS

70ul APS 10% 70ul APS

5ul TEMED 5ul TEMED

4ml ddH20 2.6ml ddH20

10ml stacking gel:

1.35ml Acrylamide-Bis (29:1)
2.5ml Tris-HCI 0.5 M, pH=6.8
100ul 10% SDS

70ul APS

10ul TEMED

6ml ddH-0

Table 3. The volumes of the separating and stacking gels for one 1.5mm thick gel.
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The SDS-PAGE runs for an approximate time of 2h (30min in 50V until proteins have
exited from the stacking gel and 1h and 30min in 110V for the proteins to be
completely separated).

TRANSFER

After electrophoresis, the separated proteins are transferred onto a solid support
matrix which in this case is a nitrocellulose membrane (Life Sciences). Specifically,
after the apparatus is disassembled, the electrophoresis gel is put in Running Buffer
and the stacking gel is removed. The separating gel is then kept in Transfer Buffer until
transfer apparatus is ready. Wet electroblotting (Tank Transfer) was used (Mini Trans-
Blot® Cell) in which as already mentioned the gel was first equilibrated in transfer
buffer. The gel is placed in a “transfer sandwich” (sponge—> 2 whatmann papers—>
gel> nitrocellulose membrane—> 2 whatmann papers—>sponge). All these were
pressed together using a support grid and the gel sandwich was placed vertically in a
tank between stainless steel wire electrodes and filled with transfer buffer. The gels
were electrotransfered using 300mA as a constant current for 1h in RT by the addition
of an ice pack in the apparatus.

Detection

After the transfer of the proteins from the gel, the nitrocellulose membrane was
washed once with PBS-T buffer (PBS, 0.1% Tween) and Ponceau buffer (Sigma) was
added in order to detect the proteins that had been transferred. Following two 5min
PBS-T washes, the membrane was blocked in 5% milk in PBS-T for 1h, RT in order to
prevent non-specific binding of the detection antibodies during subsequent steps. The
blocked membrane was probed using the antibodies depicted in Table 4., overnight in
1% milk-PBS-T at 4°C.

Primary Species Dilution Company Secondary Dilution
Antibody Antibody
XAB2 Rabbit 1:1000 Abcam o-Rabbit HRP | 1:10.000
RNA-polll Mouse 1:500 Santa-Cruz a-mouse HRP | 1:10.000
y-tubulin Goat 1:500 Santa-Cruz a-goat HRP 1:5.000
XPB Rabbit 1:500 Santa-Cruz a-Rabbit HRP 1:10.000
XPA Mouse 1:500 Santa-Cruz o-mouse HRP | 1:10.000

Table 4. Information on the antibodies used for immunoblotting are depicted.

Following the overnight incubation with the primary antibody, the membrane was
washed 3 times for 5 or 10min with PBS-T and incubated with the secondary
antibodies diluted as well, in 1% milk in PBS-T, for 1h RT. HRP (horseradish peroxidase)
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conjugated antibodies were used as a label for protein detection and the array of
chemiluminescence substrate was available for the use of this enzyme (ECL-Thermo
Scientific). The signal is a transient product of the enzyme-substrate reaction and
persists as long as the reaction is occurring. The detection was allowed using X-ray
films (Fujifilm) in 4 exposure times (instant, 30s, 1min and 3min).

3.5 Immunocytochemistry for Adherent Cells

MEFs, JM8A3.N1 and bioXAB2;birA mESCs were fixed in methanol for 10min in -20°C
and 4% formaldehyde fixation freshly made was also conducted for 10min in RT. Two
times PBS washes followed. If coverslips were previously kept in -20°C, 3 times PBS
washes for 5min each was done.

Blocking and permebilization were conducted for 1h at RT with 1% BSA, 0.1%Triton X
in PBS (B1 buffer). Desired primary antibodies (Table 5.) were prepared in B1 buffer
and mix was added on a parafilm with the coverslips having cells facing down for 1h
or 2h RT. Coverslips were then washed with B2 buffer (0.1% Triton X in PBS), cells
facing upwards, 3 times, 10min per wash on a rotating platform.

