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Abstract

Spinal Muscular Atrophy (SMA) is an autosomal recessive disorder characterized by
degeneration of lower motor neurons, that leads to muscle weakness, and eventually
death. SMA is caused by low levels of survival motor neuron (SMN) protein, due to
deletion or mutation of SMN1 gene. SMN is a ubiquitously expressed protein, primarily

III

involved in pre-mRNA splicing through its “canonical” function as chaperone in the
assembly of small nuclear Ribonucleoproteins (snRNP); additionally, it is believed that it
also plays a role during transcription termination by interacting with RNA pol Il and
Senataxin, a helicase involved in the resolution of DNA/RNA hybrids (R-loops). However,
the mechanism through which depletion of SMN disturbs genome stability and

contributes to the SMA phenotype remains unclear.

In this project | investigated the presence of R-loops in human cells to determine if these
structures contribute to the physiopathology of SMA. R-loops are three stranded nucleic
acid structures, usually formed during transcription when the messenger RNA (mRNA)
hybridises with the complementary DNA strand, leaving the other DNA strand exposed.
For this experiment, fibroblasts from SMA patients overexpressing an enhanced green
fluorescent protein (EGFP), fused with the hybrid binding domain (HB) from RNaseH1,
an endonuclease that resolves R-loops was used. The fusion protein acted as a R-loop
capture agent for the Chromatin immunoprecipitation-quantitative polymerase chain
reaction (ChIP-gPCR) approach. Further, | analysed the levels of other markers and
proteins associated with DNA damage, to assess the degree of cellular stress present in

SMA.
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1. CHAPTER I. INTRODUCTION

1.1. DNA DAMAGE REPAIR
1.1.1. DNA damage

Deoxyribonucleic acid (DNA) is the blueprint that harbours all the information for the
development and cellular functions of living beings. Thus, the preservation of DNA
integrity is vital for the overall wellbeing of organisms. The genome is constantly under
the attack of several factors that can damage the DNA (Figure 1.1). Each human cell
experiences approximately over 10,000 DNA lesions per day, which can be a result of
regular cellular processes or external agents. Consequently, robust DNA repair
mechanisms have been developed by cells to protect DNA and maintain genome
integrity. Accumulation of DNA damage in cells can lead to senescence, cancer, and
neurodegenerative disorders (Chatterjee and Walker, 2017; Carusillo and Mussolino,

2020; Yousefzadeh et al., 2021).

1.1.1.1. Types of DNA damage

According to its origin, DNA damage can be classified into two categories: endogenous
and exogenous. Endogenous damage refers primarily to lesions generated from within
the cells, that can result from interactions between the DNA and reactive molecules.
This type of damage is usually continuous and persistent. Conversely, exogenous DNA
damage is caused by external sources such as environmental factors, chemical or
physical agents, which can be very potent (Chatterjee and Walker, 2017; Yousefzadeh
et al., 2021).

1.1.1.1.1.  Endogenous DNA damage

Endogenous DNA damage include diverse types of lesions, and each can have different
consequences. For example, replication errors, can generate base mismatches; here,
deoxynucleotides can be inserted, deleted, or substituted during DNA synthesis and
cause mutations. During base deamination, a nitrogenous base loses its exocyclic amine;

this is considered a major source of mutagenesis. Next, abasic or apurinic/apyrimidic

1



(AP) sites can be generated by cleavage or unprompted hydrolysis of the N-glycosyl bond
between the sugar phosphate and the nitrogenous base. These abasic sites are unstable
and can easily turn into single strand breaks (SSB) after the cleavage of the 3’
phosphodiester bond from the AP site by beta-elimination. Oxidative DNA damage is
caused by reactive oxygen species (ROS) and can have deleterious consequences. DNA
methylation can be highly mutagenic or generate AP sites. Finally, mutations or genome
instability can also be the result of perturbances in the DNA repair pathways or caused
by cellular stress when biological processes surpass the capacity of the cell to repair the

DNA damage (Chatterjee and Walker, 2017; Tubbs and Nussenzweig, 2017).

MBI Ny

DNA Strand cross-

. Apurinic site e Bulky Lesion Mismatch Double-Stranded Break
lesion linking -
- CU"UI‘." UV radiation lf\‘ s IR; Replication fork stallation
causes metabolism radiation errors
DDR BER FANCONI NER MMR NHE]J; MME]J; SSA; HDR

Figure 1.1. Graphic representation of major DNA lesions. Table below denotes the type of
DNA injury, the primary source of damage and the DNA repair pathway involved in its
resolution (From Carusillo and Mussolino, 2020).

1.1.1.1.2. Exogenous DNA damage

Among the exogenous DNA damage sources radiation can have a strong negative impact
on DNA. lonizing radiation (IR), which is constituted by neutrons, alpha, beta, gamma,
and x-rays. Such radiation can damage the DNA in a similar way as ROS. It can also cause
SSBs and double strand breaks (DSB). Ultraviolet (UV) radiation, the primary cause of
human skin cancer, is classified into three types, according to their wavelength range.

UV-C (190-290 nm) is the most hazardous type since the maximum wavelength of UV



absorption for DNA is 260 nm. This radiation mainly generates covalent bonds between
neighbouring pyrimidines, creating bulky lesions that distort the DNA helix. UV-B (290-
320 nm) can also generate pyrimidine dimers, albeit less efficiently than UV-C. Finally,
UV-A (320-400 nm) induces photooxidation reactions that can cause adduct formation
over the DNA; this can ultimately result in DNA strand breaks. Chemical exogenous
sources that can cause DNA damage include alkylating agents, such as smoke, tobacco,
or chemotherapeutic molecules. Aromatic amines from fuel, coal, pesticides, transform
into carcinogenic alkylating agents in the body. Polycyclic aromatic hydrocarbon are
carcinogenic compounds that result from combustion and are widely spread in the
environment. Finally other sources like toxins, extreme temperatures or hypoxia have
also been shown to generate DNA damage (Rastogi et al., 2010; Kantidze et al., 2016;
Chatterjee and Walker, 2017).

1.1.2. DNA Repair

DNA lesions are detected by a system of sensor proteins that constantly monitor the
integrity of the genome to promote DNA repair. This is called the DNA damage response
(DDR). These DDR factors are recruited to the site according to the type of damage in
order to activate the appropriate DNA repair pathway (Chatterjee and Walker, 2017;

Carusillo and Mussolino, 2020).

1.1.2.1. DNA repair pathways

The maintenance of genome integrity is of the utmost importance to ensure survival;
therefore, the repair mechanisms that protect DNA are robust and specialised in
different types of lesions. There are five major DNA repair pathways, which are active
throughout the cell cycle: base excision repair, nucleotide excision repair, mismatch
repair, homologous recombination and non-homologous end joining (Chatterjee and

Walker, 2017; Carusillo and Mussolino, 2020).



1.1.2.1.1.  Base excision repair (BER)

BER is specialised in the repair of non-bulky single base lesions such as oxidation,
alkylation, or deamination; this repair process mostly activates during the G1 phase of
the cell cycle. The injuries are firstly recognised by DNA glycosylases, which removes the
aberrant base by cleaving the N-glycosylic bond between the base and the sugar
generating an AP site (Figure 1.2). Within the 11 glycosylases that participate in BER,
some are monofunctional (only glycosylase activity) or can be bifunctional (with a -
lyase in addition to the glycosylase activity). This difference in function determines the
progression towards the short patch of BER when the AP site is generated by
monofunctional glycosylases, and towards the long patch BER in the case of bifunctional
glycosylases. Once the AP site is generated, PARP-1 and PARP-2 bind to it and recruit the
human AP endonuclease (APE1), which nicks the DNA backbone 5’ to the AP site. In the
short patch repair, DNA polymerase 3 (POL) fills the single nucleotide gap; and DNA is
sealed by DNA ligase 1 (LIG1), or by a complex of X-ray repair cross-complementing
protein 1 (XRCC1) and DNA ligase 3 (LIG3). Finally, in the long patch repair, the
nucleotide gap is filled by POL B, or DNA polymerase 8/¢ (POL &/¢); followed by the
removal of the flap, and the DNA is sealed by LIG1 (Chatterjee and Walker, 2017; Lee
and Kang, 2019; Carusillo and Mussolino, 2020).
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Figure 1.2. Diagram of BER and NER repair mechanisms. Image displays DNA excision repair
mechanisms for bulky or non-bulky lesions generated by ROS (From Lee and Kang, 2019).

1.1.2.1.2.  Nucleotide excision repair (NER)

Nucleotide excision repair pathway successfully resolves a broad range of DNA lesions,
including interstrand crosslinks and bulky adducts (Figure 1.2). Additionally, is the only
pathway that repairs bulky photolesions caused by exposure to UV radiation. NER has
two main branches for repair: global genome-NER (GG-NER), and transcription coupled
NER (TC-NER). In GG-NER the bulky lesions are recognised by the xeroderma
pigmentosum C (XPC) protein, or the UV-damaged DNA binding protein (UV-DDB). On
the other hand, when the lesion occurs over a transcribed gene, this is considered as an
RNA polymerase Il blockage. Then, the damage is recognised by the Cockayne syndrome
B (CSB) and Cockayne syndrome A (CSA). The following steps are conserved on both
branches. The transcription initiation factor Il H (TFIIH) is recruited, from which
xeroderma pigmentosum group A (XPA) confirms presence of damage; the helicases XPB
and XPD (xeroderma pigmentosum group B and C) unwind the DNA, and the replication
protein A (RPA) stabilises the unharmed DNA strand. The damaged DNA fragment is
removed by the endonucleases XPF and XPG (xeroderma pigmentosum group F and G).
Finally, the filling of the gap and ligation are carried out by the replication proteins
proliferating cell nuclear antigen (PCNA), POL 3, POL ¢ and LIG1 or by the complex
XRCC1-LIG3 (Chatterjee and Walker, 2017; Lee and Kang, 2019; Carusillo and Mussolino,
2020).

1.1.2.1.3.  Mismatch repair (MMR).

Mismatch repair is a post replicative DNA repair pathway that primarily resolves
mismatched base pairs that are usually generated by replication errors. These DNA
lesions are firstly sensed by MutS Homolog (MSH) complexes (Figure 1.3). The MutSa
heterodimer (MSH2/MSH6) identifies mismatches, and one-to-two nucleotide
insertion-deletion loops (IDL). Whereas the MutSB heterodimer (MSH2/MSH3)

identifies longer IDLs. After damage recognition MutS shifts conformationally to form a



stable bond with the mismatched region; later, it recruits MutL to the damage site.
MutLa heterodimer (MLH1/PMS2) behaves as a mediator of the strand excision, and
later, the exonuclease 1 (EXO1) removes the nucleotides surrounding the DNA lesion

(Chatterjee and Walker, 2017; Carusillo and Mussolino, 2020; Peéina-Slaus et al., 2020).
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Figure 1.3. Diagram of the mismatch repair mechanism. Image represents DNA repair
through the mismatch mechanisms that begins by the recognition of the base pair
mismatches in the helix. (From Pecina-Slaus et al., 2020)




1.1.2.1.4.  Fanconi anaemia repair (FA).

The Fanconi anaemia repair pathway, also known as the Fanconi anaemia/BRCA
pathway, includes 21 complementation groups (A-V) within its protein network. It
resolves interstrand crosslinks (ICL) that form between complementary DNA strands as
a result of the activity of crosslinking agents. Moreover, repair of ICLs is triggered by the
convergence of replication forks into the crosslinks; and deficiencies in their repair can
cause DNA breaks and cancer predisposition. Upon ICL presence in the genome, UHRF1
and Fanconi anaemia complementation group M (FANCM) sense the damage and bind
to the ICL site along with FAAP24 (Fanconi Anaemia associated protein 24), MFH1 (also
known as FAAP1) and MFH2 (also known as FAAP10). FANCM then promotes ATR
response which recruits the proteins of the Fanconi anaemia core complex to the
damaged site and activates them by phosphorylation (Figure 1.4). Next, the FA core
complex ubiquitin ligase subunit FANCL interacts with the E2 enzyme UBE2T to
monoubiquitylate the FANCD2-FANCI heterodimer. Meanwhile, breast cancer proteinl
(BRCA1) displaces the replicative helicase CMG complex from the DNA strand, possibly
through its ubiquitin ligase activity. This permits one replication fork to ‘approach’ to
the ICL within one nucleotide apart, and the nearing of ubiquitylated FANCD2 into the
ICL region as well. The next step is to create a DNA incision on each side of the
crosslinked nucleotide. Here, ubiquitylated FANCD2 recruits the nucleases SLX4 and
FAN1; additionally, SLX4 recruits endonucleases such as ERCC4 (also known as XPF,
which is also involved in NER pathway), MUS8-EME1, among others, resulting in the
‘unhooking’ of the DNA strands with the crosslinked nucleotide attached to the
complementary strand (blue section form Figure 1.4). Later, translesion synthesis
polymerases (REV1 or POL) proceed to DNA synthesis bypassing the lesion; and ligation
restores the first DNA duplex (peach section in Figure 1.4), which subsequently is used
as a template for homologous recombination repair of the DSB created by the
endonuclease cleaving (green section of Figure 1.4). Finally, deubiquitylation of FANCD2
and FANC1 by the ubiquitin carboxy-terminal hydrolase | (USP1) and USP1-associated
factor (UAF1), releases the proteins from the DNA and finishes repair. The remaining
bulky lesion can be repaired by NER (Ceccaldi et al., 2016; Chatterjee and Walker, 2017
Gueiderikh et al., 2022).



ICL

BRCA& --+2 |Ubiquitin

Fanconi anaemia
core complex

CMG
complex

SO

* Lesion recognition
* Fork convergence

| CMG complex eviction

| Approach of one fork to -1 |

ey

(o <

FANCD2-
I-Ub

Ubiquitylation

&FANCDZ

jPFANCI

Deubiquitylation

= Nucleolytic incision
* Unhooking

S

/

T~

l

REV1 or Pol C\eT

Lesion bypass

|

T

| Extension and ligation |

| DNA end resection |

a0

CtlP. MRN, EXO1! -
or BLM-DNA2 l
I

BRCAZQ
\‘
RADS51 RADS51 paralogue

l | Extension, resolution and ligation

i

- Nucleotide
excision repair

- Translesion

| synthesis

—~Homologous
recombination

Figure 1.4. Graphic representation of the Fanconi Anaemia repair pathway. Image shows
an overview of DNA repair through the FA pathway, where nucleotide excision repair (NER)
and homologous recombination (HR) cooperate to resolve interstrand crosslinks (ICL). (From
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1.1.2.1.5. Homologous recombination (HR)

The homologous recombination repair pathway (Figure 1.5) relies in the DNA homology
of a sister chromatid to resolve double strand breaks (DSB) with high-fidelity. The broken
DNA strands are first recognised by the MRN (MRE11-RAD50- NBS1) complex, which
binds to both damaged ends. Next, MRE11 starts resection and NBS1 recruits the ataxia
telangiectasia mutated (ATM) protein, which phosphorylates H2AX to serve as a
platform for other repair factors. This is followed by short nucleotide resection by the
exonuclease C-terminal binding protein interacting protein (CtIP). Later, a long-range
resection is performed by EXO1, the endonuclease DNA2 and the Bloom syndrome
(BLM) helicase. The single strand DNA (ssDNA) that resulted from the resection process
is then coated by the RPA complex to preserve the integrity of the DNA. This recruits the
ataxia telangiectasia and Rad3-related protein (ATR) and ATRIP that phosphorylate the
kinase Chk1. After, RPA coating is replaced by Rad51 that forms nucleoprotein filaments
with the DNA. For this, BRCA2 is recruited to the DSB site by partner and localiser of
BRCA2 (PALB2), that later form a complex with BRCA1-BARD1. Later the nucleoprotein
filament generated invades the homologous region of its sister chromatid, forming a D-
loop where the DNA synthesis carried out by POL §, k¥ and v (Chatterjee and Walker,
2017; Carusillo and Mussolino, 2020; Sun et al., 2020).
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Figure 1.5. Representation of the DNA damage response signalling in Homologous
recombination. Image displays a summary of the protein signaling during the first stages of
the homologous recombination repair pathway (From Sun et al., 2020).

1.1.2.1.6. Non-homologous end joining (NHEJ)

The non-homologous end joining pathway (Figure 1.6) is the main mechanism for the
resolution of DSB in dividing and non-dividing somatic cells. However, this pathway
oftentimes gives rise to small deletions and insertions due to the nature of DNA end
processing. NHEJ requires little to no microhomology (less than 20 bp) among the DNA
overhangs. The first element to identify the damaged site is the Ku (Ku70 and Ku 80)
heterodimer. This heterodimer protects the DNA ends from resection and recruits the
DNA-dependent protein kinase (DNA-PK). Later, DNA-PK phosphorylates nearby
components of the NHEJ pathway and recruits the X-ray repair cross complementing
protein 4 (XRCC4) and DNA ligase4 (LIG4) that stabilise the NHEJ complex. Next, Ku70-
Ku80 and XRCC4-LIG4 mediate synapsis and direct ligation for both DNA blunt ends and
overhangs. Additionally, the XRCC4-like factor (XLF) and PAXX (paralogue of XRCC4 and
XLF) can also be recruited to the complex to promote synapsis and ligation (peach
section in Figure 1.6). On the other hand, when DNA ends are not suitable for direct
ligation through XRCC4-LIG4, they can be first processed by POL p and POL A to fill in
nucleotides and mediate synapsis, or by the nuclease Artemis and tyrosyl-DNA
phosphodiesterase 1 (TDP1), to remove nucleotides from incompatible DNA ends; thus,
rendering them suitable for ligation (purple section in Figure 1.6). Finally, depending on
the nature of the damage on DNA ends and their processing, small additions and
deletions can be encountered at the repaired junctions. (Chatterjee and Walker, 2017;

Carusillo and Mussolino, 2020; Zhao et al., 2020).
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1.2. TRANSCRIPTION AND DNA REPAIR
1.2.1. Transcription-associated DNA damage

DNA, the self-replicating material that in collaboration with environmental influences
produces a phenotype, can be damaged physically or chemically by endogenous and
exogenous sources. This creates DNA lesions that can be mended by highly specialized
mechanisms to restore genome integrity. Chronic exposure to DNA damage can result
into genetic information loss and mutations that can pose a potential threat to human
health. (Sebastian and Oberdoerffer, 2017; Helena et al., 2018). Among the most
persistent sources of endogenous DNA damage, essential cellular process like
replication and transcription, have the potential to alter the DNA structure. In this sense,
transcription can have greater adverse consequences for all cell types since replication

is limited to dividing cells. (Sebastian and Oberdoerffer, 2017; Helena et al., 2018).

Transcription has been linked to DNA damage through recombination, mutagenesis, and
formation of DSB. During transcription initiation, topoisomerases relieve torsional stress
from the DNA promoter regions. (Ju et al., 2006; Kim and Jinks-Robertson 2012;
Sebastian and Oberdoerffer, 2017). These proteins create a transient nick on the DNA
to resolve topological issues and facilitate transcription; however, topoisomerase
misfunction can prevent re-ligation and generate DSB. Moreover, promoter associated
DSBs have been found to contribute to chromosomal translocations in cancer (Ju et al.,

2006; Lin et al., 2009; Katyal et al., 2014; Crewe and Madabhushi, 2021).

Transcription can also cause replication stress and genome instability when
transcription factors collide head-to-head or co-directionally with the replication
machinery over common fragile sites in the genome. These collisions can stall replication
forks and generate recombination events as well as DSB across the gene body.
Furthermore, DNA/RNA hybrids (R-loops) can arise at sites of transcription-replication
collision or during transcription pause events and result in DSB. (Helmrich et al., 2011;

Sebastian and Oberdoerffer, 2017).
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1.2.2. Transcriptional R-loops

R-loops are three-stranded nucleic acid structures formed by the hybridization of RNA
with complementary DNA and a displaced DNA single strand (Figure 1.7). Here, the
exposed ssDNA from the R-loop is more labile towards damaging agents including
cellular mutagenic enzymes such as cytidine deaminases. This enzyme mediates
hydrolytic deamination of deoxycytidine into deoxyuridine, which can result in an abasic
site lesion after the subsequent excision of the uracil base by DNA glycosylase (Stirling
and Hieter, 2016). Regulation of R-loop structures in cells is of great importance; they
are required for biological processes, such as mitochondrial DNA replication,
immunoglobulin class switch recombination and regulation of gene expression.
Nonetheless, dysregulation of R-loops can promote DNA damage and genome instability
in the form of chromosome fragility and hyper-recombination which may lead to human

diseases (Groh and Gromak, 2014).

R-loop structures were firstly visualised in vitro in 1976 through electron microscopy
(EM) (Thomas et al., 1976) and the hybrids were thermodynamically more stable than
double stranded DNA (Groh and Gromak, 2014). Later, the presence of R-loops in living
organisms was reported in bacteria in 1994 (Drolet et al., 1994); since, R-loops have
been also found in yeast and mammalian cells (Sollier and Cimprich, 2015; Castillo

Guzman and Chédin, 2021).
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Figure 1.7. Diagram of the structure of an R-loop. During transcription nascent mRNA
hybridizes with the template strand and displaces the coding strand, leaving it exposed to
damage.
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R-loops have been studied through diverse methods. In vivo detections include EM,
immunofluorescence (IF) and Chromatin immunoprecipitation (ChIP) using a
catalytically inactive RNase H1 or a fusion protein containing the hybrid binding (HB)
domain from RNase H1 and green fluorescent protein (GFP), (Bhatia et al., 2014; Chen
et al.,, 2017; Garcia-Muse and Aguilera, 2019). RNase H1 is part of a family of
endonucleases found in prokaryotes and eukaryotes as well as in reverse transcriptase
from retroviruses. This enzyme hydrolyses the phosphodiester bond of the RNA strand
in a DNA/RNA hybrid (Hyjek et al., 2019). On the other hand, ex vivo methods mainly
rely on the use of S9.6 antibody for DNA/RNA immunoprecipitation (DRIP) or IF (Castillo
Guzman and Chédin, 2021). The $9.6 monoclonal antibody was originally obtained by
immunization of mice using a synthetic DNA/RNA antigen derived from the
bacteriophage X174 that infects Escherichia (Phillips et al., 2013). Techniques using this
antibody require previous extraction of nucleic acids from cells and do not provide
information about R-loops in a more natural environment (Castillo Guzman and Chédin,

2021).

The results from these two detection methods have revealed important differences in
R-loop distribution according to the mapping methodology. Recent R-loop profiling
comparing an artificial DNA/RNA hybrid sensor that contained the hybrid binding
domain from RNase H1 (GST-Hise-2xHBD) against S9.6 antibody, using native and ex vivo
approaches, showed that the differences in data appear to fluctuate according to the
method and not the sensor used (Wang et al., 2021). Native mapping techniques seem
to detect best R-loops that form close to promoter regions, and ex vivo techniques
reflect better R-loops formed over the gene body. Therefore, some scientists have
proposed that R-loops can be classified into promoter-associated and elongation-

associated hybrids (Castillo Guzman and Chédin, 2021).

R-loops can be generated co-transcriptionally by hybridization of nascent mRNA with
the DNA template, or with complementary sequences far from the original transcription
site (Sollier and Cimprich, 2015). Also, they can arise as a result from defects in pre-

mMRNA splicing and during RNA export (Chen et al., 2017). The half-life of DNA/RNA
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hybrids is approximately 10 minutes, and their reported length varies from less than 100
bp up to 2kb. Promoter-associated R-loops are shorter with 60 bp or less compared to
300 bp or more from the elongation-associated R-loops (Sanz et al., 2016; Garcia-Muse

and Aguilera, 2019; Castillo Guzman and Chédin, 2021).

R-loop formation is increased over regions where they perform physiological functions
such as replication of mitochondrial DNA, telomere homeostasis, immunoglobulin class
switch recombination, transcription initiation and termination. In general, R-loops
accumulate in highly transcribed genes, including the ribosomal, centromeres and
telomeres. Molecularly, their occurrence is favoured by the presence of GC-rich and GC-
skewed regions in the DNA located over promoter or transcription termination sites, as
well as by the formation of G-quadruplexes in the displaced DNA single strand, DNA
nicks and negative DNA supercoiling. Further, GC-rich retained introns can also operate
as substrates for DNA/RNA hybrid generation (Bhatia et al., 2017; Jangi et al., 2017;
Garcia-Muse and Aguilera, 2019).

1.2.2.1. Physiological R-loops

R-loops play crucial modulating roles in several organisms; in immunoglobulin class
switch recombination, R-loops are generated during transcription in B cells, to favour
recombination (Yu et al., 2003; Groh and Gromak, 2014). DNA/RNA hybrids also behave
as intermediaries during initiation of mitochondrial DNA replication; and in bacteria
replication, by opening the DNA at the origins of ColE1-type plasmids. (Castillo Guzman
and Chédin, 2021). R-loops mediate telomere elongation by promoting recombination
in yeast (Balk et al., 2013). During gene editing via CRISPR-Cas9 activity, an R-loop is
formed before DNA cleavage by Cas9 (linek et al., 2012) (Figure 1.8). Moreover, R-loops
also modify the status of the chromatin structure, maintaining it ‘open’ to favour

epigenetic regulation (Powell et al., 2013).
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Figure 1.8. Physiological R-loops. Graphic representation of R-loops involved in physiological
processes. From top to bottom: R-loop formed over replication origin of mitochondrial DNA;
R-loops as intermediaries of Ig Class-switch recombination; and R-loops formed by a guide
RNA during CRISPR-Cas9 editing (From Garcia-Muse and Aguilera, 2019).
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In transcriptional processes, R-loops have been associated with active gene expression
by blocking methylation over more than 1,200 gene promoters (Grunseich et al., 2018).
Moreover, they can support antisense transcription by behaving as promoters to
generate long noncoding RNAs (IncRNA) (Tan-Wong et al., 2019); or they can block the
IncRNA promoters preventing their transcription as observed in Arabidopsis (Sun et al.,
2013). Furthermore, these IncRNAs can also influence gene expression by binding to
gene promoters and forming an R-loop to facilitate demethylation and transcription
(Arab et al., 2019). During transcription termination R-loops assist the pausing of RNA
polymerase Il in collaboration with senataxin (SETX) a helicase that resolves R-loops
(Cohen et al., 2018), and survival motor neuron (SMN) protein. SMN recognizes and
binds to the symmetric dimethylated arginine residue R1810 (R1810me2s), from the
RNA polymerase Il Carboxy-terminal domain (CTD), interacts with SETX and stabilizes
the interaction between SETX and the CTD domain from RNA polymerase Il (Figure 1.10)
(Zhao et al., 2016). Further, R-loops enriched over G-rich transcription termination
regions, can promote antisense transcription to generate dsRNA and recruit RNA
interference (RNAI) factors and G9a histone lysine methyltransferase, to support RNA

polymerase Il pausing and transcription termination (Skourti-Stathaki et al., 2014).

1.2.2.2. R-loop regulation.

Factors involved in R-loop homeostasis include a wide range of proteins with diverse
functions in line with the various roles that R-loops play. These factors include
transcription associated, splicing, polyadenylation, export proteins, among others; and
primarily prevent the formation and excessive accumulation of R-loops (Groh and

Gromak, 2014).

In the prevention of R-loop formation, one mechanism that occurs is the coating of
nascent mRNA with pre-mRNA splicing factors; thus, preventing hybridisation with
complementary DNA (Li and Manley, 2005; Chakraborty et al., 2018). Further, the RNA-
binding and export complex THO/TREX, has been proposed to participate in the

inhibition of R-loop formation, not only for its contribution to the assembly of optimal
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messenger ribonucleprotein (MRNP) molecule; but also, through the interaction of THO
with the histone deacetylase complex Sin3A; hence, promoting chromatin closing (Salas-
Armenteros et al., 2017) (Figure 1.9). This is important since chromatin status also plays
a role in R-loop formation, and open chromatin is often associated with R-loop peaks
(Chen et al.,, 2017). Moreover, negative supercoiling that may be generated during
transcription DNA favours R-loop production; this is regulated by topoisomerases that
cleave the DNA and relaxes it, DNA returning it to its original state (Santos-Pereira and

Aguilera, 2015).
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Figure 1.9. R-loop prevention. Diagram of proteins linked to R-loop prevention.
Topoisomerase 1 (TOP1) resolves the negative supercoiling; THO complex and other factors
involved in RNA biogenesis and surveillance maintain the transcribed mRNA in optimal
conditions and coated to prevent hybridization (From Santos-Pereira and Aguilera, 2015).

