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Abstract

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are just two of the
neurodegenerative diseases characterised by the presence of pathological aggregates composed of
proteins and RNA. The mechanism of aggregate formation has historically defined proteins as
nucleation triggers, but recent studies have highlighted the fundamental role of nucleic acids in the
aggregation events. In particular, 40% of familiar cases in ALS/FTD have been correlated to mutations
in the hexanucleotide repeat (GGGGCC),, which in its RNA form has been identified within the
aggregates. This work aimed to investigate the aggregation properties of (GGGGCC), and unveil the
underpinning molecular mechanism in the context of the ALS/FTD diseases. In these studies, | firstly
showed that (GGGCC), DNA oligonucleotides can in the absence of proteins, and that aggregation is
facilitated by higher RNA concentrations and number of repeats. | then demonstrated that
aggregation is mediated by the formation of multimolecular G-quadruplexes (mG4s) and proceeded
to disassemble the aggregates by employing G4-specific tools or altering the molecularity of the
system via mutation analysis and antisense treatment. | validated the biological relevance of my
findings by demonstrating the ability of RNA (GGGGCC), to form mG4-rich aggregates similar to its
DNA equivalents and by examining the interactions of these strands with TDP-43, a protein relevant
to ALS/FTD. Furthermore, | confirmed the potential therapeutical relevance of the studies by
demonstrating the ability of a G4-selective fluorescent probe to penetrate C9orf72 mutant human
motor neurons derived from ALS patients, which revealed clear fluorescent signal in putative
condensates. My findings strongly suggest that (GGGGCC), can form protein-free condensates
sustained by multimolecular G-quadruplexes, highlighting their potential relevance as therapeutic

targets for C9orf72 mutation-related ALS and FTD.
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Chapter 1
Introduction

1.1 Neurodegenerative diseases

1.1.1 Socio-economic impact

As of the latest statistics released by the World Health Organisation up to one billion people
are affected by neurodegenerative diseases (NDs), with a related annual estimate of 6.8 million
deaths!. NDs are commonly known as a heterogeneous class of diseases which involve neuron
degeneration. As the risk of developing NDs increases with age, the rapidly ageing world population
will lead to an inevitable rise in cases. For instance, in Europe, 16% of people above > 65 y.o. is affected

by NDs. But this percentage is predicted to increase to 25% by 2030 and to double by 20402.

NDs have been medically described since the early 19" century with the depiction of Parkinson’s
disease (PD) in 18173, Amyotrophic Lateral Sclerosis (ALS) in 1869%, Frontotemporal Dementia (FTD)
in 1892° and Alzheimer’s disease (AD) in 1906°, but the way they develop remains widely unknown

and no cure is currently available.

NDs affect a patient’s nervous system, with implications for their communication skills, cognition,
memory, behaviour, sensory and motor functions, tragically affecting their quality of life progressively
throughout the disease's consecutive stages. As NDs develop slowly, patients require external care
and lose a large part of their independence in consequence of the neurodegeneration, constituting an
increasingly high cost for society. For instance, the cost for formal care for an AD patient annually is
on average 27,672 USD’, which tends to get higher as the disease progresses over the course of 8-10
years. To put this number into perspective, the UK National Health Service (NHS) spends around 112
billion GBP annually on neurological conditions® compared to 5 billion GBP on cancer care® and 7.4
billion GBP on cardiovascular diseases'® (Figure 1c). Although cardiovascular diseases are still the
leading causes of death worldwide!?, in 2022 the UK’s highest number of deaths is attributed to
dementia and AD, likely due to the increasing impact of NDs on an ageing population'? (Figure 1b).
The UK numbers are staggering and representative of what the larger world picture looks like (Figure
1d"), which reveals a similar effect in the rest of Europe and the US. Although the life expectancy of
people affected by NDs has increased, the number of new deaths grows by millions yearly due to a

lack of strategies for therapeutic intervention (Figure 1e'*).
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Figure 1: Socio-economic impact of neurodegenerative diseases. (a) Number of deaths by NDs in compared to cancer and
cardiovascular diseases, the other two leading causes of death worldwide (55.4 million deaths worldwide) (as estimated by
the WHO) (b) Leading causes of deaths in the UK in 2022 according to Census data. (c) Compared to the money spent by
countries for ND vs cancer vs cardiovascular diseases. (d) World map cases of NDs. DALY (loss of the equivalent of one year
of full health). Figure taken from 2°. (e) Overall number of deaths due to NDs from 1990 to 2019 compared to the number of

years lived with the ND disease prior to death. Calculated using the GBD online data4.

These figures show how the search for a treatment for NDs is one of the biggest challenges and priority
of the 21t century. But although the government invests so much money into these diseases already,

no viable cure has yet been found.
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Indeed, although many resources are put at the service of NDs, most of the funds are utilised for long-
term care of the patients. It has been estimated that for each 1 USD spent on NDs, only 1% goes
towards research?. After taking these expenses into account, the US research-only budget for NDs
ends up being 1.8 billion USD, less than the resources for cardiovascular diseases (2.2 billion USD) and
cancer (6.0 billion USD)2. Lack of funds for research implies less workforce, lesser access to clinical
data and resources and a lesser understanding of the underlying mechanism for NDs: all necessary for
the development of an effective treatment. Furthermore, whilst in other cases — such as the COVID-
19 epidemic'® — pharmaceutical companies could easily approach the market and competitively offer
treatments to the wider public, the development of a cure for NDs is too time consuming and
uncertain to be a “cost-effective” investment for pharmaceutical companies (although 70% of the total

clinical trials for AD are still sponsored or cosponsored by the pharmaceutical industries in the US?).
And research costs are not the only hurdle.

“Neurodegenerative disease” is a very general definition for a class of illnesses that include over 600
pathologies!’. They all share the common neurodegeneration feature, but their causes, symptoms and
development are, albeit somewhat interlinked, incredibly varied. Each pathology needs to be
addressed singularly and a complete model for the disease is required for an effective treatment

development (Figure 2).

Consequently, current ND research isincomplete and occasionally contradictory. Indeed, in June 2021,
the drug Aducanumab was approved by the FDA in the US via the fast-track approval route for AD,
despite the lack of strong scientific evidence to support its effectiveness'®. Despite this, the FDA
deemed necessary approving what was then the only treatment for a deadly disease, but their view
was not shared by the European Medicines Agency, which denied its commercialisation in the EU

continent?®.

In summary, NDs are the leading cause of death in most industrialised countries but remain

underfunded and untreatable.
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What are the socio-economical reasons behind the
lack of NDs treatments?

NDs are not good “investments” for private Lack of funding for
companies research

There are over 600 The lifespan of a ND patient is very short, which
different NDs makes it hard to enroll them in clinical trials

The mechanism of action for No pre-established standards for Clinical trials are extremely
NDs is unknown treatment approval long and expensive

Figure 2: Socio-economic reasons behind lack of treatment for NDs. The underlying reasons behind the lack of treatment

for NDs are given by a combination of lack of funding for research and poor understanding of the mechanisms of action of

the diseases.

This work will focus specifically on Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia
(FTD), two fatal neurodegenerative diseases that affect the motor system and cognitive behaviours
with consequences for execution of functions, behaviours and language abilities?®?! . ALS affects the
motor neurons in the frontal cortex, brainstem and spinal cord, while FTD is related to motor neuron
disorder, the most common type of dementia in people below 6522, ALS is found in approximately 2.1

cases per 100,000 people?®, whereas FTD has an incidence of 4 cases per 100,000%* (Figure 3a).

ALS and FTD, much like other NDs, lack characterisation and are an increasingly heavy economic and
social burden. The average life expectancy after disease onset is 1-4 years for ALS and 2-20 years for

FTD?2%,

Depending on the region of provenience, the total annual cost for an ALS patient is on average 69,475
USD, which in the USA sums up to be 279-472 million USD yearly?* (Figure 3b). This figure has been
estimated to be significantly higher than other NDs due the invasive nature of the motor
neurodegeneration and the length of the disease. In fact, much like in the case of other NDs, there is
currently no cure for ALS. The more severe the disease stage is, the more care the patient will require
and the costlier their care will be. But what puts ALS over the edge in terms of annual costs, is a
combination of direct and indirect costs, which are both higher than for other NDs. The direct costs
are “expenses requiring payment” such as medications, medical equipment, home and vehicle
adaptations, medical devices, mobility aids and services?®. These resources can be provided either
through direct contributions from the patient or through intermediaries like government agencies or

|II

health insurance providers. Indirect costs are “collateral” costs linked to the money “lost” by the
patient or the patients’ immediate relations in consequence of the disease. As the pathology

progresses, ALS patients lose independence and eventually mental capabilities, which impairs their
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ability to live on their own or (if applicable) to continue their jobs. Their long-term caretakers are often
close relations, who also have been shown to lose career progression opportunities, number of hours
at work and who require on average more health care in consequence of their constant state of stress.
In fact, it is very common for ALS patients’ families to employ a second full-time caretaker to release
some of the burden, which is an additional cost?®. But although the indirect cost has perhaps a harsher
social impact, it has been calculated that most of the ALS expense relates to medical equipment,
especially assisted respiratory equipment, which is necessary in the latest stages of the diseases?®. ALS
is considered a fairly rare disease, not due to its incidence (which is higher than other NDs), but due
to the low life-expectancy there are not a lot of people living with ALS on a yearly basis. Despite that,
a big step in raising awareness for the disease has been taken in 2014 with the Ice Bucket Challenge,
the social media phenomenon in the USA which generated over 100 million USD for the ALS American

Association (compared to the usual annual 2.8 million USD)?.

FTD is the most common type of dementia in people < 60 y.o. As it tends to affect people in a younger
category and for a longer period, it has been estimated to constitute a social and economic burden
higher than Alzheimer’s disease and ALS?. In fact, the total cost of an FTD patient is on average
119,653 USD, which varies depending on the age at which the disease is developed?®. Much like in the
case of ALS, the costs of FTD can be divided into direct and indirect costs. And whilst the direct medical
expenses for FTD patients tend to be less significant than ALS, the indirect burden is higher. This is a
result of the average age of onset of the diseases, a time where patients are usually in the prime years
of their careers and have families. Caretakers sometimes need to be employed not just for the patient,
but for their children too. It has been estimated that the cost of a young-onset of dementia is almost

double what an old-onset of dementia would be?.

@ (b)

PD
. 110 cases
Other NDs .
2.1 cases 551 cases COSTS per patient
FTD
ALS
4 cases L ALS I 70K USD

100,000 people FTD

- | 120K USD

Figure 3: Socio-economic impact of ALS/FTD. (a) Incidence of ALS/FTD per 100,000 people compared to all forms of
dementiaZ. (b) ALS/FTD costs per patient. Highlighted in dark are the most significant contributors to the final cost

depending on the disease estimations.
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1.1.2 Current treatments

Although no definitive treatment has been developed for any neurodegenerative disease, the
field has shown significant improvements in increasing the lifespan of people affected by the

pathologies.

The development of a final treatment for NDs is extremely challenging for a multitude of reasons,
ranging from poor understanding of the underlying diseases mechanisms to the expensive long clinical
trials required for the drugs acceptance?®?°. Indeed, it has been shown that drugs that affect the

symptoms do not necessarily address the root of the diseases or vice versa.

To aid in the approval of effective drugs, the European Medicine Agency has developed guidelines for
drug-development for NDs, defining as a “disease modifying effect” the action of a treatment on a
specific ND hallmark biomarker with consequent reduction of symptoms?>3°. Of course, given that no
biomarker has been officially confirmed in humans, these regulatory restrictions are a hard barrier to

surpass.

Nevertheless, there are several drugs currently in clinical trials which target one or more of the
recognised ND hallmarks with reduction of symptomatic behaviour (Table 1). For instance,
Dextromethorphan, an anti-tussive agent in cough medicines, has shown reduction in glia-mediated
neuroinflammation via inhibiting production of inflammatory mediators and is currently in phase |l
clinical trials®. Donepezil, Rivastigmine, and Galantamine are all acetylcholinesterase inhibitors, which
prevent cholinesterase enzyme from breaking down neurotransmitter acetylcholine? and are used to
manage symptoms of AD patients®. In all cases, the drugs slow the progression of the disease, but
they do not constitute cures. Other drugs have been commercialised for other purposes but have
shown slowing of neurodegenerative symptoms such as Dextromethorphan (cough suppressant
approved by the FDA in 1958 with an unknown mechanism of action), Palmitoylethanolamide (present
in egg yolks, peanuts and soybeans and has shown neuroinflammation protective mechanisms),
Citalopram (an antidepressant which works as a serotonin reuptake inhibitor), Resveratrol (an

antioxidant present in red-wine shown to have anti neuroinflammatory effects), and others®3,

Possibly the greatest breakthrough in the field in the past twenty years was the FDA approval and
commercialisation of the drug Aducanumab for AD in 2021, the first ever treatment which claimed to
stop the progression of the disease3*. Aducanumab is an amyloid-beta directed monoclonal antibody

which targets aggregated soluble oligomers and the insoluble fibrils formed by meaning the AB
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plagques in AD affected neurons. Two clinical trials were performed prior to the fast-track approval by
the FDA, but they brought forward conflicting results. In fact, while a reduction of plaques was
observed, there was no consensus of the symptomatic effects. Indeed after the controversial approval,

three FDA advisory board members resigned3.

Only a year later, in January 2023, the second ever treatment for AD was approved, Lecanemab — still
using the fast-track approval route by the FDA. Lecanemab is also a monoclonal antibody and has
shown more robust evidence of slowing dementia progression via robust clinical trials for patients in
early stage AD®. In both cases, it will be a few years before the general population will understand

the effectiveness of these drugs as no long-term clinical trial has been performed.

Although there have been several developments and promising innovations for the treatment of NDs,

no officially internationally recognised solution has been found.

Disease International

modifying ? approval Disease

Drug name

Dextromethorphan Neuroinflammation TBD Pending NDs

Acetylcholinesterase

Donepezil and similar R No Yes AD
inhibitors

Dextromethorphan Unknown No Yes (for other NDs
purposes)
Yes (for oth

Palmitoylethanolamide Neuroinflammation No s (for other NDs
purposes)
i k Yes (fi h

Sl Serott.)nlr) r.eupta e No es (for other NDs
inhibitor purposes)

Resveratrol Neuroinflammation No Yes (for other NDs
purposes)

Aducanumab Plaques TBC No AD

Lecanemab Plaques TBC No AD

Table 1: List of current treatments for NDs. For each disease are highlighted their biological target, whether they have a

recognised disease modifying effect, if they are internationally recognises and which disease they have been developed for.

Much like in the case of other NDs, no cure has yet been approved for therapeutic purposes for
ALS/FTD patients. However, a series of drugs are available on the market/in clinical trials with the aim

to slow down the disease progression and aid with symptoms management (Table 2).