Primary Fixation Species Dilution Company Secondary Dilution
Antibody Antibody
Alexa-fluor
488/555
XAB2 F/A Rabbit 1:1000 Abcam a-rabbit 1:2000
y-H2AX F/A Mouse 1:100 Millipore o-mouse 1:2000
pATM F/A Mouse 1:1000 Santa-Cruz a-mouse 1:2000
S9.6 methanol Mouse 1:200 Kerafast a-mouse 1:2000
Rad51 F/A Rabbit 1:50 Santa-Cruz a-rabbit 1:2000
Nucleolin F/A Rabbit 1:1000 Abcam a-rabbit 1:2000
RNA-polll F/A Mouse 1:50 Santa-Cruz a-mouse 1:2000
RPA F/A Mouse 1:100 Abcam a-mouse 1:2000
LaminB1 F/A Rabbit 1:100 Abcam a-rabbit 1:2000
XPA F/A Mouse 1:50 Santa-Cruz a-mouse 1:2000
Flag F/A Mouse 1:1000 Sigma o-mouse 1:2000

Table 5. Information on the antibodies used for the immunocytochemistry experiments are depicted.

Following the washes, cells were incubated with secondary antibodies (Table 5.) and
DAPI (nuclear staining, Thermo Scientific, 1:20000) diluted in B1 buffer for 1h RT.
Coverslips with cells facing upwards were washed 3 times with B2 buffer, 10min per
wash on a shaking platform. Lastly, the specimens were mounted (cells facing down)
with 80% glycerol in PBS on microscope slides and stored in 4°C for a short period of
time or -20°C for long term storage. Immunostainings were analyzed using confocal
microscopy at the Leica SP8 inverted confocal of the IMBB-FoRTH imaging facility.
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3.6 Immunoprecipitation Assay

Co-immunoprecipitation followed by western blot was carried out to validate
previously shown XAB2 interactors in nuclear protein extracts from MEFs treated and
untreated with UV irradiation.

Day 1.

At the first day of the assay, cells were lysed, cell pellet was washed once with PBS
and resuspended in five volumes of NP-40 Lysis Buffer (10mM Tris-HCl pH=7.4, 10mM
NaCl, 3mM MgCI2, 0.5% NP-40, 1mM PMSF, 1x Pls- PMSF and Pls were added before
use). The mix was rotated for 10min at 4°C and centrifuged at 1.500rpm, 4°C for 5min.
Supernatant was kept as the cytoplasmic fraction and a second NP-40 wash for 3min
followed. The mix was centrifuged at 1.500rpm for 5min at 4°C and the supernatant
was discarded. Pellet was resuspended in five volumes of High Salt Buffer (10mM
HEPES pH=7.9, 20% Glycerol, 380mM KCl, 3mM MgCl2, 0.2mM EDTA, 1mM DTT, 1ImM
PMSF, 1x Pls) and incubated at 4°C for 1h on a rotating platform. Insoluble nuclear
material was precipitated by centrifugation at 13.000rpm for 30min at 4°C and the
supernatant was kept as the nuclear extract. The concentration of the proteins of both
the cytoplasmic and the nuclear extracts were measured using Bradford (BIORAD)
assay.

Two immunoprecipitation reactions were prepared: one for the antibody of interest
and one for the species matched IgG control. For each reaction 500ug of nuclear
extract was used and diluted three times with HENG buffer (10mM HEPES-KOH pH=9,
5mM MgCl,, 25mM EDTA, 20% Glycerol, 1mM PMSF (100mM) or Pls) and
supplemented with benzonase (1ul/mg of protein), RNAse H (0.2ug/ul), MgClz (2mM),
1mM PMSF and Pls (1:1000). All samples were incubated overnight at 4°C rotating
with a minimal volume of 500ul. An input sample was prepared by diluting 50ug of the
nuclear extract (1/10 of the IP material) in Laemmli buffer, heated at 80°C for 10min
and stored at -20°C.

Day 2.

On the second day, sepharose beads (100l for preclearing and 50ul for each IP of
500ug protein) were prepared: beads were washed with 1mL PBS on a rotating
platform for 1h, RT. The beads were precipitated by centrifugation at 6.000rpm for
3min. The washes were repeated for two more times. Beads were then blocked by
adding 1ml HENG and 200ug/ml of Chicken Egg Albumin (20mg/mL) for 1h at a
rotating wheel at room temperature and centrifuged at 6.000rpm, 3min, RT.
Supernatant was discarded and the nuclear extracts that had been incubated
overnight with benzonase and RNase were added on the beads to be pre-cleared for
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1h at 4°C. After a centrifugation of 6.000rpm for 3min at 4°C, supernatants were
incubated overnight at a rotator at 4°C with the desired antibodies (XAB2: 5ug/IP, IgG:

3.5ug/IP).
Day 3.