Additionally, in telomeric regions are comprised by multiple (TTAGGG) repeats coated
by ‘shelterins’ and telomerase complexes to prevent its degradation. The IncRNA
telomeric repeat-containing RNA (TERRA) is transcribed by RNA polymerase Il over
telomeric regions and interacts with telomeric DNA to form R-loops that in excess, can
cause replication stress and genome instability. BRCA1 prevents this by binding to TERRA

promoters and block its transcription (Toubiana and Selig, 2018; Vohhodina et al., 2021).

To avert R-loop accumulation, the removal of hybridised RNA strand is required, which
is carried out by endonucleases and helicases (Santos-Pereira and Aguilera, 2015). In

humans, RNase H enzymes hydrolyse the phosphodiester bond of RNA residues in a
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metal-dependent manner by binding divalent metal ions like Mg?* or Mn?* (Hyjek et al.,
2019). Cleavage by RNAse H1 demands a minimum of four ribonucleotides and the nick
site occurs in the middle of the RNA fragment. Conversely RNase H2 cleaves preferably
on the 5 side of the RNA stretch and has the faculty to remove individual

ribonucleotides (Hyjek et al., 2019).

DNA/RNA helicases facilitate the removal of R-loops by unwinding the RNA strand from
the DNA helix in an ATP-dependent manner (Garcia-Muse and Aguilera, 2019). Senataxin
(SETX), a 302 kDa protein that localises in the nucleus and cytoplasm, is mostly
associated with efficient transcription termination by unwinding DNA/RNA hybrids
formed at transcription termination sites (TTS), where it interacts with BRCA1 and SMN
(Skourti-Stathaki et al., 2011; Hatchi et al., 2015; Zhao et al., 2016). Further, SETX and
SMN are downstream recruiting targets of the zinc finger protein (ZPR1); this protein is
required for SETX binding to R-loops (Figure 1.10), and its deficiency cause their
accumulation (Kannan et al., 2022). Moreover, SETX proteostasis is mediated by the
ubiquitin specific peptidase 11 (USP11) and KEAP1, an E3 ubiquitin ligase; loss of USP11

leads to R-loop accumulation (Jurga et al., 2021).

The Aquarius (AQR) DNA/RNA helicase has been linked to R-loop dependent DNA
damage upon absence of the protein (Sollier et al., 2014). Helicase DHX9, was shown to
be required for transcription termination and to prevent R-loop formation in vivo
(Cristini et al., 2018, Zhao et al., 2016). Interestingly, DHX9 has also been suggested to
facilitate R-loop formation through the unwinding of secondary RNA structures in cells
with defective splicing functions (Chakraborty et al., 2018). DEAD-box helicase 19
(DDX19), has been found to resolve R-loops in vitro generated by replication and
transcription machinery collision in the presence of DNA damage (Hodroj et al., 2017).
The bloom syndrome protein (BLM) is a helicase that is required for the resolution of G-
quadruplexes and R-loops (Tan et al., 2020). Other helicases, such as DDX5, DDX17,
DDX21, DDX39B, DDX41 have been also linked to R-loop resolution (Song et al., 2017;
Mersaoui et al., 2019, Cargill et al., 2021; Boleslavska et al., 2022).
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Figure 1.10. R-loop resolution. Proteins associated with resolution of R-loops formed over
transcription termination sites, during normal conditions. R-loop resolution complexes
formed by sentaxin (SETX), survival motor neuron (SMN), zinc finger protein (ZPR1) and thr
C-terminal domain of RNA polymerase Il. ZPR is proposed to behave as a molecular brake for
R-loop resolution by tethering to the R-loop and recruiting SETX; thus, regulating its activity
(From Cuartas and Gangwani 2022).

Finally, unscheduled R-loops can represent a roadblock in the progression of replication
forks and result in genome instability; therefore, several factors involved in DNA repair
have been associated to R-loop resolution. Depletion of some of the Fanconi Anaemia
factors including FANCD2, FANCA, BRCA2, among others, has been shown to produce
accumulation of R-loops (Bhatia et al., 2014; Garcia-Rubio et al., 2015; Garcia-Muse and
Aguilera, 2019). Further, FANCD2 contributes to R-loop resolution through the
recruitment of RNA processing factors hnRNPU and DDX47 (Okamoto et al., 2019); and
complexes formed by BRCA1 and SETX are recruited to transcription termination sites
to resolve R-loops (Hatchi et al., 2015). Additionally, R-loops can be processed by
endonucleases part of the transcription-coupled NER DNA repair pathway, XPF, XPG and
FEN1. These factors, cleave the DNA on both extremities of the R-loop, which can induce

the formation of double strand breaks (Cristini et al., 2019).
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1.3. R-LOOPS AND THEIR ASSOCIATION WITH DISEASE
1.3.1. R-loop dysregulation

Defects in R-loop metabolism caused by mutations or deficiency of factors involved in
these processes can generate persistent R-loops that can result in DNA damage and
genome instability (Richard and Manley, 2017). Firstly, damage can be triggered in
mitotic and post-mitotic cells through injuries in the ssDNA of the R-loop that is left
exposed to harming factors. An example of this is the cytidine deaminase (AID), an
enzyme that belongs to the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic
polypeptide) family, attacks ssDNA converting dC into dU residues that can resultin DNA
breaks. Moreover, other members of this family have been proposed to have a similar

activity in cells that lack AID expression (Sollier and Cimprich, 2015).

Secondly, biological processes can also be hindered by R-loop dysregulation. High levels
of R-loops have been correlated with transcription pausing at promotors (Chen et al.,
2017). Further, defects in R-loop formation and resolution could also impact
transcription since these structures assist the pausing of RNA polymerase |l during
transcription termination (Cohen et al., 2018). The aforementioned scenarios could be
possible in both dividing and non-dividing cells; conversely, in mitotic cells alone an
additional source of DNA damage associated to these hybrids takes place. The
accumulation of R-loops and paused RNA polymerases can block replication
progression, which can cause breakage of the replication fork (Garcia-Muse and

Aguilera, 2019).

Senescence, cancers, and neurodegenerative conditions have been associated to R-
loops. Loss of R-loop regulators like RNase H or Thp2, a subunit of the THO complex in
S. cerevisiae, leads to accumulation of telomeric R-loops formed by the IncRNA TERRA
in yeast, causing replication stress and promoting senescence. Further, R-loops also
mediate telomere elongation through recombination. Yeast deficient in telomerase and
Rad52 accumulate R-loops, resulting in telomere shortening and senescence (Balk et al.,

2013; Pfeiffer et al., 2013; Groh and Gromak, 2014).
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Some of the links between R-loops and cancer are the common fragile sites (CSF); these
regions which are prone to R-loop formation and DSB, tend to be rearranged in
cancerous cells (Helmrich et al., 2011). Further, BRCA1 and BRCAZ2 genes associated with
breast cancer, have been shown to aid in the process of R-loop removal, and mutations
in their DNA sequence disrupt their protein function (Richard and Manley, 2016).
Additionally, oncogenic events can increase the levels of R-loops and genome instability.
The chimeric protein EWS/FLI1 (Ewing’s sarcoma/Friend leukaemia integration 1)
formed by a translocation, behaves as an aberrant transcription factor, stimulating RNA
polymerase Il activity and inducing R-loops (May et al., 1993; Petermann et al., 2022).
Moreover, oncoproteins such as SS18-SSX1 and HRAS among others, also promote R-
loop formation (Petermann et al., 2022). Conversely, some oncogenes can supress the

generation of R-loops like MYCN and MDM?2 (Klusmann et al., 2018; Herold et al., 2019).

In post-mitotic cells, the excessive presence of R-loops can contribute to the
pathophysiology of neurodegenerative diseases. Repetitive trinucleotide expansions
like GAA on and CGG on FXN and FMR1 genes associated with Friedreich Ataxia and
Fragile X syndrome respectively, induce R-loops that promote silencing of these genes
(Figure 1.11) (Groh at al., 2014; Loomis et al., 2014). Moreover, CAG trinucleotide
expansions in the ATXN2 gene encodes for a long polyglutamine (polyQ) tract in the
protein. These expansions are associated to ataxia oculomotor apraxia (ALS) and
spinocerebellar ataxia type 2 (SCA2). Further, the yeast ortholog of ATXN2 inhibits R-
loop formation over G-quadruplexes, and possibly the human protein could fulfil the
same role (van Blitterswijk et al., 2014; Perego et al., 2018). TAR DNA-binding protein
43 (TDP43) aggregates, one of the hallmarks of frontotemporal dementia and ALS,
impair the self-assembly and nucleic acid-binding function of TDP43, which in turn
hinders the R-loop regulation activity of the protein (Wood et al., 2020). Finally,
mutations in the genes that encode for SETX helicase, RNAse H enzymes and survival
motor neuron (SMN) protein, alter R-loop levels and are associated to ALS4, Aicardi-
Goutieres Syndrome and Spinal Muscular Atrophy (SMA) respectively (Groh and
Gromak, 2014; Cuartas and Gangwani, 2022). Some of these neurological disorders are

briefly described below.
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Figure 1.11. Trinucleotide expansion disorders. R-loops formed over trinucleotide repeat
expansions block RNA polymerase transcription and favours formation of chromatin marks
associated to gene silencing. (From Groh and Gromak, 2014).

1.3.2. Amyotrophic Lateral Sclerosis (ALS)

ALS is characterised by the degeneration of upper motor neurons in the brain and lower
motor neurons in the spinal cord; this results in loss of muscle strength, that progresses
into paralysis and respiratory failure (Perego et al., 2018). The most common genetic
cause of familial and sporadic ALS is an hexanucleotide repeat expansion (HRE) GGGGCC
in intron one of the C90RF72 (C9) gene (Majounie et al., 2012). The association of the
HRE with R-loops is not clear yet; however, it has been proposed that perhaps G-rich
expansions in the first intron of C9 might form G-quadruplexes and R-loops; thus,
interfering with transcription progression (Perego et al., 2018). Nonetheless, R-loops,
double strand breaks and faulty ATM-mediated repair have been identified as part of

the pathophysiology of this neurodegenerative condition (Walker et al., 2017).

ALS type 4, an autosomal dominant juvenile form of ALS has been associated with a gain-
of-function mutation (L389S) of the helicase SETX; which diminishes formation of R-
loops in patients (Figure 1.12) (Groh and Gromak, 2014; Garcia-Muse and Aguilera).
Further, it has been proposed that the low levels of R-loops would not be able to prevent
DNA methylation at promoters; hence, causing a decrease in transcription of the bone

morphogenic protein (BMP) and BAMBI (activin membrane-bound inhibitor), that
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modulates negatively the TGF- (transforming growth factor-B) signalling pathway

(Cuartas and Gangwani, 2022).
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Figure 1.12.R-loop regulation in ALS4 and AOA2. Mutations in Senataxin (SETX) protein alter
its helicase capacity to resolve R-loops. This results in deficiencies in several cellular
processes like the preservation of genome integrity and neuronal differentiation (From Groh
and Gromak, 2014).

1.3.3. Ataxia with oculomotor apraxia type 2 (AOA2)

Ataxia with oculomotor apraxia type 2 (AOA2) is a recessive disorder with an
adolescence onset with symptoms that include cerebellar atrophy, oculomotor apraxia,
distal muscle weakness and atrophy. AOA2 has been linked with pathogenic variants of
SETX caused by loss-of-function mutations (Figure 1.12) (Moreira and Koenig, 2004). The
helicase SETX interacts with the Rrp45 exosome subunit, co-localising to R-loop regions.
However, this interaction, which is mediated by sumoylation, is altered in AOA2 (Richard
and Manley, 2014). This may affect the ability of SETX to resolve R-loops in collaboration
with the RNA nuclear exosome. Further, telomere length of AOA2 cells is reduced, which
could be justified by the compromised role of SETX to resolve telomeric R-loops (Perego

et al., 2018).
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1.3.4. Aicardi-Goutiéres syndrome (AGS)

Aicardi-Goutiéres Syndrome (AGS) is an inherited autoinflammatory disorder, generated
by an excess in production of interferon. Patients present neurologic impairment
reflected on muscle weakness of limbs, systemic inflammatory symptoms, and acute
intellectual disability, among others (Cristini et al., 2022). AGS has been linked to
mutations on RNase H2, an endonuclease that can hydrolyse single ribonucleotides and
participates in DNA/RNA hybrid resolution (Figure 1.13). This protein has a trimer
structure (A, B, C) with subunit H2C in the middle; although the H2A subunit possesses
the catalytic function, all three subunits are necessary for the degradation of RNA. RNase
H2 depletion triggers R-loops accumulation and hinders transcription in cells (Hyjek et
al., 2019; Cristini et al., 2022). Other genes associated to this condition are part of the
nucleic acid sensing machinery that participate in the metabolism of DNA/RNA hybrids,
which include, the exonuclease TREX-1, dNTP triphosphatase SMAHD1, IFIH1 and dsRNA
editing enzyme ADAR (Adang et al., 2020).
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Figure 1.13. Aicardi-Goutiéres syndrome. Associated with mutations in the three subunits
of RNAse H2, a protein that removes ribonucleotides; and factors involved in the processing
of nucleic acids like SMAHD1, ADAR1 and TREX1. The unprocessed ribonucleotides in the
DNA lead to the autoimmune response observed in AGS (From Groh and Gromak, 2014).
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1.4. SPINAL MUSCULAR ATROPHY

Spinal muscular atrophies (SMAs) are hereditary neuromuscular disorders characterized
by degeneration of lower motor neurons leading to skeletal muscle weakness, atrophy,
and eventually respiratory failure and death (Ahmad et al., 2016; Farrar et al., 2015).
Although, more than 30 genes with common pathophysiological pathways have been
identified to be associated with these disorders, SMA (Spinal Muscular Atrophy) usually
refers to the most common form, which associates with insufficient levels of Survival
Motor Neuron protein (SMN) expressed in motor neurons, caused by mutations or
homozygous deletion of the Survival Motor Neuron 1 (SMN1) gene (Ahmad et al., 2016;

Farrar et al., 2015; Lanfranco et al., 2017).

The following most common form is Spinal muscular atrophy with respiratory distress
(SMARD1) which on the other hand, is caused by mutations in the IGHMBP2
(immunoglobulin p DNA-binding protein) gene. This autosomal recessive disease
presents with motor neuron degeneration, muscular atrophy, and diaphragmatic palsy
(Perego et al., 2018). In this document, | will continue with the description of the SMN-

associated spinal muscular atrophy, which was the subject of this study.

1.4.1. Clinical features of SMA

SMA is the primary monogenic cause of infant mortality, with a prevalence of 1 in 6,000
to 1 in 10,000 worldwide, and a carrier frequency of 1 in 40 to 1 in 60 (Ahmad et al.,
2016; Jangi et al., 2017; Scheffer et al., 2001). It was firstly described in the 19t century
by Guido Werdnig with features including muscular weakness and the degeneration of
anterior horn cells upon autopsy (Mercuri, 2021). The progressive loss of a-motor
neurons from the anterior horns of the spinal cord in SMA, translates into weakness and
subsequent atrophy of proximal muscles, normally in a symmetrical fashion, causing
greater distress on legs than arms. Furthermore, diaphragm, facial and extraocular
muscles are relatively less affected; however, children usually require assisted
ventilation due to respiratory insufficiency (Farrar et al., 2015; Jangi et al., 2017). Other

complications in SMA patients may include increase in contractures; weight gain;
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scoliosis, with an 80% prevalence; gastrointestinal dysmotility and cardiac

malformations (Nicolau et al; 2021).

SMA presents with a wide variation in clinical progression; thus, it has been typically
classified into four types. The categorisation of SMA is based on severity, age of onset
and milestones achieved (Table 1.1). Further, the severity of the symptoms in SMA
patients has been mainly linked to the levels of SMN protein produced by the survival
motor neuron 2 (SMN2) gene. SMIN2 is a copy of the SMN1 gene that holds more than
99% nucleotide identity towards it; however, the 1% difference results in the production
of a full-length functional protein in only 10% of its transcripts. The number of SMN2
copies among individuals has been observed to fluctuate from zero to eight, hence
producing different amounts of protein. Lower levels of SMN result in more severe
phenotypes, and complete absence of functional SMN protein is lethal. However, the
copy number of SMN2 gene is not the absolute determinant for severity of SMA in all
cases, since patients diagnosed with different SMA types can have the same SMN2 copy

number (Scheffer et al., 2001; Calucho et al., 2018; Keinath et al., 2021).

The most common form of SMA is type | (also known as Werdnig-Hoffman disease)
which is the most severe. It has an onset before 6 months old and a life expectancy of 2
years. In this scenario infants never accomplish sitting without aid, presenting proximal
limb weakness, deficient feeding, and respiratory insufficiency. Additional features
include chest deformation into a bell-shape, tongue fasciculations and normal cognitive
functions. The majority of type | patients have one to two copies of the SMN2 gene;
nevertheless, three copies have been also found in this category. Type Il is intermediate
with children showing symptoms before 18 months old. Affected exhibit proximal
muscular weakness which is more severe in the lower limbs; tongue fasciculations and
atrophy; dysphagia, respiratory insufficiency, and significant scoliosis. They are able to
sit by themselves but need assistance to walk for the rest of their lives; commonly reach
adulthood. Patients usually present 3 copies of SMN2; nonetheless, according to

Calucho et al., two and four copies have been found on some occasions (16% and 5%
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respectively) (Scheffer et al., 2001; Farrar et al., 2015; Calucho et al., 2018; Schorling et
al., 2020; Keinath et al., 2021).

Type lll or Kugelberg-Welander disease, is mild with a variable clinical course and normal
lifespan; commonly, this group is sub-divided into 3a with an onset between 18 months
and 3 years old, and 3b with onset between 3 and 30 years old. Patients manifest
muscular weakness with joint contractures and scoliosis but do not develop significant
respiratory problems. They achieve independent walking; however, lose ambulation
overtime. These individuals often have 3 to 4 copies of the SMN2 gene. In SMA type IV,
the affected have 4 or more copies of the SMN2 gene; their symptoms begin after 30
years of age with a variable clinical course and mild muscular weakness; these patients
have a normal lifespan and usually retain their independent walking ability. (Scheffer et
al., 2001; Farrar et al., 2015; Calucho et al., 2018; Schorling et al., 2020; Keinath et al.,
2021). Additionally, in recent years a rare new phenotype (less than 1% cases) has been
identified. Type 0, with only one copy of SMN2, has a prenatal onset, showing reduced
or absent foetal movement. At birth, affected individuals display hypotonia,
contractures, severely deficient respiration, and motor functions, including lack of head
control. These patients frequently die within weeks after birth (Keinath et al., 2021;

Mercuri, 2021)

SMA Percentage Age of onset Milestone Life expectancy = SMN2
type of cases copies
0 <1% Prenatal Non-sitter, Peri-natal death 1

No head control

| 50-60% 0-6 months Never roll or sit 12 months to 24 1-2
unaided months old

I 30% 6-18 months Sitter, Reach adulthood; 2-3
Never walk 25-50 years

1] 10% After 18 months: Walk unaided, loss Normal lifespan 3-4

llla: before 3 years of ambulance

lllb: after 3 years
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v 5% Adulthood, >30 Walk unaided, Normal lifespan 4 or
years progressive more
proximal weakness

Table 1.1. Classification of Spinal Muscular Atrophy types.

1.4.1.1. SMA diagnosis

Generally, clinical diagnosis of motor neuron diseases begins with the assessment of
clinical signs such as hypotonia and muscular weakness. Differential diagnosis first
focuses on SMIN1 gene associated SMA, due to its frequency. This is usually confirmed
with genetic testing, by detection of homozygous deletions of exons 7 and 8 in SMN1
gene with a 95% of sensitivity. In case of hemizygous deletions or subtle mutations,
guantitative assays of SMN1 and SMN2 exon7 can be performed to determine the
number of gene-copies as well as mutation and linkage analysis (Scheffer et al., 2001;
Mercuri et al., 2018). Further, diagnosis of SMA in new-borns is carried out on average
around the age of 6 months, and choice of treatment depends on the copies of SMIN2
present in the patient. Some experts consider appropriate to initiate immediate
treatment in children with one, two or three copies of SMN2, with or without symptoms,
to prevent loss of motor neurons. Conversely, in case of no homozygous
deletion/mutation of the SMN1 gene in the affected, the evaluation continues with the
assessment of creatinine kinase levels, and neurological studies, to help to discriminate
among motor neuron diseases, neuromuscular junction disorders or myopathy

(Schorling et al., 2020; Keinath et al., 2021; Nicolau et al., 2021).

As mentioned previously, there is a series of SMA disorders that are not associated to
the SMIN1 gene, oftentimes called SMA ‘plus’ syndromes (Table 1.2). These variants
display additional features to the motor neuron dysfunction, which may include,
abnormalities of extraocular movement, arthrogryposis, deafness, encephalopathy,
among others. Moreover, the SMA ‘plus’ syndromes can exhibit diverse patterns of
muscular weakness which helps to differentiate them from SMNI-SMA. Proximal
predominant disorders such as SMA with pontocerebellar hypoplasia, SMA with

progressive myoclonic epilepsy, X-linked SMA, and SMA caused by mitochondrial
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dysfunctions, are commonly the first considered during differential diagnosis when

SMIN1-SMA is discarded. Next, syndromes with distal muscular weakness predominance

including SMA with lower extremity predominant (SMALED), Congenital distal SMA

(DSMA), Scapuloperoneal SMA, SMA with respiratory distress (SMARD), and bulbar SMA

syndromes (Brown Vialetto-Van Laere syndrome; Kennedy’s disease) are contemplated.

Finally, ALS and other neurodegenerative pediatric disorders such as Infantile

neuroaxonal dystrophy (INAD), Achalasia-Addisonianism-Alacrima syndrome and

Chediak-Higashi syndrome should also be considered (Farrar et al., 2015; Teoh et al.,

2017).

Type of SMA
‘plus’ syndrome

Pontocerebellar
hypoplasia type 1
SMA

SMA
progressive
myoclonic

epilepsy

with

X-linked
type 2

SMA

Cardioencephalo-
myopathy  with
cytochrome C
oxidase
deficiency

Mitochondrial
depletion
syndrome 2

Mitochondrial
depletion
syndrome 3

Age of
onset

Early
infancy

Childhood

Prenatal

Infantile

Infantile

Infantile

Clinical features

Diffuse weakness, severe
hypotonia, central visual
impairment, microcephaly,

arthrogryposis

Proximal muscular weakness,
hypotonia, tongue fasciculation,
probable hearing loss, facial
weakness. Later myoclonic

epilepsy

Similar to SMA typel, severe
hypotonia, arthrogryposis

Similar to SMA typel, impaired
extraocular movements,
hypertrophic cardiomyopathy,
seizures. Mitochondrial
function and structure affected

Hypotonia, muscle weakness,
respiratory failure, ophthalmic
damage, seizures. Variable
progression

SMA with liver dysfunction,
cerebral atrophy, and early
death

Gene

EXOSC3
EXOSC8
SLC254A6
VRK1

ASAH1

UBE1

SCO2

TK2

DGUOK

Mode of
inheritance

Autosomal
recessive

Autosomal
recessive

X-linked

Autosomal
recessive

Autosomal
recessive

Autosomal
recessive
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SMA lower Congenital Proximal predominant leg DYNCIH1 Autosomal

extremity to adult weakness, normal arm strength, dominant

predominant nonprogressive

(SMALED1)

SMALED2 Congenital Proximal and distal weakness of BICD2 Autosomal
to adult legs, mild weakness of arms dominant

with some contractures, slow
progression

Congenital distal Congenital Proximal and distal leg TRPV4 Autosomal
SMA (DSMA) weakness, arthrogryposis. dominant
nonprogressive

Scapuloperoneal  Early adult Distal and scapuloperoneal TRPV4 Autosomal
SMA (SPSMA) weakness, laryngeal palsy, dominant
possible sensorineural deafness

SMA with Infancy Diaphragm weakness, IGHMBP2 Autosomal
respiratory predominant distal extremities recessive
distress (SMARD) weakness

SMA with Neonatal Distal muscular weakness, early LASIL X-linked
respiratory diaphragm weakness, recessive
distress 2 respiratory failure

(SMARD2)

Brown-Vialetto- Childhood Pontobulbar  palsy, ataxia, SLC52A3 Autosomal

Van Laere (BVVL) to dysphagia; weakness of arms, SLC52A2 recessive
syndrome adulthood hands, and face; fasciculations, UBQLN1
sensorineural deafness.

Progressive

Kennedy’s Adult Progressive proximal and distal Androgen X-linked
disease extremities and bulbar muscle receptor recessive
weakness and atrophy;
Prominent fasciculations,

dysphagia, androgen resistance

Table 1.2. Spinal Muscular Atrophy ‘plus’ syndromes.

1.4.2. Genetic basis of SMA

SMA is an autosomal recessive disease caused by homozygous mutation or deletion of
the SMN1 gene, located on the 5q13 chromosome region. (Scheffer et al.,, 2001)
Approximately 95% of SMA cases are caused by loss of the gene, and 5% by mutations

that produce a structural/functional deficient SMN isoform. Studies in different
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populations have shown that Asians possess the most elevated carrier frequency of

SMN1 deletions with a 2.4% (Li, 2017; Beattie et al., 2018; Mercuri et al., 2018).

SMIN2 (centromeric) is the second gene that produces the SMN protein. This is a gene
highly homologous to SMN1 (telomeric), originated by a duplication event in the 5q13
region and is located centromeric to the SMN1 locus. (Jangi et al., 2017). Nevertheless,
a silent C/T transition in exon 7 of SMN2 disrupts a splice enhancer sequence, that
results in omission of exon 7 in most SMN2-derived messenger ribonucleic acid (mRNA)
transcripts, producing a truncated protein isoform SMNA7 that is rapidly degraded. As
mentioned previously, the amount of full-length SMN protein produced by SMNZ2
accounts for only about 10% of normal levels, which is enough for survival since
complete loss of SMN protein is lethal; but results in SMA (Ahmad et al., 2016; Farrar et
al., 2015; Lanfranco et al., 2017). Furthermore, the copy number variation of SMN2
seem to inversely correlate with the clinical severity of the disease (Figure 1.14).
Therefore, as a modifier of the disease SMN2, has been considered a target for
therapeutic development to enhance the production of the full-length protein. (Beattie

et al., 2018; Coady et al., 2011; Farrar et al., 2015; Jangi et al., 2017).
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Figure 1.14. SMN1 and SMN2 in Spinal Muscular Atrophy In healthy individuals SMN1 and
SMN2 genes produce 100% and about 10% of full-length SMN protein respectively. The 90%
of the protein produced by SMN2, lack exon 7 due to aberrant alternative splicing, creating
a non-functional protein. In SMA, the SMN1 gene is deleted or mutated; the remaining 10%
of the full-length protein produced by SMN2 is enough for survival but translates into SMA,
which severity correlates inversely with the copy number of SMN2 (From Bowerman et al.,
2017).