Currently, only two drugs have been approved by the FDA for treatment of ALS and FTD, and in both

cases they are only successful in slowing down the symptom’s progression. Riluzole was approved in
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1995 as the first ever ALS-modifying drug and it has been shown to extend life expectancy by 2-3
months per year®. Although the exact mechanism of action is not fully understood, Riluzole’s main
pathway involves blocking the glutamatergic excitotoxicity and interaction with other
neurotransmitters®. Over two decades later, the American FDA approved a second treatment,
Edaravone, which was also shown to slow the disease progression. The mechanism of action involves
neuroprotection via scavenging of free radicals (antioxidant properties)®. Other drugs currently
between Phase Il and Phase lll clinical trials are: Arioclomol (targets TDP-43 aggregation amongst
other issues), Ceftriaxone (an antibiotic with induction of glutamate transporters able to cross the
blood brain barrier), Masitinib and cannabinoids (anti-inflammatory action), Tirasemtiv (affects

calcium homeostasis) and stem-cell based approaches®®.

More recently, several treatments have been developed by using (GGGCC), a common mutation in
ALS/FTD, as therapeutic target. In particular, antisense oligonucleotides targeting of the gene was
shown to reduce the RNA-nuclear foci associated with the ALS/FTD phenotype in patients’ cells®”-3®
leading to pre-clinical studies in humans3>4°. One patient presenting (GGGCC),400 Was treated with
antisense therapy over a course of several months and showed an 80% decrease in poly(GP) biomarker
(showing expression of C90rf72)*. Whether this is connected to complete remission from the

symptoms is still uncertain, but it shows promise for therapy and treatment.

Drug name Target FDA approval
Riluzole Glutamate toxicity Yes
Edaravone Oxygen free radicals Yes (USA)
Arioclomol TDP-43 No
Ceftriaxone Glutamate transporters No
Masitinib Anti-inflammatory No
Tirasemtiv Calcium homeostasis No
tl":er::::::cs C9orf72 No

Table 2: List of current treatments for ALS and FTD and their biological target.
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1.1.3 Classification of NDs from clinical observations

Although the mechanistic progression of NDs is not fully understood, clinical observations of
symptomatic patients and post-mortem biopsies have allowed doctors to classify NDs based on
common features. Of over 600 ND pathologies?’, the most common NDs with recognisable hallmarks
are Alzheimer’s disease (AD), Parkinson’s Disease (PD), Frontotemporal Dementia (FTD) and
Amyotrophic Lateral Sclerosis (ALS), Huntington Disease (HD), Spinocerebellar ataxias (SCA), Lewy
body dementia (LBD) and Multisystem Atrophy (MSA) (both known as synucleinopathies), prion
disease (PrD), Multiple Sclerosis (MS), Chronic Traumatic Encephalopathy (CTE), Traumatic Brain Injury
(TBI), stroke and Spinal Cord Injury (SCI)*.

The NDs’ primary features are highlighted in Table 3. CTE, TBI, stoke and SCl are not explored in detail
as, although presenting neurodegeneration, the triggering event is external and recognisable.
Interestingly, however, the final stages of neurodegeneration-affected biopsies of these conditions
are very similar to previously mentioned diseases. For instance, TBI and AD both share the presence

t*, which led questioning how two

of B-amyloid deposition and the cerebrovascular pathology elemen
completely different causes, genetic mutations and environmental factors, can lead to the same

neurodegeneration effect.

24



ND name

Early symptoms

Clinically observed

neurodegeneration in
the neurons

Brain regions affected

Alzheimer's
disease

Parkinson’s
disease

Huntington
disease

Spinocerebellar
ataxia

Multiple System
Atrophy

Prion Diseases

Multiple
Sclerosis

Amyotrophic
Lateral Sclerosis

Frontotemporal
Dementia

Language function difficulties
Memory impairment

Tremors
Change in the ability to walk

Memory impairment
Changes in behavior
Lack of movement control

Problems with halance and
coordination

Muscle stiffness and cramps
Memory loss

Dysregulation of body
autonomic functions
Lack of mator control

Rapidly developing dementia
Hallucinations

Difficulties speaking
Difficulties walking

Motor and coordination
problems
Mental impairment

Muscle twitches
Muscle cramps
Tight and stiff muscles

Personality changes
Language/speech problems
Memory impairment

- Senile plaques
- Neurdfibrillary

tangles

- Brain atrophy

- Loss of substantia

nigra

- Lewy bodies

- Accumulation of

lipofuscin in neurons
and glial cells

- PolyQ aggregates

- General degeneration

in the striatum

- Pathological

infectious protein
aggregates

sheath surrounding
axons

- Pathological

aggregates in the
motor neurons

- Basal ganglia atrophy

- Pathological

aggregates in the
motor neurons

- Small vessel ischemia
- Atrophy in the frontal

or anterior lobes

Damage to the myelin
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Table 3: Symptoms and clinical observation of neurodegeneration for the most common ND pathologies. The table
highlights the early symptoms observed, the first clinically recognized signs of neurodegeneration at the brain level and the

initial location of the observed neurodegeneration. Hand-drawn illustration with Procreate.

ALS and FTD present different symptomatic behaviours in the early stages, but both diseases share
clinical, neuropathological and genetic features which indicate either a common neurodegenerative

pathway or belonging to a same neurodegenerative spectrum? (Figure 4).
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The term Amyotrophic Lateral Sclerosis (ALS) was coined in 1869 by neurologist Jean-Martin Charcot
referring to patients with loss of muscle mass (amyotrophic), degeneration on both sides of the spinal
cord (lateral) and scar tissue-like consistency in the spinal cord®. Although ALS has been mainly
described as motor neuron disease, it is widely recognised to affect other areas of the brain over
time?®. Most ALS cases are sporadic (non-inherited), about 5% have a family history of ALS (familial
ALS)*. From a genetic viewpoint, most ALS patients present at least one of the following mutated
genes, which are now used by clinicians to help in the diagnosis. These genes include SOD1, C90rf72,
FUS and TDP-43 plus another series of less common variants*. Importantly, sometimes the
downstream effects of ALS are also noticed in absence of the mutations, implying that these might be

a consequence in the mechanism and not the causation.

FTD was first observed by the neuropsychiatrist Arnold Pick in 1892, who noticed the presence of
spherical argyrophilic inclusions accumulated in the neurons of the frontal lobe of a patient presenting

”47 |t was

signs of dementia. He crafted the term “Pick Bodies” and called the disease “Pick Diseases
later observed that Pick Bodies were not they only histological hallmark in dementias in the
frontotemporal lobe and Pick disease was renamed Frontotemporal Dementia (FTD)%. Unlike ALS,
about 40% of patients with FTD have a family history of dementia, but familial and sporadic FTD types
present the same clinical features®. The first symptoms are usually of behavioural nature and involve
dysfunction in self-monitoring, evaluation of internal mental states, awareness of emotion, sustaining
personality and production of language*. From a genetic viewpoint, the majority of genetic FTD is
caused by mutations at C9orf72, MAPT or GRN. Occasionally, it is also observed upon mutations at

TDP-43, VCP, CHMP2B, SQSTM1, UBQLN1 or TBK1°°. Much like in the case of ALS, the downstream

effects of FTD can occur in absence of these mutations.

The first associations between the two diseases were made in 1981, when it was reported that
patients with ALS also showed FTD signs, and in 1987 when FTD patients was reported to share similar

morphological aspects with ALS ones?.

Currently, it has been validated that up to 50% of ALS patients will develop cognitive impairment
associated with FTD and up to 30% of FTD will develop motor dysfunction??. The link between the two
diseases is not only recognised from these clinical observations, but also from overlapping in their
genetics. In fact, both diseases present mutations in TANK-Binding Kinase 1 (TBK1)*?, Coiled-Coil-Helix-
Coiled-Coil-Helix Domain Containing 10 (CHCHD10)%2, Valosin Containing Protein (VCP)%, Fused in
)54

Sarcoma (FUS) protein, Sequestosome-1 (SQSTM1)>*, and Chromosome 9 Open Reading Frame 72

(C90rf72)*®. In particular, the hexanucleotide expansion (GGGCC), in C9orf72 is the most common
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cause of ALS, accounting for about 40% or familiar cases (where the patient had a regressed family

history of ALS) and 7% of the sporadic (no previous indication of family history of ALS)*® in Europe.

Despite the numerous clinical observations on the two diseases, it is still not clear how these interlink

with each other and how they give rise to the dementia symptomatic behaviours.

Early stages symptoms

Muscle weakness Apathy
Slurred speech Obsessive repetitive
behaviors
Weak grip

Behavioral inconsistencies

Unusual physical/sexual
Muscle cramps and physical/

. Depression behaviors
twitching
Weight loss Weight
gain/overeating
Difficulty
swallowing/breathing Lack of inhibition or
social tact
Neurodegeneration at atatalconn Neurodegeneration at
corticospinal tract, - frontal and temporal
] b
'corpus callosum Mutated TDP-43 lobe
primary motor cortex,
thalamus, caudate Mutated SOD1 Mutated MAPT
nucleic , accumbens
nuclei, amygdala and Mutated FUS Mutated GNR

o
Lseuls Mutated VCP

Clinical observations

Figure 4: Overlapping symptoms and genetics of ALS and FTD. Although different in their early symptomatic stages, ALS and
FTD share symptoms in their later stage. They are considered a neurodegenerative continuum due to the presence of several

overlapping genetic features.

1.1.4 Molecular hallmarks of neurodegeneration

Table 3 shows how different regions of the brain which are affected by neurodegenerative

pathways for several pathologies. But despite these discrepancies in neurodegeneration locations
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from biopsies, it is still possible to find a series of hallmarks on a molecular level that are shared

amongst many NDs.

These are: pathological protein aggregation, synaptic and neuronal network dysfunction, aberrant
proteostasis, cytoskeletal abnormalities, altered energy metabolism, impaired DNA damage response
and impaired RNA biological function, inflammation and neuronal cell death* (Figure 5). The relevant

hallmarks for this work are highlighted in more detail in later paragraphs.

Synaptic and neuronal

- X Cytoskeletal abnormalities Altered energy metabolism RNA defects
network disfunction

Neuroinflammation Neuronal Cell Death DNA defects Repeat expansion toxicity

Figure 5: Molecular hallmarks of the most common NDs. As evident from clinical mapping of the hallmarks of most common

NDs, these are thoroughly interlinked, making it very complex to understand the roots of the pathology versus the effect.

1.1.4.1 Aberrant proteostasis

Proteins can aggregate under different circumstances and assume several morphologies
depending on their role®. Aggregation is encouraged when the protein requires to protect its

hydrophobic core from exposure to a hydrophilic environment.

The most common protein aggregates morphologies found in vivo are: (1) amorphous protein
aggregates, (2) globular protein aggregates and (3) well-ordered fibrillar structures (or amyloid

fibres)®’. The formation of amyloid fibres depends on a series of factors, ranging from the amino acid
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sequence to environmental effects. For instance, proteins with a B-sheet folding propensity tend to
form fibrils with more ease®. Instead, proteins with no defined secondary structure which present
low complexity domains (LCD), are able to phase-separate due to the presence of unspecific
hydrostatic interactions®®. In fact, it has been hypothesised that most proteins possess the potential
to aggregate under the right conditions via means of high temperature, high pressure, low pH,
alcohols, crowding conditions or centrifugation and samples shaking®®. In vivo, the presence of protein
aggregates is often related to pathologies (Figure 6). For instance, type Il diabetes is correlated with
the presence of islet amyloid polypeptide aggregates® and amyloid transthyretin cardiopathy

presents tetrameric thyroxine transport protein transthyretin amyloid fibrils®°.

In the case of NDs, the presence of pathological aggregates made up of misfolded or accumulating
proteins at the neuron level is caused by an alteration of proteostatis. Two of the major regulatory
mechanisms of action involved in proteostatis are the ubiquitin-proteasome system (UPS)®! and the

autophagy-lysosome pathway (ALP)®2.

UPS is responsible for ubiquitination of proteins and subsequent removal from the system. If the key
elements of the UPS machinery are mutated, accumulation of pathogenic protein aggregates can

occur. This is the case for UBQLN2 and VCP proteins for ALS/FTD® and Parkin for PD%.

ALP detects and clears pathogenic protein aggregates and misfunctioning organelles by encapsulating
them into the autophagosome. Mutation of autophagy-related genes such as GBA, GBA1, LRRK2,
TMEM230, Parkin (PD), GRN (FTD), SNX14 (SCA), APP, PS1(AD), C9orf72, SQSTM1, TBK1 (ALS/FTD),
HTT (HD) has been linked to the specified NDs®.

Notably, that protein aggregation is not necessarily correlated to a pathological phenotype (Figure 6).
In fact, cells can use aggregation events to sequester damaging proteins blocking their effects, or to
provide a scaffold for other biological functions. For instance, functional protein aggregates have been
connected to storage of peptide hormones, reproduction and fertilisation, pigmentation, necroptosis,
antimicrobial response, adaptation to stress, cellular dormancy, bacterial biofilm formation,
regulating fungal-host and fungal-fungal interactions, modulating epigenetic heritable phenotypes in

yeast and the persistence of long-term memory in Drosophila®®.

How cells trigger protein aggregation and when that leads to pathologies is not fully understood,
making it impossible to disentangle the cause/effect of aberrant proteostasis with respect to the

pathologies and weather this can be considered a suitable target for treatment of NDs.
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Interestingly, the only FDA approved drugs (Aducanumab? and Lecanemab®’) for AD do in fact target
protein aggregates (formed by AP aggregates at the neuron level), but their efficacy in aiding a

patient’s recovery is still debated?8,

Unfolded protein

Physiological roles

- Sequester damaging proteins

- Providing scaffold for other biological functions
- Storage of peptide hormones

- Reproduction and fertilization

- Antimicrobial response

- Cellular dormancy

- Adaptation to stress

- Preventing correct protein transport

- Incorrect ubiquitination

- Incorrect energy metabolism
Impaired autophagy mechanisms

Protein aggregate

Pathological roles

Figure 6: Biological consequences of protein aggregation. On the left — schematic of protein aggregation. On the right -
highlighted principal pathological and physiological roles of protein aggregates in cell biology. Hand-drawn illustration with

Procreate.

1.1.4.2 Impaired DNA damage response

Post-mortem brain biopsies of ND patients show an increased oxidative DNA damage in
nuclear and mitochondrial DNA, which led to impaired DNA damage response-mechanisms to be

recently added to the list of potential hallmarks for these diseases®.

When a faulty neuron is damaged, it cannot be replaced. Irreplaceability is why this cell type relies on
efficient DNA damage response mechanisms to avoid toxic genomic rearrangements, transcriptional
dysregulation and accumulation of unrepaired lesions which could lead to irreversible damage®. Five
possible damage pathways have been highlighted in literature, showcasing the cause/effect relation
of failing DNA damage repairs mechanisms to other NDs hallmarks (Figure 7).
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Firstly, several NDs patients present mutations in genes that encode for proteins responsible to aid
upon DNA-damage, in particular, double stranded (ds) breaks and single stranded (ss) breaks. This
occurs for the pathogenic mutation at TDP1, responsible for resolving ss breaks at TOP1 activity sites,
which is present in nervous systems deficits such as ataxia, neuropathy and cerebellar atrophy®.
Similarly, mutations at TDP2, a ds breaks resolver, are found in certain types of SCA®. Furthermore,
commonly mutated proteins associated with ALS/FTD (TDP-43 and FUS), HD (HTT), SCA (ATXN2) or

SMA (SMN1/1) are also involved in the various DNA damage response mechanisms®,

However, an incorrect DNA damage response in not necessarily introduced by a genetic mutation. In
persistent DNA damage (genotoxic stress) a series of signalling cascades causes cell apoptosis to

prevent replicating a damaged genome’®.