At the third day, the nuclear extract-antibody mixes were added to the pre-
equilibrated and blocked beads (50ul) for 1h- 2h at 4°C on a rotator. They were
afterwards centrifuged at 6.000rpm for 3min, at 4°C and the flow-throughs were kept
on ice. Beads were rinsed twice and washed (10min each, 4°C, rotator) three times
with Wash buffer (HENG, 380mM KCL, 0.3% NP-40, 0.5mM PMSF or PlIs). After one
rinse with PBS, bead-bound proteins were eluted by boiling in 2X Laemmli buffer for
10min at 80°C, 800rpm. Flow-throughs were prepared by redilution in 5x of Laemmli
buffer. All samples were stored in -20°C until loading on a polyacrylamide gel (marker-
input- IP- 1gG control- S/N).

3.7 RNA-seq data analysis

RNA was extracted from 6cm plates of IM8A3.N1 cells from biological triplicates of
mock (lipofectamine only) and siRNA for XAB2 samples. 1ug RNA from each sample
was ran in the lon Torrent Next Generation Sequencer. Sequencing data were quality
tested using the FastQC quality control application. The reads obtained were aligned
to the mouse genome (mm103884). The cufflings algorithm was used in order to
detect differentially expressed and spliced genes between the control and XAB2
knock-down samples. False Discovery Rate (FDR <0.05) was used in order to
distinguish statistically important differences between mock and siRNA samples.

38



4. Results

4.1 Efficient knock-down of XAB2 in three different cell types

Our main objective was to identify the cellular phenotype in the absence of XAB2. To
address this, we established protocols to efficiently knock-down XAB2 in MEFs and
two genotypes of mESCs. Four different 21bp dsRNA nucleotides were designed using
the Dharmacon online design tool. The efficiency of RNAi was evaluated for each
oligonucleotide RNA (single oligonucleotide experiments), as well as for several
combinations, (double or triple oligonucleotide experiments) by mRNA expression and
protein levels.

As shown in Figure 11, a single oligonucleotide RNA (1685), two double combinations
(1874-1685, 1355-1685) and a triple combination of oligonucleotide RNAs (1874-
1355-1685) had the highest knock-down in the RNA levels of XAB2, 24h post-
transfection, using the untreated cells as a control. It must be noted, as this was the
first experiment conducted, cells transfected with lipofectamine and scrambled RNA
oligonucleotides were stressed more than the rest of the knock-down experiments
which explains the ~“40% knock-down of XAB2. We also isolated protein extracts 24h
post-transfection, using the TRI (Sigma) protocol, which directed the redilution of the
protein pellet in 1% SDS, which did not allow the protein quantification by Bradford
assay. Moreover, it seems that our loading control in Western blots, TBP, is an off
target of the dsRNA oligonucleotides. However, 1685 RNA oligonucleotide seems to
produce the highest decrease in XAB2 protein levels among its counterparts with the
same loading control quantity (Figure 11.).

Since 1685 oligonucleotide is sufficient to reduce effectively the XAB2 mRNA and
protein levels, it was used in a 12-well plate format in JIM8A3.N1 cells to study the RNA
and protein levels of XAB2 at 24h, 48h and 72h post-transfection (Figure 12.). Xab2
MRNA levels are efficiently reduced at 24.2% of the scrambled control 24h post-
transfection, a percentage that is slightly enhanced after another 24h (16.8%). The
protein levels, however, are significantly reduced only after 48h. Both the mRNA and
protein levels are restored 72h after siRNA transfection which is a consequence of the
minimal number of cells still attached on the tissue culture plate surface rather than
loss of siRNA activity. This is in agreement with several studies (Kuraoka et al., 2008;
Ohnuma-ishikawa et al., 2007; Onyango et al., 2016). In this way, our experiments
were limited to 48h post-transfection, even though in some cases, we managed to
obtain RNA and protein, 72h post-transfection (Figure 12.).
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Figure 11. In the upper panel, the percentage of XAB2 mRNA levels, 24h after transfection of IM8A3.N1
cells with the four oligonucleotides (1355, 1460, 1685, 1874) and combination of them, are depicted.
In the lower panel, the protein levels of XAB2, 24h post-transfection are shown, where the most
efficient knock-down of XAB2 is due to 1685 siRNA oligonucleotide.