1.4.3. SMN protein

SMN is a protein ubiquitously expressed, that has “housekeeping” and cell-type specific
activities. It is highly present in brain, spinal cord, liver, and kidneys. This protein
localizes in the cytoplasm and nucleus of all cells, accumulating in nuclear bodies called
gems, frequently adjacent or overlapping Cajal bodies. (Coady et al., 2011; Jangi et al.,
2017; Li 2017; Renvoisé et al., 2006)

SMN is encoded by 9 exons, has 294 amino acids and a molecular weight of 38kDa
(Figure 1.15) The function of the SMN domains has been determined based on cellular
assays and point mutations detected in SMA patients. On the Exon 2a 2b region, there
is an N-terminal nucleic acid binding domain that overlaps the area of interaction with
Gemin2, and mediates self-association (Coady et al., 2011). A Tudor domain is codified
by Exon 3, this domain consists of 5 B-sheets that create an “aromatic cage” that
recognizes and binds to symmetrically dimethylated arginine residues in numerous
proteins including the Sm core proteins, and the Cajal Body marker coilin. (Coady et al.,
2011; Raimer et al., 2017; Renvoisé et al., 2006; Zhao et al., 2016). Exon 5 contains a
poly-proline motif that associates with profilin, an actin-binding protein. The Y/G box is
a C-terminal domain that mediates oligomerization. Finally, Exon 7 provides stability and

contains a QNQKE motif that targets proteins to the cytoplasm (Coady et al., 2011).
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Figure 1.15. Survival motor neuron subdomains. SMN protein has 294 aminoacids. Relative
size of exons and exon number are shown, as well as amino acid number corresponding to
the exon peptides. The protein subdomains and associated functions are indicated, and
below, the proteins that interact with SMN in the approximate site of interaction (From
Coady et al., 2011).

SMN, is known to form a complex in vivo with Gemins 2-8 and Unr-interacting protein
(Unrip) (Figure 1.16). Gemin2, Gemin4, Gemin8 and SMN can self-associate which
creates large macromolecular SMN-Gemins complexes that cluster into nuclear bodies

called gems (called U bodies in the cytoplasm). (Lanfranco et al., 2017)

INTERACTION KEY
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Figure 1.16. SMN complex. The SMN complex is formed by the association of SMN with the
Gemins proteins 2-8. Physical and genetic interactions between the members of the complex
are shown (From Lanfranco et al., 2017).
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1.4.3.1. SMN protein functions

The survival motor neuron protein has a wide spectrum of functions from
“housekeeping” activities through its canonical role in the assembly of
Ribonucleoproteins as well as participation in metabolism of RNA and motor neuron
development, among others (Figure 1.17) (Jangi et al., 2017; Beattie et al., 2018). The
best understood role of SMA is its involvement in pre-mRNA splicing. Here, the SMN
complex functions as a chaperone in the formation of small nuclear ribonucleoproteins
(snRNPs), which are key elements of the splicing machinery. These ribonucleoprotein
complexes consist in a ring of seven Sm (small RNA-binding) proteins (B/B’, D1, D2, D3,
E, F and G) around a single copy of a U-rich small nuclear RNA (U1, U2, U4, U5, U6, U11,
U12, Udatac, and U6atac), and additional proteins that are specific for each snRNP. Once
assembled, the snRNPs catalyze the removal of noncoding introns from pre-mRNAs

during splicing (Beattie et al., 2018; Farrar et al., 2015; Jangi et al., 2017; Lanfranco et

al., 2017).
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Figure 1.17. snRNP biogenesis. In the nucleus RNA pol Il transcribes Sm-class snRNAs
precursors that contain a m7G cap structure at the 5’-end and extra nucleotides at the 3’-
end. 1) Sm proteins are released from the ribosome, 2) and associate with the PRMT5
complex. 3) Pre-snRNAs exported to the cytoplasm, and Sm proteins are delivered to the
SMN complex, 4) Assembly of the Sm core. 5) The snRNA is hypermethylated by Tgs1, and
then is imported back to the nucleus (From Lanfranco et al., 2017).
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Non-canonical functions proposed for SMN include chaperoning the transport of mRNA
transcripts through motor neuron axons by associating with RNA-binding proteins from
the transport machinery such as Gap43 and cpg15 in animal models (Donlin-Asp et al.,
2016). SMN is also involved in actin-dynamics, more specifically the actin cytoskeleton
at growth cones, through its interaction with profilin2a, a member of the Rho-kinase
pathway (Figure 1.18) (Nolle et al., 2011; Hensel and Claus, 2018). Moreover, SMN is
linked to ubiquitin homeostasis by impacting the Ubiquitin-like modifier 1 (Ubal)
protein subcellular distribution and its spinal cord levels in mice (Wishart et al., 2014).
Further, SMN is necessary for the maintenance of bioenergetic pathways and
mitochondrial health in motor neurons and vesical release at neuromuscular junction
(NMJ) (Xu et al., 2016; Bowerman et al., 2017). More recently, it has been suggested
that SMN protein is also involved in R-loop resolution during RNA pol Il transcription
termination. The SMN Tudor domain recognises and binds to the symmetrically
dimethylated arginine residue (R1810) from the carboxy-terminal domain (CTD) of RNA
pol II; and interacts with SETX a helicase involved in R-loop resolution during

transcription termination (Jangi et al., 2017; Zhao et al., 2016).

SMN in nuclelous:

2 . ; snRNP biogenesis, maturation and recycling
ribosome biogenesis

SMN in synapse:
actin dynamics
vesicle release

SMN in cytoplasm:
snRNP biogenesis
actin dynamics
ubiquitin homeostasis
bioenergetics pathways

SMN in axons:
mRNA transport

Figure 1.18. SMN functions. Schematical representation of some of the functions that have
been proposed for SMN in neurons (From Bowerman et al., 2017).
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1.4.4. SMA pathophysiology

Loss of SMN creates a variety of perturbations over the human body, including the
disturbance in the levels/functions of proteins caused by splicing defects or by lack of
interaction with SMN. The most representative is the specific vulnerability of motor
neurons. Several mechanisms for neurodegeneration have been proposed; however,
there is much left to uncover since disruption of the canonical function of SMN in splicing
generates more ‘systemic’ defects. Meaning that, deficient chaperoning of the SMN
complex during the snRNPs assembly, causes pre-mRNA splicing defects through a
decrease in snRNPs. (Zhang et al., 2008; Bowerman et al., 2018). Further SMN s
necessary to prevent widespread intron retention during splicing events. This hinders
transcription and creates DNA damage and cellular stress due to R-loops formed over

retained introns (Jangi et al., 2017).

Among the suggested mechanisms that participate in the selective degeneration of
neuronal cells in SMA, their bioenergetic profile has been included due to their high
energetic demand. Induced pluripotent stem cells from SMA patients that were later
differentiated into motor neurons displayed a diminished area and number of
mitochondria as well as deficient mitochondrial transport in axons (Xu et al., 2016).
Further, knockdown of phosphoglycerate kinase 1 (Pgk1) resembles the SMA phenotype
on zebrafish and increasing biogenesis of the mitochondria rescued abnormal motor
axons in SMA zebrafish (Boyd et al., 2017). Motor neuron development also appears to
be affected in SMA. SMN interacts with the member of the Rho-kinase (ROCK) pathway,
profilin2a, which is hyper-phosphorylated in SMA cells. Neurite outgrowth in PC-12 cells
is dependent on profilin2a phosphorylation and inhibition of the ROCK pathway rescued

the neurite growth defect by SMN loss (Nélle et al., 2011).

Moreover, a variety of mRNAs have been found to be mislocalised in SMA motor
neurons, together with reduced levels of SMN-interacting proteins necessary for the
localization and translation of mRNAs. The zipcode binding protein (ZBP1 or IMP1)
interacts with the RNA-binding protein HuD from the ELAV family, to modulate the
localization of cpg15 and growth associated protein 43 (Gap43) transcripts, which are

mislocalised in SMA motor neurons (Donlin-Asp et al., 2016). Other processes like
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synapsis and ubiquitination defects have also been found in SMA. Neuromuscular
junctions in SMA mice present aberrant synaptic transmission with lower vesicle density
and reduced vesicle release (Kong et al., 2009). Ubal expression in SMA mice is reduced,
which results in disruption of ubiquitin homeostasis, myelination defects in Schwann

cells and motor neuron degeneration (Aghamaleky Sarvestany et al., 2014).

Further, a number of factors associated with DNA damage are differentially regulated in
SMN-deficient cells. Experiments carried out in a SMNA7 mouse model revealed lower
expression of the Smn protein in medial motor column motor neurons labelled as
vulnerable; and these cells showed accumulation and activation of p53, a transcription
factor that gets activated during cellular stress and DNA damage. This p53
phosphorylation promotes selective death of the vulnerable motor neurons (Simon et
al., 2017). Moreover, upregulation of the p53 downstream factor and mediator of cell
cycle arrest, cyclin-dependent kinase inhibitor Cdknla/p21 was also observed in motor
neurons and spinal cord of animal models. However, recent studies on a milder mouse
model of SMA (Smn?®/-) showed that depletion of p53 and p21 do not impede motor
neuron loss; thus, they are not the main drivers of motor neuron death (Jangi et al.,

2017; Reedich et al., 2021).

SMA has also been associated with R-loop mediated DNA damage; chronic low levels of
SMN cause the downregulation of the R-loop helicase SETX and DNA-dependent protein
kinases (DNA-PKcs). This generates accumulation of R-loops and partial impairment of
the NHEJ DNA repair pathway (Kannan et al., 2018; Cuartas and Gangwani, 2019).
Further, the zinc finger protein ZPR1, a factor that upregulates SMN expression and is
necessary to its location to nuclear gems and cajal bodies, is downregulated in SMA
patients. ZRP1 binds to RNA Pol Il and form complexes with SETX to remove R-loops. The
overexpression of ZPR1 in SMA mice reduces neurodegeneration; hence, presenting

itself as a potential modifier for SMA therapy (Kannan et al., 2020; Kannan et al., 2022).
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1.4.5. Management of SMA patients.

The standards of care for spinal muscular atrophy include diagnosis, physical therapy,
nutrition, medication, palliative care among others (Finkel et al., 2018; Mercuri et al.,
2018). The overall management of these patients require a multidisciplinary approach
in collaboration with the family. Regular physical examinations provide information
about the muscular strength status, which is the basis for the design of physical therapy
sessions. Orthopaedic management include assessments to determine if patients are
candidates for surgical intervention for spinal deformities, hip instability, or fractures.
Moreover, organs and systems are also monitored in patients, since they can suffer from
swallowing and gastrointestinal dysfunction or pulmonary ventilation problems; as well

as bone health in the presence of osteopenia (Finkel et al., 2018; Mercuri et al., 2018).

Several drug treatments for SMA have employed molecules like creatine, gabapentin,
valproic acid, thyrotropin-releasing hormone, albuterol, among others. Unfortunately,
these therapies have not shown significant improvement on the disease course so far.
Moreover, complementary treatment for symptoms comprises antibiotics,
supplements, and annual immunizations against influenza and pneumococcus, which

are strongly recommended (Finkel et al., 2018; Schorling et al., 2020).

Currently therapy development is centred on splicing modifiers for SMN2 gene,
replacement of SMN1 gene or enhancing muscle growth/function (Figure 1.19). The
antisense oligonucleotide (ASO) drug called nusinersen, has been approved as a
treatment for all SMA types. This drug facilitates the inclusion of SMN2 exon7, by
binding to the splice-silencing-site in intron 7; thus, generating a higher number of
SMN2-mRNA with exon7 incorporated and ultimately producing a functional full-length
protein (Schorling et al., 2020; Nicolau et al., 2021). Other splicing modifiers that are
being investigated in trials include the small molecules risdiplam (RG7916) and
branaplam (LMI070) which also aim to increase the levels of full-SMN protein. The gene
therapy approach delivers a wild-type copy of SMN through an Adeno-associated viral

serotype 9 (AAV9) vector intravenously. The FDA approved the use of Zolgensma (AVXS-
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101) on patients below 2 years of age in 2019 (Schorling et al., 2020). Finally,

neuroprotective drugs like Olesoxime, an apoptosis inhibitor is still under study; along

with Fast skeletal Muscle troponin activators (FSTA) and Myostatin-inhibitors that

promote muscle mass growth and function (Finkel et al., 2018; Schorling et al., 2020).

Neuroprotection

(Olesoxime):

* mitochondrial
membrane
permeability under
stress conditions J

* release of
proapoptotic factors J

7 “——— Small Molecules

Gene therapy

(AVXS-101):

* AAV9-Vector with coding DNA
for SMN-protein

* i.v. single dose

SMN1

— Exon6 [— Exon7 [— Exon8 l—:>
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* crosses blood-brain barrier
* oral intake

= =
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—— Antisense oligonucleotide —
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primarily in skeletal muscle cells to
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Figure 1.19. SMA therapeutic approaches. Different therapies developed for the treatment
of Spinal muscular atrophy (SMA). Nusinersen and the AAV9 vector (AVXS-101) have been
approved for human use. The remaining approaches are still being studied. FSTA: Fast
troponin activator (From Schorling et al., 2020).
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2. CHAPTER Il. MATERIALS AND METHODS

2.1. SOLUTIONS
Acetonitrile (ACN) 50%

50 mL of Mass Spectrometry (MS) grade ACN plus 50 mL of MS grade were mixed and

kept at room temperature (RT).

Acetonitrile (ACN) 70%

70 mL of MS grade ACN plus 30 mL of MS grade were mixed and kept RT.

Acrylamide 30%

Ultra-pure ProtoGel® 30% (w/v) Acrylamide: 0.8% (w/v) Bis-Acrylamide stock solution
(37.5:1).

Ammonium Bicarbonate (AB) 100 mM

0.395 g of AB (MW: 79.06), dissolved in 50mL of Mass Spectrometry grade H,0. Made

fresh each time. Kept at RT.

Ammonium Persulphate (APS) 10%

APS was dissolved in dd H20 w/v. 500uL aliquots kept at -20°C.

XX REDACTED TEXT XX
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BSA 3% in PBS

0.6 g of Bovine Serum Albumin (BSA) were added to 20 mL PBS buffer pH7.4. Solution

was filter-sterilized with a 0.22 um filter. Made fresh each time.

BSA 3% in TBST

0.6 g BSA were dissolved in 20 mL TBST buffer.

Calcium Chloride CaCl; 2.5M

27.7 g CaCl; 2H,0 - MW=110.99, complete to 100 ml with ddH-0.

ChIP lysis Buffer

50 mM HEPES-KOH pH 7.5, 140 mM NacCl, 1 mM EDTA pH 8, 1% Triton X-100, 0.1%

Sodium Deoxycholate, 0.1% SDS; 1X Protease inhibitors (fresh each time), Roche.

DRIP Binding buffer 10X

100mM sodium phosphate pH7 was mixed with 1.4M NaCl and 5% (v/v) Triton X-100.
The solution was filter sterilized with a 0.22 um filter. To prepare 1X DRIP binding buffer,
the previous solution was diluted ten times in TE buffer, Invitrogen™. Kept at room

temperature up to a month.

DRIP elution buffer

50mM Tris pH8 was mixed with 10mM EDTA pH8, and 0.5% (v/v) SDS. Kept at RT.
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Elution Buffer

1% SDS, 100 mM NaHCOs. Kept at room temperature (RT).

Ethylenediaminetetraacetic acid (EDTA) 4%

27.397mL of 0.5M EDTA, top up to 100 mL with sterile ddH.O w/v. Kept at 4°C.

EDTA- Hanks’ balanced salt solution (HBSS)
50 uL of EDTA 0.5 M were added to 50 mL of HBSS, solution was filter sterilized using a
0.22 um filter, kept at RT.

Formic Acid (FA) 0.5%

500 pL FA plus Q.S. (quantum satis) 100 mL MS grade H,0, kept at RT.

Formic Acid (FA) 10%

10 mL FA plus 90 mL MS grade H;0, kept at RT.

Glycerol 80%

>99% Glycerol, SIGMA® diluted with dd H»0, kept at RT.

Guanidine HCl (GndHCI) 6M

573 mg GndHCI (MW: 95.53 g/mol) plus Q.S. 1ImL 100 mM AB, kept at RT.

HBSS Buffer 2X

280 mM NaCl, 100mM HEPES, 1.5mM Na;HPO4; Adjust the pH to 7.1 with NaOH, topped
up to 500ml with ddH-0. Stored at —20°C in 50 mL aliquots.
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High Salt Wash Buffer

Add 0.1% SDS, 1% triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.0, 300 mM NaCl in
ddH;0, kept at RT.

lodoacetamide (IAA) 50mM

9.25 mg IAA (MW: 184.96) plus 1 mL of 100 mM AB. Solution was prepared fresh, in the

dark and covered with aluminium foil, after use the rest was discarded.

LB Agar
14 g of LB Agar powder dissolved in 400 mL of ddH20. Autoclaved 121°C for 15 minutes,
kept at RT.

LB Broth
14 g of LB Broth powder dissolved in 400 mL of ddH20. Autoclaved, kept at RT.

Lithium Chloride Wash Buffer

Add 0.25 M LiCl, 1% NP-40, 1% Sodium Deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH
8.0 in ddH;0, kept at RT

Low Salt Wash Buffer

0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.0, 150 mM NacCl in in
ddH;0, kept at RT.

Lysis base buffer

20 mM HEPES pH 7.4, 40 mM NaCl 2mM MgCl,, and 1% Triton X-100 in ddH;0. Kept at
4°C.

45



Methanol: Acetone solution 1:1
25 mL of 100% methanol, mixed with 25 mL of 100% acetone in the fume hood. 50mL

tube was kept at -20°C.

Paraformaldehyde (PFA) 4%

16% PFA solution diluted in PBS, kept at 4°C. Alternatively, a 10% formalin solution
(equivalent to 4% PFA) was used, and kept at RT.

Paraformaldehyde (PFA) 37%

1.85g PFA, 3.5mL ddH,0, 10uL 10M KOH heated in the microwave in 3 second lapses

until dissolved. Kept in fume hood, used immediately and the rest was discarded.

PBS buffer 1X (Phosphate buffered Saline)

1 PBS tablet, in 500mL of ddH;0. Autoclaved, kept at RT.

PBS/tween 20 0.02%

Tween 20 diluted in PBS buffer v/v. Kept at RT.

Poly-D-lysine (5X stock)

Lyophilized poly-D-lysine was hydrated in the hood with 50 mL of dH20 and mixed well.
The bottle was kept at -20°C. Further dilution with dH20 was needed to prepare of 1X

solution.
Protein Loading Buffer (PLB) 5X

1g SDS powder, 771.25mg DTT powder, 2.5ml 250mM Tris-HC| pH6.8 solution, 500mg
Bromophenol Blue powder, 5ml 50% (w/v) Glycerol and 2.5mI ddH20, mixed in the fume
hood. Kept at RT.
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RIPA buffer

Add 50 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA pHS8, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, 1X Protease inhibitors (fresh each time) in ddH,0. Kept at RT

protected from light.

Running buffer 10X

187.7 g Glycine, 30.3 g Tris Base, 10 g SDS, ddH,0 up to 1L. Kept at RT.

Sodium deoxycholate 10%

2g Sodium deoxycholate, 20 mL ddH0, incubated at 37°C vortexing every 5 minutes

until dissolved. Kept at RT protected from light.

Sodium Dodecyl Sulphate (SDS) 2% and 10%

Using a face mask, the corresponding amount of SDS powder was weighed and dissolved

in ddH,0 w/v. Kept at RT.

Sodium Phosphate 1M pH7

39 mL of 2M sodium phosphate monobasic, SIGMA®; were mixed with 62 mL of 2M
sodium phosphate dibasic heptahydrate, SIGMA®; and 100mL of RNase-free water. Kept
at RT.

Tris base 50mM

Tris powder dissolved in ddH;0 adjust pH to 7.4 with HCI. Kept at RT.

TBE buffer 10X (Tris Borate EDTA buffer)

108 g Tris base, 55 g Boric Acid, 40 mL of 0.5 M EDTA, ddH,0 up to 1L. Kept at RT.
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TBS buffer 10X (Tris Buffer Saline)

24.2 g Tris base, 80 g Sodium Chloride, ddH,0 up to 1L, pH 7.9. Kept at RT.

TBST 1X (Tris Buffer Saline Tween)

100mL TBS, 1 mL Tween 20 SIGMA®, ddH,0 up to 1L. Kept at RT.

TE buffer
Thermo Fisher Scientific Ph 8.0, kept at RT.

Transfer Buffer 1X (semi-dry transfer)
200mL of 5X Trans-Blot® Turbo™ transfer buffer and 200mL of 100% ethanol; diluted

with 600mL of ddH,0. Kept at room temperature.

Tris (2-carboxyethyl) phosphine (TCEP) 50 mM

100 pL 0.5M TCEP SIGMA® dissolved in 900 uL of 100mM AB. Ready-to-use aliquots
were kept at -20°C.

Trypsin 0.1 pg/uL (MS)

20 ug of trypsin powder dissolved in 200 pL of 100 mM AB. Ready-to-use aliquots were
kept at -20°C.

Trypsin 0.25%

Trypsin powder dissolved in ddH,0, w/v, filter sterilized, kept at 4°C.

Trypsin-EDTA solution

0.1% Trypsin, 0.4% EDTA in PBS buffer, kept at 4°C.
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Trypsin-EDTA solution 1X

10X trypsin, SIGMA-ALDRICH®; diluted in PBS buffer. Kept at 4°C.

Wet transfer Buffer 1X

100 mL of 10X Tris-Glycine Transfer buffer, G-biosciences; 200 mL of methanol and 700
mL of ddH,0. Kept at RT.

2.2. TISSUE CULTURE

Below | present a brief description of the cell lines used in this research (Table 2.1) and
the methodology for their maintenance. Some experiments were carried out in
immortalised cell lines which are usually easy to work with and give good results.
However, in a few cases | chose to work with primary fibroblasts from SMA patients and
healthy individuals to recreate as much as possible the context of the disease, since the
depletion of SMN expression by synthetic agents such as shRNAs or microRNAs was not
efficient enough. Of note, SMN is produced by two genes SMN1 and SMN2 and is
possible that this hindered the regulation of protein expression by the synthetic

molecules.

2.2.1. Media preparation
2.2.1.1. Maintenance media

Media bottles and supplements were first warmed up to 37°C in the water bath, next
they were sprayed with 70% IMS, wiped with tissue paper, and placed inside the laminar
flow hood. 50mL of media was discarded from the original bottle and the same volume
of foetal calf serum (FCS) was added to the bottle, together with the rest of the

supplements. Media was mixed and kept at 4°C.
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2.2.1.2. XX REDACTED TEXT XX

XX REDACTED TEXT XX

2.2.1.3. iPSc derived Motor Neuron media (iPSc derived MN

differentiation and expansion performed by Dr. Vinay Kumar Godena, SITraN).

All medias were prepared to final volume of 50 mL. The basic media was prepared using
DMEM/F12 — Neurobasal (1:1; 25 mL/25 mL) Gibco™; supplemented with N2 (0.5 X; 250
uL); B27 (0.5 X; 250uL); Ascorbic acid (0.1 mM; 22 uL of 40 mg/mL stock); Glutamax (1X;
500 pL of 100 X stock); and P/S (1X; 500 uL of 100 X stock).

For the differentiation process, on day 1 to 6 of the basic media was further
supplemented with CHIR (3 uM; 7.1 pL of 21.08 mM stock); DMH1 (2 uM; 3.8 pL of 26.28
mM stock) and SB (2uM; 7.68 plL of 13 mM stock). On day 7 to 12, the additional
supplements for the basic differentiation media were CHIR (1uM; 2.37 ulL of 21.08 mM
stock); DMH1 (2 uM; 3.8 uL of 26.28 mM stock); SB (2uM; 7.68 pL of 13 mM stock); RA
(0.1 uM; 5 pL of 1 mM stock); and PMN (Pur) (0.5 uM; 25 uL of 1 mM stock).

For the expansion of MN, on day 13 to 18, the basic media was further supplemented
with RA (0.5 uM; 25 plL of 1 mM stock); and PMN (Pur) (0.1 uM; 5 pL of 1 mM stock). On
day 19 to 28 the additional supplements for the basic differentiation media were RA (0.5
uM; 25 ulL of 1 mM stock); PMN (Pur) (0.1 uM; 5 pL of 1 mM stock); Compound-E (0.1
uM; 4.9 ul of 1.02 mM stock); BDNF (10ng/mL; 5uL of 100ug/mL stock); CNTF (10ng/mL;
5uL of 100ug/mL stock); and IGF-1 (10ng/mL; 5uL of 100ug/mL stock).
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2.2.2. Cell subculture
2.2.2.1. HEK 293T

Human Embryonic Kidney cells 293 that express a mutant version of the SV40 large T
antigen (HEK293T) cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM), SIGMA-ALDRICH®; supplemented with 10%FCS, SIGMA-ALDRICH®; 1%
pen/strep, Thermo Fisher; and 1% L-Glutamine, SIGMA®. Alternatively, for viral
production, HEK293T cells were grown in DMEM, LONZA®; 10%FCS, SIGMA-ALDRICH®;

and 1% pen/strep Thermo Fisher.

To split the cells, media was removed from a ~80% confluent flask. Next, cells were
rinsed once with warm PBS, and a suitable volume of Trypsin-EDTA solution was added
to the cells to dislodge them from the flask surface (2mL to T75 flasks and 4mL to T175
flasks). Cells were incubated for 5 minutes at 37°C and 5% CO;; after, media was added
to the cells to inactivate the trypsin (5mL to T75 flasks and 10 to T175 flasks). Cell
suspension was collected into a universal tube and centrifuged at 180 xg for 5 minutes;
pellets were resuspended in warm media and a specific volume of the suspension was
transferred to the flask according to the subculture dilution needed (usually 1:8 or 1:10).
An appropriate volume of media was added to the cells depending on the container size.

(13 mL to T75 flasks and 25 mL to T175 flasks). Cells were kept at 37°C and 5%CO..

2.2.2.2. Hela

Immortal cell line derived from Henrietta Lacks’ cervical cancer tumour, was used for
viral titration. For these experiments Eagle’s Minimum Essential Medium (EMEM)
SIGMA-ALDRICH®; 2mM Glutamine, SIGMA-ALDRICH®; 1% NEAA, SIGMA-ALDRICH®;
10% FBS, Gibco) was used as growth medium. Cells were split as described on 2.2.2.1

for HEK293T cells.

2.2.2.3. Human fibroblasts

Spinal muscular atrophy type 1 (SMA1) human fibroblasts (GM09677) and healthy
human fibroblasts (GMO08680) obtained from Coriell Institute (Table 2.1) were
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maintained in Dulbecco’s Modified Eagle’s Medium LONZA® (DMEM) supplemented
with 10% FCS, BIOSERA®; 1% Pen/strep, Thermo Fisher; and 1:1000 50pug/mL Uridine.

To split these cells, after removing the media from a T175 flask and washing once with
warm PBS, 5mL of EDTA-HBSS solution was added to the cells and incubated for 2
minutes at 37°C and 5% CO,. Next, the EDTA-HBSS solution was discarded and 5mL of
Trypsin-EDTA 1X was added and the cells were incubated for 5 minutes. Trypsin was
inactivated by adding 7 mL of full media. The cell suspension was then transferred to a

new flask in a 1:3 ratio and topped with 25mL of fresh media.

2.2.2.4, Human Lymphoblasts

Human B-lymphocytes transformed with Epstein-Barr virus were used for viral titration.
Cells were maintained in suspension using Roswell Park Memorial Institute Medium
1640 supplemented with 2mM L-glutamine, SIGMA®; and 10% Foetal Calf serum (FCS),
BIOSERA®. These cells were split by dilution in a 1:4 ratio. First cells were resuspended
by pipetting, next the desired volume of cell suspension was transferred to a new T75

flask standing upright and topped with fresh media to a 50 mL final volume.

2.2.2.5. iPSc - derived Motor Neurons

Induced pluripotent stem cells (iPSc)- derived Motor Neurons from SMA patients and
healthy individuals, were differentiated and maintained according to a published
method (Du et al., 2015). This resulted in a relatively pure population (>95%) of Motor
Neuron Progenitors (MNPs), and enriched batches of functional Motor Neurons (MN)
(>90%) that could be maintained for a minimum of 5 passages. MN were split 1:6 once

a week, and frozen in regular media (DMEM/F-12 + FBS + 10% DMSO).