The third damage pathway involves failure of the transcription machinery, often correlated to NDs via
the presence of transcription-blocking lesions. In the multi-level DNA damage response mechanism,
the RNA polymerases are stalled and transcription is prevented’:. This mechanism is not limited to
NDs and is often observed in types of ataxias and ALS. In particular, in juvenile types of ALS the
formation of RNA-DNA hybrid R-loops (or other multimolecular structures) has been correlated to the

failure of the transcription machinery®..

Another pathological pathway involving DNA damage is preceded by mitochondrial disfunction and
altered energy homeostasis. In fact, mitochondrial disfunction leads to the formation of reactive
oxygen species (ROS) which have the ability to attack DNA to form toxic oxidized bases and abasic
sites®. The effect of ROS is particularly damaging in neurons as they consume approximately 20% of

all the body’s available oxygen.

Finally, the last pathological pathway relates to the incorrect DNA damage accumulation at the neuron
level. In fact, there have been several studies on the positive effect of DNA damage on the plasticity
of the neurons, where DNA breaks are suggested to have a functional role in early neuronal activity in
mice studies’>’*. A mis regulation of these effects could lead to toxic loss of function of the neurons

and consequently neurodegeneration.

In summary, DNA damage response is an essential element in neurons and lack thereof, either due to
genetic mutations or as a downstream effect of other NDs, is linked to neurodegeneration. Targeting
DNA damage repair mechanisms has been considered a viable option for new ND therapeutics,

t’>. However,

especially since similar treatments are now being heavily developed for cancer treatmen
it is unclear whether erroneous DNA damage response is causing or is a consequence of other NDs

hallmarks.

31



Protein mutations Genotoxic stress Free radicals Accumulation

Proteins responsible for Increased M(:I'i.:(:)fchon.(jrlal Redlfc‘tion of
dsDNA and ssDNA repair genotoxic Proteins responsible for transcription Is! ““d-"°"‘ plasticity due
pathways are mutated in stress leads to pathways are mutated in NDs. leads to toxic  to DNA damage

NDs. apoptosis oxygen free accumulation

radical species

Figure 7: DNA damage pathways associated with NDs. The main five DNA damage pathways by which NDs have been
isolated are highlighted in the figure. 1. Proteins responsible for DNA damage responses are commonly mutated. 2. ND
patients have shown to present an increased genotoxic stress leading to dsDNA breaks. 3. Proteins responsible in the
translation of DNA into RNA are mutated. 4. Mitochondrial disfunction, often observed in NDs, leads to the formation of
toxic oxygen free radicals. 5. It has been observed that accumulation of toxic dsDNA and ssDNA damaged species leads to a

reduction of neuroplasticity and consequently health of the neurons. Hand-drawn illustration with Procreate.

1.1.4.3 Impaired RNA biological functions

Similarly to DNA, impaired RNA biological functions have also been associated with several
NDs via several pathological pathways. These can be classified in three main classes: (1) general RNA
)41

toxicity, (2) generation of stress granules (SGs)*! and (3) toxicity via the formation of repeat sequence

networks’® (Figure 8).

General RNA toxicity refers to all the downstream consequences created by the over or under-
translation of RNA. For instance, in ALS/FTD, mis-localised TDP-43 leads to altered RNA splicing,
stability and transport’” and mutations of the FUS protein cause mis-localisation into the cytoplasm’®,
In both cases, RNA is mislocalised and its biological function altered, leading to unwanted downstream

consequences.

Stress granules can be defined as condensates of ribonucleic proteins and mRNA formed in the
cytoplasm from stalled translation initiation in consequence of a stress response’®. Their functional
biological role is to collect the unused mRNA until the translation process can restart outside of the
stress response. During neurodegeneration, the neuronal cell is under constant stress due to the other
hallmarks, and the stress granules cannot disassemble. It is unclear whether it is a misregulation of
the stress granules response to lead to RNA defective pathways or if stress granules are just a

consequence of the stress response to other factors. In fact, several RNA-binding proteins often

32



misregulated in NDs also have defining roles in stress granule generation. This is the case for the
previously mentioned TDP-43 and FUS (ALS/FTD), G3DP1 (HD)®, DJ-1 (PD)®, and others. As further
confirmation of the pathological nature of stress granules in ND patients, these have been examined

via FRAP studies, presenting a compromised plasticity®2.

The final mechanistic pathway is the most relevant in the context of this work and relates to repeat
sequence expansions in neurodegenerative pathologies. In fact, more than 40 neurodegenerative
pathologies have been related to the presence of expansion repeats throughout the human genome®.
Historically, the toxicity of these repeat expansions has been associated to the impaired function of
the corresponding translated protein®. However, recent evidence has highlighted how the RNA

sequences themselves can also have pathogenic implications in forming multimolecular networks.

Although the role of RNA toxicity in the context of other NDs remains unclear, RNA-targeting drugs
have been recently put into clinical trials with some success. The aim of these RNA-based therapies is
to target toxic RNA-transcripts by binding the Watson-Crick RNA strand and silence their downstream
effect®>. These preliminary results indicate that RNA has a direct effect in neurodegenerative diseases,

making it a suitable target for drug discovery in the context of ND.

Over/Under translation Stress granules formation RNA-network formation

Ribosome

Over translation of RNA-binding

proteins such as TDP-43 or FUS leads Stress granules are formed Multimeric RNA-network
to down-stream pathological by a mix of proteins and RNA aggregation
consequences.

Figure 8: Impaired RNA biological roles associated with NDs. The three main toxicity pathways are illustrated in the figure:
1. Over/under translation of RNA into proteins can lead to downstream pathological consequences such as mis-localisation
of proteins like TDP-43 and FUS in the cytoplasm. 2. Formation of stress-granules. 3. Formation of solid multimeric networks

due to alternative secondary structure assumed by the RNA sequences. Hand-drawn illustration with Procreate.
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1.1.4.4 Repeat Expansion Toxicity

In this work we define as “repeat expansion (RE) toxicity” the toxic gain or loss of function
of the RNA transcript due to the presence of mutated repeat expansion sequences in the genome. A
RE is characterised by a number of bases B repeated n times (i.e. (BBB),). The RE is considered

pathological if the number n goes above a threshold established by statistical studies.

There are several NDs which are genetically associated to the presence of pathological REs, and,
although they differ in composition and size, it is possible to find common features that allow

characterisation of this class of mutations as an ND hallmark.

The first REs observed in a pathological context were trinucleotide repeats such as (CAG),, (CGG),,
(CTG)n, (GAA),, (GCC), and (GCG),, but it was soon discovered that the number of bases could vary
quite significantly, even reaching dodecanucleotide REs®. Indeed, these occur in DM1/DM2 (myotonic
dystrophy), C9orf72 (ALS/FTD), CAG repeats (HD and other polyQ disorders including ataxia and Fragile
X Syndrome) and others®® (Table 4).

But regardless of the number of bases, REs all present the following general characteristics: (1) a high
degree of polymorphism, (2) although generally inheritable they can also be the cause of sporadic
cases due to genetic mutation, (3) longer repeat lengths (high n) tend to correlate to a more severe
form of the disease, (4) they present a highly variable phenotype due to the large differences in repeat

length n®,
It is still debated what are the characteristics that give repeat expansions their toxic behaviour.

Historically, the field has associated the presence of these repeated expansions to their protein
translated product and protein toxicity (Figure 9a). In fact, (CAG),, one of the most studied REs, is also
responsible for a class of diseases known as polyglutamine (polyQ) diseases®®. In polyQ diseases, which
include SMA, SCA and HD, (CAG),has n > 35 and leads to the expression of a highly repeating protein
glutamine polymer®®. PolyQ proteins are prone to self-aggregation into amyloid fibrillar structures in
neurons, leading to neurodegeneration. Similarly (GCG),, responsible for muscular dystrophy, is often

referred to as a polyA disorder?’.

A second mechanistic hypothesis involves the toxic loss of function of REs translated mRNA (Figure
9b). This occurs when RE gene translation is impaired due to the formation of non-canonical structures

in the sequences, leading to a reduced yield of mRNA and respective protein encoded. This occurs for
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(CTG),, which is linked to pathological muscular dystrophy when n > 60, leading to a decreased

expression of the DMPK gene and lowered protein levels, hypothesised to cause its toxic effects®.

Repeat expansion toxicity can also come from a toxic gain of function of the mRNA product (Figure
9c). This occurs when the mRNA is able to stabilise pathological aggregates formed by translocated
proteins. As an example, the RE (GGGGCC),, responsible for ALS/FTD when n > 24, has been shown to

bind to TDP-438%, FUS® and C90rf72 proteins stabilising pathological protein aggregates formed at the

neuronal level.

Mutation Pathological length n Diseases
(CAG)n n>35 HD, SCAs, atrophies
(CGG)n n>62/95 Fragile X

Myotonic dystrophy,

(CTG)n n>50 Huntington disease-like
2,SCAtype 8
(GAA)n n>100 Friedreich ataxia
(GCC)n n'>200 FRAXE me'ntal
retardation
(GCG) / Muscular dystrophy
(CCTG)n n>75 Myotonic dystrophy
(ATTCT) n n>8 SCA type 10
(TGGAA) n Differs SCA type 31
(GGCCTG) n n>14 SCA type 36
(GGGGCC) n n>24 ALS/FTD
(CCCCGCCCCGCG)n / EPM1

Table 4: List of repeat expansion usually associated with pathological consequences. 20 91 92

The final toxicity pathway relies on these sequences’ ability to form multimeric networks condensates
based on their highly repetitive nature. Indeed, the pathological aggregates found in ND-affected
neurons are known to be composed of a mix of proteins and RNA®L. But while the protein component
has been widely investigated as the keystone element of aggregation, RNA has been discarded as a
secondary element of stabilisation. This is because while protein can form multimeric networks and
phase-separate, ssSRNA cannot aggregate in its own right. However, higher molecularity RNA networks

have been shown to trigger phase-separation in absence of additional proteins’® and REs are widely
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recognised to be prone to form non-canonical secondary structures —which instead have the potential
to form such linkages (Figure 9d). For instance, it has been observed that (GAA),, related to ataxia, is
able to form an intramolecular DNA triplex of supercoiled DNA in vitro, which could affect efficient
DNA repair®. (CAG), repeats instead, previously mentioned in the context of polyQ diseases, have
been shown to arrange into hairpin conformations leading to incorrect gene splicing®, which could
lead or accelerate polyQ aggregation. (GGGCC),, has also been associated with the formation of G-

quadruplex structures that could also have downstream potential effects in the ALS/FTD%.

This is not to say that protein aggregates do not contribute to pathologies, there is plenty of clinical
evidence to support this, but collateral evidence suggests that RNA aggregates could also be playing
an important role in pathological aggregation’. The idea that REs possess the ability to form
aggregates on their own right could lead the way towards a new class of therapeutics targeting nucleic

acids.

Importantly, RE can be detected before the onset of symptoms®. Although research in this area has
just started, it offers incredible potential in treating diseases before the onset of neurodegeneration

(Figure 9).
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Figure 9: Repeat expansion toxicity pathways. (a) Repeat expansions are translated into proteins with repetitive units prone
to aggregation. (b) The presence of repeat expansions affects other genes up or downstream. For instance, hypermethylation
of collateral genes occurs near pathological repeat expansions. (c) Repeat expansions bind specific proteins which have
shown the ability to aggregate. (d) Repeat expansions can form multimeric networks with the ability to aggregate on their

own right. Hand-drawn figure generated with Procreate.

1.1.5 Mechanism behind ALS/FTD onset

ALS and FTD are associated with several interlinking NDs hallmarks, including synaptic
dysfunction, altered energy or/and protein homeostasis, neuronal cell death, repeat expansion

toxicity, neuroinflammation and cytoskeletal abnormalities.

Many mechanisms have been hypothesised for ALS and FTD, but here | will focus on the mechanistic
pathways common for patients with ALS developing FTD in later stages of the diseases or vice versa,
which have been found to associated with specific genetic mutations common in both pathologies.
These include: MAPT (TAU-protein related)®™, PGRN (Progranulin)®®, CHMP2B (body protein 2B
transport protein)?°, SOD1 (antioxidant SOD1 protein)®, FUS (regulatory protein fuse in sarcoma)®’,

TDP-43 and Chromosome 9, which will be explored in more detail in the following paragraphs.
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1.1.5.1 TDP-43

TDP-43 is an RNA-binding protein encoded in the chromosome 1p36.22. It is a ubiquitous
protein belonging to the hnRNP family, usually present in the nucleus and responsible for RNA
regulation (transcriptional regulation, alternative splicing, and mRNA stabilization)®. In
neurodegenerative pathologies such as ALS, FTD, PD and AD, the protein is accumulated in aggregates
in the cytoplasm®. Over 38 pathogenic variants have been identified from screening ALS patients®.
Amongst the most acknowledged, we can find M337V and Q331K, which possibly lead to a toxic gain
of function, G290A and G298S, which are associated with both toxic gain and loss of function, G348C
and N352S, which are predicted to increase TDP-43 phosphorylation, M337V, N345K and 1383V,
shown to contribute to neuronal apoptosis, K263E, which leads to neuronal and glial TDP-43

immunoreactive deposits and G294V, which influences TDP-43 exon skipping activity°.

In terms of its structure, TDP-43 is composed of two RNA recognition domains (N-terminus domain)
and a C-terminus low-complexity glycine rich domain which resembles prion-like proteins (Figure 10).
The RNA binding domains (RBDs) are arranged as two a-helix and six B-sheets®. This region of the
protein is what is responsible for nucleic acid recognition and consequently pre-mRNA splicing,
translational regulation and other downstream effects. In fact, although TDP-43 is widely recognised
as an RNA-binding protein, it has also been shown to efficiently bind as a dimer to single stranded and
double stranded DNA (ss and ds DNA) and that nucleic acid binding stabilises the protein complex®.
TDP-43 has also been shown to be able to bind, stabilise and transport non-canonical RNA secondary

structures known as G-quadruplexes®

. Mutations in these regions can therefore have a pathological
downstream effect associated with toxic loss of function of the protein, given its inability to efficiently
bind nucleic acids.