Further knock-down experiments of XAB2 were also conducted in bioXAB2;birA mESCs
using the most efficient RNA oligonucleotide, 1685. A knock-down of 74.3% in the RNA
levels of XAB2 was managed 48h post-transfection, in a 12-well plate format
experiment and the decrease of XAB2 was also prominent at its protein levels as well
(Figure 13.).
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Figure 12. In the upper panel, the low percentage of XAB2 mRNA levels 24h and 48h after transfection
of 1685 RNA oligonucleotide in JM8A3.N1 are depicted. In the lower panel, the protein levels of XAB2,
24h, 48h and 72h are shown, where the most efficient knock-down of XAB2 is 48h post-transfection.
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Figure 13. In the upper panel, the XAB2 RT-qPCR analysis shows the mRNA levels 48h after transfection
of 1685 RNA oligonucleotide in bioXAB2;birA mESCs. In the lower panel, the protein levels of XAB2 48h
post-transfection are shown. The efficient knock-down of XAB2 in 48h post-transfection is obvious both
in its RNA and protein levels.
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Moreover, the flag-tagged protein can hardly be detected in the immunostaining using
a flag antibody, another assay used to verify the efficient knock-down of XAB2 protein
levels in bioXAB2;birA knocked-down cells (Figure 14).

FLAG DAPI MERGE
T =<
a 2
w
D
£
< 3
w

Figure 14. XAB2 staining, using a flag antibody for the flag-tagged XAB2 in the knocked-down
bioXAB2;birA mESCs, shows the decrease of XAB2 48h post-transfection, in comparison to the cells
transfected with scrambled RNA oligonucleotides.

Mouse Embryonic Fibroblasts were also chosen, as a primary cell type, for the knock-
down assays as they do not form colonies (flatter structure) and have larger cytoplasm
than mESCs, allowing (easier and safer) immunostaining observation. Passage 4
C57BL/6 MEFs were transfected with the 1685 RNA oligonucleotide in a 6cm plate
format and a knock-down of XAB2 both in its RNA (80.05%) and protein levels was
achieved 48h post-transfection (Figure 15.).
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Figure 15. In the upper panel, the XAB2 RT-qPCR analysis shows the mRNA levels 48h after transfection
of 1685 RNA oligonucleotide in passage 4 C57BL/6 MEFs, whereas in the lower panel, the protein levels
of XAB2 48h post-transfection are shown. The efficient knock-down of XAB2 in 48h post-transfection is
obvious both in its RNA and protein levels.