2.2.2.6. MRC5

Human lung fibroblasts cells from foetus, were maintained in Dulbecco’s Modified

Eagle’s Medium (DMEM), SIGMA-ALDRICH®; supplemented with 10%FCS, SIGMA-
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ALDRICH®; 1% pen/strep, Thermo Fisher; and 1% L-Glutamine, SIGMA®. The cells were

split as described on 2.2.2.1 for HEK293T cells.

Cell line

HEK 293T

MRC5

Human fibroblasts

Healthy

Human fibroblasts

SMA type |

Human lymphoblasts
healthy

Human lymphoblasts
SMA type |

iPSc derived motor
neurons Healthy

iPSc derived motor
neurons SMA

Hela

Remarks

Express a mutant version of the SV40 large T antigen.
Female foetus. Hypotriploid

14-week aborted human male foetus. Diploid.

Coriell Institute GM08680

Male, 5 months old at sampling. Source: skin, foreskin

Coriell Institute GM09677

Male, expired at 23 months age. Source: lens, eye.
Homozygous for Ex7-8del of SMN1 gene. Has 3 copies of
SMN2 gene.

Coriell Institute AG20934

Male, new-born. Source: blood, umbilical cord. Cells grow
in suspension

Coriell Institute GM23689

Male, 1 year at sampling. Source: blood, peripheral vein.
Clinically affected.

Internal codes: CS14i; MIFF1

Isolated from healthy individuals.

Internal codes: SMA86; SMA32
Isolated from SMA type | patients

Hyper triploid chromosome number (3n+)

Table 2.1 Cell lines remarks. Summary of the cell lines used in this study.
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2.2.3. Cell count and seeding

Cells were counted by placing 10uL of cell suspension onto a Neubauer chamber. The
number of cells on the 4 corner quadrants was averaged and multiplied by the dilution

factor 1x10* (cells/mL).

After counting, the volume of cell suspension was calculated for seeding, warm media
was added to the flask or plate and then the cells. Cells were incubated at 37°C and 5%

CO,. Table 2.2 shows the number of HEK293T cells seeded in different containers.

Number of cells Medium volume

24 well plate 30 x 1073 cells/mL 1mL
12 well plate 75 x 10”3 cells/mL 2mL
6 well plate  2-3 x 1075 cells/mL 3mL
10 cm dish 2-3 x 1076 cells/mL 12mL
15cm dish 6-8 x 1076 cells/mL 20mL

Table 2.2 Cell seeding density. Number of cells seeded in different size containers and
volume of media used. Based on HEK293T cells.

2.2.4. Transfection
2.2.4.1. Plasmid Transfection

Cells were seeded on day 1. Transfection was carried out the next day, when cells
reached 60% confluency, using polyethylenimine (PEIl) as a transfection reagent in a 2:1

PEI:DNA ratio. On day 2, the transfection mix was prepared as follows for a 15 cm plate:
Tube A: 10 ug DNA in 300 pL of Serum-free media (SFM)
Tube B: 20 pL of PEl in 300 pL of SFM

First, in the hood, warm SFM was placed into 2 Eppendorf tubes; next, DNA and PEl were
added to tube A and B correspondently, mixing gently by pipetting. After 5-minute
incubation at RT, tube A was mixed with tube B by pipetting and incubated for 20

minutes at RT. Meanwhile, old media in the plates was replaced by new warm media;
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later, 600 pL of transfection mix were added to the cells dropwise over the whole plate
surface. Cells were incubated 48h at 37°C and 5% CO.. For a 6 well plate 1.5 or 2 pg of
DNA was used, and 100 uL of SFM per tube for a final volume of 200 pL of transfection

mix.

2.2.4.2. siRNA Transfection

Cells were seeded to reach 60-70% confluency at transfection. Metafectene® or
Lipofectamine® RNAIMAX were used as transfection reagents. The transfection mix was

prepared as follows for a 6-well plate:

Metafectene® 1:1 v/v ratio, 50nM.
Tube A: 3 pL of 20 uM siRNA in 100 pL of Opti-MEM®
Tube B: 3 uL of Metafectene®in 100 uL of Opti-MEM®

Lipofectamine® RNAIMAX 1:3 v/v ratio, 15nM.

Tube A: 3 pL of 10 uM siRNA in 150 uL of Opti-MEM®
Tube B: 9 uL of Lipofectamine® RNAIMAX in 150 uL of Opti-MEM®

After preparing the transfection mix using the same incubation times and mixing
techniques as the previous numeral stated, the old media in the wells was replaced by
new warm media (1mL of media for Metafectene® transfections and 1.7 mL for the
Lipofectamine® transfections). Finally, the transfection mix was added to the cells
dropwise over the whole well surface, cells were incubated 48h at 37°C and 5% CO.. In
the case of transfections with Metafectene® media was topped up to 2mL 24h after

transfection to decrease cell toxicity.

For a 15 cm plate using Metafectene®, reagents were diluted in 800 pL of Opti-MEM®
and added to 8 mL of new media on the plates for a final volume of 9.6 mL, on the next

day media was topped up to 20 mL to diminish cell toxicity.
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2.2.4.3. XX REDACTED TEXT XX

XX REDACTED TEXT XX
2.24.4. XX REDACTED TEXT XX
XX REDACTED TEXT XX

2.2.5. Transduction

Viral transduction of fibroblasts was carried out in 6 well plates. First, fibroblasts in cell
suspension were counted, and the correspondent volume containing 3 x 10° was

transferred to a 15 mL falcon tube. Next, the volume of virus needed was calculated

using the following formula:

Vol = MOI x No. of cells

Titre

MOI: multiplicity of infection (optimized for each virus- in this case was 30 for both).

Titre: LV-GFP 4.7 x 108
LV-HB-GFP 9.5 x 10’

The volume of virus calculated was added to the tube and the suspension volume was
topped up to 3 mL with warm media. Suspension was then poured into a well of a 6 well

plate. Cells were incubated 48 h at 37°C and 5% CO,.
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2.2.6. CPT treatment

Media was removed from cells growing in 15 cm plates, leaving only 10 mL. Next,
Camptothecin (CPT) was added to a final concentration of 25 uM to the media and
gently swirled; cells were incubated for 10 minutes at 37°C and 5% CO,. After, media

was removed, and cells were washed twice with cold PBS.

2.3. MOLECULAR BIOLOGY TECHNIQUES
2.3.1. Bacterial Transformation

Competent DH5a cells NEB®, were thawed on ice for 10-15 minutes until all ice crystals
disappeared. Next, 50 uL of competent cells were placed into a transformation tube on
ice, and 1-5 pL of plasmid DNA (1 pg-100 ng) were added to the cells and incubated on
ice for 30 minutes. After incubation cells were heat shocked at 42°C for 30 seconds and
incubated on ice for 5 minutes. Later, 950 pL of SOC outgrowth medium, NEB® were
added to the cells and incubated at 37°C for 60 minutes at 250 rpm. Next, 200 pL of cell
suspension were spread on a warm selection plate. Cell suspension was then centrifuged
at 2500 rpm for 2 minutes; 600 pL of supernatant were discarded, and pellets
resuspended. The remaining 200 uL of cell suspension were spread on a warm selection

plate. Plates were incubated overnight at 37°C.
2.3.2. Clonal expansion

For mini preps, a colony from a selection plate was taken carefully, using a 200 plL
micropipette tip and placed into a universal tube containing 5 mL of LB broth with the

suitable antibiotic. Tubes were incubated overnight at 37°C/250 rpm.

For midi preps, single colonies were expanded using 50 mL of LB broth with the suitable

antibiotic in conical flasks and incubated overnight at 37°C/250 rpm.

2.3.3. Preparation of Glycerol Stocks

750 uL of cell suspension were placed into a cryo-tube with a screw cap, 250 puL of 80%

Glycerol were added and gently mixed. Kept at -80 °C.

57



2.3.4. Nucleic Acid Purification

QIAGEN® QlAprepSpin Miniprep Kit: For purification of up to 20 pg of Plasmid DNA.
QIAGEN® Plasmid Plus Midi Kit: For purification of up to 10 mg of Plasmid DNA.

QIAGEN® QlAquick PCR purification Kit: For purification of up to 10 ug of PCR

products.

2.3.4.1. Phenol-Chloroform DNA extraction

One equal volume of UltraPure™ Phenol: Chloroform: Isoamyl Alcohol, ThermoFisher;
was added to DNA solution. After mixing gently and spinning for 5 minutes at maximum
speed, the aqueous layer (top layer) was removed and placed into a new tube. One
equal volume of Chloroform SIGMA®, was added to the aqueous layer; the tube was
mixed and spun down for 2 minutes at maximum speed. The aqueous layer was again

removed and placed into a new tube.

For the DNA precipitation with ethanol, two volumes of 100% Ethanol were added to
the top layer, plus sodium acetate NaOAc pH 5.2 to a final concentration of 0.3M, and 1
uL of Glycogen, Invitrogen™. Samples were mixed and frozen at -80°C for 30-45 minutes
then spun down for 30 minutes at maximum speed and 4°C; alternatively, samples were
left overnight at -20°C, and then spun as previously described. The supernatant was
removed, and the pellet was washed with 70% Ethanol, spun down at RT and maximum
speed for 5 minutes, twice. The pellet was left 30 minutes to dry and later was dissolved

in a suitable volume of ddH-0.

2.3.4.2. Phenol-Chloroform DNA extraction with phase-lock gel tubes
2.3.4.2.1. For DNA lysates

A 15 mL high-density Maxtract phase-lock gel tube QIAGEN®, was centrifuged for 1 min
at 1,500xg to pellet the gel. Next, 1.6 mL of DNA lysate was poured into the tube and
one equal volume of Phenol-Chloroform was added. After mixing gently by inversion,

the tube was spun for 5 minutes at 1,500xg; the aqueous phase stayed on top of the gel
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in the tube. Later, 2.5 volumes of 100% ethanol and 1/10 volume of 3M NaOAc pH 5.2
were added to a new 15mL tube, followed by the clear DNA supernatant recovered from
the Maxtract phase-lock gel tube. The solution was mixed gently by inversion for 10
minutes until DNA fully precipitated. White DNA precipitate was then transferred to a
clean 2mL tube and washed three times with 1.5 mL of 80% ethanol by inverting the
tube a few times, letting it stand for 10 minutes and discarding the alcohol without
centrifugation. DNA was left to air-dry completely for 1 h; next, 125 yL of TE buffer were
added and kept on ice for 1 hour. Finally, the DNA was resuspended gently with a 200

pL cut tip and left for another hour on ice.

2.3.4.2.2. For digested DNA

A 2mL phase lock gel light tube was centrifuged for 1 minute at 16,000xg to pellet the
gel. Next, 150 pL of digested DNA was added to the tube together with 100 pL of ddH,0.
One equal volume of Phenol-Chloroform was added and mixed gently by inversion; the
tube was spun for 10 minutes at 16,000xg. Afterwards, in a clean 1.5 mL tube 2.5
volumes of 100% ethanol, 1/10 volume of 3M NaOAc pH 5.2 and 1.5 uL of Glycogen,
Invitrogen™ were added and mixed by inversion with the aqueous phase containing the
DNA from the phase lock gel light tube. The tube with the DNA and ethanol mix was
incubated 1 h or overnight at -20°C, later it was centrifuged for 35 minutes at 16,000xg
and 4°C. Supernatant was discarded and the pellet was washed once with 80% ethanol
and centrifuged for 10 min at 16,000 and 4°C. Pellet was left to air-dry for 30 min; later
it was resuspended carefully in 50 plL of TE buffer, and left on ice for 30 minutes; after,

DNA was gently resuspended again.

2.3.5. Quantification of Nucleic Acids

Samples were quantified by placing 1 puL onto the Nano Drop column. EB buffer

QIAGEN® or ddH20 were used as blank as appropriate.
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2.3.6. DNA Fragment size determination by Agarose gel

To prepare a 1% agarose gel, a tray for agarose gels was placed on its base and taken
into the fume hood. Next, 100mL of 1X TBE buffer were poured into a 250mL flask. 1g
of Agarose was weighted and added to the buffer. The mix was heated until all the
agarose was dissolved. The flask was left in the fume hood to cool down. Once it was
warm, 2 plL of Ethidium Bromide were added to the solution, mixed slowly, poured onto
an agarose gel tray, and a 15 well comb was placed on the top side of the gel. After, the
gel solidified, the tray with the gel was placed into the tank and covered in 1X TBE buffer.
samples were prepared by mixing 5 pL of DNA with 1 plL of Gel loading dye, purple 6X
NEB® and loaded into the wells. 2-log ladder NEB® was used as base pair size indicator.

The gel was run at 110V for 60-75 minutes.

2.3.7. Plasmid generation
2.3.7.1. Plasmid map and primers design

Plasmid maps were designed using SnapGene® software. Coding sequences for the
desired protein or proteins were added to the vector, the design of the primers was

carried out through the NEBuilder® Assembly Tool v1.12.17.

2.3.7.2. Polymerase Chain reaction (PCR)

Linear fragments of interest were amplified using a PCR kit supplied by Novagen®. PCR

reactions and programs were set up for each specific sequence as shown on Tables 2.3

and 2.4.

HB Domain HB-GFP Lenti-vector
10X KOD Hot start polymerase Buffer 5uL 5uL 5uL
dNTPs SulL 5plL 5ulL
MgSO, 2uL 3uL 4.5uL
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DMSO 1ul 1ul Tul

Forward primer (10uM) 1.5uL 1.5uL 1.5uL
Reverse primer (10uM) 1.5uL 1.5uL 1.5uL
DNA Template 2uL (20ng/pL)  2pL (5ng/uL) 2uL (5ng/ulL)
KOD Hot Start Polymerase lpL lul 1uL
PCR grade H.,0 31l 30ulL 28.5uL
Total volume 50ulL 50ulL 50uL

Table 2.3 PCR reactions. Reaction setup for the amplification of HB Domain, HB-GFP and
Lenti-vector DNA sequences.

HB Domain HB-GFP Lenti-vector
Polymerase activation 95 °C 2 min 95 °C 2 min 95 °C 2 min
Denaturation 95°Cfor20s 95°Cfor20s 95°Cfor20s
Annealing 61.5°C20s 68°C for 20 s 59.3°Cfor 20 s
Elongation 68°Cfor20s  70°Cfor15s 70°C for 3:45 min
Final extension 72°Cfor 5min 72°Cfor5min  72°Cfor 5 min
Number of cycles 35 35 35

Table 2.4 PCR programs. Thermal cycler programs used for the amplification of HB Domain,
HB-GFP and Lenti-vector DNA sequences.

2.3.7.3. Ligation

Fragments of interest were ligated following the Gibson Assembly® Protocol (E5510). All
assembly reactions were done using a 1:5 ratio (0.07 pmols of vector DNA and 0.35
pmols of insert DNA). Calculations for the vector and insert volumes were carried out

using NEBioCalculator®; the rest of the reagent volumes are shown on Table 2.5 below.
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Gibson Assembly reaction was prepared in 0.2 mL PCR tubes. Samples were incubated
in the thermocycler at 50°C for 60 minutes. After, 5 uL of DNA were used to transform
NEB® DH5a competent E. coli cells (C2987). A selection of clones was expanded, and
DNA was purified using QIAGEN QlAprep® Spin Miniprep Kit. Plasmid DNA was
quantified and stored at -20°C.

Volumes
Backbone vector DNA X uL
Insert DNA X uL
Deionized H.0 10-X pL

Gibson Assembly Master mix (2X) 10 uL

Total Volume 20 uL

Table 2.5 Gibson assembly reaction mix. Volumes used for the ligation reaction through
Gibson assembly method. Vector and insert volumes were calculated for each plasmid.

2.3.7.4. Sequencing:

After ligation, plasmid DNA was purified and quantified, samples were sent for Sanger
sequencing to confirm the correct nucleotide sequence of the plasmid. Samples were
prepared by mixing 5 puL of Plasmid DNA (80-100 ng/uL) and 5 pL of primer (5 uM). A
total volume of 10uL was sent to GATC BIOTECH using LIGHTRUN tube barcode service.
The sequences were downloaded from GATC BIOTECH website and aligned to the

designed plasmid using SnapGene® software.

2.3.8. Western Blot
2.3.8.1. Cell harvest and lysis:

Protein detection by western blot started with sample collection. Media was removed,

and cells were rinsed twice with ice cold PBS; Next, cells were scraped using ice cold PBS
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and centrifuged for 5 minutes at 180 xg and 4°C to obtain a pellet. Alternatively, cells
were rinsed once with PBS, trypsinised and centrifuged. Then the pellet was washed 2

times with ice cold PBS.

Pellets were resuspended in lysis buffer (lysis base buffer, 1 X protease inhibitor, 1X
phosphatase inhibitor and Basemuncher 1:1000) and incubated on ice for 20 minutes,
vortexing the samples every 5 minutes. Lysates were centrifuged at maximum speed

(13200 rpm) for 20 min at 4°C and kept at -20°C.

2.3.8.2. Bradford Assay

For the quantification of proteins, a Bradford assay was performed, placing 1 mL of
Coomassie Protein Assay Reagent and 1 ulL of lysate into a cuvette with brief vortexing.

Absorbances were read on a Jenway Genova Spectrophotometer at 595 nm.

2.3.8.3. SDS-PAGE

Separation of proteins was done through Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis. Resolving gels with a concentration of 10 or 12% acrylamide were
prepared as detailed on Table 2.6. To make the gel, a BIO-RAD® cassette was filled to
80% capacity with resolving gel mix, and immediately after 1 mL of isopropanol was
poured into the cassette. The gel was left to polymerize. Later, isopropanol was
removed, and 5 % stacking gel mix was poured into the cassette to fill the rest. Finally,
a BIO-RAD® comb was inserted in the top side of the cassette and left until
polymerization. Later, the comb was removed, and the cassette with the gel was placed
in a BIO RAD® tank covered with 1X Running Buffer. Alternatively, 4-15% Mini-

PROTEAN® TGX Stain-Free™ precast gels from BIO-RAD® were used.

Samples were prepared for loading by calculating the volume of lysate required (usually
30 to 50 pg of protein) using the values obtained from the Bradford Assay. Sample
volumes were topped up with ddH,0 and 5X SDS loading buffer was added to a final

concentration of 1X. Samples were mixed, boiled at 95°C for 5 minutes, centrifuged
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briefly and loaded onto the gel. Precision Plus Protein Dual Colour Standard BIO-RAD®
was used as a ladder. Gels were run at 120 V for 15 minutes and then at 180 V for 60

minutes. Alternatively, precast gels were run at 180 V for 45 minutes.

Resolving gel Stacking gel
10% 12% 5%

30 % Acrylamide 3.3 mL 4 mL 30% Acrylamide 0.83mlL
Tris1.5M (pH8.8) 2.5mL 25mL Tris1.0M (pH6.8) 0.63 mL
10%SDS 0.1mL 0.1 mL 10% SDS 0.05 mL

10% APS 0.1mL 0.1 mL 10% APS 0.05 mL
Ultrapure TEMED 0.004mL 0.004 mL Ultrapure TEMED 0.005 mL

ddH20 4mL 3.3 mL ddH,0 3.4 mL

Total volume 10 mL 10 mL Total volume 5mL

Table 2.6 SDS-PAGE gel preparation. Volumes used for the preparation of 10% and 12%
acrylamide gels for protein identification.

2.3.8.4. Transfer

After running the gel, proteins were transferred to a nitrocellulose membrane using a

semi-dry or wet transfer methods.

2.3.8.4.1. Semi-dry transfer

On a tray, a BIO-RAD TransBlot® Turbo™ transfer filter paper stack, and a TransBlot®
Turbo™ nitrocellulose membrane were soaked in 1 X transfer buffer. Next, half of the
filter paper stacking was placed in the centre of a BIO-RAD TransBlot® Turbo™ machine
tray, followed by the nitrocellulose membrane. After, the gel cassette was opened
carefully and the gel was positioned on top of the membrane, covering it with the rest

of the filter paper stacking. After each layer a roller was pressed onto the stack to make
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sure all bubbles were removed. The machine was set up to Mixed or High molecular

weight, to transfer all proteins of interest.

2.3.8.4.2. Wet transfer

First, wet transfer buffer was prepared (100 mL 10X Tris-Glycine transfer buffer, G-
biosciences; 200 mL Methanol; 700 mL ddH;0); next, on a tray, stacking, sponges, and
the nitrocellulose membrane were soaked in this buffer. Later, on the clear side of a
transfer cassette the first sponge was placed, followed by half of the stacking, the
membrane, the gel; and the second half of stacking and sponge at the end. The cassette
was closed and placed into a base inside of a tank with the black side facing the black
side of the base. A bucket of ice and a magnetic stirrer were placed into the tank as well,
and the tank was filled with wet transfer buffer. The transfer was run for 60 minutes at

400 mAmp whilst stirring.

2.3.8.5. Ponceau Staining

After transfer, the membrane was placed in a tray and covered with Ponceau S solution,
SIGMA®; for 5 minutes at room temperature on a rocker; later, the membrane was

washed with distilled water until the background looked white again.

2.3.8.6. Blocking

Membranes were blocked with 5% milk in TBST buffer for 1 hour at room temperature.

Alternatively, XX REDACTED TEXT XX.

2.3.8.7. Antibody probing

Blocking milk was discarded after the incubation period ended, and the membrane was
incubated for 1 hour at room temperature or overnight at 4°C with primary antibody
diluted in 5 % milk. The working concentrations of the antibodies used are shown in

Table 2.7.
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Following the incubation with primary antibody, the membrane was washed 3 times

with TBST for 10 minutes and the incubated with the secondary antibody (anti-mouse

or anti-rabbit, BIO-RAD®; 1:4000 in 5% milk) for 1 hour at room temperature. After

incubation, the membrane was washed three times with TBST buffer for 10 minutes at

room temperature and later visualized on the ChemiDoc™ MP Imaging System using 1

mL of BIO-RAD Clarity™ Western ECL (Electrochemiluminescence) substrate.

To re-probe, first the membrane was washed twice with TBST buffer for 10 minutes to

remove traces of ECL; then stripped with Restore™ PLUS western blot stripping buffer,

Thermo Scientific™ for 15 minutes at 37°C; next, washed twice with TBST buffer for 10

minutes to remove traces of the stripping buffer, and blocked.

XX REDACTED TEXT XX
Antibody Species Company Cat no. Working
concentration
a-Actin Mouse Sigma-Aldrich A5316 1:1000
REDACTED Rabbit Proteintech REDACTED 1:1000
a-DDX21 Rabbit Novus Biologicas NB100-1718 1:5000
REDACTED Rabbit Bethyl REDACTED 1:1000
laboratories

o-GFP Rabbit Abcam ab6556 1:2000
REDACTED Mouse Abcam REDACTED 1:1000
REDACTED Rabbit Bethyl REDACTED 1:1000

laboratories
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REDACTED Mouse Cell Signaling REDACTED 1:2000
REDACTED Rabbit Abcam REDACTED 1:1000
REDACTED Mouse Santa Cruz REDACTED 1:1000
REDACTED Mouse Cosmo Bio LTD REDACTED 1:1000
REDACTED Rabbit Bethyl REDACTED 1:1000
laboratories
o-SMN Mouse BD 610646 1:5000
a-USP11 Rabbit Bethyl A-301-613A 1:2000
laboratories
REDACTED Rabbit Bethyl REDACTED 1:1000
laboratories
o-Nucleolin Mouse Abcam ab136649 1:2000
a-Nucleolin Rabbit Abcam ab22758 1:2000
REDACTED REDACTED REDACTED REDACTED

Table 2.7 List of primary antibodies for western blots. Species and working concentration
of primary antibodies used in western blots.

2.3.9. Immunofluorescence

In the hood, coverslips were soaked in 70% IMS for a few minutes, then rinsed in ddH20
three times to remove the residues from IMS and placed in a 24-well plate to dry. In case
of seeding HEK 293T cells, 400 pL of 1X poly-D-lysine was added to each well and
incubated 2-16h at 37°C and 5% CO,. After incubation, wells were washed with dH20

twice and once with PBS and left to dry inside the hood.

Around 6-8 X 1074 cells per well, were seeded on glass coverslips in 24-well plates on
day 1. When the cells reached the desired confluency, the plates were placed on ice and
the media was removed from the wells. Cells were washed twice with 500ul ice-cold

PBS. Next, 200upl of ice-cold methanol:acetone was added to each well to
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fix/permeabilize the cells for 10 min at -20°C. Methanol:acetone was removed and cells

were washed three times with 500l of ice-cold PBS. Later, 200ul of filtered 3% BSA was

added to each well and incubated at room temperature for 30min. Afterwards, BSA was

aspirated and replaced by 170ul of primary antibody diluted in filtered 3% BSA as

detailed on Table 2.8:

Antibody Species Company Cat no. Working
concentration
a-DDX21 Rabbit Novus NB100-1718 1:5000
Biologicals
o-GFP Rabbit Abcam ab6556 1:2000
a-Nucleolin Mouse Abcam ab136649 1:2000
a-Nucleolin Rabbit Abcam ab22758 1:2000
$9.6 antibody Mouse Kerafast ENHOO1 1:500
(anti-R-loop)
a-SVIN Mouse BD 1:2000
Secondary Alexa a-mouse Thermo Fisher a21428 1:500
Fluor® 555
Secondary Alexa a-mouse Thermo Fisher al1005 1:500
Fluor® 594
Secondary Alexa o-rabbit Thermo Fisher al1008 1:500
Fluor® 488
Secondary Alexa o-rabbit Thermo Fisher al10012 1:500
Fluor® 594
DAPI Sigma D9542 1:1000
Hoechst Thermo 1:2000
Scientific

Table 2.8 List of antibodies and dyes for immunofluorescence. Working concentrations of
antibodies and dyes used in immunofluorescence.
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Cells were incubated for 1h with primary antibodies; later, cells were washed with 500l
PBS three times. Next, cells were incubated with 170ul per well of secondary antibody
diluted in 3%BSA with DAPI (or Hoechst) for 1 h in the dark. Finally, cells were washed
with 500pul PBS three times; coverslips were rinsed in distilled water and mounted on
microscope slides using Thermo Scientific Shandon™ Immu-Mount™. All slides were

stored at 4°C protected from the light.

2.3.10. HB-GFP ChIP-qPCR

6-8 X 1076 HEK293T cells were seeded in 15 cm dishes and incubated 24h at 37°C and
5% CO,. After, cells were transfected with 10 pug plasmids EV-GFP and HB-GFP, one
plasmid each dish, and incubated for 48h. Next, Cells were crosslinked by adding 37%
PFA directly to the media in the dishes or flasks to a final concentration of 1%, with
gentle rotation at room temperature for 10 minutes. Glycine was added to the media to
a final concentration of 125mM and incubated with rotation at room temperature for 5
minutes to quench the PFA. Cells were rinsed twice with 10mL of ice-cold PBS. Later,
cells were harvested by scraping with ice cold PBS, and the suspension was transferred
to a 15 mL falcon tube. Cells were centrifuged for 5 minutes at 180 xg and 4°C. Pellets
were resuspended in 500uL of ChlIP lysis buffer and incubated for 10 minutes on ice.
Alternatively, cells were trypsinised and transferred to a tube for later crosslinking and

lysis as previously described.

Lysates were next sonicated; lysate volumes were split in 1.5mL Bioruptor® Pico
Microtubes (250uL per tube approximately); later, tubes were placed in the Diagenode
Bioruptor® Pico and cells were sonicated for 6-7 cycles (30sec ON-30sec OFF) at 4°C.
After sonication, samples were centrifuged at 8,000xg and 4°C for 10 minutes and
supernatants were collected into fresh 1.5 mL tubes. 100uL of sonicated sample was
removed and kept aside for determination of DNA concentration, fragment size and

western blot. The rest of the chromatin was kept for the immunoprecipitation (IP).