The C-terminus domain lacks any specific secondary structure due to the presence of a low-complexity
sequence enriched in uncharged polar residues. Much like prion-like proteins, the low-complexity
domain in TDP-43 is prone to aggregation and affects the solubility and folding ability of the whole
protein. Of all the TDP-43 variants found in ALS patients, 85% are at the C-terminus region, indicating

t2°. Mutations

that that might be the major region of interest for potential therapeutics developmen
at this region tend to alter the protein aggregation homeostasis and facilitate the liquid-solid transition
of the protein aggregates, giving rise to pathological consequences and toxic gain of function of the
protein. In fact, TDP-43 is the major component of the inclusions in motor neurons in ALS and some

FTD cases”.
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Notably, a large number of ALS/FTD cases do not present any pathogenic TDP-43 variant and still
develop motor neurodegeneration!®, suggesting that TDP-43 aggregation and mis localisation
(regardless of the presence of the mutation) is a consequence of other ND hallmarks. One possible
mechanism of action, relies on the presence of this protein within stress granules®. In fact, in healthy
patients, TDP-43 is known to translocate from the nucleus to the cytoplasm to form stress granules
with other proteins and RNA to respond to conditions such as a state of oxidative stress and changes
in local biomolecules concentrations. But whilst in healthy patients the stress granules are released
upon the end of the stress conditions, in NDs the stress granules become permanent aggregated
resident in the cytoplasm. It is possible that even in absence of the TDP-43 mutation, other ND
hallmarks cause a stress-response which makes these stress granules unable to disassemble. This
evidence proves that although TDP-43 aggregation might play a role in the progression of ALS/FTD it
is likely not the primary causation for most of the disease family. Furthermore, TDP-43 aggregation is
not only present in ALS/FTD but in other NDs such as AD and PD, where TDP-43 aggregates are present
in the cytoplasm®. This gives yet another indication that whilst TDP-43 mutations certainly contribute
to the ND pathogenesis, they are not the triggering event but the consequence of other underlying

issues which are specific to each disease.

Ordered secondary structures

5 2

N-terminus

C-terminus
85% of mutations
M337V, Q331K, N345K, G438C, G290A, G298S, N352S, 1383V, G294V, ...
Splicing, mRNA regulation and transport pathways Pathological protein aggregation

Binding to nucleic acid secondary structures

Stress granules formation

Figure 10: TDP-43 main domain structures, relevant ALS/FTD mutations and pathological pathways. TDP-43 is composed
of two ordered RNA binding domains which are responsible for a series of biological functions including splicing and mRNA
regulation, RNA transport, binding to nucleic acid secondary structures and stress granules regulation. The C-terminus
domain is composed primarily of charged residues which resemble those of prion-proteins. They are unstructured and prone

to aggregation. Most of mutations linked to ALS/FTD are found in this region.
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1.1.4.2 Chromosome 9

Although ALS and FTD have been observed for over a century, it is only in 2006 that mutations
at chromosome 9 started to be associated to familial forms of these diseases'®®. Several mutations at
chromosome 9 have been found in linkage studies between familial ALS and FTD, indicating that this
has potential for therapeutic targeting for both diseases. A first mutation has been noted at 9p13.3,
the gene encoding for valosin-containing protein (VCP)¥4. VCP is part of the AAA-ATPase protein
family responsible for several cellular pathways including DNA-damage response (ND hallmark) and
ubiquitin-dependent protein degradation (altered protein homeostasis hallmark)®. A second
mutation has been observed at the intraflagellar transport 74 protein gene (IFT74) at 9p21.2, which is
linked to transport at the neuronal axons and dendrites (synaptic dysfunction hallmark)®.
Furthermore, the most common mutation in familial cases of ALS/FTD is a mutation at the
chromosome 9 opening reading frame 72 (C90orf72), which has been linked to the pathologies via
various mechanisms of action interlinking most ND hallmarks. The fact that this particular mutation is
so prevalent in most familial cases in both diseases and in some sporadic ones, makes it a perfect

candidate to characterise the mechanism of action.

1.1.5.3 C9orf72

An incredible breakthrough in understanding the pathogenesis of ALS and FTD was made a
decade ago, in 2011, with the identification of the hexanucleotide repeat expansion (GGGGCC), in the
non-coding region of chromosome 9 open reading frame 72 (C90rf72)1%. In most people, the repeat
length n is 2-8, but patients suffering from ALS/FTD will present hundred to thousands of repeats.
Generally speaking, the pathological threshold is considered at around 24°%, but it is not clear how the
length of the repeat relates to clinical observations on the progression of the disease. Interestingly, in
REs larger n tends to correlate to either an earlier onset of the pathology or a more aggressive form
of the disease but this is not necessarily true in ALS/FTD. Studies have shown both presence and
absence of correlation between repeat length and degree of aggressiveness of the pathology!®.
Nevertheless, this mutation is considered a key to understanding disease progression due to the fact
that it is the most common genetic hallmark of ALS/FTD, accounting for about 40% of familial patients

and 7% of sporadic ALS/FTD cases®®.

40



However, after over ten years of investigation, the exact pathogenic role of mutations at the C9orf72
gene in ALS/FTD is still under discussion but it has been widely recognised that it has to do with a
combination a of loss-of-function effect of the C9orf72 protein and a toxic gain-of-function of the RNA
repeat. But before going into the details of the mechanisms by which C90rf72 has been implicated to
cause neurodegeneration, it is important to describe the typical biological functions of C9orf72 in

healthy individuals.

The C90rf72 gene includes two non-coding exons and 10 coding exons which can be translated into
three recognised coding variants (V1,V2 and V3)!%, When these are alternatively spliced, two different
isoforms are obtained: one C9-short of 24 kDa and another C9-long of 54 kDa). Since this gene is highly
conserved in primates it would point towards the idea that it is necessary for the correct biological
functions of the evolved species!®. The transcripts of C9orf72 have been isolated in most tissues,
including brain region and spinal cord, while protein expression has been highly detected in the brain,
spinal cord and immune system (primarily in the cytoplasm but with nuclear punctate). Specifically,
C9-long is found in the cytoplasm as speckles while C9-short is primarily located in the nuclear
membrane (at least in post-mortem samples!®®). Amongst the functions that C9-proteins have been
related to, the prevalently studied include: interaction with proteins involved in the nucleocytoplasmic
import (Ran-GTPase and Importin bl), stress-granule homeostasis, regulation of autophagy (via
interaction with p62), axon growth, mitochondrial regulation and synaptic function (via activation of
the OXPHOS complexes), membrane trafficking (by activation of RabGTPase)'%. Furthermore in 2016,
several studies started to report the effect of the C9-protein onto immune system regulation
(especially in myeloid cells)'%. But it is not just the C9-protein to have an essential regulatory effect.
In fact, C90rf72 mRNA transcript interacts with several aforementioned proteins such as TDP-43 and

FUS, aiding in maintaining protein homeostasis and neuronal health in the CNS%7,

Overall, there are three general mechanisms of action which have been hypothesised to link C9orf72
to ALS/FTD onset: (1) C90rf72 gain-of-function through the accumulation of toxic dipeptide repeat
proteins, (2) loss-of-function through haploinsufficiency and (3) RNA toxic gain-of-function®® (Figure

11).

(GGGGCC), RE can lead to toxic gain of function by translation into dipeptide protein repeats (Figure
11b). These are obtained when a highly repetitive RNA sequence is translated into a highly repetitive
amino acid sequence with several low-complexity domains prone to aggregation. In fact, these have
been shown to form cytoplasmatic inclusions which are negative for TDP-43 but positive for p62
(autophagy marker)'®. Dipeptide repeats have also been shown to inhibit DNA double strand break

repair mechanisms, which is one of the common hallmarks of neurodegeneration!'°.
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For the first following two mechanisms, the pathogenic consequences of (GGGGCC), come from the
sequence’sinherent polymorphism adopted on the basis of the external environment (Figure 11b). In
fact, (GGGGCC), has been shown to be able to form stable DNA and RNA structures non-canonical
secondary structures including G-quadruplexes!?, hairpins!'? and R-loops!*3, which all have different

downstream consequences.

At the genomic level, these structures can hinder transcription and cause the accumulation of aborted
transcripts''®. These aborted transcripts will have an increased length and local concentration the
longer the original expansion was in the gene, and they have been shown to sequester RNA-binding
proteins involved in transcription and splicing (such as TDP-43, FUS and nucleolin!'?). These proteins,
usually necessary in the nucleus, are translocated into the cytoplasm forming pathological aggregates
known in NDs as RNA foci, a typical feature in ALS/FTD patients, leading to a combination of toxic loss-
of function of the proteins in the nucleus and toxic gain-of-function in the cytoplasm. Although the
mechanism of formation of the aggregates is fundamentally unclear, it has been shown that these are
formed by a mix of translocated proteins and (GGGGCC), transcript (both in the sense and antisense
direction) and that they are present in the nuclei of the motor and frontal cortex neurons,
hippocampus, cerebellum and spinal cord'*1?®, Furthermore, as (GGGGCC),is located in the intron of
the C90rf72 gene, the presence of such a large repeat length forming additional structures leads to
downregulation of the gene itself. In fact, the expansion repeat has been shown to bind trimethylated
histones in ALS/FTD brain autopsies'®. As C9orf72 is a mitochondrial inner-membrane-associated
protein regulating cellular energy homeostasis via its critical role in the control of oxidative
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phosphorylation''’, when its expression is downregulated the energy metabolism of the cell is

impacted.

Moreover, (GGGCC),, much like other REs, has the potential to condensate in absence of proteins in
by forming multimeric networks. In fact, due to its high Guanine content, it is possible it could form
G-quadruplexes or even multimeric G-quadruplexes networks which could potentially trigger the

pathology.

Importantly, in biological systems the formation and disassembly of DNA and RNA secondary
structures is tightly regulated by a series of proteins involved in DNA/RNA damage repair pathways!®
(e.g. helicases for unwinding G-quadruplexes). There where these proteins are downregulated or
mutated, pathogenic consequences have the potential to arise. Indeed, helicase DDX3X, which is
downregulated in patients with ALS/FTD and linked to the ability to resolve G4s!'°, has been shown
via CRISPR-Cas9 screen to repress pathological RAN-translation. In fact, elevating the levels of DDX3X

was shown to decrease DPR levels, rescue nucleocytoplasmic transport abnormalities, and improve

42



survival of patient iPSC-differentiated neurons, further suggesting that the presence of non-canonical
secondary structures is strongly linked to the pathology. Although a few other G4-resolving proteins

linked to ALS/FTD have been proven to be downregulated in NDs'%

,itis worth noticing that alternative
nucleic acid secondary structures have only recently become a point of attention in the field.
Therefore, further studies are required to fully understand how these structures impact DNA/RNA-

damage repair mechanisms.

Importantly, mutations at the C9orf72 gene are the major genetic cause of ALS/FTD, not only present
in familial cases, but also in a smaller percentage of sporadic events. (GGGGCC), repeat expansion has
been directly linked to the presence of pathological protein aggregates (altered protein homeostasis),
autophagy (neuronal cell death), altered energy metabolism and to affecting DNA damage repair
mechanisms, interlinking most of the widely recognised pathways for neurodegeneration. Therefore,
although the exact mechanistic pathway is still under discussion, it is clear that C9orf72 (GGGGCC),
repeat expansion plays a fundamental role in the progression — and perhaps development - of the

ALS/FTD phenotype, making it a very attractive target for therapeutics development.
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Figure 11: Chromosome 9 mutations are responsible for ALS/FTD via multiple mechanisms of action. (a) Chromosome 9
main mutated sites in ALS and FTD. The three mainly recognized mutations of chromosome 9 are at the VCP, C90rf72 and
IFT74 sites. Figure is not up to scale with respect to the relative size of the domains. (b) Main pathological mechanisms of
action caused by C90orf72 repeat expansion. Three main mechanisms have been identified to cause the pathology from the
hexanucleotide repeat expansion: 1) toxic gain of function via the formation of alternative RNA secondary structures which
alter the splicing mechanism and lead to the formation of RNA foci, 2) toxic loss of function due to the formation of
alternative RNA secondary structures and consequent downregulation of C9orf72 protein and 3) toxic gain of function via
the expression of dipeptide proteins prone to aggregation. In the illustration, two peptides (in green) are held together by

a peptide bond (gray line). Hand-drawn illustration with Procreate.
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1.2 G-quadruplexes

1.2.1 Nucleic Acids: from helices to G4s

A deep dive into the mechanisms of pathogenesis of ALS/FTD has revealed an increasing
relevance of nucleic acid alternative secondary structures. In particular, the RE (GGGGCC), in the
C90rf72 gene has the potential to arrange into self-condensing multimolecular networks via the

formation of G-quadruplexes structures.

Nucleic acids possess a remarkable level of complexity and are influenced by various environmental
factors. The 3D conformation of helical DNA was first discovered in 1953 by James Watson and Francis
Crick (together with the often-forgotten Rosalind Franklin), which led a fundamental step forward in
our understanding of many biological processes. Structural analysis highlighted how the two strands
of DNA were held together by hydrogen bonding (H-bonding) strong forces, later named Watson-Crick
H-bonding, between complementary DNA bases (Figure 12a). The specificity of this binding was not
only fundamental in understanding biological recognition processes, but also opened doors for new
science outlooks where DNA could be tuned and used as an artificial building block. In fact, based on
the principle that complementary bases are strongly driven to bind, the new-born field of DNA
nanotechnology developed tools to design artificial DNA sequences of microscopic scale with artificial

functionality'?. Artificially designed DNA has now been used for a variety of different applications,
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including designing membranelles compartments in artificial cells'*%, artificial signalling processes

and others'?*,

It soon became evident that the dsDNA helical structure predicted by Watson and Crick was not the
only secondary structure that nucleic acids could assume in vivo. Already in 1955, the existence of
cruciform DNA was hypothesised'?, to then be confirmed in vitro in 1981 in palindromic sequences??.
In cruciform DNA, the canonical Watson-Crick Base pairing is respected but due to the self-
complementarity of the sequences, intra-strands interactions occur and give rise to the shape of a
cross (Figure 12b). Short-after, nucleic acids hairpins were observed in vitro and their importance was
recognised for both DNA and RNA biological functions!?’ (Figure 12b). Similarly, as for the cruciform
form, nucleic acid hairpins are observed when the sequence is self-complementary via Watson and
Crick base pairing. But it was already in 1959, only a few years after the discovery of Watson-Crick
base pairing, that questions started to arise on whether non-canonical H-bonding interactions were
also possible!?®, This was found to be the case by Karst Hoogsteen, under whose name these forces
were subsequently named. A first example of non-canonical Hoogsteen base pairing was observed in

triplex-DNA, where instead of only combining two strands, the bases utilise additional H-bonding
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donors and acceptors sites to add an additional strand'?® (Figure 12b). The second pioneering
observation was made in 1962, where it was discovered that nucleic acids can also adopt alternative,
four-stranded helical structures in sequences that are rich in Guanines®°. It has now been established
that these non-canonical four stranded structures called G-quadruplexes (G4s) can be formed under
physiological conditions in vitro and in cells!*!. The core scaffold of a G4 is the G-tetrad, which is
constituted by four Guanines arranged in a planar tetrad held together by Hoogsteen H-bonding
between additional H-bonding donor and acceptor sites in Guanine (N7) (Figure 12b). The tetrad is
stabilised by the coordination with a metal monovalent cation in its central cavity, the relative stability
depending on the size of the metal (in order of increasing stability: Li*, Na*, K*)!*2 and more tetrads
are held together by nt-stacking interactions. G4s can be formed within the same DNA sequence strand

(unimolecular G4) or between distinct DNA sequences (multimolecular G4)3!