4.2 XAB2 knock-down reduces RNA-DNA hybrids

It is known that deletion of RNA binding factors that are associated with pre-mRNA
processing leads to the formation of R-loops which activate the ATM pathway and lead
to DSBs (Li and Manley et al., 2006; Aguilera and Garcia-Muse, 2012). Given that
XAB2 is considered a pre-mRNA splicing factor, we decided to assess the impact of its
elimination on R-loop formation. To address this, we used the $9.6 antibody, which
detects RNA-DNA hyrbrids, in mESCs as well as MEFs subjected to siXAB2. In an
untreated cell (Sollier et al., 2014), RNA-DNA hybrids are highly detected throughout
the cytoplasm and in the nucleolus. However, the staining showed reduction of these
hybrids in the nucleoli of JM8A3.N1 mESCs, 72h post-transfection (Figure 16.) and
absence of these hybrids in the nucleoli of MEFs, 48h post-transfection (Figure 17.).
The time difference of the phenotype could be attributed to the difference in dsRNA
concentration or stress response among the cell types. The signal was dispersed and
faint, in comparison to the cells transfected only with the scrambled RNA
oligonucleotides, as detected in Figure 16. Such a finding suggests that transcription
taking place in the nucleolus which deals with rRNA is less active in the knock-down
cells. Moreover, nucleolin, a protein required for rRNA transcription (synthesis and
maturation of ribosomes), is more dispersed and present throughout the nucleus
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(compared to the concentrated in a few areas phenotype in siScrambled cells), 72h
post-transfection in the siXAB2 cells, suggesting nucleolar disruption.
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Figure 16. S9.6 staining shows the decrease of RNA-DNA hybrids in the nucleolus of 72h post-
transfected siXAB2 mESCs in comparison to siScrambled cells whereas nucleolin seems more dispersed
72h post-transfection in the siXAB2 cells compared to siScrambled cells.
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Figure 17. S9.6 staining shows the decrease of RNA-DNA hybrids in the nucleolus of 48h post-
transfected siXAB2 MEFs in comparison to siScrambled cells.
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Having observed the decrease of the RNA-DNA hybrids in knocked-down JM8A3.N1
mMESCs and MEFs, it was concluded that this must be a universal phenomenon as far
as the XAB2 knock-down is concerned. Moreover, it could be linked to a deficiency in
transcription and this is the reason why RNA polll expression was studied. It seems
that this might be the case as RNApolll protein levels are slightly decreased both 24h
and 72h after transfection of 1685 RNA oligonucleotide in JM8A3.N1 mESCs and 48h
post-transfection in MEFs (Figure 18.). RNA polll levels were also studied through
immunostaining in which the signal of RNA polll is less detectable in comparison to
the siScrambled in bioXAB2;birA mESCs 72h post-transfection, showing the decrease
of this protein in the siXAB2 cells (Figure 18.).
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Figure 18. The upper panel shows the protein levels of RNApolll in the siXAB2 of IM8A3.N1 (24h, 72h
post-transfection), bioXAB2;birA mESCs and MEFs (48h post-transfection). The lower panel shows the
RNA polll staining where the decrease of RNA polll 72h post-transfection in the siXAB2 bioXAB2;birA
mESCs cells in comparison to the cells transfected with scrambled RNA oligonucleotides is prominent.
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4.3 Overexpression of XAB2 coupled with siRNA rescues S9.6 and
RNApolll phenotype

Our next goal was to decipher whether the decrease of the RNA-DNA hybrids in the
nucleolus was a direct effect of the XAB2 knock-down. For this reason, we decided to
overexpress XAB2 by transfecting a pcDNA vector in which we cloned the ATF-tagged
Xab2 cDNA, in MEFs. As it is shown in Figure 19., overexpression of XAB2 72h post-
transfection rescues the $9.6 phenotype compared to siXAB2 knock-down cells. The
same case stands for the RNApolll expression which even though decreased 48h post-
transfection of siXAB2 MEFs, returns to normal staining phenotype in pcDNA XAB2
and pcDNA + siXAB2 transfected cells (Figure 19.).
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Figure 19. In the upper panel, the XAB2 RT-qPCR analysis shows the mRNA levels 72h after
overexpression of pcDNA XAB2 in passage 4 C57BL/6 MEFs and 48h post-transfection of pcDNA XAB2
overexpressed cells with 1685 RNA oligonucleotide. In the lower panel, the rescued phenotype of 9.6
and RNApolll, in pcDNA XAB2 overexpressed cells and pcDNA XAB2 + siXAB2 cells, is depicted.
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4.4 XAB2 does not cause damage or nuclear envelope disarrangement

Miller at al., 2009 proposed that XAB2 is a protein causing genome instability by
inducing yH2AX foci enrichment, a marker used to detect sites of damage. However,
that was not the case in our system as shown by yH2AX staining which was not
enriched in siXAB2 MEFS 48h post-transfection (Figure 20).

It is known that in eukaryotes transcription, RNA processing and export are tightly
linked. As XAB2 is a factor involved in pre-mRNA splicing, it would be possible that the
cell death of the siXAB2 cells is attributed to the nuclear envelope being affected.
However, the knock-down of XAB2 does not seem to affect nuclear envelope
organization, as depicted in the conducted LaminB1 staining (Figure 20).
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Figure 20. yH2AX staining shows no damage site enrichment and LaminB1 staining shows no changes

in the nuclear envelope caused by the XAB2 knock-down in siXAB2 cells 48h post-transfection
compared to control.
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4.5 RNA-seq analysis reveals probable XAB2 roles

After establishing a protocol to efficiently knock-down XAB2, we proceeded to identify
genes that are differentially expressed and/or spliced due to the XAB2 knock-down.
For this purpose, three RNA samples (48h post-transfection), from triplicate biological
siRNA experiments in 6-cm plate formats of JM8A3.N1 cells, were used for
transcriptome analysis as described in the Materials and Methods section. Cells that
were transfected with lipofectamine (mock) were used as a control. (Figure 21.).
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Figure 21. RT-gPCR analysis shows the decrease of XAB2 RNA levels 48h post-transfection, in the three
RNA samples that were used for transcriptome analysis.