To determine the DNA concentration and fragment size, the samples were treated first

with RNase A; 50uL of the lysates were topped up with ddH;0 to a final volume of 150uL,
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then 2uL of RNase A (10mg/mL) was added to each sample and they were incubated at
37°Cand 600rpm in the thermomixer for 30 minutes. Next to reverse the crosslinks, 6uL
of 5M NaCl and 2L of Proteinase K (20mg/mL) were added to each sample and were
incubated at 65°C and 600rpm in the thermomixer for 120 minutes. DNA was purified
by Phenol-Chloroform extraction as described on numeral 2.3.4.1. Fragment size was

determined by running a 1% or 1.2 % agarose gel.

The immunoprecipitation was done using 50ug of chromatin and 10% of this value was
set aside as input. 30uL of GFP-Trap® beads, Chromotek; were washed three times with
RIPA buffer. Next, RIPA buffer was added to twice the volume of the beads and they
were incubated with rotation at room temperature for 30 minutes. Meanwhile, samples
were diluted 1:10 with RIPA buffer. After incubation, beads were washed once with RIPA
buffer, and RIPA buffer was added to twice the volume of the beads. Next, samples were
added to the beads, and incubated overnight with rotation at 4°C. The next day, beads
were washed once with each of the following buffers: Low Salt wash Buffer, High salt
wash Buffer and LiCl wash Buffer, in that order. Finally, 150uL of Elution buffer was
added to the beads and incubated at 30°C and 800rpm for 30 minutes. Eluates were
transferred to a new tube. After the IP, cross-links were reversed from eluates and
inputs and DNA was purified by Phenol-Chloroform extraction as stated above,

quantified, and used for qPCR.

2.3.11.  yH2AX ChIP-gPCR

SMA type 1 and healthy human fibroblasts (5 T175 confluent flasks of each cell line)
were crosslinked with 1% PFA. All 5 pellets per cell line were pooled and resuspended in
500uL of ChIP lysis buffer and incubated on ice for 10 minutes. Lysates were sonicated
for 35 Cycles (30sec ON-30sec OFF) at 4°C in the Diagenode Bioruptor® Pico, centrifuged
to pellet cell debris and the supernatants were collected on fresh 1.5 mL tubes. 10% of

the lysates were set aside as input.
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For the IP, 30uL of Protein G magnetic beads per sample were washed two times with
PBS Tween-20 (0.02%) and incubated with 5ug of yH2AX, JBW301 cat no.05-636,
Millipore®; or mouse 1gG antibody, for 1 hour at room temperature with rotation. After
incubation, beads were washed two times with RIPA buffer. Next, 400uL of lysates were
diluted 1:1 with RIPA buffer and loaded onto the beads (400uL to the beads with the
YH2AX and 400pL to the mouse IgG). Samples were incubated with the beads for 2 hours
at 4°C with rotation. After incubation beads were washed four times with RIPA buffer
and once with Elution buffer. Later, 150uL of Elution buffer was added to the beads and
incubated at 65°C and 800rpm in the thermomixer for 30 minutes. After the IP, samples
and inputs were treated with RNaseA; and Proteinase K and 5M NaCl, to reverse the
cross-links. DNA was then purified by Phenol-Chloroform DNA extraction as described

previously on numeral 2.3.4.1 and quantified before qPCR.

2.3.12. XX REDACTED TEXT XX

XX REDACTED TEXT XX
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XX REDACTED TEXT XX

2.3.13.  DRIP-qgPCR

DRIP-gPCR was performed according to two different protocols with small

modifications.
2.3.13.1. Modified from Ray, S., et al. 2013

Cells from six confluent T175 flasks of fibroblasts from SMA patients and healthy
individuals were harvested by scraping using ice-cold PBS; 15mL tubes containing the
cell suspension from each flask were centrifuged for 5 minutes at 200xg and 4°C. After
removing the supernatant, the pellets were transferred to one 1.5mL Eppendorf tube
per condition using 500 pL of cold PBS and centrifuged again using the same conditions.
PBS was discarded and pellets resuspended in 500 pL of ChIP lysis buffer without
protease inhibitor and incubated for 10 minutes on ice. Cells were sonicated 35 cycles
(30 sec ON- 30 sec OFF)/ 4°C, and spun down for 10 min at 8,000xg and 4°C, to remove

cell debris; supernatant was transferred to a new tube.

For the immunoprecipitation samples were divided into 3 parts of 150 pL each, labelling
the 3 tubes as follows: tubel, mouse IgG; tube 2, S9.6 RNase H+; tube 3, $9.6 RNase H-.
The rest of the sample was snap frozen and kept for the input. Samples were diluted
1:10 in RIPA buffer; later, 28 pg of $9.6 antibody (anti-R loop), Kerafast; or mouse IgG
antibody, Thermo Fisher; were added to each tube and incubated for 1h at 4°C with
rotation. Meanwhile, 30ul of Dynabeads™ protein G beads, Thermo Fisher; per tube,
were washed three times with 400 pL of RIPA buffer and added to the tubes. Samples
were incubated overnight at 4°C. The following day, supernatant of tube number 2 was
removed, and the beads were treated with RNase H, NEB (87uL of ddH,0, 10uL of RNase
H buffer and 3 pL of RNase H) for 60 minutes at 37°C and 1000rpm. Next, supernatants
were aspirated and the beads in all tubes were washed on a magnetic rack using 400 pL
of Low salt wash buffer once, then High salt wash buffer and LiCl wash buffer. Tubes
were centrifuged briefly at 1000 rpm to remove residual washing buffer. Elution was

carried out in 150pL of Elution buffer for 15 minutes at 30°C and 1000 rpm. The eluates

72



containing R-loops were transferred to a fresh Eppendorf. In the meantime, 15 plL of
frozen chromatin from each sample that was saved for the input was topped up to 150
uL with Elution buffer and treated with 2 puL of RNase A (10mg/mL), 2 uL of Proteinase
K (20mg/mL) and 4.8 uL of 5M NaCl for 60 minutes, at 45°C and 1000 rpm. Phenol-
Chloroform extraction was performed as described on 2.3.4.1 resuspending the DNA in

50 uL of PCR grade H,0. Samples were analysed by qPCR.

2.3.13.2. Modified from Sanz L. A., Chédin, F., 2019

Cells were seeded in two 15cm plates; when cells reached 70-80% confluency, they were
treated with 25 nM CPT for 10 minutes directly onto the media and incubated at 37°C
and 5% CO,. Cells were gently washed 3 times with 10ml of ice-cold PBS and harvested
by scraping in ice cold PBS. Cell suspension was spun down for 5 minutes at 180 xg and
4°C. Cell pellet was resuspended in 1.6 mL of TE buffer; next, 50 ul of 20% (w/v) SDS and
10 pl of 10 mg/ml Proteinase K were added. Cell suspension was mixed by inversion 4-6

times until viscous and incubated at 4°C overnight.

Cell lysate was transferred to a previously spun 15 ml high-density Maxtract phase-lock
gel, and DNA was extracted using Phenol-Chloroform as detailed on numeral 2.3.4.2 for
DNA lysates. The DNA clump was cut using a 200 pL cut tip whenever it appeared to
have a volume higher than 100 pL, and the enzymatic digestion was carried out into 2
separate tubes. For each digest, the enzymatic cocktail was prepared in 20 pL of RNase-
free water as detailed on Table 2.9. Next, the cocktail was added to the DNA clump,
followed by the rest of the water until a final volume of 150 pL was reached, and the
spermidine was added at the very end to prevent DNA precipitation. Tubes were mixed

by inversion 2-3 times and incubated overnight at 4°C.

Component Amount Final concentration
DNA 50-100 pL

NEB buffer 2 15uL 1X

BSA (100X) 1.5uL 1X
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. L. 30 Units each
Restriction enzymes

EcoR1, Hindlll, Xbal, Bsrgl, Ssp1

RNase-free water Upto 150 uL

Spermidine Loul 0.5X

Table 2.9 DNA restriction enzyme digestion. Preparation of restriction enzyme cocktail for
DNA digestion.

After digestion, DNA was cleaned-up using Phenol-Chloroform and 2mL high-density
Maxtract phase-lock gel tubes as described on section 2.3.4.2 for digested DNA. DNA

from the split sample was pooled, and 1 pL was used to quantify the concentration.

Before starting the IP, a 10ug aliquot of DNA was treated with RNase H. First, 10uL of
10X RNase H buffer was added to the DNA; next, the reaction volume was topped up to
96uL with ddH20 and 4L of RNase H was added. The reaction mix was slightly vortexed
and briefly spun down before incubation for 4-6 h at 37°C. For the immunoprecipitation,
8 ug of DNA were topped up into a final volume of 500uL with TE buffer, and a 50 uL
aliquot was kept at -20°C for later use as 10% input for qPCR. Next, 52uL of 10x DRIP
binding buffer and 7.14uL of S9.6 mouse antibody (2.8 pg/uL) were added to the
remaining 450uL of DNA; the samples were incubated with the antibody overnight at
4°C with gentle rotation. The following day, 90uL of Protein G Dynabeads were placed
into 1.5mL Eppendorf tubes. Beads were washed twice, using 700lL of 1X DRIP binding
buffer for 10 minutes with gentle rotation at RT, and centrifugation for 1 minute at
1,100xg at RT. Beads were added to the samples and incubated for 2 hours at 4°C. After
incubation, beads were spun down the 1 minute at 1,100 xg at RT. Next, beads were
washed twice with 750ul of 1X DRIP binding buffer for 15 minutes at RT with gentle
rotation, and spun down for 1 minute at 1,100 xg at RT. After washing, 300ul of DRIP
elution buffer and 14uL of 10mg/mL Proteinase K were added to the beads, and the
tubes were incubated at 55°C with gentle rotation for 45 minutes; later, the tubes were

spun down for 1 minute at 1,100xg, and the supernatant was recovered.
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R-loops were purified using 2ml high-density Maxtract phase-lock gel tubes as described
on 2.3.4.2 for digested DNA, adding 300 uL of Phenol-Chloroform to the eluate (1:1)

from the previous step. Samples were analysed by qPCR using the QIAGEN Rotor Gene.

2.3.14. qPCR
2.3.14.1. Rotor gene qPCR

Standard dilutions were prepared using the purified DNA 10% inputs and PCR grade H;0
in 0.2 PCR tubes, as follows; S1, (Undiluted); S2, (1:10); S3, (1:100); S4, (1:1000). The
reaction mix was prepared in a 1.5 mL Eppendorf tube as detailed on Table 2.10. Later,
15uL of reaction mix was added to 0.1mL 4-strip Rotor Gene® style tubes, Starlab; and
5uL of DNA from the Standards or IP samples was added after, mixing carefully by
pipetting. Alternatively, all DNA was taken to a final concentration of 2ng/uL before
preparing the standards and tests as described on numeral 2.3.14.2. Tube strips were
covered with caps, placed into the QIAGEN® Rotor Gene and the equipment program

was set up as detailed on Table 2.11 below.

0.1mL 4-strip tubes Volumes 1X Reaction

Sensimix 2X Bioline 10uL
Primer mix (5puM) 2.8uL
PCR grade H20 2.2pL
DNA SpL

Final volume 20puL

Table 2.10 Bioline Sensimix qPCR reaction. Preparation of reaction mix for gPCR analysis of
DNA.
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QIAGEN® Rotor Gene qPCR program

Polymerase activation 95°C for 10min
Denaturation 95°C for 15s
Annealing 55°C for 15s

Extension and Acquire fluorescence 72°C for 30s

45 cycles

Table 2.11 Rotor Gene PCR program. Times and temperatures used for qPCR analysis

2.3.14.2. BIO-RAD® thermal cycler gPCR

Preparation of samples (inputs and IPs) was carried out by diluting them to a final
concentration of 2ng/uL using qPCR grade water. Next, enough reaction mix was
prepared as described on Table 2.12. Later, 8 plL of Reaction mix was placed into a well
from a 96 well-plate, and 2 pL of DNA was added to the well and mixed carefully by
pipetting. The plate was covered and centrifuged for 1 minute at 1760xg, then placed in
the BIO-RAD® C1000 Touch Thermal cycler CFX96 Real-Time System and the program

was set up as stated on Table 2.13.

96 well-plate Volumes for 1 qPCR reaction
SYBR® green PCR master mix 5uL
Forward primer (10uM) lul
Reverse primer (10puM) 1ul
DNA (2ng/uL) 2ul
PCR grade H20 lul

Table 2.12 BIO-RAD SYBR® green qPCR reaction. Preparation of reaction mix for qPCR
analysis of DNA.
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BIO-RAD® gPCR program
Initial Denaturation 95°C 5 min
Denaturation 95°C 10 sec

Annealing, extension and Acquire fluorescence 58°C 30 sec

39 cycles

Table 2.13 BIO-RAD® qPCR program. Times and temperatures used for gPCR analysis on
the BIO-RAD® C1000 Touch Thermal cycler CFX96 Real-Time System.

2.3.15. Viral production (Lentivirus)
2.3.15.1. Lentivector plasmid production

The plLenti-HB-GFP plasmid was produced through Gibson Assembly as described on
numeral 2.3.7 using the pLenti-VOS plasmid as a template. Ampicillin resistant colonies
were expanded to prepare 2 MIDI-preps and have enough DNA for transfection. DNA
was quantified, the two tubes were mixed to have a total volume of 400 puL and the

concentration was averaged.

2.3.15.2. Transfection of viral plasmids

First, 3X 1076 HEK293T cells were seeded into 20 dishes (10cm) and incubated 24h at
37°C and 5% CO; in DMEM media (10% FBS, 1% Pen/Strep). Transfection mix was
prepared considering 1mL of mix per dish (Final volume of 20mL): 2X HBSS was pre-
warmed, and 10 mL were poured into a T25 small tissue culture (TC) flask. 5mL of 0.5M
CaClL, was placed in a small TC flask. DNA from packaging plasmids (pMD.2G,
3.75ug/10cm dish; pCMVAR8.92, 13ug/10 cm dish; pRSV-Rev 3 pug/10cm dish) and from
the transfer plasmid containing the gene of interest (pLVHB-GFP 13pug/10cm dish) were
combined into a small TC flask and topped up to 5mL with ddH,0. Next, CaCl, was added
to DNA dropwise. The CaCl; and DNA mix was added to the 2X HBSS dropwise, using a

5mL stripette to make bubbles for gentle mixing (solution became opalescent at pH
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7.05-7.12). Finally, 1mL of the Transfection mix was added to each dish dropwise with a
gentle swirl to mix. Dishes were incubated at 37°C/5%CO; for 6 hours (or overnight),

media was changed, and dishes were further incubated for 48h.

2.3.15.3. Virus harvest

In the hood, on a paper towel previously sprayed with 70% IMS, rotor’s (SW28) pots and
lids were unscrewed and sprayed with IMS; next, 6 Beckman tubes were lined up and
rinsed with ddH20, same was done with the pots and lids. Two T175 flasks were placed
into the cabinet; after, media from the dishes were removed with a strippette and added
to one of the flasks. A 0.45 um filter was attached to a 50mL syringe and the supernatant

was filtered into the other flask.

Beckman tubes were filled with filtered supernatant to about 1.5cm below the top and
placed in pots; later pots with lids were balanced with their correspondent pair. Pots
were closed, placed in the rotor and into the centrifuge. Tubes were spun down at
19,000rpm for 90min at 4°C. After, the rotor was taken out the centrifuge and tubes
were placed on ice. Supernatant was decanted into virkon and tubes were left inverted
to remove residual media. Later, 300uL of 1% BSA in PBS was added to the pellets and
left for 1h before resuspending opaque pellets. All pellets were combined and aliquoted

(50uL in 0.5mL tubes). Tubes were kept at -80°C.

2.3.16. Viral titration by FACS (Lentivirus)
2.3.16.1. Transduction of Hela cells for titration

In a 12-well plate, 75,000 Hela cells were seeded on each well, in 1mL of EMEM (2mM
Glutamine, SIGMA®; 1% NEAA, SIGMA®; 10% FBS, Gibco) and incubated overnight at
37°C/5%C0,. Cells from one representative well were counted. Next 500uL of media
was recovered from the wells about to be transduced and placed into a falcon tube. One
virus aliquot was thawed on ice. Next, three viral dilutions were prepared as follows:

1:100 dilution, 10uL of virus in 990uL of conditioned media (from the falcon tube);
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1:1000 dilution, 100puL of 1:100 dilution in 900uL of conditioned media; 1:10000 dilution,
100uL of 1:1000 dilution in 900uL of conditioned media.

The rest of the media from the wells to be transduced was removed and discarded; then,
450uL of the virus mix were added to the wells (two wells per virus concentration)
starting with the most diluted. The rest of the wells were controls. Cells were incubated
at 37°C and 5%CO; and after 6h wells were replenished with 500uL of fresh complete

media; cells were further incubated for 72h.

2.3.16.2. Cell harvest

Medium was removed from each well and washed once with PBS, cells were trypsinised
and cell suspension spun down at 500xg for 5 minutes; supernatant was discarded,
pellets were resuspended in 200uL of 4% PFA and fixed for 10 minutes at RT. Cells were
spun down and PFA discarded; pellets were washed once with 1 mL of PBS, centrifuged

again and resuspended in 200 pL of PBS. Samples were stored at 4°C.

2.3.16.3. FACS Analysis

Transduced and controls were transferred into 1.1mL Autotubes for Flow cytometry.
Samples were analysed using the BD FACS Diva 8.0.1 software set in the Blue 530-30
channel. Control samples were analysed first (non-transduced), followed by the samples
with the highest GFP concentration to the most diluted. To quantify the vector titre, the
data from the lowest dilution (1:10000) was used (1-20% positive cells shown as %Parent

in the file) to complete the following formula:

Vector titre= [(%positive cells X no. of cells during transduction) X dilution factor X

2] =TU/mL.
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2.3.16.4. MOI multiplicity of infection

On a 24-well plate with coverslips, 30,000 human fibroblasts GM08680 were seeded in
12 wells with 1 mL of media and incubated overnight 37°C and 5%CO,. Next day, cells in
a one representative well were counted (approximately 40,000 cells). Virus suspension
was thawed on ice. The volume of virus needed for selected MOls (1, 3, 10 and 30) was

calculated according to the following formula:

MOI = Volume of virus X titre

Number of cells

Transduction was carried out by removing 500 pL of media from each well and placing
them in 1.5mL tubes, next the volume calculated of the virus was added to the 500 pL
of conditioned media. Later the remaining 500 pL of the media from the wells was
discarded, and the 500 uL of viral mix was added to each well. Two wells were left
untouched to use them later, as controls. After 4-6 h of incubation at 37°C and 5%CO>,
the wells were topped up to 1 mL with fresh media and the plate was incubated for 2-3

days more.

Cells were washed two times with 500 pL RT PBS and fixed with 200 uL of 4% PFA for 10
minutes at RT and then washed 3 times with PBS. Immunostaining was carried out by
permeabilizing cells with 200 pL of 0.5% Triton X-100 in PBS for 10 min at RT; triton was
discarded, and cells were washed 3 times with RT PBS. Next, cells were incubated in the
dark for 10-20 min with 200 uL of 1:2000 Hoescht in PBS solution; Hoescht was
discarded, and cells were washed 3 times with RT PBS; coverslips were mounted using
IMMU-MOUNT™, Thermo scientific; mounting media. Slides were visualized on a
confocal microscope to determine the percentage of cells showing GFP signal as sign of

infection.

2.3.17. Lentivector HB-GFP ChIP qPCR

Primary fibroblasts from SMA patient (GMQ09677) and healthy individual (GM08680)

were transduced with a lentivirus carrying HB-GFP sequence at a MOI of 30; an empty
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vector-GFP virus was used as an extra control. Cells were maintained in DMEM media

and 6 T175 flasks were used from each cell line for the experiment.

Cells were crosslinked at room temperature for 10 minutes with PFA (1% final
concentration); reaction was quenched with Glycine (125 mM final concentration) for 5
minutes. Cells were harvested by scrapping and pellets lysed in 500 uL of ChIP lysis
buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pHS8, 1% Triton X-100,
0.1% Sodium Deoxycholate, 0.1% SDS, 1X Protease inhibitors) for 10 min at 4°C (on ice).
Next, lysates were sonicated for 35 cycles (30sec ON-30sec OFF) at 4°C on the Diagenode
Bioruptor® Pico, centrifuged at 8,000xg and 4°C for 10 minutes and supernatants were
recovered. A small volume (50 pL) was used to determine DNA concentration and
fragment size: crosslinks were reversed, and DNA was purified using Phenol-Chloroform,
fragment sizes around 200bp were confirmed on 1% Agarose gels. The rest of the lysate
was used for the immunoprecipitation (approximately 40ug of DNA per sample),
samples were diluted 1:10 in RIPA buffer (50mM Tris-HCl pH 8, 150mM NaCl, 2mM EDTA
pHS8, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 1X Protease inhibitors) and 30uL
GFP-Trap® beads (Chromotek) were added. After overnight incubation at 4°C, beads
were washed once with, Low salt wash buffer (0.1% SDS, 1% triton X-100, 2mM EDTA,
20mM Tris-HCl pH 8.0, 150mM NaCl); High salt wash buffer (0.1% SDS, 1% triton X-100,
2mM EDTA, 20mM Tris-HCI pH 8.0, 300mM NaCl); and LiCl wash buffer (0.25M LiCl, 1%
NP-40, 1% Sodium Deoxycholate, 1mM EDTA, 10mM Tris-HCl pH 8.0). R-loops were
eluted at 30RIC and 800rpm for 30 minutes in Elution buffer (1% SDS, 100mM NaHCO3).
After the IP, cross-links were reversed from eluates and inputs; DNA was purified by
Phenol-Chloroform extraction, and quantified. The gPCR was prepared using SensiMix™

SYBR® No-ROX kit and carried out in the Rotor Gene.
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2.4.4. Fiji software from ImageJ

Fiji from Imagel is a software for image analysis. This tool was used for the quantification
of DDX21 staining in motor neurons from mice and IPSc derived motor neurons. Images
were taken in a confocal microscope. For quantification, overlapping cells, edges, and
defective staining were discarded form the selections. The integrated density was the

measurement considered for the image analysis.

e Opened file in FlJI (Image J). Stack viewing -> Hyperstack. Colour mode->
colorized. Ticked ‘autoscale’ box and click OK. Select image, clicked OK.

e To create a flat image: On the menu, clicked Image -> Stacks -> Z Project ->
projection type -> Max intensity, clicked OK. The image had 2 channels: DAPI or
Hoechst, and DDX21.

2.4.4.1. Nuclear signal quantification of DDX21.
2.4.4.1.1. Create binary image.

e First, with the DAPI channel active, | clicked the LUT button and selected Grays,
the image changed to grayscale.

e Next, on the menu, clicked Image -> Adjust -> Threshold. Adjusted threshold
values until the nuclei were covered and clicked Apply.

e On convert stack to binary pop-up window, left Method in default, background
in dark and ticked the “only convert current image” box.

e A binary image was then created in the DAPI channel only. After, to make the
binary image cleaner; clicked Process on the menu, then -> Binary -> Fill holes.
When the software asked if | wanted to process all the images, clicked NO (the
software then only processed the active channel).

e To separate cells that were thresholded together; clicked Process on the menu,
then -> Binary -> Watershed. When the software asked if you want to process all

the images, clicked NO.
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2.4.4.1.2.  Single cell quantification

Using the Wand tracing tool, | selected the nuclear shape desired on the DAPI
channel (the shape was highlighted with a yellow line); then changed to the test
channel (DDX21), the shape remained selected. Clicked Analyse on the menu and

then Measure. To set the measurements clicked Analyse -> Set measurements.

2.4.4.1.3. Multiple cell quantification

Opened the ROl manager; Analyse -> Tools -> ROl manager. On the DAPI channel,
after creating the binary image, selected one nuclear shape with the wand, and
clicked Add in the ROl manager window (did this for all the shapes, one at a time,
each nucleus should be one ROI).

After adding all the shapes, changed channels (DDX21 channel) and clicked
Measure on the ROl manager window. | obtained the data in the results window
(If the Min and Max values are always 0 and 255 it means that the measured is

for black and white channel; black is 0 and white is 255).

2.44.2. Nucleoplasmic signal quantification of DDX21

After creating a binary image on the DAPI channel, used the magic wand to select
the nuclear shapes and change to DDX21 channel, then threshold the image to
cover the foci from the desired nuclei.

Later holding the Alt key, selected the foci (this removed that area from the
selection, resulting in the nucleoplasmic selection without the foci). Repeated
this for the rest of the cells. In case that the threshold for the foci was not
accurate, right click on the Oval Selection button -> Selection brush tool; then
double left click on the button and a window popped up, changed pixel size to
10 (or other value as suitable). Next, with the Selection brush tool active made
an accurate selection of the foci (like drawing the foci). Kept the Alt key pressed

to remove a non-desired area. To add an area pressed Shift.
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2.4.4.3. Foci signal quantification of DDX21

e Aftercreating a binary image on the DAPI channel, used the magic wand to select
the foci on the DDX21 channel by thresholding them (pressed Shift to select
more than one foci, and Alt to remove them). If the selection was not accurate,
| used the Selection Brush tool to refine the areas (pressed Shift to add an area
to the selection, and Alt to remove it). Selected only the foci from one cell at a

time, otherwise the values were shown as one measurement.

2.4.4.4, Export results

Measurements were obtained after clicking Analyse on the menu and then Measure. To
set the measurements click Analyse -> Set measurements. Details of the regions
measured were displayed in the Results window. Measurements were exported by

clicking on the results window File-> Save as. The file was saved as a .csv file.

89



3. CHAPTER Ill. RIBOSOMAL DNA DAMAGE IN SURVIVAL MOTOR

NEURON-DEFICIENT CELLS IS R-LOOP MEDIATED, REINFORCED BY XX

REDACTED TEXT XX AND THE NUCLEOLAR DISPLACEMENT OF
DEAD-BOX HELICASE DDX21.

3.1. INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disorder,
considered the main genetic cause of death in infants (Nicolau et al 2021; Wirth 2021;
Cuartas and Gangwani 2022). This condition is characterised by low levels of Survival
Motor Neuron (SMN) protein, generated by a homozygous deletion, or loss-of-function
mutations in the survival motor neuron 1 (SMIN1) gene. (Prior et al., 2011; Nicolau et al.,
2021). Additionally, there is a second gene, originated by a duplication event that also
produces the SMN protein named survival motor neuron 2 (SMN2). The severity of the
disease is commonly associated with the copy number of this gene which is nearly
homologous to SMN1. SMN2 possesses a C to T transition and produces in most cases a
truncated protein with an absent exon 7. Only 10-15% of SMN2 transcripts produce a
full-length protein which partially rescues the phenotype. Further, in absence or
homozygous mutation of SMIN1, zero copies of the SMN2 gene is lethal; having only one
copy can cause miscarriages or death by 6 months of age; meanwhile, individuals with
5 to 6 copies of the SMN2 gene do not present symptoms until adulthood (Prior et al.,

2011; Schorling et al., 2020; Nicolau et al., 2021).

The SMN protein is ubiquitous and performs several different functions in the human
body, including the participation in the biogenesis of small nuclear Ribonucleoproteins
(snRNPs), which catalyse the removal of introns during pre-mRNA splicing; the
mediation of messenger RNA (mRNA) transport in axons and modulation in the
localization of B-actin in neurite growth cones, among others (Beattie and Kolb, 2018;
Chaytow et al., 2018). The variety in roles of SMIN, raises questions about the mechanism
on which paucity of SMN protein levels result in selective degeneration of lower spinal
cord motor neurons (Ahmad et al., 2016). For some time, popular hypotheses about the

potential pathological mechanisms that could result in selective tissue defects have
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contemplated splicing deficiencies in neuronal genes and DNA damage. These ideas
were sustained by the involvement of SMN in splicing via ribosome biogenesis
deficiencies. Additionally, genome stability could be compromised in post-mitotic
neurons due to their high levels of transcription and the repair of the DNA lesions being
mostly confined to the non-homologous end joining (NHEJ) mechanism; defects in any

of these pathways could result in DNA damage (Pan et al., 2014).