. They are not
thermodynamically stable structures, but are often the kinetically favourable conformation in G-rich
nucleic acid strands®3. Their ability to associate and dissociate depends on many environmental
factors such as pH changes, length and concentration of the G4-forming sequence and presence of
monovalent cations. In cells, such conditions are fluctuating, leading to an expected dynamicity of the
structure. G4s were first observed in physiological conditions whilst analysing DNA sequences
extracted from the human genome in telomeric DNA, but they have now been widely recognised in
several other regions, in particular at promoters, suggesting a variety of biological functions. In recent
years, G4s were implicated in a number of diseases including cancer, accelerated ageing disorders

such as Cockayne Syndrome, neurodegenerative diseases such as ALS and FTD, and rare-genetic

diseases such as Fragile X syndrome®3%,
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Figure 12: Nucleic acids can arrange into several secondary structures. (a) Canonical Watson and Crick base pairing between

bases in DNA with highlighted H-bonding donor and acceptor sites. (b) Alternative secondary structures conformations that

rely on Watson and Crick base pairing. (c) Non-canonical Hoogsten base pairing in Guanine rich sequences and formation of

the G-tetrad and G-tetrads stack. Hand-drawn illustration with Procreate.
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1.2.2 Biological relevance of G4s

Sections adapted from Raguseo et al, 2020, ChemComm

The biological relevance of G4s has been proven by a combination of computational tools and
chemical-biology probes showing a direct correlation between in vitro and in vivo studies (Figure 13a).
It is important to notice, however, that each method developed so far is subject to limitations and

might lead to an over or under-estimation of the biological importance of these structures.

Computational algorithms have been used for several years to predict the formation of G4s based on
the guanine content and distribution within a sequence®*. The initial computational algorithms
developed for the purpose only took in account the canonical motif of a G4 (G23N1-7G>3N1-7G>3N1-7G>3),
without considering G-rich sequences that defy this consensus motif. Although computational tools
have now been implemented to account for more complex topologies and use machine learning
algorithms to improve accuracy (Quadron)!®, the original consensus motif was useful in proving that
the human genome had at least the potential to form G4s non-randomly. In fact, it was observed that
these were enriched at regions regulating important cellular processes such as translation and

transcription.

The first experimental evidence showing that predicted G4s from computational algorithms could in
fact form in vitro was presented by Chambers et al. for DNA®® and Kwok et al. for RNA™. They allowed
to detect the presence of 716314 G4-structures in the human genome, almost twice as many than
what observed from computational predictions. In particular, G4s were identified in important cancer-
related genes such as BRCA1, BRCA2 and MAP3K8 and rG4s were proved to form at physiological
conditions in mRNA at 5’-UTR and 3’-UTR regions.

But although in vitro the ability of certain genomic locations to arrange into G4s has been indisputable
for several years, there are still controversial opinions on the G4-presence in cells. That is because, in
vitro studies are generally performed on single stranded nucleic acid, whilst in cells DNA is wrapped
around proteins known as histones. These DNA-protein complexes are known as nucleosomes and are
in turn arranged into chromatin. Chromatin architecture is known to regulate gene expression by
altering the accessibility of DNA to enzymes, implying that this could alter the ability to form G4s.

Several approaches have been taken to test for G4-presence in the chromatin context.

The most well-known approach involves an antibody-based G4 chromatin immunoprecipitation
followed by high-throughput sequencing (BG4-ChIP)!¢, BG4-chip showed that only 1% of the total

number of G4s detected in vitro by G4-Seq on single-stranded DNA are actually formed and detected
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in a chromatin context. This suggests that chromatin structure is key to expose the formation of
certain G4s over all the available structures present in the genome. But whilst there are still questions
on the biological relevance of DNA G4s, rG4s might even be more disputed due to the lack of specific

tools for their targeting.

A second approach, relies on using G4 small molecules ligands in cells and observe the downstream
effects of other biological markers such as for DNA damage control (non- fluorescent ligands) or
localisation of fluorescent G4-foci (fluorescent ligands). A big advantage of using G4-binding ligands is
the ability to image cells in absence of fixing, leading to a true representation of the cellular dynamic

system.

Indeed, new selective small-molecule ligands are continuously being developed for G4s (G4 Ligand
Database 2.1'%°). 3000 different G4-targeted ligands have been identified, although different in
selectivity, affinity, binding sites, and cellular permeability and they all share two typical structural
features: (1) an aromatic core (which allows for m-it stacking interactions with the G-tetrad) and (2)
one or more positive moieties (for electrostatic interactions with the negative backbone of
RNA/DNA)™0, Usually, a small molecule probe is defined as a G4-ligand if its dissociation constant is
lower than 10® M and it presents selectivity over ssDNA/RNA and dsDNA, Some of the most
common G4-ligands areillustrated in Figure 13b. G4-ligands can be differentiated into fluorescent and

non-fluorescent probes, depending on their ability to emit fluorescence upon binding to nucleic acids.

One of the most commonly known non-fluorescent ligands is Pyridostatin (PDS (4-(2-aminoethoxy)-
N?,N®-bis(4-(2-aminoethoxy)quinolin-2-yl)pyridine-2,6-dicarboxamide)] and its derivatives [e.g.,
PyPDS (4-(2-aminoethoxy)-N?,N®-bis(4-(2-(pyrrolidin-1-yl)ethoxy)quinolin-2-yl)pyridine-2,6-
dicarboxamide)] which has shown outstanding G4-binding affinity and specificity abilities'*?. These
molecules not only bind G4s selectively, but have also been shown to stabilise the structures via
melting assays!*2. Both PDS and PyPDS have been employed with different technologies to investigate
the G4-interactome in cells and provide further G4-genomic accessibility. Another common non-
fluorescent G4-ligand is PhenDC3 (3,3'-[1,10-Phenanthroline-2,9-diylbis(carbonylimino)]bis[1-
methylquinolinium] 1,1,1-trifluoromethanesulfonate (1:2)) and its derivatives'®®. Much like PDS,
PhenDC3 presents a planar aromatic central scaffold with collateral positive moieties for efficient G4-
binding, but it is characterised by a U-shape which allows the scaffold to have a better spacial overlap
with the G-tetrad. For this reason, it binds very efficiently to G4s and has even been shown to induce
refolding of certain human telomeric sequences into G4s in vitro'*3. Other commonly known non-
fluorescent G4-ligands are TMPyP4 and others*®, which have been proved useful for specific purposes

but show a lower binding affinity with respect to PDS and PhenDC3. It is important to notice, that
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although PDS and derivatives are not fluorescent on their own, they have been shown to successfully
conjugate to other fluorescent probes for detection of G4s in cells. In particular, SiR-PyPDS was

developed to visualise G4s in cells on a single-molecule level**.

Although very selective for G4s over dsDNA, SiR-PyPDS still presents some inevitable off-site binding
which could lead to false positives in the detection of G4s in cells. One way to overcome this limitation,

is to have a probe that is selectively detected (via fluorescence) only in presence of the G4 scaffold.

This is the case for NMM (N-methyl mesoporphyrin IX) a porphyrin-based probe that is fluorescent
upon binding to G4s*. Usually, porphyrin and its derivatives are naturally fluorescent molecules*,
but in the case of NMM, this fluorescence is self-quenched in bulk. This is caused by the NMM planar
cores stacking on top of each other, leading to self-quenching effects. In presence of G4s, NMM binds
to the planar tetrad, allowing fluorescence to return. The one limitation of NMM is that — to limited

extents — it still is able to intercalate with ds and ssDNA, leading to potential off-site binding.

One solution to this selectivity issue with fluorescent probes was proposed by Shivalingam et al, who
observed that fluorescent probes have a different lifetime when bound to G4s versus other
biomolecules, even ss and dsDNA'. This is the case for DAOTA-M2, which has shown signature

fluorescence lifetime spectra for DNA and RNA G458,

Importantly ligand probes have a stabilising effect on G4s themselves, which led to questioning
whether the structure is effectively biologically relevant in absence of the probe. Addressing this
limitation represents the main challenge for the design of the next-generation probes for G4-detection

in living cells.

The combination of in vitro, in vivo and live cell imaging probes developed so far point towards the
fact that these structures are directly involved in fundamental biological processes and pathogenesis
and have the potential to constitute future drug development targets, but further studies need to be

performed to optimise the tools specificity (Figure 13).
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Figure 13: G-quadruplexes biological relevance. (a) Summary of the methods employed to prove the biological relevance of
G4s in humans and their main respective findings. These include computational tools that only account for canonical motifs;
G4-seq and rG4-seq, limited to in vitro screening; BG4-ChIP, which relies on fixated cells and unpredictable BG4 binding;
small fluorescent light up probes for live cell imaging. (b) Chemical structures of the main G4-ligand probes mentioned in the

text. Obtained with ChemDraw.

1.2.3 Potential biological relevance of mG4s

Adapted from Liano, Monti, Chowdhury, Raguseo et al, 2022, Chem Comm

Thanks to numerous chemical biology tools developed to detect G4s, these structures are now
increasingly being recognised as potential targets for a series of transcription/translation mediated

mechanisms and overall chromatin architecture. But whilst the biological relevance of unimolecular
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G4s has been explored for decades, it is only in recent years that multimolecular G4s (mG4s) have

started to gain more and more interest!#,

Multimolecular G4s are G-quadruplexes containing more than one strand. Their specific terminology
depends on the number of strands involved: bimolecular or dimeric (two), trimolecular or trimeric
(three) and tetramolecular or tetrameric (four)'° (Figure 14). They can form primarily via two
mechanisms: one where different strands come together linked by guanines Hoogsten H-bonding and

another where multiple unimolecular G4s are interconnected via m-stacking interactions.

Although unimolecular species form more readily and tend to be the kinetic product, mG4s are usually

more thermodynamically stable in cell crowding conditions®>!

. Multiple unimolecular species coming
together leads to a reduction in entropy of the system, even if the final product is more
thermodynamically stable than the unimolecular species. To overcome the energy barrier caused by
the reduction in entropy, one can either (1) promote crowding conditions or (2) allow the system to
equilibrate for longer. Cell-crowding promotes multimolecular structures by bringing the strand closer
together, while allowing a longer equilibration time simply permits the system to shift towards the

thermodynamic product. Although this makes mG4s more challenging to be assembled in vitro, it

should also highlight how the crowded live-cell environment could promote their formation.

The initial hypothesis of mG4s in a biological context emerged within telomeric DNA, right there were
G4s were first observed. Moye et al identified a human telomerase able to recognise and extend
telomeric DNA when folded into an mG4s>2, A few years later, Liano et al showed a similar selective
mG4 helicase activity (CSB — relevant for Cockayne Syndrome cases) for bimolecular G4s, implying a

biologically relevant effect of these structures®*,

Unfortunately, aside from a few studies, there is very little evidence of the fact that mG4s are relevant
in a biological context. The scarcity of evidence does not arise from the absence of associations
between these structures and biological phenomena, but rather from the lack of specific probes
capable of distinguishing mG4s from G4s in detection methods. In fact, much like when unimolecular
G4s where first discovered and there were no specific probes that would separate it from dsDNA in
live cells, currently all G4-specific probes (such as PDS™, PhenDC3%%%, TMPyP4%¢, NMM?**?) have not
been thoroughly studied in the context of mG4s, making differentiation in live-cell experiment
impossible. In fact, even the newest computational tools are not equipped to deal with complex

mG4st>8,
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Figure 14: General characteristics of multimolecular G4s versus unimolecular G4s. While unimolecular G4s are the kinetic
product and form more readily given a canonical G4 sequence, multimeric G4s are the thermodynamic product. Although
they take a longer time to form, they have an additional final stability. The table illustrates the main differences and

properties of both conformations.

1.2.4 mG4s role in phase-separation events

Adapted from sections of Robinson, Raguseo et al, 2021, Nucleic Acid Research

Aside from the more historically recognised biological roles of G4s in the genome that see

Ill

these structures as acting as transcriptional “on-off” blocks, there has been increasing evidence of the
fact that G4s could also have an organisational role within the cell by utilising multimeric interactions,
specifically in (1) allowing long-range interactions at enhancers regions and (2) in liquid-liquid phase

separation events®®,

Indeed, it has been shown that G4s are enriched at super enhancers regions'®®, which is thought to
promote long-range DNA interactions. Transcription of a gene is regulated not only by its adjacent
promoter, but by the use collateral docking sites to increase/decrease the process based on epigenetic
factors. These additional genomic sites are known as enhancers and enhancers-mediated control has
been shown to increase transcription as high as 100-fold. Interestingly, this control of transcription

can occur over hundreds of thousands of base pairs, indicating that distal interactions in DNA may be
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facilitated by the folding of DNA into secondary structures such as loops or mG4s to allow normally

separated sequences to meet*®,

Another interesting biological process involving mG4s relates to liquid-liquid phase separation or
aggregation events. In recent years it has been discovered that the expression of genes can be
mediated by phase separation events that allow for the concentration of transcriptional machinery
within membrane-less organelles inside the nucleus'®. Although many of the studies considering
phase-separation have historically focused on the protein component of the aggregate, recent work
has revealed that certain nucleic acid structures can also act as nucleation sites for phase-separation,
even in the absence of proteins'®. In particular G4s, much like proteins, are biopolymers, are able to
form multimolecular, non-covalent, allosteric interaction between strands which could lead to
aggregation. This was exemplified in work directly associating G4s with phase-separation in live cells
within short root RNA®L, In these studies, it was shown that G4-triggered phase separation is
dependent on exposure of the system to G4-favouring conditions, such as increasing potassium

concentration, local concentration of nucleic acids and relative guanine content (Figure 15).

Biological Roles of mG4s

Promoting longrange interactions
sjuana uonesedas-aseyd Sunowoid

Enhancing transcription processes or other enzymatic reaction

Pathological aggregation

Figure 15: Biological roles of mG4s. The two main mechanisms of action by which mG4s have been thought to gain biological
relevance is by promoting (1) long range interactions at super-enhancers regions of the genome and (2) phase separation

events, as in the case of neurodegenerative diseases. Hand-drawn illustration with Procreate.

1.2.5 G4s as therapeutic targets
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Ever since G4s enrichment has been observed at telomeric regions in cancer cells and linked to other
diseases, the development of stabilising and destabilising drugs for these structures has been taken in
consideration for future therapeutic pathways. However, two main issues are related to the
development of G4-based therapies: (1) it is unclear whether G4s have purely a “good” or “bad”
physiological effect. In fact, given the evidence that G4s are so intertwined in a varied of regulation
mechanisms, it is possible that their enrichment is present as a defence mechanism against a pre-
existing pathology and trying to disassemble them could lead to ineffective treatments or even
disastrous consequences; (2) it is not clear whether a selective probe for a specific G4 can be
developed. The absence of specific probes hinders the ability to selectively target and modulate
individual G4s, thereby increasing the risk of unintended and harmful effects on normal biological
processes. Furthermore, to this day there is a limited number of chemical probes able to destabilise
G4s and none that can do so selectively, which would be a major step in resolving pathologies linked
to these structures!®. One interesting novel approach to address these two concerns was proposed
by Chowdhury et al who showed how LNA probes could be utilised to disrupt G4s'®2, In the study, it
was demonstrated that short LNA-modified probes can disrupt G4s responsible for stalling of DNA
polymerases, suggesting that these probes have the potential to rescue the progression of the stalled

polymerases.