The Cufflings algorithm, that was used in order to identify differentially expressed
genes between the mock and the siRNA samples, found 42 up-regulated genes and
292 down-regulated genes.

As far as the up-regulated genes are concerned, STRING identified 16 out of the 42
hits but none of these proteins have been found to correlate with its other, in any
predicted or experimental way, when using the highest confidence (0.9) as a minimum
required interaction score.

As far as the down-regulated genes are concerned, STRING identified 138 annotated
genes. Their interaction network, using the highest confidence (0.9) as a minimum
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required interaction score, is depicted in (Figure 22.). Specifically, purple strings depict
interaction records containing two or more proteins which have been experimentally
shown to bind or to be in the same protein complex. Blue strings show annotated
proteins that have been shown to be involved in the same pathway, protein complex
or biological process whereas black strings, present the co-expression of proteins
which can, due to that, be predicted to functionally associate.

Eif3h

Rpsa

bl Rps10-psi
R leIl‘ék S ) Rps10
Q p: ? S - P

.- y ,:( \ N\
JRpu-ps \\
? Rpl \ Mrps14

Ndufcl
A

Figure 22. Down-regulated genes functional interaction network (STRING).
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Gene ontology analysis, using the geneontology.org application for the 291 down-
regulated genes, identified the biological processes to which they are associated.
Specifically, there are 103 down-regulated genes which include 29 ribosomal genes
and 74 pseudogenes which reside within ribosomal genes (filtered in excel using
“begins with rp” e.g ribosomal protein). The 29 identified protein coding genes are
associated primarily (p-value) with metabolic and biosynthetic processes i.e
translation, peptide biosynthetic process, amide biosynthetic process and peptide
metabolic process (Figure 23). Moreover, there are 120 down-regulated genes
(filtered in excel using “begins with gm”) which include 11 predicted genes (9 of which
are members of the ribosomal protein class) and the rest are pseudogenes (109).
These are primarily (p-value) involved in metabolic processes i.e biosynthetic process
(GO:0009058), nitrogen compound metabolic process (GO:0006807) and primary
metabolic process (G0:0044238) including proteolysis (GO: 0006508), translation
(GO:0006412) and rRNA metabolic processes (GO:0016072) (data not shown).
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Figure 23. Gene ontology analysis presents the overrepresented biological processes that the 103 (out
of 291) down-regulated genes are involved in.
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As far as the enriched pathways that the down-regulated genes participate in are
concerned, the ribosome and mitochondrion (oxidative phosphorylation) seem to be
the ones affected by the XAB2 knock-down Figure 24.

KEGG Pathways

pathway ID pathway description count in gene set false discovery rate
03010 Ribosome 37 5.39e-51
00190 Oxidative phosphorylation & 0.02

Figure 24. Overrepresented pathways that down-regulated proteins are part of.

4.6 Validation of XAB2 protein interactors

XAB2 has been shown to participate in NER through its interaction with XPA, RNApolll
and CSA, CSB (Nakatsu et al., 2000). However, Onyango et al., 2016 was not able to
identify any NER factors in their mass spectrometry analysis, using a-FLAG antibodies
from cells being treated with camptothesin and immunoblotting failed to detect CSB
as an XAB2 interactor. Investigating XAB2 protein interactors could provide insight in
the role and function of XAB2 and this is the reason why we sought out to explore
these interactions in our system.