Reduction of SMN correlates with a decrease in the competence of snRNPs assembly,
thus affecting numerous transcripts. Nevertheless, published analysis of splicing
changes in multiple genes from SMN-deficient mice showed widespread alterations
present in different tissues but not changes that are specifically harmful to motor
neurons (Zhang et al., 2008; Zhao et al., 2016). On the other hand, DNA damage has
gained relevance in the study of SMA recently; it was first reported by Tews and Goebel
in 1996 as DNA fragmentation in muscle fibres from SMA patients. More recent
publications have drawn attention to the activation of p53 pathway and transcriptional
R-loop accumulation/resolution as mediators of DNA damage in SMA (Jangi et al., 2017;

Simon et al., 2017; Kannan et al., 2018; Kannan et al., 2020).

R-loops are nucleic acid structures where a nascent RNA hybridises with the
complementary DNA strand; alterations in their metabolism have been associated with
cancer and neurodegenerative diseases (Kannan et al., 2022). SMN depletion leads to
R-loop accumulation and DNA damage in neuroblastoma cells (Jangi et al.,, 2017);
additionally, SMN has been proposed to be part of an R-loop resolution pathway
suggested by its interaction with Senataxin (SETX), a helicase that resolves R-loops (Zhao
et al., 2016). Furthermore, overexpression of ZPR1, a zinc finger protein necessary for
the accumulation and localization of SMN in cajal bodies and gems in the nucleus,
reduces R-loops and increases SMIN and SETX levels in SMA patient cells (Kannan et al.,

2020).
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Considering the aforementioned findings, the nucleolus emerged as an interesting focal
point for my project. This multifunctional membraneless organelle plays an important
role in coordinating the biogenesis of ribosomes. Is the residing site of ribosomal genes
which are heavily transcribed by RNA polymerase |, and where the processing and
modification of ribosomal RNA (rRNA) takes place. Furthermore, the high transcription
rate of ribosomal DNA (rDNA), elevated content of GC regions, repetitive sequences,
and replication stress, make rDNA particularly vulnerable to damage. Additionally,
nucleolar stress and abnormalities have been associated to cancer and
neurodegenerative disorders, such as Alzheimer’s and Huntington’s disease (Boisvert et

al., 2007; Lindstrom et al., 2018; Xing et al., 2017; Blokhina and Buchwalter, 2020).

The aim of this Chapter was to investigate what happens in the nucleoli in SMA
conditions. To determine if there are differences or defects in the biological processes
carried out in the nucleolus; particularly, defects associated with rDNA transcription
(such as R-loops), and if they contribute to the physiopathology of the disease as DNA
damage. All this encouraged by the similarities between SMA, and other
neurodegenerative diseases where DNA damage plays an important role; as well as the
idea that the transcriptional process occurring inside the nucleoli in SMA, could be
potentially affected as it happens in the nucleus. This analysis encompassed the
assessment of nucleolar R-loop levels in SMA patient cells. The evaluation of nucleolar

DNA damage using the phosphorylated H2AX as a damage marker. Additionally, |

investigated the nucleolar occupancy of XX REDACTED TEXT XX

XX REDACTED TEXT XX and the
DEAD-box (DDX) nucleolar protein DDX21. XX REDACTED TEXT XX
XX. REDACTED TEXT XX.  Further, DDX21, is both involved in ribosome

biogenesis and R-loop resolution.
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3.2. OPTIMISATION OF METHODS FOR R-LOOP DETECTION IN ViVoO.
3.2.1. Overview.

R-loops are DNA/RNA hybrid structures that arise during transcription and have a three-
strand conformation, with the RNA bound to their complementary DNA and a displaced
DNA strand. These dynamic structures are widespread and involved in several
physiological mechanisms; however, non-scheduled R-loops can have pathological

consequences (Sanz et al., 2016; Garcia-Muse and Aguilera 2019).

The association of co-transcriptional R-loops to neurological diseases (Groh and
Gromak, 2014; Walker et al., 2017) was a source of inspiration to investigate their levels
in the SMA context. In previous studies, the detection of R-loop structures have
included, electron microscopy analysis (Backert, 2002); the isolated analysis of nucleic
acids sensitive to ribonuclease (RNase) H that resolves DNA/RNA hybrids, and resistant
to the hydrolysing effect of RNase A, an enzyme that targets single stranded RNA
(Huertas and Aguilera, 2003); and the use of a catalytically inactive RNase H in
Chromatin immunoprecipitation (ChIP) and Immunofluorescence (IF) experiments to
trap R-loops without resolving them (Chen et al., 2017). Regardless of its sub-optimal
specificity, the most common method of R-loop identification has been the S9.6
monoclonal antibody in DNA/RNA  immunoprecipitation (DRIP) and
immunofluorescence assays. The anti- 10 nucleotide DNA-RNA hybrid antibody S9.6, has
an affinity of 0.6nM, and detects hybrid sequences as small as 6bp (Phillips et al., 2013;
Garcia-Muse and Aguilera 2019). However, S9.6 also recognizes AU-rich RNA duplexes
with a reduced affinity of approximately fivefold compared to DNA/RNA hybrids (Phillips
et al., 2013; Haldsz et al., 2017). Consequently, the $9.6 method is not considered ideal

for accurate detection of R-loops and is usually validated with other techniques.

Due to several issues related with the specificity of the S9.6 antibodies, for my
assessment of R-loops | decided to test an alternate system, using the hybrid binding
domain (HB) from the endonuclease RNase H1 fused to the green fluorescent protein
(GFP) (Bhatia et al., 2014). The HB domain recognizes and binds to DNA/RNA hybrids

with higher specificity for DNA/RNA heteroduplexes with a 25-fold preference to the

93



hybrids than double stranded RNA; and has a specificity 5-fold higher than the $9.6
antibody. (Nowotny et al., 2008). The hypothesis was that the higher specificity of the
HB domain to recognize R-loops, in comparison to the $9.6 antibody, would result in
more efficient binding and detection of these structures. Additionally, the presence of
GFP would facilitate the tracking process in the overexpression of the fusion protein in

living cells.

3.2.2. Aim and objectives.

For this Chapter, the aim was to optimise an HB-GFP-ChIP-gPCR protocol (Figure 3.1) for
the detection of nucleolar R-loops in living cells. The protocol would use the HB-GFP
fusion protein as a DNA/RNA-binding element to detect R-loops with higher specificity
than the S9.6 antibody. Optimisation was necessary because this approach had not been
tested before in our lab or in the SMA context. Potentially the protocol would later allow
the identification of subtle changes in R-loop levels in the ribosomal DNA of SMA cells
compared with healthy cells due to the higher specificity of the HB domain from RNAse
H1.

3.2.2.1. Objectives.

e Optimise each step of the HB-GFP-ChIP-gPCR protocol in HEK293T cells.
e Select R-loop prone regions in the ribosomal DNA for gPCR analysis.
o Determine which cell lines will be used for the experiment in the SMA context.

e Optimise the protocol in the cell lines chosen in the previous step.

To fulfil this aim, according to the design of the HB-GFP-ChIP-gPCR protocol (Figure 3.1
A); first, | required to optimise the insertion and overexpression of the fusion protein
HB-GFP into cells, which would bind to R-loops in vivo. This would be followed by
paraformaldehyde crosslinking optimisation to fix the protein-R-loop bond. Next, a
careful sonication testing would be necessary to shear chromatin to a size that allows

the capture of R-loops through GFP immunoprecipitation. Finally, the DNA from the R-
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loops would be purified and analysed via qPCR using primers targeting ribosomal DNA
regions. Primers for gPCR would be selected according to their performance after
testing them with the protocol. The selection of cell lines for the experiment in the SMA

context, would be subjected to their availability and how well they represent SMA

conditions.
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Figure 3.1. HB-GFP Chromatin immunoprecipitation approach. (A) Graphic representation
of the chromatin immunoprecipitation experiment in which the fusion protein encompassed
by EGFP and the Hybrid Binding domain from RNase H1, detected and bound to DNA:RNA
hybrids. R-loops were isolated by pulling down the HB-GFP fusion protein with GFP-trap
beads. qPCR amplified Actin 5’pause nuclear region; and 5.8S, 28S and R7 ribosomal
sequences. (B) Domains of the human RNase H1 protein (Modified from Wu et al., 2013).

3.2.3. Results.
3.2.3.1. Optimisation of HB-GFP-ChIP-qPCR protocol in HEK293T cells.

The first step for HB-GFP-ChIP-qPCR optimisation was to transiently overexpress the HB-
GFP fusion protein and the empty vector-GFP (EV-GFP) in living cells. A stable
overexpression would later allow the capture of R-loops by the fusion protein. | chose
HEK293T cells to test this and further steps of the protocol due to the rapid growth of

the cells, and how easy they are to maintain and transfect.

HEK293T were transfected with EV-GFP or HB-GFP plasmid DNA using
polyethyleneimine (PEI) to a 1:2 ratio (DNA:PEI). Protein overexpression was observed
under a fluorescence microscope showing around 80% green glowing cells. Western
blots probed with o-GFP antibody showed clear dark bands confirming the expression

of the transfected sequences in each cell lysate. (Figure 3.2).

96



50 kDa

s s | 0-Actin
37 kDa

37 kDa

—_— a-GFP

25 kDa .

EV-GFP HB-GFP

Figure 3.2. Overexpression of GFP and HB-GFP in HEK293T cells. Western blot probed with
a-GFP rabbit antibody shows protein overexpression in cells transfected with EV-GFP and
HB-GFP plasmids respectively. GFP band runs at 27kD and HB-GFP at approximately 33kDa.

Once the protein overexpression was consistent, samples were prepared for the
immunoprecipitation. First, | started with the optimisation of paraformaldehyde (PFA)
crosslinking, which maintains the interacting proteins bound to the DNA. This step is
important because over-crosslinking can mask relevant epitopes recognized by the
antibody during the pull-down assay (Halasz et al., 2017), and hamper DNA shearing as
well. Transfected HEK293T cells were cross-linked with 1% PFA for 10 minutes, and
pellets were lysed in 500uL of ChIP lysis. Next, the chromatin had to be fragmented to a
suitable size (approximately 200-300bp) to facilitate the pull down of specific DNA
regions containing R-loops, as well as the adequate amplification of the aforementioned
sequences later via gPCR. Lysates were sonicated in a Diagenode Bioruptor®, a machine
that uses ultrasound waves through a cold-water bath for shearing. This technique was
preferred over the restriction enzyme digestion method, since the latter results in a
broader DNA size range (Haldsz et al., 2017). Figure 3.3 shows 1% agarose gels loaded
with purified DNA from non-crosslinked (A) and crosslinked lysates (B), which usually

require more cycles to reach the desired size. In both cases, 6 and 7 cycle sonication
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resulted in higher uniformity of fragment size at around 200 bp with less DNA
degradation, and there was no sign of over-crosslinking. Hence, the crosslinking was set

at 1% PFA/10 minutes and 7 cycles of 30 sec ON - 30 sec OFF shearing.

1kb

0.5 kb

5 6 7 8 10

Cycles 4 5 6 4 5 6 7 8 Cycles
30s ON- 30s OFF 20s ON- 40s OFF 30s ON- 30s OFF

Figure 3.3. Determination of DNA fragment size. Agarose gels show DNA fragments sizes in
HEK293T cell lysates during the sonication optimization process. (A) Six cycle sonication (30s
ON-30s OFF) showed greater uniformity and adequate size for qPCR (around 200 bp) than
the rest of the settings. (B) After crosslinking HEK293T cells, seven cycle sonication (30s ON-
30s OFF) resulted in suitable DNA size without degradation.

Samples were suitable for the subsequent step; the pull-down of R-loops with o-GFP
antibody. However, this was carried out using 30uL GFP-trap beads per sample instead,
due to its good results in previous experiments carried out in our lab (Liao et al., 2018).
The EV-GFP transfected sample was utilised as a control during the pull-down, and
RNase A digestion was performed afterwards to prevent RNA contamination in all
samples. Crosslinks from lysates and pulled down samples were reversed by incubating
the tubes with NaCl/65°C/600rpm for 2 h, followed by the purification of DNA with the

Phenol-Chloroform method.

Finally, R-loop accumulation was analysed by gqPCR in the Corbett Rotor Gene-6000.
Here the levels of R-loops would directly correlate with the quantification of the
targeted DNA sequence. | started with a set of primers that amplify an intronic region of
the Inhibitor of Growth protein 3 (ING3); a highly transcribed nuclear gene that showed

a consistent elevated DRIP yield in previously published papers (Haldsz et al., 2017; Jurga
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etal., 2021). The gPCR Ct values were evaluated with the ChIP-qPCR Data Analysis sheet
from SIGMA®. The results for this experiment in the first run did not display significant
difference on yields between samples; consequently, | employed as an external source
of DNA damage a topoisomerase inhibitor named Camptothecin (CPT), to stall
replication and favour the R-loop formation in the next experiment (Marinello et al.,

2013; Jurga et al., 2021).

In the second experiment, the treatment with CPT (25uM/ 10 min) was performed
immediately prior to crosslinking; the rest of the protocol was carried out with the
established settings from the first experiment. Figure 3.4 presents gPCR results from the
second experiment (one repeat) using = CPT; revealing greater % Input and fold
enrichment in HB-GFP transfected cells compared to EV-GFP, which becomes more
apparent after CPT treatment. Furthermore, CPT does not affect the results of cells
transfected with EV-GFP, confirming that only the HB-GFP fusion protein is capturing R-

loops, thus confirming the suitability of the approach.
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Figure 3.4. gPCR optimization using ING3 primers. Graphs show qPCR optimization results
from the second experiment (one repeat) using HEK293T cells transfected with EV-GFP and
HB-GFP plasmids, immunoprecipitated with o-GFP antibody. CPT treatment (25ptM/10 min)
was used as a validation tool to promote the accumulation of R-loops. (A) Plot shows higher
% Input in HB-GFP transfected cells compared to EV-GFP, with a greater increase after CPT
treatment. CPT does not affect results of cells transfected with EV-GFP (B) Fold enrichment
presents the same trend.
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Once the protocol for the experiment was defined, | pre-selected a variety of nuclear
and ribosomal primers for R-loop prone DNA regions, within highly transcribed genes;
these would probably best reflect the accumulation of R-loops in subsequent
experiments. The primers included Actin 5" Pause, C-FOS, PRR5L, RPL32, SPRY2, 5.8S,
18S, 28S, R3, R5 and R7 from a few different published papers (Skourti-Stathaki et al
2011; Karahan et al., 2015, Kotsantis et al., 2016, Shen et al., 2017, Halasz et al., 2017;
Jurga et al., 2021). The protocol was carried out on HEK293T cells treated with CPT and

| analysed only HB-GFP transfected cells after optimisation.

After running the samples through qPCR, only the primer sets that adhered to the
quality controls from the Rotor Gene software were considered for further analysis.
Figure 3.5 displays results from one repeat during the optimization of Actin 5’ pause,
RPL32 and 28S primers; graphs show higher values in % input and fold enrichment in the
transduced cells when compared to the control samples. Actin 5’ pause primers
correspond to the 5’ of 3’ pause site (transcription termination site), a region prone to
R-loop formation, transcribed by RNA Polymerase Il (Skourti-Stathaki et al., 2011). The
RPL32 gene encodes the 60S ribosomal protein L32 and is transcribed by the RNA Pol Il;
and the 28S primers correspond to the ribosomal DNA sequence for the ribosomal
subunit 28S, transcribed by the RNA pol I. Additionally, the following primers were also
chosen for this and/or subsequent experiments: 18S and 5.8S ribosomal DNA regions,
as well as the R7 sequence, which comprises the end of 5.8S gene and the beginning of

the internal transcribed spacer 2 (Shen et al., 2017), all are transcribed by RNA Pol I.
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Figure 3.5. Selection of primers of interest. Plots display results from one repeat in the
optimisation of primers for gPCR in HEK293T cells, transfected with HB-GFP and treated with
CPT. Nuclear region Actin 5’ pause, and ribosomal sequences RPL32 and 28S were selected.
(A) Graph shows higher % Input in HB-GFP transfected cells compared to controls. (B) Fold
Enrichment values of HB-GFP transfected cells over controls.

3.2.3.2. Optimisation of HB-GFP-ChIP-gPCR protocol in SMA context.

Considering that the main goal for the HB-GFP-ChIP-qPCR experiment is to analyse R-
loop levels in the context of spinal muscular atrophy (SMA); the first objective for this
second part of the optimisation was to select suitable cell lines to work with, that
reflected the low survival motor neuron (SMN) protein levels present in SMA patients.
An appropriate cell line selection was important because changes or extra steps would
be added to the protocol for the replication of such conditions, and this could affect the

feasibility of the experiment.

For the first attempt to replicate the SMA conditions, | decided to down regulate SMIN
protein expression in HEK293T cells. The SMN protein in human cells is encoded by the
survival motor neuron 1 (SMN1) gene and the highly homolog survival motor neuron 2
(SMN2) gene. However, only SMN1 produces a full-length protein in 100% of cases, since
exon 7 is excluded from 90% of SMN2 transcripts due to a silent mutation, resulting in a
truncated protein (Beattie et al., 2018). Of note, more than one SMNZ2 gene copy can be

found in human cells, and each copy produces around 10% of full-length SMN protein
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(Nicolau et al., 2021). For these reasons, the transcripts from both genes SMN1 and

SMIN2, were targeted for silencing.

To down regulate SMN protein expression, | used two short hairpin RNA (shRNA)
sequences; one targeting SMN1 transcripts (shSMN1) and the other, SMN2 transcripts
(shSMIN2). The sequences were introduced into HEK293T cells via plasmid transfection
using polyethyleneimine (PEI) 1:2, DNA:PEI ratio. Additionally, | tested a vector that
carried a micro-RNA (miRNA) designed to silence the Smn gene in rats (Ratticus
norvegicus). According to the ensemble.com website, the SMN1 human gene matches
with 75.5% of the rat Smn ortholog sequence; thus, | wanted to observe if the micro-
RNA would be successful at downregulating the SMN protein. The micro-RNA was

inserted into the cells via plasmid transfection as well, in the same PEl ratio.

Each one of the three silencing sequences were fused with the green fluorescent protein
(GFP) as a reporter gene to facilitate their visual tracking. Lysates from transfected cells
were analysed by western blot and membranes were probed with o-GFP antibody to
determine protein expression. Figure 3.6 shows results from the first transfection where
the plasmids carrying the short hairpins shSMN1 and shSMN2 did not express
adequately and had no impact over the SMN protein. Moreover, the micro-RNA was
successfully overexpressed in HEK293T cells; nonetheless, SMN protein was only
reduced approximately 13% in comparison with the non-transfected (NT) control,

revealing that the micro-RNA was not suitable for this experiment.
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Figure 3.6. Plasmid testing for SMN knockdown on HEK293T cells. Two plasmids carried
short hairpin RNA sequences to silence SMN1 (shSMN1) or SMN2 (shSMN2) gene transcripts.
A third plasmid contained a micro-RNA (miRNA) sequence that targets the rat Smn gene. All
sequences were coupled with GFP. shRNA sequences were hardly expressed in cells and had
almost no effect on SMN expression; conversely the miRNA was strongly expressed in cells,
but the knockdown was scarcely noticeable. (A) Western blot shows transfection efficiency
as GFP overexpression, and SMN knockdown. (B) Graphic representation of the
guantification of SMIN downregulation. NT= non-transfected.

Since the shRNA sequences were not expressed properly in the first transfection, they
were subjected to further optimization. During the second transfection | tested different
cell density and DNA concentrations to improve the expression of the shRNAs. In 6-well
plates | seeded HEK293T cells with a density of 2 x 1075 or 3 x 1075 and transfected
them with either 1 or 2 pug of plasmid DNA, PEIl ratio 1:2, DNA: PEIl. After western blot
analysis, | observed that in general the transfections with 2 pug of DNA resulted in an
improved overexpression of the shRNAs; however, the SMN protein was not reduced
further than 50% when compared with the non-transfected sample (Figure 3.7). These
results were not satisfactory; therefore, my next option was to use human cells from

SMA patients and healthy cells as a control.

shRNA SMN Knockdown
1075 cells 2 3 2 3 2 1

W — —— | o-Actin

37 kDa’

0.7
37kDa’ T . e e e e e e | SMIN 06
0.5
0.4
25 kDa . e - - «-GFP o,
0.2
ugofbNA 1 2 1 2 1 2 1 2 - o
plasmid shSMN1 shSMN2 NT 0

Figure 3.7. Optimization of SMN knockdown by shRNA on HEK293T cells. Optimization of
the transfection using 1 or 2 ug of plasmid DNA, on wells with a cell density of 2 x 1075 or 3
x 1075. Transfections with 2 ug of DNA showed greater efficiency in the overexpression of
the sequence; however, knockdown values were of 50% or less. NT= non transfected. (A)
Western blot shows plasmid transfection efficiency as GFP overexpression, and SMN
knockdown. (B) Plot displays knockdown quantification of each correspondent sample.
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Spinal muscular atrophy presents in humans on different levels of severity which are
classified in four types. Type | SMA is considered the most severe form, with an onset of
less than 6 months old and a life expectancy of 8 to 24 months. The main determinant
for SMA severity is the copy number of the SMN2 gene, which produces about 10% of
the full-length protein; type | patients possess 2-3 copies of the gene (Nicolau et al.,
2021). Moreover, less severe forms of SMA present more copies of the SMN2 gene,
rescuing partially the phenotype. Therefore, cell lines with the most severe form (type
I) were considered for the experiment, since they would reflect in a clearer way the

molecular scene of what happens in SMA patients.

Human fibroblast cell lines were obtained from Coriell Institute repositories. The SMA
type | primary cell line (GM09677) was cultured from an eye lens biopsy that belonged
to a male that expired at 23 months of age as established in the type | classification.
Donor presented homozygous deletion of exons 7 and 8 of the SMN1 gene, and array-
based digital PCR showed 3 copies of the SMN2 gene, which match the copy number for
type | SMA (Stabley et al., 2015). The healthy fibroblast cell line (GM08680) was cultured

from a foreskin biopsy that belonged to an apparently healthy five-month-old male.

Briefly, in parallel with the HBGFP-ChIP-qPCR protocol, | tried to optimize a DRIP
protocol modified from Ray et al. 2013, to gather more data for the overall analysis of
R-loop levels. For this | used both the human fibroblasts and B-lymphocyte cells
transformed with Epstein Barr virus (Coriell Institute). GM23689 lymphoblast cell line
was obtained from peripheral blood from a 1-year-old affected male diagnosed with
SMA type I; the healthy lymphoblast cell line AG20934, was cultured from umbilical cord

blood from an apparently healthy new-born male.

For the DRIP protocol, sonicated cell lysates were divided into 3 tubes for
immunoprecipitation; 28 pg of S9.6 antibody (anti-R loop), were added to two tubes and
later, one of those tubes was treated with RNase H to remove R-loops (control); mouse
IgG antibody Thermo Fisher was used in the last tube as a negative control. Finally, after

purifying DNA from lysates and pull-down eluates, some of the previously selected
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genomic regions were analysed through qPCR. Figure 3.8 presents representative
results from one DRIP repeat where fold enrichment was greater in SMA fibroblasts than
in healthy cells. Results were slightly inconsistent among biological repeats and needed
more optimization time; however, signal from S9.6 constantly showed an elevated yield
when ribosomal primers were used. This could be due to the heavy transcription carried
out in the nucleoli; thus, reinforcing the decision to drive the focus of the experiment to

ribosomal DNA damage.
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Figure 3.8. Fibroblast DRIP-qPCR optimization. Representative graph showing results from
one repeat of the DRIP-gqPCR optimization using human fibroblasts from SMA patients and
healthy individuals. R-loop signals from the S9.6 antibody (Kerafast) were stronger in
sequences amplified with ribosomal DNA primers (5.8S, 28S) than in genes transcribed by
RNA Pol Il (ING3, RPL32); however, results were inconsistent and further optimization was
needed.

Furthermore, partial results from one repeat of B-lymphocyte DRIP (Figure 3.9)
displayed greater fold enrichment in SMA lymphoblasts than in healthy cells on all tested

DNA regions, supporting our hypothesis about R-loop accumulation on SMN-deficient
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cells; nonetheless, values from the controls were higher than expected and needed

additional optimization as well.
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Figure 3.9. B-lymphocyte DRIP-qPCR optimization. Representative plot showing results from
one repeat of the DRIP-gPCR optimization using human lymphoblasts from SMA patients and
healthy individuals. R-loop signals from the S9.6 antibody were stronger in all the sequences
amplified in the SMA samples (ING3, RPL32, 5.8S, 28S); however, controls needed further
optimization.

Since the DRIP experiments have a sub-optimal specificity for R-loop detection and
would require extra time and effort to complete the optimisation, | focused solely on
the HBGFP-ChIP-gPCR protocol. As mentioned previously, the next step to continue with
the HBGFP-ChIP protocol was to optimise it with cells from SMA patients and healthy
individuals; the fibroblast cell lines were used for this because | found it easier to work
with them during the tests for the DRIP protocol. Bearing in mind that transfection of
human fibroblasts can be difficult and inefficient, a viral transduction was considered to
insert the fusion protein HB-GFP into the cells, since these gene delivery vectors have

shown greater efficiency (Dull et al., 1998).
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In collaboration with Evangelia Karyka (Sheffield Institute of Translational Neuroscience;
SITraN), we designed and produced a lentivirus that contained the genetic sequence for
our fusion protein HB-GFP and a control lentivirus with GFP alone. First, the plasmid map
for the lentivector containing the HB-GFP sequence was designed in SnapGene®
software, and the insert was cloned into a lentiviral vector by Gibson Assembly. Later
5ul of the assembled product was transformed in DH5a. competent cells (C2987, NEB®).
Six single colonies were expanded, and purified plasmid DNA was sent to GATC BIOTECH

for sequencing; pLVHB-GFP clone 88CD37, was selected for the rest of the experiment.

Afterwards, the production of the lentivirus (Figure 3.10) was carried out at SITraN by
PhD. Evangelia Karyka and assisted by me. Twenty 10cm dishes of HEK293T cells were
each transfected with a viral transfection cocktail prepared with 0.5M CaCl,; 2X HBSS;
pLVHB-GFP plasmid that carried our fusion protein sequence; pCMVAR8.92, holding
packaging protein sequences; pMD.2G for the envelope; and pRSV-Rev for the retro
transcriptase. Virus was harvested by filtering the media from the transfected plates
with 0.45um filters (Millipore), which allow the virus to pass through but not cell debris.
Filtered media was centrifuged, and pellets of virus were resuspended in 1%BSA in PBS,

50uL aliquots were kept at -80°C.
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Figure 3.10. Graphic representation of virus production. Plasmids that contained the
packaging sequences (pMD.2G; pCMVAR8.92; pRSV-Rev) and the fusion gene (pLVHB-GFP)
were combined in a small tissue culture flask. Next, CaCl, solution was added to the plasmid
DNA dropwise. Later the DNA and CaCl; mix was added dropwise to the 2X HBSS and gently
mixed; this was the transfection mix. HEK293T cells were transfected; after incubation,
media was filtered to remove cell debris, leaving the virus suspended on the media. Finally,
viral suspension was centrifuged, and the pellets were resuspended in 1% BSA in PBS.

Subsequently, different concentrations of the virus were transduced into Hela cells for
titration. Cells were harvested, fixed with 4% PFA and centrifuged pellets were
resuspended in PBS. Detection of GFP signal by Fluorescence activated cell sorting
(FACS) analysis was done at Medical School using the BD FACS Diva 8.0.1 software.
Figure 3.11 presents the original results from two replicates of Hela cell transductions
with 107-4 dilution LV-HB-GFP virus (A, B) analysed with the software; graphs on the left
show the selection of cells of interest according to their size and complexity; graphs on
the right present gated cells with GFP+ signal. Averaged gated cells (% Parent, GFP+)
from the two replicates were used for the calculation of the vector titre as detailed

below; vector titre for the HB-GFP Lentivirus was 9.5 X 10~7 TU/mL.