G4-probes have been explored for years as anti-cancer treatments but, whilst there has been some
success in cells, these probes have never shown effectiveness in cancer patients on their own®3. Aside
from anti-cancer agents, G4-probes have been hypothesized to ameliorate pathological signatures of
ALS/FTD models vig targeting the G4s formed by the mRNA (GGGGCC), toxic repeat!®®. According to
the mechanistic hypothesis, G4s have the capability to stabilize toxic protein aggregates. However,
when a G4-ligand is present, it is believed to displace the protein, leading to the destabilization of the
pathological aggregate. Nevertheless, the precise mechanism behind this process remains a subject

of debate and is still not fully understood.

In conclusion, G4s are desirable therapeutic targets for a multitude of diseases. It is important to
notice that although no treatment targeting G4s has been FDA approved, these structures are a
relatively novel target, and only recently it has been understood the variety of mechanisms of actions

that they can be involved in.
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Chapter 2

Project Aims

Many mechanistic hypotheses for the formation of pathological aggregates in ALS/FTD revolve
around the presence of pathological protein/RNA aggregates at the neuronal level. Historically,
proteins have been looked at as the potential trigger for aggregation. But despite numerous attempts
of developing probes designed to target and mitigate the accumulation of pathological protein

aggregates, this has yielded limited results.

A ground-breaking discovery was made only a little over ten years ago, when a mutation at the gene
C9orf72 was associated with 40% of familial and 7% of sporadic ALS/FTD cases?. C9orf72 is
characterised by the presence of the hexanucleotide repeat expansion (GGGGCC),, which could be
affect neuronal health via a variety of pathways ranging from the translation in highly repetitive
proteins, stabilisation of pre-existing protein-based aggregates, mis regulation of collateral genes and
the formation of RNA multimolecular networks!®, The latter, in particular, would challenge the notion
that aggregation-prone proteins are the biomolecules responsible for pathological aggregation in
neurodegenerative diseases, a notion that sees RNA structures only involved in secondary stabilisation
events. Indeed, the ability of the RNA (GGGGCC), repeat to form multimolecular networks gives it the
potential to aggregate in a similar fashion to proteins!'*11%113 |n particular, such networks could be
formed by higher complexity structures such as hairpins, triplex DNA, cruciform DNA and —in Guanine-

rich sequences — G-quadruplexes.

(GGGGCC), has repeatedly been proven able to arrange into G4 structures in vitro®*®®> and in live
cells® and it has been shown that treating ALS/FTD affected cells with G4-binding ligands can
ameliorate pathological aggregates!®®. Furthermore, some of the proteins associated with
pathological aggregates (such as FUS and TDP-43) have both been reported to be able to binding G4s

101,166

efficiently , confirming that these structures are associated with pathological aggregation.

However, to date it is unclear as to how exactly the G4s could contribute to aggregates pathogenesis.
The leading hypothesis is that they could contribute to stabilising pre-existing protein aggregates in
their RNA form, which is supported by the fact that pathological aggregates have been shown to
colocalise with RNA-staining dyes at RNA foci locations and separate studies showing that those same

proteins are able to bind G4s’,

Although feasible, this mechanism presents several inconsistences.
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Firstly, although protein aggregation is considered one of the hallmarks of NDs, it has been shown that
targeting the protein aggregates in many cases does not lead to a reduction of symptoms — suggesting
that the cause of neurodegeneration might be another one®%, Secondly, this leading hypothesis
does not take into account the fact that RNA, just like the proteins, is present at high concentrations
in the neurons and has the potential to form multimolecular networks via assembling into G-

quadruplexes.

My hypothesis is that (GGGGCC), can aggregate on its own right in absence of proteins by generating

a multimolecular G4 network (Figure 16).

Although no studies have been reported on the topic, this mechanistic pathway is supported by some
indirect evidence. Firstly, Fay et al. proved that there is a correlation between formation of rG4
secondary structures and phase-separation in a different system?®. They did not go into the specifics
of what type of multimolecular network was giving rise to the phase-separation, but their study
offered a starting point to think of G4s as trigger for aggregation in cells. Secondly, Disney et al. have
shown how altering the secondary structure of (GGGGCC), via the use of hairpin-stabilising probes
can modify the disease progression!!?, once again proving that preventing (GGGGCC), to form
multimolecular G4s has a direct effect on aggregation. Lastly, the fact that targeting the protein
component does seem to affect symptoms progression® would suggest that there must be something
else triggering the aggregation in the first place. According to this hypothesis, the protein part could

only be a secondary stabilisation element in the RNA G4-driven aggregation.

The objective of this work is to demonstrate formation of mG4s within the C90rf72 expansion repeat,
to correlate this to the ability of the RNA molecule to aggregate in the absence of proteins and to
understand how these structures could interact with other biomolecules in the context of ALS/FTD

neurons.

In order to address these points, | have set a number of key aims which | will discuss in these respective

chapters:

e In Chapter 1 | aim to investigate if multimolecular G4s can trigger aggregation of (GGGCC),
in absence of proteins. Although it has been shown that (GGGCC), can arrange into G-
guadruplexes, the molecularity and exact topologies of the sequence remain unknown. By
subjecting the sequences at different repeat lengths to an optimised mG4-formation protocol

| aim to probe aggregation in vitro in absence of proteins.
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e In Chapter 2 | will be studying the molecularity of the (GGGGCC), system and its relevance to
aggregation. | aim to discuss the effect of mutating the sequence, adding G4-specific probes
and antisense strands on the aggregation abilities of the (GGGCC), repeat.

e Finally, in Chapter 3 I strive to investigate the biological relevance of (GGGGCC), aggregation;
the biological relevance of the system was assessed by analysing the RNA version of
(GGGGCC),, in the presence of proteins G4-probes. | will also look for evidence of G4-based

aggregation in ALS/FTD patient derived neuronal cells.
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Figure 16: Alternative mechanism of pathological aggregation in ALS/FTD based on mG4 formation. Aggregation is
triggered by the formation of mG4s thanks to the G-rich (GGGGCC), sequence in the C9orf72 gene. ALS/FTD commonly

mutated proteins are then recruited and aided in aggregating by the mG4s. Hand-drawn illustration with Procreate.
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Chapter 3

Multimolecular G4s can trigger aggregation of (GGGGCC), in absence of
proteins

3.1 Background and Aims

Over 40% of familial cases of ALS/FTD are defined by the hexanucleotide repeat sequence
(GGGGCC), (n > 24)?°, which has previously shown the ability to form G4s both in its RNA and DNA
form at various repeat lengths'’%17%, But whilst there is a general consensus on the ability of C9orf72
to form G4s, the topology and molecularity of the species is hard to predict a priori. Indeed, G-
molecularity (where “multimolecular” refers to multiple unimolecular G4s interlinked together) is
strongly dependent on sample preparation which tends to be different in each study. Such conditions
include the presence of G4-stabilising ions (K*, Li* and Na*) and/or the rate and the oligonucleotide
concentration during annealing. For instance, while r(GGGGCC), was shown to adopt prevalently an
intramolecular parallel G4 conformation by annealing the sample in a 30 mM K* buffer overnight at
low UM concentrations!?®, the very same sequence arranged into higher molecularity species in
presence of KCl if annealed in 100 mM K* and instant cooling to 0 °C. Furthermore, it has been
specifically shown that the G4-topology of (GGGGCC), is affected by annealing conditions!!!. As there
is no consensus on the G4-formation conditions, discrepancies on the topologies and especially
molecularities are to be expected and further studies and careful consideration of annealing
conditions are necessary to achieve a comprehensive understanding of the G4 properties in relation

to (GGGGCC), and their potential involvement in ALS and FTD pathologies.

Multimolecular G4s (mG4s) present similar general characteristics to their unimolecular (G4s)
counterparts (Figure 17a). These include increased stability in presence of K* ions due to stabilisation
of the G-tetrad and a higher probability of formation in higher G-content sequences. However, while
unimolecular species are often the kinetic product and form more readily, mG4s are formed more
slowly and are generally more thermodynamically stable, especially under cell crowding conditions
(Figure 17b). This has been confirmed by several biophysical characterisation studies comparing

melting temperatures of mG4s vs G4s'72

Thus, to favour the formation of (GGGGCC), mG4s in vitro it is possible to either i) use crowding
conditions or ii) allow the system to equilibrate for longer. Cell-crowding promotes multimolecular
structures by bringing the strand closer together, while allowing a longer equilibration time simply

permits the system to shift towards the thermodynamic product. Although this makes mG4s more
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challenging to be assembled in vitro, it also highlights how the crowded live-cell environment might

promote their formation.

In this chapter, | questioned if (GGGGCC), could arrange into multimolecular G4s, and whether the
formation of these structures could contribute trigger aggregation of the nucleic acids in the absence

of proteins.

(a) Nucleic acid strands (b)
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G4 Multistrand mG4  Stacked mG4 Thermodynamic Product
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Unimolecular Multimolecular Reaction Coordinates

Figure 17: mG4s vs G4s from a thermodynamic viewpoint. The equilibrium between unimolecular species and
multimolecular species is dictated by a balance between the loss of entropy of the system (loss of degrees of freedom due
to multiple entities coming together) and a gain in enthalpy (stacking interactions). (a) Some of the possible conformations
adopted by guanine rich nucleic acid strands, divided by molecularity. (b) Energy diagram for guanine rich nucleic acid strands
able to arrange into G4s and mG4s. Whilst G4s are typically the kinetic product and therefore have a lower activation energy

barrier, mG4s tend to be more thermodynamically stable upon formation, making them the thermodynamic product.
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Note on thermodynamic versus kinetics stability

The thermodynamic properties of a system are defined by state functions which link to its overall
properties and composition of a system in its equilibrium state. Indeed, state functions are not
defined by the path taken by a system component to reach its final state, only by that final state
itself. For instance, enthalpy, Gibbs free energy, entropy and others are all considered state
functions. The thermodynamic product of a reaction process is the structure where the overall

energy is minimised to assume its most stable conformation.

The kinetics property of a system instead describes the rate of a reaction. The kinetic product of a
reaction is the structure that is reached faster after crossing the reaction energy barrier, regardless

of whether that its absolute most stable conformation.

In the context of this work, mG4s are considered the thermodynamic product as, although they do
not assemble as fast as G4s, they show a higher degree of thermodynamic stability. For instance,
they are more resistant to melting with respect to their equivalent unimolecular G4s, indicating

that stronger forces are holding the structure together.
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3.2 Experimental Techniques

3.2.1 Thermal Annealing

Thermal annealing is a technique by which nucleic acids are thermally denatured by heating the
samples to the annealing temperature (temperature at which all pre-existing H-bonding interactions
can be denatured) and slowly cooled down to allow the system to equilibrate in its most stable

conformation?!??

. In this text, | set “annealing temperature” at 95 °C, which is the maximum
temperature which can be used to heat biological samples in an aqueous buffer prior to evaporation.
Indeed, whilst the annealing temperature of a sample containing canonical dsDNA can be
approximated, H-bonding holding together G4s are harder to estimate. To ensure that all non-
canonical conformations are disassembled, in a typical G4 annealing experiment, samples are heated
to 95 °C and cooled down to room temperature to allow for the formation of the G4s. Slower cooling

rates and cell crowding conditions of the samples allow for a better rearrangement of the system into

mG4s.

3.2.2 Microscopy

In this work “aggregates”, are defined as a species observable in the microns scale which can be
qualitatively observed with the use of a microscope. Given the microscopy set-up used for these
experiments (Leica SP8 Inverted Confocal microscope — details in the Methods section), the resolution
R value should correspond to about 0.7 um (calculated as in Equation 1), meaning that any aggregate
smaller than that cannot be visualised. Furthermore, other factors, such as the quality of the optics
and the signal-to-noise ratio, can also affect the effective resolution of the microscope. Therefore, in
order to ensure that the aggregates were accurately characterised, a DNA sample was considered
containing aggregation only if containing elements of visible size > 1 um which would not be confused

with noise or other impurities in the solutions.
R(xy) = A/2NA

Equation 1: Confocal microscope resolution in the xy plane. NA is the numerical amplitude and 4 is the wavelength of

excitation (588 nm) and NA is 0.4. Therefore, the resolution of the microscope used for these experiments is around 735 nm.

3.2.2.1 Confocal Microscopy

Confocal microscopy provides a high spatial resolution and optical sectioning, allowing for the
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visualization of three-dimensional structures within a specimen'’. In these experiments confocal

microscopy is used to detect (GGGGCC), fluorescent aggregates and to perform G4-specific photo-

oxidation assays.

3.2.2.2 Fluorescence Recovery After Photobleaching (FRAP)
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FRAP allows the study of the dynamics of molecules within living cells or aggregating species. It
involves selectively bleaching a small region of a fluorescently labelled sample, which in these
experiment case was done with a 488 nm laser, and then monitoring the recovery of fluorescence
intensity in the bleached area over time’. This recovery reflects the mobility and turnover of the
labelled molecules. Indeed, whilst liquids are expected to have very fast recovery due to the fast
diffusion coefficient, the molecules in solid particles have very limited movement and will not present

any recovery in the timeframe of a few hours.

3.2.3 Agarose Gel Electrophoresis

Gel electrophoresis is used to separate biomolecules of different sizes based on their relative
charge®. This is done by applying a voltage to an agarose gel matrix and allowing the biomolecules
to pass through upon subjection to the electric current. In the case of nucleic acids, the negatively
charged phosphate backbone will allow the DNA to travel down the agarose gel matrix. The larger the
fragment, the further down the gel it will be able to travel. DNA on agarose gels can be visualized by
staining with fluorescent DNA-binders such as Gel Red and SYBR Safe, which become fluorescent on
the gel matrix upon stacking to the DNA bases'’®. The relative sizes of DNA fragments can usually be
calculated by comparison with standard DNA ladders. This is not the case with non-canonical DNA
conformations such as G-quadruplexes as they are more compact and travel faster down the matrix

than their ssDNA equivalents'”’.