Previous mass spectrometry analysis of XAB2 immunoprecipitation assays in
JM8A3.N1 mESCs in our lab, showed no NER factor interacting with XAB2, similar to
Onyango et al., 2016. Further immunoprecipitation assays were conducted using a-
XAB2 in MEFs nuclear extracts with and without UV irradiation (UVC 20J/m?, 2h
recovery). Moreover, the same experiment was conducted with whole cells extracts
from MEFs without any treatment. Both assays were once again unable to prove that
RNApolll and XPA interact with XAB2 through immunoblotting, whereas enrichment
of XAB2 in the IP was confirmed (Figure 26.).
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Figure 26. IP of XAB2 from MEFs (+/- UV) nuclear extracts (upper panel) and MEFs (without treatment)
whole cell extracts (lower panel) shows no interaction of XAB2 with RNApolll and XPA whereas XAB2
enrichment in the IPs is prominent.
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5. Discussion

Previous studies have shown that XAB2 is a multi-functional protein, with a lethal
phenotype upon its absence (Yonemasu et al., 2005) which also causes cell death in
several knock-down cell lines (Yonemasu et al., 2008; Onyango et al., 2016). It
participates in transcription, two DNA repair pathways, TC-NER (Nakatsu et al., 2000)
and HR (Onyango et al., 2016) and pre-mRNA splicing (Kuraoka et al., 2008).

Concerning its role in NER and transcription, it has been shown that XAB2 interacts
with NER factors XPA, CSA and CSB. However, Onyango et al., 2016 were not able to
reproduce XAB2 interactions with NER factors in mass spectrometry analysis of U20S
cells treated with Cpt. The same case was when immunoblotting for each antibody
separately from the IP experiment. We were also not able to show such interactions
in IP of nuclear and whole cell extracts of non UV, UV treated and untreated MEF cells.
In this way, it would be logical to assume that this interaction may be transient and
was lost during the 2h recovery of UV irradiated cells. Moreover, XAB2 has been
implicated to have a role in transcription due to the RNAPII interaction and the non-
rescue of RNA synthesis in normal UV irradiated cells, microinjected with anti-XAB2
antisera (Nakatsu et al., 2000). However, this interaction could be due to its role in
pre-mRNA splicing as transcription and RNA splicing are tightly linked.

It has been shown that depletion of pre-mRNA splicing factors causes DNA damage.
XAB2 was recognized as such a mediator of DNA damage by Miller et al., 2009 in a
SiRNA screen of factors probably involved in genome instability. However, neither
Onyango et al., 2016 nor we, in our siRNA for XAB2 experiments in 48h post-
transfected MEFs, were able to detect increase of yH2AX foci in the knock-down cells
compared to control. However, 24h and 72h post-transfection stainings should be
conducted, both in MEFs and mESCs, in order to further study this phenotype.
Moreover, it is also known that the deletion of RNA binding factors leads to the
accumulation of R-loops which activate the ATM pathway and lead to DSBs (Li and
Manley et al., 2006; Aguilera and Garcia-Muse, 2012). For this reason, we decided to
stain siXAB2 MEFs and JM8A3.N1 with a specific for RNA-DNA hybrids antibody, S9.6,
to evaluate whether the concentration of hybrids is altered in the absence of XAB2.
To our surprise, RNA-DNA hybrids were clearly decreased. The staining produced a
faint, dispersed signal in the nucleoli of 48h post-transfected MEFs and 72h post-
transfected JM8A3.N1 mESCs. XAB2 RNA levels were ~80% lower in both cell types.
Nucleoli are nuclear compartments where rRNA transcription takes place, however,
XAB2 has not been detected in the nucleoli of cells, proposing an indirect effect. The
phenotype of S9.6 was rescued by the overexpression of XAB2 in MEFs, suggesting
that the decrease of XAB2 protein levels is the reason of R-loop absence and that
transcription taking place in the nucleolus which deals with rRNA is less active in the
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knock-down cells. Moreover, nucleolin, a protein required for rRNA transcription, is
more dispersed three days post-transfection in the siXAB2 cells, proposing nucleolar
disruption of knock-down JM8A3.N1 cells. However, it should be noted that because
of the observed cell death exhibited in siXAB2 cells, we cannot assume whether the
aberrant nucleolar staining (and possibly rRNA transcription defect) is related to cell
death or XAB2 function.

In order to study whether the XAB2 knock-down affects transcription in general, we
chose to check for RNAPII expression in our knocked-down cells. We observed slight
decrease of RNAPII 48h post transfection in siXAB2 MEFs. This decrease was also seen
in 24h/72h post-transfection siXAB2 JM8A3.N1 mESCs in immunoblotting and 72h
post transfection in staining of bXAB2;birA mESCs. This phenotype was rescued in
pcDNA XAB2 and pcDNA + siXAB2 transfected MEFs.