Vector titre= [(%positive cells x no. of cells during transduction) x dilution factor x 2] =

TU/mL

LV-HB-GFP Vector titre= [(0.065 X 73,000 cells) x 10,000 x 2] = 9.5 X 10A7 TU/mL

For the control vector we followed the same protocol as for the LV-HB-GFP virus. The
transfection cocktail that included the lentivector with the GFP sequence (from
Professor Mimoun Azzouz; SITraN) was added to HEK293T cells; the virus was harvested
and transduced into Hela cells for titration, in duplicates. GFP signal was analysed on

fixed cells by FACS. Vector titre for the control Lentivirus was 47.1 X 1077 TU/mL.

LV-EV-GFP Vector titre=[(0.115 X 205,000 cells) x 10,000 x 2] =47.1 X 1077 TU/mL
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Figure 3.11. Titration of HB-GFP Lentivirus. Image from original Fluorescence activated cell
sorting (FACS) results showing positively transduced Hela cells with the HB-GFP lentivirus
(107-4 dilution). (A) Plot on the left presents Forward scatter (FSC; diameter of cells) against
Side scatter (SSC; complexity of cells) analysis to select cells of interest. Plot on the right
reveals the population of cells x 10”-4 with positive GFP fluorescence within the previously
selected cells (data box, 7.2% GFP+). (B) Replica number two; data box shows the percentage
of GFP+ cells (5.8%). Titre value calculated using GFP+ average (9.5 X 1027 TU/mL).
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The viral production was successful, and the concentrations obtained for both viruses
were considered very good. Finally, the last step was to perform a Multiplicity of
Infection (MOI) optimization, where we tested MOI’s of 1, 3, 10 and 30. Figure 3.12
shows a confocal image from control human fibroblasts transduced with an MOI of 30,
which resulted in 100% transduction efficiency. The experiment optimisation was
finalised with the transduction of LV-HB-GFP or LV-GFP viruses (MOI 30), in human
fibroblasts from healthy individuals and SMA patients with good results. The rest of the
ChIP-qPCR protocol was subjected to a few modifications such as, number of
plates/flasks and sonication cycles due to the structural differences in the fibroblast cell

lines compared with HEK293T. The final protocol is described in detail on Chapter Il.

LV GFP LV HB-GFP

Figure 3.12. Overexpression of HB-GFP fusion protein in human fibroblasts. Confocal
microscope images exhibit expression of green fluorescent protein (GFP) or HB-GFP in human
fibroblasts, after transduction with LV-GFP or LV-HB-GFP viruses respectively (MOl 30).
Nuclei were stained with Hoechst. Scale bar 50 um.
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3.3. ACCUMULATION OF R-LOOPS IN SMN-DEFICIENT CELLS IS ASSOCIATED WITH
RIBOSOMAL DNA DAMAGE AND NUCLEOLAR DISRUPTION.

3.3.1. Overview.

For this section of the chapter, | hypothesised that it could be probable to find evidence
of alterations or defects on ribosomal DNA (rDNA) in SMN-deficient cells. Particularly,
the formation/accumulation of R-loop over these genomic regions; further, these hybrid

structures could have damaging effects over genome stability.

Pathological R-loops can hinder physiological processes such as transcription,
replication, and repair; thus, contributing to genome instability. However, in non-
dividing cells, R-loop accumulation does not compromise DNA replication. The proposed
pathogenic mechanisms from which R-loops contribute to the phenotypes of
neurodegenerative diseases include alterations secondary to R-loop accumulation, such
as, gene silencing or repeat expansion promotion, and more direct consequences like,
chromatin alterations and double strand breaks, among others. (Groh et al., 2014;

Garcia-Muse and Aguilera, 2019; Perego et al., 2019).

Associations between R-loops and spinal muscular atrophy (SMA) have been a subject
of study over the past few years. It has been published that SMN depletion leads to
intron retention, R-loop accumulation, and DNA damage in neuroblastoma cells (Jangi
et al., 2017; Kannan et al., 2018), Moreover, a role in R-loop resolution has been
proposed for SMN, suggested by its interaction with the helicase Senataxin (SETX) and
RNA polymerase Il over transcription termination sites (TTS) (Zhao et al.,, 2016).
Although widely spread, studies have shown that R-loops tend to accumulate over highly
transcribed genes, with a preference for promoters and TTS (Sanz et al., 2016; Cristini et

al., 2019; Garcia-Muse and Aguilera, 2019; Jurga et al., 2021).

Ribosomal DNA is the most transcribed region in the human genome, containing
hundreds of repeated genes intrinsically prone to recombination. This represents a

major challenge for its replication, transcription, and repair processes (Warmerdam and
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Wolthuis., 2019). Therefore, disruption on the steps involved in rRNA expression could
affect the structure of nucleoli, and some of these nucleolar defects have already been
found in cancers. (Schoefl, 1964; Andersen et al., 2005; Abraham et al., 2020). Recently,
elevated R-loop levels in rDNA were linked to a multilobed nucleoli defect in Hela cells
(Zhou et al., 2020). Furthermore, cells from diseases associated with DNA damage such
as Bloom syndrome (BLM) and Ataxia-telangiectasia (A-T) have presented signs of rDNA

instability (Killen et al., 2009).

3.3.2. Aim and objectives.

The aim was to assess the presence of nucleolar R-loops in cells from SMA patients and
compare them with the levels from healthy individuals. Next, to determine if there is
pathogenicity associated with these structures. The reason being that rDNA is highly
transcribed and R-loop prone due to its repetitive sequences, and nucleolar defects have
been associated with degenerative diseases and cancers. If alterations were found, they
potentially could contribute to the SMA phenotype. For this | used the optimised HB-
GFP-ChIP-gPCR protocol to detect and quantify R-loops on previously selected rDNA
sequences. Further, | carried out a gammaH2AX-ChIP-qPCR for DNA damage

guantification.

3.3.2.1. Objectives.

e Analyse the R-loop levels in SMA and healthy fibroblasts using the optimised HB-
GFP-ChIP-gPCR protocol.

e Analyse DNA damage present in SMA and healthy fibroblasts using the optimised
gammaH2AX-ChIP-qPCR protocol.

3.3.3. Results.

Healthy (GMO08680) and SMA type | (GM09677; 3 SMN2 copies) fibroblasts were
transduced with LV-HB-GFP virus, cells were crosslinked and sonicated for 35 cycles 30

se ON-30 sec OFF. Next, the R-loops were immunoprecipitated using GFP trap beads.
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For the gPCR, | focused on nucleolar R-loops thus including three ribosomal primer sets
(R7,5.8S and 28S), and one primer set from a highly transcribed nuclear region was used
as a control (Actin 5’ pause). Results in Figure 3.13 although without reaching
significance on most of the primer sets, present a consistent trend of higher R-loop
percent input and fold enrichment values on ribosomal DNA regions from SMA
fibroblasts compared to healthy cells, suggesting R-loop accumulation over ribosomal
sequences. To further confirm these results, more cell lines could be added to the

experiment in the future.
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Figure 3.13. R-loops accumulate over ribosomal DNA in SMN deficient cells. Computed
gPCR data from HB-GFP-ChIP experiment in SMA type | fibroblasts and healthy controls. gPCR
amplified the Actin 5’pause nuclear region; and 5.8S, 28S and R7 sequences of ribosomal
DNA. Data are presented as mean £ SD * P < 0.05; ns = not significant. The data were collected
from 3 biological independent replicates (n=3). (A) Percent input, unpaired two tailed t test;
p=0.3004 (Actin 5’pause), p=0.0464 (R7), p=0.3481 (5.8S), p=0.2691 (28S). (B) Fold
enrichment, unpaired two tailed t test; p=0.2947 (Actin 5’pause), p=0.1702 (R7), p=0.2603
(5.8S), p=0.2734 (28S). (C) Schematic representation of the position of the R7 primers on the
rDNA sequence (Modified from Shen et al., 2017).
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These findings were complementary to the immunostaining experiments performed
and analysed by PhD Evangelia Karyka for our paper on a different pair of fibroblast cell
lines, as well as in motor neurons derived from mouse embryos (Karyka et al., 2022).
Figure 3.14 A and B show SMA type | (GM03813; 3 SMN2 copies), and control (GM00498)
fibroblasts stained with S9.6 (anti-R-loop) antibody. Here, the accumulation of DNA/RNA
heteroduplexes was slightly higher but not significant, following the same trend that
was observed in the HB-GFP-ChIP-gPCR experiment. However, abnormal structures
were observed inside of the nuclei. Additionally, both SMA type | fibroblast cell lines
tested in the HB-GFP-ChIP-gPCR and immunostaining, contained 3 copies of the SMN2
gene, which is the highest number of copies associated with SMN type I. Meaning that,
it could be possible to obtain results with more significance in cell lines with fewer SMIN2

copies. Nonetheless, this would have to be tested in the future.

Later, to address the abnormal structures observed in the nuclei, fibroblasts were
stained with an antibody for the major nucleolar protein, nucleolin; this made clear that
the cells from SMA patients manifested significantly anomalous nucleoli, which
appeared larger and clustering with each other (Figure 3.14 C and D). Furthermore, the
abnormal nucleoli phenotype was visually more striking, displaying enlarged nucleoli
with uneven a-nucleolin signal on SMA E13 motor neurons derived from mouse
embryos when compared with the wild type (Figure 3.14 E and F). In the same way, the
accumulation of R-loops in SMN-deficient (SMNA7) motor neurons derived from E13
murine embryos was significantly more elevated than in wild type motor neurons
(Karyka et al., 2022). These results were expected since chronic low levels of SMN have
a moderate impact on replicating cells but a severe effect on non-dividing cells (Cuartas

and Gangwani 2022).
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Figure 3.14. Nucleolar disruption in SMN-deficient cells. (A) R-loop (59.6) immunostaining
of fibroblasts from SMA type | patient (GM03813) and an apparently healthy individual
(GMO00498), display abnormal nuclear structure (arrow) on SMA cells. Scale bars 10 um. (B)
Quantified area (um?) of S9.6 immunofluorescence per cell, bars shown as mean = SEM (n=3).
Mann-Whitney non-parametric test; ns, not significant. (C) Nucleolin staining of SMA type |
and healthy fibroblasts, exhibit abnormal nucleoli (yellow arrowhead) in SMA cells. Scale bars
10 pum. (D) Computed total nucleolar area per cell (nucleolin immunofluorescence)
presented as mean + SEM (n=3). Mann-Whitney non-parametric test; ***p<0.001. (E)
Nucleolin immunofluorescence in SMA and wild type E13 embryonic murine motor neurons,
reveal enlarged nucleolus (white arrow). Scale bars 5 um. (F) Calculated total nucleolar area
per cell shown as mean = SEM (n=3). Mann-Whitney non-parametric test; ***p<0.001.
(Partial figure from Karyka et al., 2022).

Since R-loop accumulation can result in double strand breaks (DSB), | investigated the
levels of DNA damage on primary fibroblasts from SMA type | patients and healthy
individuals, using the YH2AX antibody in a double immunostaining with a-nucleolin and
in a chromatin immunoprecipitation-qPCR experiment. The histone variant H2AX, forms
foci at sites of DNA damage, after being phosphorylated by ATM; R-loop accumulation
can cause genomic instability that activates ATM (Tresini et al.,, 2015). The

phosphorylated form of H2AX (yH2AX) has been previously used as a quantitative
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indicator of double strand breaks (Rogakou et al, 1999; Modesti & Kanaar, 2001; Helena
et al., 2018)

To confirm the DNA damage in vivo, | performed a YH2AX-ChIP-qPCR, where | sonicated
human primary fibroblasts for 35 cycles (30 sec ON-30 sec OFF), and
immunoprecipitated with YH2AX antibody, utilising IgG as a control. Eluates were
purified by Phenol-Chloroform extraction and qPCR was performed on a BIO-RAD®
C1000 Touch Thermal Cycler CFX96 Real-Time System. A ribosomal set of primers was
used: RPL32, 5.8S, 18S and 28S. Figure 3.15 presents the same consistent trend observed
in the HB-GFP-ChIP-gPCR experiment, with greater relative fold enrichment of yH2AX in
SMN-deficient fibroblasts when compared to controls, albeit only half primer sets were
significant. This suggests that the R-loop accumulation over ribosomal DNA regions
could result in pathogenic double strand breaks that have a moderate impact on dividing
SMA cells. Of note, this experiment was carried out with the same cell lines used in the
HB-GFP-ChIP-qPCR experiment; therefore, further experimentation with additional cell

lines is needed for confirmation.
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Figure 3.15. SMA cells present ribosomal DNA damage in the form of double strand breaks.
(A) Computed gPCR data from yH2AX-ChIP experiment in SMA type | fibroblasts and healthy
controls; IgG was used as a background control. gPCR amplified a region in the RPL32 gene,
transcribed by RNA Pol Il; and 5.8S, 18S, and 28S sequences of ribosomal DNA, transcribed
by RNA Pol I. Data are presented as mean = SD (n = 3) * p < 0.05; ns = not significant. Relative
fold enrichment unpaired two tailed t test p = 0.0920 (RPL32), p = 0.0962 (5.8S), p = 0.0427
(18S), p = 0.0474 (285).
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3.5. DDX21 IS DISPLACED FROM THE NUCLEOLUS IN SPINAL MUSCULAR ATROPHY,
POTENTIALLY AS A RESULT OF R-LOOP-ASSOCIATED RIBOSOMAL DNA DAMAGE.

3.5.1. Overview.

DDX21 is a mainly nucleolar RNA helicase member of the DEAD-box (DDX) family, named
after the characteristic motif, Asp-Glu-Ala-Asp (D-E-A-D), present in their amino-acid
sequence. This multifunctional protein contains a highly conserved domain responsible
for substrate binding, helicase, and ATPase activity (Cargill et al., 2021). DDX21 has been
primarily associated with ribonucleoprotein biogenesis. This protein associates with the
transcription machinery of RNA polymerases | and Il, as well as with snoRNAs, to
modulate ribosomal DNA (rDNA) transcription and regulate ribosomal RNA (rRNA)

modification and processing (Calo et al., 2015; Sloan et al., 2015; Xing et al., 2017).

The DDX21 protein has also been linked to genome instability. In breast cancer, it is
required for c-Jun phosphorylation, thus increasing the transcriptional activity of the
activating protein-1 (AP-1) and promoting tumorigenesis. Moreover, ADP-ribosylation
of DDX21 by active PARP-1 enhances rRNA levels and proliferation of malignant cells.
(Zhang et al., 2014; Kim et al., 2019). Conversely, elevated levels of DDX21 in the early
stage of colorectal cancer with microsatellite instability were found to be a positive

prognosis marker for longer survival and disease-free survival (Tanaka et al., 2020).

Of particular interest for this thesis was the contribution of DDX21 to the integrity of the
genome through its involvement in R-loop-associated stress, and the communication it
holds with DNA damage repair (DDR) machinery. DDX21 effectively unwinds DNA/RNA
hybrids. Further, deacetylation of this protein by SIRT7 increases its helicase activity
improving the efficiency of R-loop resolution. Depletion of DDX21 levels or mutations
on its catalytic domain causes accumulation of R-loops and increases DNA damage signal
(YH2AX) in human cells (Song et al., 2017). Furthermore, induced rDNA damage in U20S
cells by I-Ppol, displaces DDX21 from the nucleoli, stimulates activation of p53 and
phosphorylation of DNA-dependent protein kinase catalytic subunit (pDNA-PKcs).

Moreover, inhibition of ataxia-telangiectasia mutated (ATM) or DNA-PKcs ablates the
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relocation of DDX21 to the nucleoplasm in the presence of rDNA damage (Calo et al.,
2018). Finally, the displacement of DDX21 from the nucleolus is one of the physiological
changes implicated in craniofacial developmental defects (Calo et al., 2018), which have

been found in Spinal Muscular Atrophy (Houston et al., 1994).

3.5.2. Aims and objectives.

In this part, the aim was to observe differences in the nucleolar occupancy of DDX21 in
cells with low levels of survival motor neuron (SMN) protein. The purpose of this was to
see if there could be an association between the R-loop and rDNA damage levels found
in SMA cells, and the DDX21 levels or location. Moreover, the craniofacial
developmental defects found in SMA could be the consequence of the displacement of
DDX21 from the nucleoli after accumulation of rDNA damage. | assessed the occupancy
of DDX21 in cells stained with a-DDX21 antibody by analysing the integrated density of

the immunofluorescence using the Fiji software from Image J.

3.5.2.1. Objectives.

e To quantify the signal from the «-DDX21 antibody separately, for each
compartment: nucleoli; nucleoplasm (no foci); nucleus (nucleoplasm and foci).

e Analyse the occupancy of DDX21 protein on SMNA7 motor neurons derived from
mice embryos and controls.

e Analyse the occupancy of DDX21 protein on iPSc-derived motor neurons from

SMA patient and controls.

3.5.3. Results.

To shed some light over the role that the nucleolar helicase DDX21 might play in spinal
muscular atrophy (SMA). | analysed the occupancy of this protein in murine embryonic
motor neurons and iPSc-derived motor neurons from SMA patients and controls that
were differentiated according to the protocol published by Du et al., in 2015. The cells

were stained with a.-DDX21 antibody by Evangelia Karyka from SITraN.
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Confocal images of p75 enriched motor neurons derived from SMNA7 mouse embryos
showed marked differences in the intensity and localization of the DDX21 signal when
compared with controls (Figure 3.17 A). Therefore, | decided to quantify three different
areas; the overall fluorescence intensity in the cell nucleus, named nuclear intensity; the
nucleoplasmic fluorescence intensity, which excludes the foci; and lastly the foci
fluorescence intensity. The data analysis per area was carried out as follows: the
fluorescence intensity from individual cells was measured; next, the values from the
cells were averaged for each biological repeat. Later, the values from all the biological
repeats were normalised to the general average of the control cell line. Finally, the
normalised data was plotted. As presented on Figure 3.17 B and C, there was no
significant difference in nuclear and nucleoplasmic fluorescence intensity between the
SMA murine motor neurons and controls. However, the DDX21 signal is lower in the foci
from SMA cells when compared with controls. This suggested that the DDX21 protein
levels in the SMA cells were for the most part maintained, but the protein in the nucleoli

was probably being displaced to the nucleoplasm.

To observe if the same phenotype presents in humans, iPSc-derived motor neurons from
SMA1 patients and controls were examined. The confocal images show a reduction of
DDX21 signal in the nucleoli of motor neurons derived from SMA patients compared to
healthy controls (Figure 3.17 E). In this instance, a total of four cell lines were quantified:
two derived from healthy individuals (csi4i, miff) and two from SMA patients (SMAS86,
SMA32). The analysis process was carried out in the same way as before, quantifying the
nuclear, nucleoplasmic and foci fluorescence intensity of DDX21. Later, the average
values from each biological repeat were normalised using the general average value
from both control samples. Data from each cell line was plotted individually and
combined (control vs SMA). Figure 3.17 F and G, show no significant difference in nuclear
fluorescence intensity between the cell lines individually or combined. Likewise, Figure
3.17 H and |, reveal similar nucleoplasmic fluorescence intensity values among the cell
lines individually and combined. Nevertheless, the fluorescence intensity of the foci was

visually lower in the SMA cell lines compared to the controls (Figure 3.17 J). Further, the
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difference became significant when the cell lines were combined (Figure 3.16 K). This

suggests that DDX21 is possibly migrating to the nucleoplasm in human cells as well.
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Figure 3.17. SMN-deficient motor neurons display reduction in nucleolar DDX21 signal
compared with controls. (A) DDX21 staining of p75 enriched motor neurons (DIV7) derived
from SMNA7 and control mouse embryos. Scale bars 5um. (B) Nuclear DDX21 Fluorescence
intensity normalised to control (C) Nucleoplasmic intensity (excluding foci) (D) Foci intensity.
Data presented as mean + S.D. (n=3). *p < 0.05; paired two tailed t test (p=0.0417). (E) DDX21
labelling of iPSc-derived motor neurons isolated from SMA type | patients (SMA86, SMA32)
and healthy controls (csi4i, miff). Scale bars 5um. (F) Graph of DDX21 nuclear fluorescence
intensity normalised against average of control samples. (G) Plot displaying combined
nuclear intensity from controls (csi4i, miff) and SMA (SMA68, SMA32) samples. (H) DDX21
Nucleoplasmic fluorescence intensity (excluding foci) normalised against average of control
samples. (I) Combined nuclear intensity from controls (csi4i, miff) and SMA (SMA68, SMA32)
samples. (J) Graph of DDX21 foci fluorescence intensity normalised against average of control
samples. (K) Combined foci intensity from controls (csi4i, miff) and SMA (SMA68, SMA32)
samples. Data presented as mean + S.D. (n=3). *p < 0.05; paired two tailed t test (p=0.0344).
(From Karyka et al., 2022)
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Recapitulation of chapter data.

e R-loops accumulate over ribosomal DNA, in cells from spinal muscular atrophy
(SMA) patient.

e Immunofluorescence examination with S9.6 and a-nucleolin antibodies,
revealed disruption in the nucleolar structure of survival motor neuron (SMN)-
deficient cells.

e ChIP-gPCR analysis using gammaH2AX showed that SMA patient cells

accumulate DNA damage over ribosomal gene regions.

e XX REDACTED TEXT XX
XX REDACTED TEXT XX
XX REDACTED TEXT XX

e Immunofluorescence analysis with a-DDX21 antibody revealed that in SMN-

deficient cells DDX21 is displaced from the nucleoli to the nucleoplasm.
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3.6. DISCUSSION.
3.6.1. HB-GFP-ChiIP-qPCR as a method for R-loop detection in vivo.

R-loops have both beneficial and detrimental roles. These three-stranded nucleic acid
structures can behave as intermediates that facilitate some cellular processes. However,
they can also become a source of DNA damage when unscheduled (Garcia-Muse and
Aguilera, 2019). This dichotomy creates the need for accurate detection of these
structures, whose distribution over the human genome varies under different
conditions. The development and optimisation of reliable methods to detect DNA/RNA
hybrids is still evolving. Previously R-loop detection mainly relied on the use of 5S9.6
antibody; however lately the use of a catalytically inactive RNaseH1 has become more

prominent.

Here | present a method for R-loop detection, adapted for the specific needs that the
study of spinal muscular atrophy required. The protocol uses the hybrid binding (HB)
domain from the RNAseH1 endonuclease, fused to the green fluorescent protein (GFP).
The fusion protein binds to R-loops in vivo, preventing their resolution. Later, hybrids
are recovered by immunoprecipitation with GFP-trap beads and purified DNA is
analysed by gPCR. This method allowed the detection of changes in the levels of
nucleolar R-loops in survival motor neuron (SMN)-deficient cells when compared with

controls.

The process of protocol optimisation for the analysis of structures such as R-loops is
generally complex, with multiple steps and challenges. Methods based on $9.6 generally
have a low signal-to-noise ratio due to antibody specificity issues; and R-loops are
usually enriched over gene bodies and transcription termination sites (TTS) (Smolka et
al., 2021; Wang et al., 2021). Conversely, RNaseH1 based approaches have shown better
resolution, but most R-loops detected are located around promoters and transcription
start sites (TSS) (Chen et al., 2017; Yan et al., 2019). This is probably the result of the
catalytically inactive RNAseH1 binding to the R-loop but not resolving it; thus, preventing

the continuation of transcription.
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For the protocol described here (HB-GFP-ChIP-gPCR), | used only the hybrid binding
domain from RNaseH1 fused to GFP, instead of the catalytically inactive full protein to
detect DNA/RNA hybrids. The purpose of this was to have a smaller size fusion protein
to ease its overexpression in human cells and favour its access to the nucleoli. Once
developed a lentivirus as a delivery system, the stable overexpression of the protein in
human fibroblasts was successful. Nevertheless, over time, GFP degradation was
observed after passage 8 post-transfection; therefore, only early passages were used
for the analysis. In general, the protocol is very straight-forward and less time consuming
than other methods. The presence of GFP in the fusion protein facilitated the
visualisation of its overexpression in the cell lines. Further, this method allowed the
identification of R-loop accumulation on fibroblasts, a cell type that is not typically
considered affected in SMA. When compared with other approaches, the main
disadvantages for this protocol were the overexpression of the fusion protein in cells,
along with monitoring its degradation; the preference of HB for transcription start sites
and promoters; and that this method does not identify R-loops in a strand specific

fashion.

Currently, there are new techniques that try to address the limitations on R-loop
mapping. BisMapR, is a technique that uses a catalytically inactive RNAseH1 fused with
micrococcal nuclease (MNase) from MapR. (Yan et al., 2019). Next, sodium bisulfite is
used on the released R-loops to deaminate the cytosines into uracils on the displaced
DNA strand for later degradation. Later, it provides strand specific identification of R-
loops (Wulfridge and Sarma, 2021). Another interesting approach is the R-loop
CUT&Tag. This method uses an Tn5-based cleavage under target and tagmentation (Lu
et al., 2020), and the GST-Hise-2XHBD fusion protein (HBD: hybrid binding domain from
RNaseH1) as a sensor to recognise the hybrids. The identification of R-loops through this
technique has better resolution than DRIPc-seq, and more sensitivity than MapR and R-
ChIP in the detection of R-loops located over gene bodies. Nonetheless, it does not
provide strand specific localization of the loops. Furthermore, replacement of GST-Hise-
2XHBD with $9.6 antibody in R-loop CUT&Tag revealed similar results. (Wang et al.,

2021). Finally, at this moment in time, efforts to produce more suitable methods for R-
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loop detection are focusing more on improving the means for capture of DNA/RNA
hybrids. Steps in protocols that could be a source of noise or cause the loss of fragile R-
loops such as sonication, fixation, restriction digestion or creation of stable cell lines, are
slowly being replaced for less invasive/aggressive approaches as seen in MapR and R-

loop CUT&Tag.

3.6.2. R-loops as a source of ribosomal DNA damage in Spinal muscular

atrophy.

Accumulation of R-loops and DNA damage in spinal muscular atrophy (SMA), has been
studied previously (Jangi et al., 2017; Kannan et al., 2018). However, the possibility that
part of this accumulation happens over ribosomal DNA (rDNA) in SMA has not been
addressed before. Here, | used the optimised HB-GFP-ChIP-qPCR protocol for R-loop
detection, and YH2AX-ChIP-gPCR for double strand breaks (DSB). These techniques were
carried out on fibroblasts from patients with severe spinal muscular atrophy (GM09677;
SMA type 1). Results revealed a trend in the accumulation of R-loops over rDNA in that
SMA cell line (Figure 3.12). Further, that subtle accumulation resulted in a trend of
increased DNA damage on these regions (Figure 3.14). Moreover, it is important to
consider further testing ribosomal R-loop and YH2AX levels through ChIP-gPCR on other
fibroblast cell lines to confirm these findings; perhaps on a SMA cell line with less copies

of the SMIN2 gene.

The elevated number of R-loops was no surprise due to the high transcription rates of
rDNA, which represent around half of the overall cellular transcription (Moss et al.,
2002). Moreover, the GC content in rDNA is greater than the genome-wide average,
elevating the probability of R-loop formation (Escobar et al.,, 2011). Conversely,
DNA/RNA hybrids are also purposely set over intergenic spacers of rDNA by the RNA
polymerase I, to avert production of sense intergenic noncoding RNAs (sincRNAs) by
RNA Polymerase I; thus, preventing defects on rRNA biogenesis and disruption of
nucleolar structure. (Abraham et al., 2020). Any imbalance on the components involved

in R-loop homeostasis or a combination could incite their dysregulation.
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Immunofluorescence analysis with S9.6 antibody on SMA fibroblasts published in our
paper (Karyka et al., 2022), showed the fluorescent signal localising in clusters that
resembled abnormal nucleoli. Further single staining of the fibroblasts with the
nucleolar antibody a-nucleolin, revealed the same anomalous foci pattern, suggesting
that the structure of nucleoli in SMA cells was aberrant (Figure 3.13 A and C). However,
to confirm that the R-loops were indeed co-localising mainly with nucleoli would require
double staining and further analysis on dividing patient cell lines and motor neurons
(iPSc/murine). Moreover, sincRNAs levels could be addressed to determine if there is

any compensation through R-loop accumulation in these SMA cell lines.