3.2.3 Circular Dichroism

Circular dichroism (CD) is a spectroscopic technique used to study the differential absorption of left-
and right-circularly polarized light by optically active molecules'’. It provides information about the
structural and electronic properties of chiral molecules, such as proteins, nucleic acids, and small
organic molecules. In CD spectroscopy, circularly polarized light is passed through a sample, and the
difference in absorbance between left- and right-circularly polarized light is measured. This difference
in absorbance is typically expressed as the ellipticity (©) in degrees or molar ellipticity (0/M)*°. The
magnitude and sign of the CD signal provide insights into the secondary and tertiary structures,
conformational changes, and interactions of biomolecules. In nucleic acids, the CD spectrum in the
ultraviolet (UV) region is primarily linked to the base-pair stacking interactions in the helical
structure®, Changes in the nucleic acid CD spectrum can indicate conformational transitions, such as
the melting of double-stranded DNA into single-stranded DNA or to non-canonical secondary
structures. G4s, in particular, present a very specific CD trace which varies depending on the topology
of the quadruplex. Indeed, parallel G4s will tend to show a prominent positive peak at 263 nm and a

negative one at 240 nm, while antiparallel G4s will show a positive peak at 295 nm and a negative one
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at 260 nm'!. CD melting is used to study the thermal stability and conformational changes of
biomolecules such as proteins or nucleic acids. It involves monitoring changes in the CD signal of a
protein as a function of temperature. A characteristic peak is taken in examination and the melting
temperature (Tn,) is extrapolated by calculating the temperature at which 50% of the sample is
unfolded or denatured?’®. The higher the melting temperature (T), the more stable the structure was
to begin with. In the case of G4s, upon heating, the H-bonding holding the structure together are

weakened and the secondary structure disassembles.
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3.3 Results and Discussion

3.3.1 The C90rf72 repeat expansion (GGGGCC), can arrange into mG4s

To promote mG4-formation for (GGGGCC), in vitro, where conditions like cell-crowding and
other biomolecules interactions are absent, the nucleic acid sequences were subjected to a thermal
annealing process. In thermal annealing, pre-existing interactions are broken via heating the sample
to a certain temperature (usually 95 °C for G4s). However, it soon became evident that some pre-
existing aggregates in the (GGGGCC), stocks were resistant to a typical annealing step. Indeed, solid
aggregates were visible under the microscope after annealing in different buffer systems, indicating

lack of solvation of the oligomers into solution (Appendix 1).

Therefore, a heating denaturing step was deemed necessary prior to the addition of salts or other

G4-forming conditions to prevent having pre-formed structures in solution (Figure 18).

3.3.1.1 Optimisation of the denaturing step

Several heating denaturing conditions were tested by diluting 100 uM (GGGGCC);; ina 10 mM
TRIS-HCI (pH 7.4) buffer system (see Methods and Figure 18 for details). Each sample was tested in
presence and in absence of KCl salt. The presence of salts in the buffer was added as a positive control
to prevent the disassembly of the preformed aggregates as it had previously been reported as a tool

to stabilise DNA-based condensates®®.
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Figure 18: Experimental pipeline to assess the successful denaturing of (GGGGCC);; species. Firstly, the sample is diluted in
TRIS-HCl in absence of KCI (or in presence of KCl in the case of the controls). It is then subjected to one of the annealing
protocols and the results analysed via CD, AGE and microscopy. If higher molecularity secondary structures are still present
in the samples, the denaturing process is considered unsuccessful. In the Table are highlighted the different heating

denaturing conditions used for disassembling (GGGGCC); pre-formed structures.

The success of the denaturing steps was judged via three orthogonal techniques: optical microscopy,

agarose gel electrophoresis and circular dichroism (Figure 18).

Firstly, optical microscopy was used to assess the presence of fluorescent macroscopic aggregates for
denatured (GGGGCC);:; FAM-labelled (Carboxyfluorescein tag) sequence. Upon successful denaturing,
(GGGGCC);; was expected to be fully dissolved in solution in its ssDNA form, not presenting any solid
aggregates visible under microscopy. Given the added presence of the fluorescent tag, the micrograph

should appear as a homogeneous fluorescent mix in the case of successful denaturing.

When incubated for 4 h at room temperature, (GGGCC);; aggregates showed only a partial
disassembly behaviour, with fewer and smaller aggregates with respect to the salt-containing control
(Figure 19a). This likely occurred due to lack of salt stabilisation of the pre-formed DNA structures,
which was enough to partially disassemble the stock solution. Samples heated at 95 °C for 3 h showed

a significant amount of evaporation in the well, with the accumulation of crystallised DNA fragments
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present at the bottom (Figure 19a). This implied that the conditions used to disassemble the sample
were not compatible with the buffer system and DNA had crystallised upon evaporation. When
(GGGGCC);1; was heated at 95°C for 1 h and then slowly cooled down to room temperature (-0.25
°C/min), no aggregates were visible in the final sample and no significant evaporation was observed,
indicating a successful denaturation. For comparison, the salt-containing control sample still

contained fluorescent DNA aggregates (Figure 19a).

Next, agarose gel electrophoresis (AGE) was employed to detect sub-microscopic multimolecular
structures. Upon successful denaturation, the DNA in solution was expected to be in its lower
molecularity ssDNA form, manifesting as a distinct lower band at around 66 bases for (GGGGCC);

(Figure 19b).

Both samples (KCl and non-KCl containing) incubated for 4 h at room temperature presented two
bands, one at approximately 60 base pairs (bp) and another below the 50 bp mark, likely representing
(GGGGCC)y; in its unimolecular and bimolecular state (Figure 19c) and indicating an unsuccessful
denaturation. When subjected to heating at 95 °C, both in the case of the 3 h and 1 h heating times,
the higher molecularity band disappeared, signifying the successful disassembly of higher molecularity
species. The samples heated for 3 h, however, presented very faint bands and a significant amount of
smearing in the wells, most likely due to the excessive evaporation in the sample. Notably, the lower
band, which should have been located at approximately 66 bp for the unimolecular species, was quite
broad and migrated to lower molecular weights than predicted (around 50 bp). This was probably due
to the presence of a mix of ssDNA and unimolecular G4s in solution which caused the band to be
broader and more shifted than expected. Quantification of the respective bands in the AGE could not
be performed as unequal amounts of DNA were loaded onto the wells post-annealing. These
differences were due to the partial aggregation of the samples, which led to different effective

concentrations of DNA in solution.

The presence of multiple species was further confirmed by the weak and uncharacteristic signal in the

circular dichroism spectra of (GGGGCC);; in absence of KCI (Figure 21d)*®?.

The combination of optical microscopy, AGE and CD confirmed that the final denaturing protocol was
successfully disassembling any preformed (GGGGCC);; structures. This was of fundamental
importance for the following steps, as a successful denaturing step allowed us to ensure the controlled
formation of multimolecular species in vitro. It is unclear whether previous studies performed on the
C90rf72 repeat sequence have gone through the same denaturing process as it has never been

explicitly mentioned in the relative protocols.
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Figure 19: Optimisation of the disassembly step for (GGGGCC), prior to annealing. (a) Optical and fluorescence microscopy

of (GGGCC), upon different denaturing conditions. The samples are unable to disassemble if KCl is present in any of the
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conditions tested. In absence of salt, incubation at room temperature presents partial disassembly behaviour. Heating at 95
°C for 3 h leads to significant evaporation of the sample and dried out DNA is shown clearly in the fluorescent channel. A
more moderate 1 h heating temperature followed by a slow colling successfully disassembled all the pre-formed aggregates.
The optimised denaturing conditions were tested for (GGGGCC); in biological triplicates (Appendix 2). (b) Expected agarose
gel electrophoresis experiment outcome for the denaturing of (GGGGCC),. Samples containing KCl are expected to not
disassemble and to maintain the pre-formed structures of mixed molecularity from the stock. Samples successfully
denatured should only present a lower molecularity band. (c) Agarose Gel electrophoresis of (GGGGCC);; subjected to
different denaturing conditions. As evident from the gel, the structures are pre-arranged into a mixed molecularity state with
a higher band in between 50 and 100 bp and another below 50. Upon heating at 95°C for 1 h, the higher molecularity species
disassemble completely, and only lower mixed molecularity states are left. Notably, samples are denatured at 100 uM and
diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose in 1X TBE, on ice at 50 V for 2.30 h. The
samples contain a FAM label and are stained with SYBR Safe. Optimised denaturing conditions were tested for several repeat

lengths in biological triplicates (Appendix 2).

3.3.2.2 Optimisation of mG4 forming protocol

After melting (GGGGCC);; into its ssDNA form, re-assembly into G-quadruplexes structures
was triggered using 5 different protocols to test, which had the potential to promote multimolecular

species over the unimolecular ones (for details see Methods and Figure 20).
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Figure 20: Experimental pipeline to assess the successful mG4-formation protocol of (GGGGCC);; species. Firstly, the
sample is diluted in TRIS-HCl in presence of KCI (or in absence of KCl in the case of the controls). It is then subjected to one
of the annealing protocols highlighted in the Table and the results analysed via CD and AGE. If higher molecularity secondary
structures with a G4-trace are present in the samples, the mG4-formation process is considered successful. In the Table are

highlighted the different mG4-forming protocols used in the text by number.

For all protocols, the presence of multimolecular species and their arrangement into G4s was assessed
respectively via AGE and circular dichroism and each condition was tested in presence and absence of
KCl. The samples without KCl lacked the additional G4-stabilising conditions that should promote mG4

formation, working as a negative control for the experiment.

MG4s should appear as higher molecularity species in the gel with respect to the denatured ssDNA
product (Figure 21a). In protocol (1), KCl was added to the ssDNA denatured product to probe mG4
formation and, consequently, a shift in the molecularity. This transition was monitored over 6 days by

AGE observing the location of the higher molecularity band with respect to its negative control.
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Indeed, in Figure 21b, the ssDNA-corresponding band slowly shifted to higher molecular weights over
time, as the system reassembled into bimolecular G4s (approximately between the 100 and 200 base
pairs mark). Notably, the bands were broad and did not correspond to exact molecular weights
because the G4s formed travelled through the agarose gel matrix at different rates than the
corresponding DNA ladder used as reference. Isothermal incubation of the ssDNA denatured produced
in KCI containing buffer was then performed at higher temperatures (36, 45 and 60 °C), providing the
system with additional thermal energy to probe the transition to the higher molecularity species. As
in the previous case, the progress was monitored for 6 days via AGE. In Figure 21c, it is possible to
distinguish the difference between samples incubating the G4-favouring KCl salt (higher molecularity
bands in the gel matrix) and the control denatured samples (lower molecularity bands). Although a
higher thermal energy provided to the system was expected aid mG4-formation and give a more
pronounced shift in molecularity of the system, this was not observed via electrophoresis, where all

samples ran similarly.

Samples were then subjected to circular dichroism to validate formation of a G4-structure. As shown
in Figure 21d, all samples from protocol 1 contained a weak G4-trace of mixed topology (positive peaks

at 295 nm and 263 nm and negative peak at 240 nm).

In protocol 2 (1 h 95 °C and cooling with a temperature ramp of — 0.25 °C min), the system was
heated to higher temperatures and cooled with slow rates to favour multimolecular species. The
kinetic product (unimolecular G4s) should still be able to form, but the high temperatures and slower
cooling time conditions should allow the system to rearrange into the multimolecular product. AGE
(Figure 21e) showed an expected shift in the population to higher molecular species in presence of
KCI. The CD spectrum presented evidence of parallel G4 species (positive peak at 263 nm and negative

peak at 240 nm) in KCl containing samples (Figure 21d).

In protocol 3 (1 h 95 °C and cooling with a temperature ramp of — 0.25 °C mintin presence of PEG)
the system was additionally provided 30% PEG (w/v) to simulate cell crowding conditions.
Multimolecular species are favoured by local high concentrations and cell crowding promotes a good
environment for the event to occur. AGE (Figure 21e) presented a shift towards higher molecular
species in presence of KCI, while circular dichroism analysis proved a prevalence for the parallel

topology (Figure 21d).

Collectively, AGE and CD showed that slower cooling steps and the presence of a crowding agent
favoured the formation of multimeric structures, likely by allowing time and energy conditions for the
system to equilibrate at higher molecularity. Therefore, we questioned whether further decreasing

the cooling rate could further promote the process.
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In Protocols 4 and 5 the system is allowed to cool down with a slow cooling rate in presence of a
crowding agent (respectively — 0.01 °C mint and — 0.02 °C min cooling rate). As expected, relative
band intensities in the AGE in Figure 21e suggested that the yield of higher molecularity species was
better for the slower cooling step (— 0.01 °Cmin™) as the system was given more time to equilibrate.
Although the band intensity was a good indication of relative concentrations, it is important to notice
that this is not a quantifiable effect as G4 species and canonical DNA conformations cannot be stained
with DNA-dyes in similar manners. The samples in protocol 4 were analysed via CD and confirmed the

presence of the typical parallel topology G4-trace (Figure 21d).

72



(a) (b)

-

o ‘:.3.\ o E_‘.:' B_:- ;_ :EE
E £ g g g% 8 g= g
2 £ ® Gs s © 95 @
1= > & o £ 0E @ 0E @&
E g 5 0z 03 © 82 0
s ¢ e &= = & 2T 8
s Y o Y s s Y s | - e

N N

1 ((oam
| (@@
(@@ ¢

50 bp ladder

ladder

87 mG4 band migrating to
\ & higher molecularities

[ <« Lower molecularity

DAY3 DAY 5 DAY®

ISOTHERMAL ASSEMBLY (Protocol 1)

(c) 36°C 45°C 60°C (d) CD of (GGGGCC). assembled with
different protocols

- —— Protocol 1-25C
1 —— Protocol 1-36 €
g 1251 — Protocol 1- 45 C
= —— Protocol 1- 60 C
' 10.0 Protocol 2
5 200 e =S —— Protocol 3
32 150 % — Protocol 4
8 50 e £ (GGGGCC)11 no KCI control
a =
2
° [V z
n (%]
s
2
w
~29
Kel = + - + - + 220 240 260 260 300 320
Wavelength (nm)
- i
- = - - - -
g o] - = =t - o4 A=
gg g g8 g 2 2g T §¢
[ors @ o= 2 T g9y o o=
(e) 0 & @ = @ c 9 8 o=
82 & £ 8 g 8s g 8%
o= © g2 8 6 93 v o=
) 9 8 8= e <

200
150

3
LR Y

b e

5
= 200
K] 150 100
& 100 50
(=]
w
’ .
Annealing with -0.01 Annealing with -0.02
i ° i i i “C/min cooling rate in
Annealing with -0.25 °C/min Annealing with -0.25 °C “C/min cooling rate in c/mi
:snoling rate 4 /min cooling rate in presence of 30% PEG presence of 30% PEG

presence of 30% PEG

Figure 21: mG4 assembly protocol optimisation. (a) Expected agarose gel electrophoresis features of a successful mG4
assembly protocol. In presence of mG4 favouring conditions, the lower molecularity species rearrange into higher
molecularity structures causing a shift into higher bands. (b) Agarose gel electrophoresis of (GGGGCC);; samples under
protocol 1. In absence of KCl in the buffer, the sample does not assemble into higher molecular species. However, after 3

days, the population starts to shift towards higher molecular species and on day 6 a faint band at 66 base pairs (bimolecular
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species) can be identified. (c) Agarose gel electrophoresis of (GGGGCC)s; samples subjected to protocol 1 for 6 days. In
absence of KCl in the buffer, the sample does not assemble into higher molecular species. However, after 6 days, the
population starts to shift towards higher molecular species. There not seems to be any difference between isothermal
assembly at different temperatures. (d) Circular Dichroism spectra taken at 25°C for 10 uM (GGGGCC)1; samples in TRIS HCL
buffer (10 mM pH 7.5 + 500 mM KCI). The typical G4 trace can be observed for samples except samples annealed via Protocol
1(25, 36, 45°C) and the control non containing KCI. The spectra have been subjected to a baseline correction when necessary.
CD spectra were acquired as technical triplicates by selecting accumulation = 3 on the spectrometer. Biological repeats were
taken for the protocols that showed the highest yield of multimolecular species (protocols 2,3,4) and for the negative no-KCl
controls (Appendix 3). (e) Agarose gel electrophoresis of (GGGGCC);; samples under protocols respectively 2,3, 4 and 5 (from
right to left). In absence of KCl in the buffer, the sample does not assemble into higher molecular species, regardless of the
cooling rate or other annealing or other annealing conditions. In presence of KCl salt, the population shifts to higher
molecular species. Notably, for all gels reported the samples are denatured at 100 uM and diluted to 10 uM for AGE. The
gels running conditions are the following: 3% agarose in 1X TBE, on ice at 50 V for 2.30 h. The samples are stained with SYBR

Safe. The optimised mG4 forming conditions were tested in biological duplicates to ensure repeatability (Appendix 4).