An interesting aspect towards the participation of XAB2 in the core pre-mRNA
spliceosome is that similar experiments conducted for AQR (Aquarius), interactor of
XAB2, have produced opposite results. siRNA experiments for AQR increase the R-loop
formation, a phenotype rescued with RNase H1 treatment (Sollier et al., 2014). The
reason why AQR siRNA produces different results than XAB2 in the context of R-loops,
even though they have been proposed to be part of the same complex, surely relies
on their properties. However, both XAB2 and AQR are fundamental for life, as their
knock-out is embryonic lethal.

IBP160 (hAquarius), has been found to couple snoRNP assembly with intron excision
(Hirose et al., 2006). SnoRNAs, that are needed for guiding chemical modifications in
rRNAs transcribed in the nucleoli of eukaryotic cells, are transcribed from sequences
within the introns of several protein-coding and non-coding snoRNA host genes.
Therefore, they are released from excised and debranched introns and processed by
exonucleolytic trimming. The coding region of these introns associate with snoRNPs
(the snRNP complexes of the nucleoli) and their correct assembly is fundamental for
their processing. For this reason, it could be possible, that XAB2 which is involved in
the intron degradation pathway (Masaki et al., 2015), binds near snoRNA sequences
(in Complex C of pre-mRNA splicing reaction) assisting its interactor, Aquarius, to
properly recruit snoRNP proteins during pre-mRNA splicing.

Several components of pre-mRNA splicing have lethal phenotypes in their knockout
models (PRP19, BRCA1, hAquarius etc.) and these factors have also been implicated
to participate in DNA repair. In the same way, XAB2 may function mainly as a pre-
mMRNA splicing factor but be recruited at the sites of damage when in need, either to
be post-translationally modified in order to alter pre-mRNA splicing decisions or
participate in DNA damage repair as it has been already proposed for TC-NER. On the
other hand, it is worth mentioning that CSB, a NER factor, has been shown to form a
complex with RNAPI, TFIIH and XPG in nucleoli in order to stabilize this complex for
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efficient rRNA synthesis (Bradsher et al., 2002). This suggests that previously
described proteins with DNA repair activities could be associated with rRNA
biogenesis.

Moreover, RNA-seq data from our siRNA experiments present a strong and targeted
down-regulation of ribosomal protein genes, which could possibly explain the
aberrant nucleolar phenotype of the siXAB2 cells, whereas no correlation with DNA
repair genes was prominent. This proposes that XAB2 may specifically be responsible
for the correct splicing of ribosomal genes, the missplicing of which, could lead to its
pre-embryonic lethal phenotype. The analysis of the differentially spliced genes (4.000
transcripts) will shed more light on the XAB2 pre-mRNA splicing specificity.

Our data propose that XAB2 may be involved in ribosomal biogenesis and its knock-
down affects vital cellular processes, (as cells die in XAB2 absence) which could be
transcription and rRNA biogenesis. Future experiments are needed to further
elucidate its role, as due to the cell death observed in the knock-down cells, a
phenotype rising due to it (i.e end of ribosome production), could be misled with a
direct XAB2 role. However, the fact that the RNA-seq results are highly targeted to the
ribosomal group of genes, make us believe that XAB2 is most probably involved in
their biogenesis. Firstly, yH2AX, S9.6 and RNApolll stainings need to be conducted in
NER factors knock-out mESCs and MEFs, in order to study whether our data are related
with other NER factor ablations and damage. Secondly, post-translational
modifications of XAB2 need to be checked, in order to find out whether this is the
reason for its recruitment in sites of damage (Onyango et al., 2016) and TC-NER
functions (Nakatsu et al., 2000). Moreover, mass spectrometry analysis,
immunoprecipitation and pull-down assays in bioXAB2;birA and mouse livers would
verify the complexes in which it participates and shed light into its pre-mRNA splicing
of ribosomal genes properties, in embryonic and developmental states. Lastly, RNA
immunoprecipitation assays which are already been conducted, will suggest whether
XAB2 is involved in snoRNA biogenesis and snoRNP recruitment.
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