Interestingly, these results were obtained from a cell line that is not typically considered
vulnerable to the chronic effects of low survival motor neuron (SMN) protein levels.
Similar observations were published by Kannan et al., 2018, where immunostaining
signals from S9.6 antibody (R-loops) and yYH2AX accumulated in the nucleus of
fibroblasts from SMA patients. Further, DNA-PKcs were downregulated in dividing cells
from SMA patients, possibly hindering the non-homologous end joining (NHEJ) repair
pathway (Kannan et al., 2018). Here, my results support that chronic low SMN levels

have a moderate effect on what happens in the nucleus and nucleoli of replicating cells.

The relevance of R-loop and DNA damage accumulation on the nuclear and ribosomal
DNA from replicating and non-dividing cells resides on the suggestions made over the
past decade by a number of researchers, about SMA having a systemic physiological
impact. This has been supported by clinical reports and murine model research, which
have revealed multiple non-neuromuscular phenotypes in SMA patients that include a
variety of systems affected, such as the gastrointestinal, skeletal, reproductive,
metabolic, and cardiovascular, as well as the detection of similar defects in mice models.

(Zhang et al., 2008; Shababi et al., 2014; Lipnick et al., 2019; Kim et al., 2020).

A network of collaborating proteins associated with R-loop resolution and DNA damage

repair have been found altered in SMA. ZPR1, a zinc finger protein that upregulates SMN
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expression, is downregulated in SMA. This protein forms complexes with the DNA/RNA
helicase senataxin (SETX), SMN and R-loops. Deficiencies of ZPR1 or SMN downregulate
SETX and DNA-dependent protein kinases (DNA-PKcs). Further, overexpression of SMN,
SETX or ZPR1, reduces R-loops and rescues the SMA phenotype (Zhao et al., 2016;
Kannan et al., 2020; Kannan et al., 2022). DNA-PKcs are an important element of the
NHEJ, the primary DNA repair pathway for neurons. Interestingly, although there is
evidence of rDNA DSB being resolved by homologous recombination (HR) and NHEJ.
Inhibition of the NHEJ pathway showed an increase in rDNA DSB, as well as
transcriptional inhibition. Whereas inhibition of HR had no impact on DSBs or obstructed
cell cycle progression; suggesting that rDNA DSB could be preferably processed through
the NHEJ pathway (Harding et al., 2015; Blokhina and Buchwalter, 2020).

3.6.3. R-loop driven nucleolar disruption in SMN-deficient cells.

The nucleolus possesses a three-layered architecture that reflects the stages of
ribosome biogenesis and depends on ribosomal DNA (rDNA) transcription status (van
Sluis and McStay, 2017). As mentioned in the previous section, the accumulation of R-
loops over rDNA, results in double strand breaks (DBS). Immunofluorescence
experiments presented in this thesis provide evidence of abnormalities in the nucleolar
structure of SMN-deficient cells, as a result of rDNA damage. SMA Fibroblasts stained
with the nucleolar antibody a-nucleolin revealed aberrant nucleolar structures
clumping together (Figure 3.13 C). Further analysis with a-nucleolin on motor neurons
derived from murine embryos showed enlarged nucleoli in SMA cells when compared
with controls (Figure 3.13 E). Moreover, in our paper (Karyka et al., 2022), double
staining of SMA fibroblasts with a-nucleolin, exhibited several YH2AX foci co-localizing

with cap-like structures in the periphery of the nucleoli.

The re-organization of the rDNA into forming nucleolar caps occurs after the inhibition
of RNA Polymerase | (Pol 1) transcription. In the presence of ribosomal DNA damage,
transcription is inhibited by ataxia-telangiectasia mutated (ATM). Later, rDNA DSB

migrate to the periphery of the nucleoli to be repaired. Nowadays, it is believed that
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NHEJ acts mostly within the nucleoli, rapidly resolving DSB; and HR to be active at
nucleolar caps, where persistent breaks might relocate. Ku70/80 a protein that
promotes NHEJ has been detected inside the nucleoli, whereas HR factors mainly
concentrate at the caps. Further, signal from yH2AX is generally found next to nucleolar
caps, possibly due to the lack of nucleosome occupancy over transcriptionally active
rDNA inside the nucleoli (Harding et al., 2015; van Sluis and McStay 2017; Warmerdam
and Wolthuis, 2019; Blokhina and Buchwalter, 2020).

In this case, the nucleolar abnormalities observed, follow the described response to
rDNA DSB. Additionally, the reported downregulation of DNA-PKcs in SMN-deficient
cells by Kannan et al., could be contributing to the nucleolar phenotype, since depletion
of DNA-PKcs leads to an increase of rDNA DSB and cap formation (Blokhina and
Buchwalter, 2020; Kannan et al., 2020).

3.6.4. Displacement of DEAD-box helicase DDX21 from nucleoli in SMN-

deficient cells and its role in R-loop resolution.

Analysis through immunofluorescence carried out on motor neurons derived from mice
embryos as well as human iPSc-derived motor neurons in this thesis, showed that in
SMN-deficient cells the DDX21 DNA/RNA helicase is displaced from the nucleoli into the
nucleoplasm. DDX21 main roles involve the regulation of ribosome biogenesis and
ribosomal RNA (rRNA) processing. However, the helicase function of DDX21 is required
for proper binding when interacting with other molecules. (Calo et al., 2015; Song et al.,

2017).

In my results the rDNA damage generated by R-loop accumulation in SMN-deficient cells
could be triggering relocation of DDX21 from the nucleoli into the nucleoplasm. DDX21
has been reported to be displaced from the nucleolus after rDNA damage induced by
the |-Ppol endonuclease on U20S cells; after damage linked to treacle ribosome
biogenesis factor 1 (TCOF1) protein dysfunction; and upon stabilization of the

transcription factor p53 (Calo et al., 2018). Moreover, in the presence of rDNA damage,
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local transcription ceases in the nucleoli, and the rDNA is rearranged to facilitate repair;
interestingly, inhibition of the repair factors ATM or DNA-PKcs, prevents migration of
DDX21 to the nucleoplasm, even in the presence of rDNA damage (Calo et al., 2018).
Suggesting that what drives DDX21 to migrate could be associated with DNA damage

signalling.

In SMN-deficient cells displacement of the DNA/RNA helicase DDX21 could be triggered
by the R-loop-driven rDNA damage. Meaning that, the presence of DDX21 in the nucleoli
could be conditioned by active transcription; particularly, through its possible
participation in the resolution of nucleolar R-loops. This protein interacts with the Pol |
transcription complex in the nucleoli; and has been reported to cooperate in the
resolution of genomic R-loops in breast cancer cells (Calo et al., 2015; Song et al., 2017).
Further, DDX21 has been found to be highly expressed in the nucleoli in some cancers,
promoting rDNA transcription and cell proliferation (Zhang et al., 2014; Kim et al., 2019).
This supports the importance of DDX21 during transcription in the nucleoli and how it
could become dispensable when the process becomes stalled. However, it is still unclear
if DDX21 migrates from the nucleoli slowly upon R-loop accumulation on rDNA due to
disturbances in rDNA transcription progression caused by low SMN levels and its
interaction with RNA polymerase | (Karyka et al., 2022); thus, hindering further the
resolution of nucleolar DNA/RNA hybrids. Or if dysregulation of other factors such as
DNA damage signalling proteins (ATM, DNA-PK) are affecting its nucleolar localization,

and that is generating accumulation of R-loops on SMN-deficient cells (Figure 3.18).
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Figure 3.18. Hypothesis for DDX21 nucleolar displacement in SMN-deficient cells. DDX21 in
the nucleoli has been associated with active rDNA transcription. In SMN-deficient cells (A)
DDX21 could be displaced due to R-loop formation caused by low levels of SMN; or (B)
Dysregulation of DNA damage signalling factors by low SMN levels could be affecting DDX21
nucleolar occupation.
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5. CHAPTER V: GENERAL DISCUSSION

5.1. Overview

Spinal muscular atrophies (SMAs) are described as hereditary neuromuscular disorders
characterized by degeneration of lower motor neurons and are considered the main
genetic cause of infant mortality (Ahmad et al., 2016; Farrar et al., 2015). The study of
SMAs has represented a challenge since their first reports, which date to 1891 by Guido
Werdnig who found degeneration of anterior horn cells during the autopsy of brothers
that presented muscular weakness. Additional descriptions of the syndrome followed
during the same decade by Jonah Hoffmann. Years later, Kugelberg, Welander and
Dubowitz reported milder versions of the motor neuron condition described by Werdnig
and Hoffman. Therefore, the classification of the different SMA types has been a subject

of discussion over the years due to the variability between phenotypes.

The most common classification is based on age at onset symptoms (Mercuri, 2021).
Further, over 30 genes with common pathophysiological pathways have been identified
to be associated with these disorders; however, SMA usually refers to the most common
form, which associates with insufficient levels of Survival Motor Neuron protein (SMN)
expressed in motor neurons. Low SMN levels are caused by mutations or homozygous
deletion of the Survival Motor Neuron 1 (SMN1) gene, which was identified about 100
years after the first SMA descriptions in the 1890’s (Ahmad et al., 2016; Farrar et al.,
2015; Lanfranco et al., 2017; Mercuri, 2021). Of note, SMN2 a highly homologous gene
also encodes for the SMN protein, albeit only approximately 10% of its transcripts

generate a fully functional protein due to a mutation in exon 7 (Nicolau., et al 2021).

At a molecular level, the understanding of this disorder is even more challenging since
SMN is a protein ubiquitously expressed, that has “housekeeping” and cell-type specific
activities; nonetheless, the disease is characterised by neurodegeneration. This protein
localizes in the cytoplasm and nucleus of all cells; and is highly present in brain, spinal

cord, liver, and kidneys (Coady et al., 2011; Jangi et al., 2017; Li 2017; Renvoisé et al.,
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2006). Further, SMN is suggested to be involved in a variety of cellular functions,
including pre-mRNA splicing through the SMN complex; formation of small nuclear
ribonucleoproteins (snRNPs) and small nucleolar RNPs; transcription during RNA pol Il
termination; in transport of mRNA within axons; the assembly of axonal granules;

translation, among others. (Zhao et al., 2016; Jangi et al., 2017; Singh et al., 2018).

This plethora of SMN cellular roles inherently brings an elevated number of pathways
and mechanisms that can be affected by SMN-deficiency. Previously, DNA damage has
been observed in SMA in a general sense (Jangi et al., 2017; Kannan et al., 2018).
Moreover, ribosomal DNA (rDNA) regions are prone to injury due to their high
transcription rates; however, rDNA damage has not been a common line of study among
SMA researchers (Moss et al., 2002). Therefore, in this thesis, | sought to explore R-loop-
driven ribosomal DNA damage to determine its contribution to the physiopathology of
the disease. Further, | searched for factors that interact with R-loops in an SMN-deficient

context, to expand the scope of knowledge about SMA.

5.2. R-loops as a source of ribosomal DNA damage in SMA

Here, | studied a series of factors associated with DNA damage and genome instability
in SMN-deficient cells. My results revealed elevated levels of YH2AX, showing that SMA
patient cells accumulate DNA damage over ribosomal gene regions; suggested that
rDNA damage could be a relevant contributor to the disease and that this occurs in all

tissues, not only motor neurons.

XX REDACTED TEXT XX

To explain this, we know that the elevated levels of R-loops are associated with defects
in R-loop resolution due to SMN deficiency as it has been demonstrated in previous

papers (Crisitini et al., 2019) and in this thesis. However, the experiments carried out in
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this project were limited to the comparison of two cell lines and this should be
confirmed by testing more SMA patient fibroblast cell lines. Additionally, there is not
much information in regards of why R-loops accumulate over rDNA as well. Meaning
that it is not clear if SMN plays a role on a nucleolar level, or if its deficiency has an
impact over other factors with nucleolar activity. Further, the mechanisms and proteins

involved in rDNA R-loop resolution are less explored than those for nuclear R-loops.

XX REDACTED TEXT XX

The next item for discussion is the changes in the nucleoli on SMN-deficient cells,
observed during the studies performed for this thesis. The nucleolar architecture is
arranged according to ribosome biogenesis stages and depends on the status of rDNA

transcription (van Sluis and McStay, 2017).

XX REDACTED TEXT XX

Accordingly, it is believed that rDNA molecules rearrange their configuration into
structures like nucleolar caps, to facilitate repair. Moreover, protein factors could
migrate in and out of the nucleoli. Therefore, these molecular rearrangements might
have ultimately resulted in abnormal nucleoli in SMN-deficient cells. Importantly, these

aberrant nucleoli were observed on both replicating and non-replicating cells. Such
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reorganizations, possibly have a general impact in the nucleolar functions, like impaired
rRNA synthesis and translation in neuronal cells as presented by Karyka et al.
Interestingly, the decrease in rRNA synthesis and translation was only observed in SMN-
deficient motor neurons and not cortical neurons (Karyka et al., 2022); thus, aligning

with the tissue selectiveness of the disease.

5.3. DDX21 role as genome stability guardian in SMA

Among the proteins that normally reside in the nucleolar space, | studied the helicase
DEAD box 21 (DDX21). According to NCBI database, DDX21 is mainly associated to
watermelon stomach disease as an antigen recognized by autoimmune antibodies from
a patient. Further, published literature have mentioned involvement of DDX21 as part
of disorders such as some cancers and Treacher Collins syndrome. DDX21 interacts with
the Pol | transcription complex in a helicase-dependent fashion and participates in R-
loop resolution (Calo et al., 2015; Song et al., 2017). Additionally, DDX21 knockdown in
epithelial cells revealed an increase in nucleolar R-loops, which contribute to rDNA
damage (Koltowska et al., 2021). The Immunofluorescence analysis with a-DDX21
antibody revealed that in SMN-deficient cells DDX21 is displaced from the nucleoli to
the nucleoplasm. Based on Calo et al. proposed mechanism, this migration could be
triggered by the accumulation of rDNA damage signalling observed on ribosomal regions
from SMA cells in this thesis. Therefore, in this scenario, if the presence of DDX21 in the
nucleoli is associated with active transcription through its involvement with R-loop

resolution, DDX21 nucleolar residence would be redundant if the transcription is stalled.

An intriguing relationship seems to exist between DDX21 and the tumour suppressor
p53, where DDX21 has been reported to balance the function of p53. Loss of DDX21 in
epithelial cells results in the activation of the p53 pathway (Koltowska et al., 2021). In
Treacher Collins syndrome, mutations in elements from the transcriptional machinery
of Pol | or its cofactor TCOF1 led to DDX21 displacement from the nucleoli to the
nucleoplasm. However, blocking DDX21 migration rescued sensitivity to p53 and

developmental defects (Calo et al., 2018).
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In SMA patient cells, the accumulation of stable p53 occurs mainly in the nucleoli.
Moreover, SMIN and p53 interact in vitro, and they co-localise in cajal bodies upon p53
activation (Young et al., 2002). In SMA murine models, deficiency in SMN triggered
activation of p53 in motor neurons. In particular, the phosphorylation of serine 18 in
mouse was associated with motor neuron death (Simon et al., 2017). Nonetheless,
several researchers agree that p53 is not the main driver for motor neuron death in mice
since depletion of p53 did not avert motor neuron loss (Simon et al., 2017; Reedich et

al., 2021; Buettner et al., 2022).

DDX21 could be having a double role in SMA by regulating R-loops levels and influencing
cell death through its relationship with p53. It is interesting that both low SMN protein
levels and loss of DDX21 result in R-loop accumulation and p53 activation. Also, that
transcription disturbance by SMN-deficiency, mutations on RNA pol | or its cofactor
TCOF1 cause migration of DDX21 form the nucleoli to the nucleoplasm. Nevertheless, is
not clear the connection between DDX21 and SMN in normal conditions or their
dynamic in SMA. DDX21 could be downstream from SMN activity and be downregulated
or only displaced, resulting in R-loop accumulation; or a secondary mechanism such as

DNA damage signalling (ATM, DNA-PKcs) could be causing DDX21 migration.

54. XX REDACTED TEXT XX.
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5.5. Future directions

To continue the investigation of elements that contribute to the degeneration of motor
neurons in Spinal Muscular Atrophy. First, | would probably carry further the study of
rDNA damage by confirming my ChlP results in other SMA fibroblast cell lines. Also, see

if it is possible to optimize an iPSC derived motor neuron ChIP or a similar experiment
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to monitor ribosomal R-loop and YH2AX levels in neuronal cells and if feasible, compare
those rates against the ones on dividing cells, to determine if these features are

exacerbated on motor neurons.

XX REDACTED TEXT XX

Other interesting R-loop associated investigation might be the role of USP11 and SETX
in the SMA context, since SETX is downregulated in SMA and depletion of USP11 and

SETX leads to elevated nucleolar R-loops in MRC5 cells (Jurga et al., 2021).

XX REDACTED TEXT XX

The main purpose of the research carried out for this project as well as the future points
of focus described in this section is to find out more about the molecular aspects of SMA.

This way, the findings could potentially be translated into future therapies that could
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supplement or substitute current treatments. So far nuclear R-loops have been
considered interesting as one of the physiological alterations in SMA and if this thought
is extended to nucleolar R-loops, it would open a possibility for the development of
nucleolar R-loop regulators to ameliorate symptoms in SMA patients. In this sense
DDX21 is one of the first candidates considered in this research as a nucleolar R-loop
regulator, due to its association with active rDNA transcription and DNA/RNA helicase
activity. It is possible that the role of DDX21 in the nucleoli might be similar to the one
played by Senataxin (a stablished R-loop helicase) in the nucleus. The benefits of this
type of treatments could potentially be the improvement of both neuronal and multi-
organ symptoms since they would have a systemic impact on the human body. This is
especially important nowadays that it has become more evident that not only the motor
neurons are affected, but many other organs as well. Further, current treatments
appear to help with the neuronal and muscular symptoms, but the rest of the organs
keep deteriorating; thus, a systemic approach might have a significant positive impact

on SMA patients’ quality of life.
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siRNA

7. ANNEX

Target Sequences (5’->3’)

ON-TARGETplus Human SMN1 siRNA GCUCACAUUCCUUAAAUUA

SMARTpool, Dharmacon™

Scrambled siRNA, eurofins

GCUGAUGCUUUGGGAAGUA

GAUGAUACAGCACUGAUAA
UAAGCAUGCUCUAAAGAAU

AGGUAGUGUAAUCGCCUUGUU

ON-TARGETplus Human DDX21 (9188) Accession hits: NM_ 001256910,

siRNA SMARTpool, Dharmacon™

XM_011540336,
XM_017016910

NM_004728,

Table 7.1. List of siRNAs and their target sequences.

Primers used for gPCR
Actin 5’pause (F)
Actin 5’pause (R)
PRR5L (F)

PRR5L (R)
ING3 (F)

ING3 (R)
c-FOS3 (F)
c-FOS3 (R)
SPRY2 in1A (F)
SPRY2 in1A (R)
R#3 (F)

R#3 (R)

Sequence

TTA CCCAGA GTG CAG GTG TG
CCCCAATAAGCAGGAACAGA
ACATCA CCCATG ATTATCCCGTTA
GAC ACA ACA GGCTTC CAG GTC
TTTTTCTTC TCT AACTAC CCT CCCC
GTG CCCTAATCT GAATGACTACA
TGA GCC CGT GAC GTT TAC

TGC AGA TGC GGT TGG AG

CGA ATT CGG CGC TGA GAG

ACA GGT TAG AAATGC GGG
AAAAGCCTTCTCTAGCGATCT G

CAT AAC GGA GGCAGA GACAG
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R#5 (F)

R#5 (R)

R#7 (F)

R#7 (R)

RPL32 (F)

RPL32 (R)

18 S (F)

18S (R)

5.8 (F)

5.85 (R)

285 (F)

285 (R)

RPL13A (F)

RPL13A (R)

CALM3 (F)

CALMS3 (R)

SNRPN (F) (negative)
SNRPN (R) (negative)
EGR1 (F) (negative)
EGR1 (R) (negative)
TFPT (F)

TFPT (R)

GCG AGA GCC GAG AACTCG

ACCAACGACACGCCCTTC

GACACTTCGAACGCACTTG

CTC AGA CAG GCG TAG CCCCG

GAAGTTCCTGGTCCACAACG

GCGATCTCGGCACAGTAAG

ATGGCCGTTCTTAGTTGGTG

CGCTGAGCCAGTCAGTGTAG

GACTCTTAGCGGTGGATCACTC

GACGCTCAGACAGGCGTAG

CAGGGGAATCCGACTGTTTA

ATGACGAGGCATTTGGCTAC

AGGTGCCTTGCTCACAGAGT

GGTTGCATTGCCCTCATTAC

GAGGAATTGTGGCGTTGACT

AGAGTGGCCAAATGAGCAGT

GCCAAATGAGTGAGGATGGT

TCCTCTCTGCCTGACTCCAT

GAACGTTCAGCCTCGTTCTC

GGAAGGTGGAAGGAAACACA

TCTGGGAGTCCAAGCAGACT

AAGGAGCCACTGAAGGGTTT

Table 7.2. List of primers used for qPCR and their nucleotide sequences.
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Primers Sequence

HB-GFP2 (F) CGAGAATTCACG CGTCGCCGATGT TCTATGCCGTGAGG
HB-GFP2 (R) CCGGGCTGCAGC ATATGCGCTTAC TTGTACAGCTCGTC
Lenti2 (F) GCGCATATG CTGCAGCCC

Lenti2 (R) CGGCGACGC GTGAATTCTC

LV sequencing (F) GACCTCTAGGATCCTAATAC

LV sequencing (R) GATTATCGGAATTCCCTCGA

HB domain (F) cgagctcggtaccaagcttaATGTTCTATGCCGTGAGG

HB domain (R) ggcacagtcgaggctgatcaTCAGCTTGCAGATTTCCTG

Table 7.3. List of primers used for plasmid generation and their nucleotide sequences.

Plasmids Remarks
pMD.2G Plasmid encoding the vesicular stomatitis virus G envelope
pCMVARS8.92 Packaging plasmid encoding all the viral genes needed in trans.
pRSV-Rev Plasmid encoding the rev protein of HIV-1.
pLenti-VOS Lentiviral vector with Multiple Cloning Site (MCS)
pLVHB-EGFP Transfer plasmid for the cloning of HB-EGPF. From this thesis.

pPEGFP-N1-HB From Sherif EI-Khamisy.

pPEGFP-N1 Clontech
REDACTED REDACTED
REDACTED REDACTED

pLVTHMshSMN1 (Human) From Mimoun Azzouz

Oligo sequences
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Forward CGCGT CCCC (GGACAAATGTTCTGCCATT)
TTCAAGAGA (AATGGCAGAACATTTGTCC) TTTTT GGAA AT

Reverse CGAT TTCC AAAAA (GGACAAATGTTCTGCCATT)

TCTCTTGAA (AATGGCAGAACATTTGTCC) GGGG A
pLVTHMshSMN2 (Human)From Mimoun Azzouz

Oligo sequences

Forward CGCGT CCCC (CAATCTGTGAAGTAGCTAA)
TTCAAGAGA (TTAGCTACTTCACAGATTG) TTTTT GGAA AT

Reverse CGAT TTCC AAAAA (CAATCTGTGAAGTAGCTAA)
TCTCTTGAA (TTAGCTACTTCACAGATTG) GGGG A

pcDNA G2 (Rat SMN) From Mimoun Azzouz

miR392 .
Oligo sequences

Forward TGCTGTAAACCACGACACAGGTTTCTGTTTTGG
CCACTGACTGACAGAAACCTGTCGTGGTTTA

Reverse. CCTGTAAACCACGACAGGTTTCTGTCAGTCAGTGG
CCAAAACAGAAACCTGTGTCGTGGTTTAC

Table 7.4. List of plasmids used in this thesis.
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Figure 7.1. Graphic representation of pLenti-HB-GFP plasmid.
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A

HB GFP
cgtcgccgATGTTCTATGCCGTGAGG)

gcgtcgecgATGTTCTATGCCOTGAGGAGGGOCCGCAAGACCOGGGTCTTTCTGACCTC
+ I + N + N + N + L + L

t t 1 t t t
cgcagcggeTACAAGATACGBGCACTCCTCCCCBGCGTTCTBGCCCCAGAAAGACTBGAL

1, . . 5 .. 10 PR |
Met _Phe Tyr Ala_Val Arg Arg Gly Arg Lys Thr Gly Val Phe Leu Thr T1
HB domain —

| insetfromMCSxdna —-

A->G

Ala Ser Pro Met Phe Tyr Ala Val Arg Arg Gly Arg Lys Thr Gly val Phe Leu Thr T
¢ Arg Arg Arg Cys Ser Met Pro [ Gly Gly Ala Ala Arg Pro Gly Ser Phe B Pro
\rg Val Ala Asp Val Leu Cys Arg Glu Glu Gly Pro Gin Asp Arg Gly Leu Ser Asp Leu
L L L L s 1 L L :

L L
CGCAGCBEC]

ti2 Rev

gecgtcgecgATGTTCTATGCCGTGAGBAGGGBCCGCAABACCBGGGTCTTTCTGACCTL
GCGTCGCCGATGTTCTATGCCOGTGAGBAGGGGCCGCAAGACCOGGGTCTTTCTGACCT(
GCGTCBCCGATGTTCTATGCC6TQaGGAGGGGCCGCAAgACCEEGGTCTTTCTGACCT
GCGTCGCCOATOGTTCTATGCCOTGAGGAGGGGCCGCAAGACCOGGOTCTTTCTOACCT(
GCOGTCOCCOATGTTCTATGCCGTgaGgAGGBBCCGCAAGaCCBGGOTCTTTCTGACCT(

Ndel Pstl]

Fwd
[GCGCATATGCTGCAGC(

jgagttcgtgaccgccgecgggatcactctcggecatggacgagetgtacaagtaagegeatatgetgceagec)
I 4 1 L 1 : L :
I t

t t t t t t
sctcaagcactggeggcggccctagtgagagecgtacctgetegacatgttcattegegtatacgacgteggl

225 230 235
Glu Phe Val Thr Ala Ala Gly lle Thr Leu Gly Met Asp Glu Leu Tyr Lys @
EGFP

Insert from MCS.xdna

Glu Phe val Thr Ala Ala Gly lle Thr Leu Gly Met Asp Glu Leu Tyr Lys [ Ala His Met Leu Gin Pr|
™ Ser Ser @ Pro Pro Pro Gly Ser Leu Ser Ala Trp Thr Ser Cys Thr Ser Lys Arg lle Cys Cys Ser
Gly Val Arg Asp Arg Arg Arg Asp His Ser Arg His Gly Arg Ala Val Gin Val Ser Ala Tyr Ala Ala Ala

aaaloasatas

[ PO PP TP ENPIPIAS TPUMPEAE IPPENR AP I PN BN S I

jgagttcgtgaccgccgeccgggatcactctcggecatggacgagetgtacaagtaagegeatatgetgeagec)
3GAGTTCBTBACCGCCBCCGGBATCACTCTCGGBCATBGACGBaBCTGTACAAGTAAGCGCATATGCTGCAGC
JgGAGTTCGTGACCGCCBCCGGGAaTCACTCTCGGCATGGACGAGCTGTACAAGTAAGCGCATATGCTGCAGC
3GAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGCGCATATGCTGCAGC

3GAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGagcTGTACAAGTAAGCGCATATGCTGCAGCH

Figure 7.2. plenti-HB-EGFP sequencing. Sequencing results from four pLenti-HB-EGFP
plasmid clones, aligned with the sequence from the design map. (A) HB domain from the
design in burgundy; sequencing results at the bottom. (B) EGFP sequence from the design in

green; sequencing results at the bottom.
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