3.3.2.3 Abundance of stable (§GGGCC), mG4 structures dependence on annealing protocol

After testing (GGGGCC), ability to form multimeric species under different annealing
protocols, | questioned whether not only the yield, but also the stability of the resulting mG4s was
affected by the different formation steps. CD melting was performed on (GGGGCC);; annealed
samples to assess which annealing protocol populated the most stable structure. The resulting curves
showed that the G4s obtained via protocol 4 (heating at 95 °C for 1 h and cooling with —0.01 °C min*
temperature ramp) had the highest stability resulting into a higher melting temperature (T, = 87 °C).
In order of increasing melting temperature, the other annealing protocols followed as: protocol 2
(heating at 95 °C for 1 h and cooling with —0.25 °C min temperature ramp )(Tm = 82 °C) < protocol 3
(heating at 95 °C for 1 h and cooling with — 0.25 °C min with PEG) (T = 86 °C) < protocol 4 (heating
at 95 °C for 1 h and cooling with — 0.01 °C min* temperature ramp) (Tm = 87 °C) (Figure 22).

The combination of AGE and CD melting curves results showed that when the (GGGCC); system was
subjected to cell crowding conditions and/or slower annealing cooling rates it yielded more stable G4s
and higher molecularity species. As the G4s formed via protocol 4 (-0.01°C/min cooling rate in
presence of PEG) were the most stable, | decided to use this methodology for the following
experiments. However, to avoid long experimental procedures, | chose a faster cooling rate. Indeed,
protocol 5 (-0.02 °C/min cooling rate in presence of PEG), although showed a less prominent formation
of higher molecularity via AGE (Figure 21e), offered a much faster experimental procedure allowing

multiple repeats and a higher throughput approach.
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It is important to note the melting values are obtained via an estimation of the melting data as the G4
structure was not completely disassembled even at 95 °C, the bottom plateau of the sigmoidal curve
is not reached, and fitting of the raw data is not accurate (Equation 2). This leads to a higher variance
in the extrapolation of the T, values, indicating that the difference of a few degrees between melting
curves may simply be due to experimental errors. Given the results from this first set of experiments
and literature knowledge that mG4s are known to have melting temperatures of > 95 °C in KCI-
containing buffers?®>, CD melting was subsequently considered an inaccurate method to establish the
relative stability of the structures formed by the annealing protocol and was not repeated.
(emax - 9min)
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Equation 2: Boltzmann sigmoid for fitting melting curve where © is the normalised ellipticity
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Figure 22: Circular Dichroism melting experiment. (a) Melting curve for G4s obtained in protocols 2, 3, 4. The temperature
ramp used for the experiment is of 1 °C/min with data points collected every 0.2 °C. The individual spectra at each
temperature are shown in (b) for protocol 2 (c) for protocol 3 and (d) for protocol 4. In all cases samples were annealed at

100 pM in 10 mM TRIS-HCl and diluted to 10 uM for spectra acquisition.
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3.3.2. (GGGGCC), mG4s characterisation

Although previous CD experiments showed that the bulk solution was prevalently composed
of stable G4s upon annealing and AGE confirmed the presence of a multimolecular stoichiometry,
further experiments were needed to confirm that the higher molecularity species observed were in
fact mG4s and not a consequence of other nucleic acids interactions. Given the high G/C content of
the sequence, other higher molecularity structures could originate from canonical Watson-crick H-
bonding interactions. Indeed, (GGGGCC), has previously been observed to arrange into hairpin

conformations which, much like G4s, also can form multimeric species*2.

To confirm that the multimolecular species observed in the agarose gel could be ascribed to mG4s,
(GGGGCC)s (50 uM) was subjected to annealing conditions in presence of different KCl concentrations
(0-500 mM). As G4-formation is highly dependent on the concentration of K*, we expected to see a
change only in the species containing the non-canonical secondary structure (Figure 23a). Indeed, AGE
experiments revealed more intense slowly migrating bands at higher K* concentrations, with no high-
molecularity species being observed at sufficiently low K*, confirming the role of G4s in mediating the
formation of multimeric species (Figure 23a). The lower bands were likely to be a mixture of
unimolecular/lower molecularity G4s and unstructured ssDNA sequences. In fact, although to a lesser
extent with respect to the top band, the lower band was also migrating upwards with increasing
concentration of potassium, indicating that the lower population was too affected by the presence of

stabilising K* ions.

Further confirmation of the presence of G4s into the higher molecularity band was given by staining
the gel with NMM¥®, NMM is small molecule, nucleic acid-specific fluorescent dye with a high
selectivity for G4 structures. NMM fluorescence is enhanced in presence of G4s due to its m-stacking
abilities on top of the G4-tetrad preventing NMM-NMM self-quenching. A staining protocol was
developed to utilise the NMM-specific fluorescent ability to stain AGE gels and observe the presence
of mG4s. In the protocol, the (GGGGCC)s sample is annealed and run in the exact same conditions as
for previously analysed AGE. However, instead of inserting the SYBR Safe dye into the gel, this is
subjected to 1 h incubation in an NMM and 1X TBE solution after running. The gel is imaged on the
EtBr channel (526 nm excitation and 610 nm emission), as commercial gel imagers are not able to
selectively detect the NMM emission range (600-650 nm) and/or excite at the appropriate wavelength
(399 nm)®83, If the higher molecularity bands did indeed present a high G4 content as the other

experiments had suggested, this band should efficiently be stained by the NMM dye and visible on the
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fluorescent channel. Similarly, the lower band, should contain G4s of a lower molecularity (albeit to a
lesser extent) and be susceptible to NMM-staining. Even though the poor AGE quality in Figure 23b
does not allow for a clear distinction of the multimolecular bands, the gel shows the expected
outcome. The low quality of the stained gel comes from the specific fluorescent properties of NMM.
In fact, whilst nucleic acid-staining dyes such as SYBR Safe, EtBr and Gel Red have been optimised for
agarose gel use'® NMM is usually utilised for other purposes. In fact, not only commercial gel imagers
are not able to excite and observe NMM in its specific channels, but the dye itself has quite a low

quantum vyield (0.64)%

compared to other DNA-stains such as SYBR Green (0.8)®. Furthermore, as
the gel imager used for acquisition was designed for EtBr (exc. 301 nm and emi. 603 nm)*®’, NMM
(exc. 399 nm emi. 610 nm) detection was limited due to the different excitation and emission curves
overlap. However, it is possible to observe that the dye selectively stains the (GGGCC)s top band
more efficiently than the lower one and does not fluoresce upon contact with the non G4-control or

the DNA ladder. As a control, the same samples were stained with SYBR Safe (Figure 23b), showing

clearly where the control band and the ladder were expected to be seen.

The combination of KClI titration experiments and NMM-staining confirmed that the higher
molecularity species that were previously observed upon subjecting (GGGCC)s to mG4 annealing

conditions were in fact mG4s, confirming that the optimised protocol was successful.
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Figure 23: (GGGGCC), forms higher molecularity species that can be ascribed to mG4s. (a) Agarose gel electrophoresis of
(GGGGCC)s in different KCI conditions. On the left. Expected gel outcome at different KCl concentrations. If the top band is
due to higher molecularity species dependant on G4s, these should only appear at higher KCI concentration and exist in a
multiple population state in between. On the right. Experimental AGE of (GGGGCC)s annealed at different KCl
concentrations. The top band, characteristic of higher molecularity species, is only present at higher concentrations of KCI.
The samples are annealed at 50 uM and diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose
in 1X TBE, on ice at 65 V for 80 mins. The samples are labelled with FAM. The KCL titration experiment was performed in
biological duplicates (Appendix 5). (b) Agarose gel electrophoresis of (GGGGCC)s stained with G4-specific dye NMM. On the
left. Expected gel outcome upon staining with NMM dye. The non-G4 control sequence is expected to not stain due to lack
of G4s, while the bands containing (GGGGCC)s are expected to present fluorescence. The experiment is confirming the
hypothesis that the higher band contains a superior G4 amount if the dye preferentially stains the top band. On the right.
Experimental AGE for the control sequences and KCl titration stained with NMM. As expected, both higher and lower bands
in (GGGGCC); are stained by the dye, indicating the presence of a mix of higher molecularity and lower molecularity G4s. The
samples are annealed at 50 uM and diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose in
1X TBE, on ice at 65 V for 80 mins. The experiment was performed as a single biological replicate but was repeated later in

the text for different repeat lengths.

3.3.2.5 (GGGGCC), (n = 1-12) can arrange into mG4s
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Once established reliable conditions to generate mG4 species for (GGGCC);1/5 the same
protocol was used for a range of other repeat lengths. Notably, (GGGGCC), is correlated to ALS/FTD
pathogenic aggregates in a length dependent fashion (e.g. higher repeat lengths lead to the
pathogenesis)'®®, suggesting the importance of demonstrating that different repeat lengths presented

mG4-forming abilities.

(GGGGCC), (n = 1-12) sequences were subjected to the optimised mG4 annealing protocol (annealing
concentration of 250 uM) in a TRIS-HCl buffer containing 500 mM KCI. CD spectroscopy was performed
on (GGGGCCQC), (n = 4,6,9,12) to assess bulk formation of the G4 species. As shown in Figure 24a the
repeat lengths tested presented the typical trace of a parallel G4. The G4-trace proved that the mG4-
forming protocol led to bulk formation of G4-species. Notably, the relative intensities of the G4-trace
for different samples could not be quantified due to differences in concentrations in the samples due

to aggregation.

To test for the presence of multimeric DNA species, (GGGGCC), (n = 1-12) post-annealing were
analysed via AGE. As a control, an additional annealing condition was tested in parallel, where 500
mM LiCl salt was added instead of KCI. The LiCl conditions were used to test that the higher
molecularity species observed where not caused by unspecific interaction pushed by the high salt
concentration, but by the formation of mG4s. In fact, whilst LiCl and KCl solutions have the same ionic
strength, K* ions are able to stabilise G4s to a greater extent®®. Therefore, the expected outcome of
the control was to have a lesser presence of multimeric species compared to their relative same-n
sample (Figure 24b). A first gel was run for all the repeat sequences annealed either in KCl or LiCl
containing buffers (Figure 24c) at 250 uM. Each (GGGGCC), sample had a higher molecularity band
which was more intense in KCl conditions and a lower molecularity band which was stronger in the
LiCl buffer. Interestingly, (GGGCC);, (GGGGCC), and (GGGGCC)s; showed very little differences
between KCl and LiCl conditions. Indeed, these sequences were too short to form consensus
unimolecular G4 structures and could solely arrange into multimolecular species. The AGE results
provided further confirmation that KCl was able to promote the formation of multimeric over
monomeric species. LiCl, although still offering some degree of G4-stabilisation to the system, only
allowed the sequences to arrange into their lower molecularity product. When the sequences were
too short to form anything but the multimeric stoichiometry, then the LiCl stabilisation was enough to

push the system towards higher molecularities species.

To confirm that the multimeric species observed contained G4s, the (GGGGCC), (n = 1-11) (250 uM)
samples were once again annealed in mG4-forming conditions in a KCl-containing buffer and NMM-

stained AGE was performed on the resulting sequences. In Figure 24d, the equivalent SYBR Safe and

79



NMM stained gels are analysed side by side for comparison. Each one of (GGGGCC), samples
presented a higher and lower molecularity band which could be stained with SYBR Safe — used to stain
all DNA-containing species. Both bands, however, could also be stained with the G4-specific NMM,

additionally indicating the presence of G4s (Figure 24d).

In conclusion, the mG4-forming protocol successfully led to the formation of higher molecularity
species, ascribed to mG4s, for multiple repeat lengths. These results confirmed that the ALS/FTD
responsible hexanucleotide repeat sequence (GGGGCC), has the ability arrange into mG4s in vitro in

absence of proteins.
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Figure 24: (GGGGCC), can form mG4s at multiple repeat lengths. (a) (GGGCC), CD spectra - (GGGGCC), (n =4, 6, 9, 12)
were annealed at 500 uM, 250 pM, 100 pM and 50 uM under mG4-forming conditions and further diluted to 5 uM for CD.
All the samples present a positive peak at about 263 nm and a negative peak at 240 nm, both associated to a parallel G4
conformation. The spectra are acquired by the spectrometer as technical triplicates (accumulation = 3). The experiment was
repeated as biological replicates for selected repeat lengths (Appendix 6). (b) Theoretical AGE highlighting the differences
between LiCl control and KCl buffer systems for annealing. LiCl is known to stabilised G4s to a lesser extent, and it is therefore
expected to promote higher molecularity species to a lesser extent. (c) Experimental AGE gel of (GGGGCC), for n = 1-12. KCl
containing samples are more prone to form higher molecularity species, as evident by the stronger higher bands. The samples

are annealed at 250 uM and diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose in 1X TBE,
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on ice at 65 V for 80 mins. The samples are stained with SYBR Safe. Experiment was performed in biological duplicates
(Appendix 7). (d) (GGGGCC), agarose gel electrophoresis — SYBRS Safe (left) and NMM (right) stains. The lanes containing
any of the (GGGGCC), were fluorescent upon staining with NMM, implying the presence of G4s in the higher molecularity
species formed under these conditions. Both ladder and the non-G4 ssDNA control do not appear, confirming the specificity
of the dye for G4-containing species. The samples are annealed at 250 uM and diluted to 10 uM for AGE. The gel running
conditions are the following: 3% agarose in 1X TBE, on ice at 65 V for 80 mins. Experiment was performed in biological

duplicates (Appendix 8).

3.3.2 (GGGGCC)n can aggregate in vitro in absence of proteins

3.3.2.1 (GGGGCC), phase diagram

Having demonstrated the formation of multimolecular constructs in samples of DNA
(GGGGCC),, whose size increases with the concentration of K* and the length of the repeat, | employed

brightfield microscopy to screen for the emergence of aggregates.

Initially, (GGGGCC), (n = 1-12) sequences were subjected to mG4-forming conditions upon annealing
at 350 uM, a concentration in the same order of magnitude to that used to acquire the AGE in Figure
24c. On the hypothesis that mG4s were a sufficient characteristic of the system to probe aggregation,

a selected number of repeat lengths were observed under brightfield microscopy.

Imaging showed that (GGGCC),(n =3, 4, 5, 7, 8, 11) sequences had ability to aggregate in a length
dependant fashion (Figure 25a). The length dependence trend in the aggregation was not surprising
as sequences with a higher n are more prone to arrange into mG4s as they have (1) a higher guanine
content and therefore a better ability to form G4s and (2) a higher number of conformations that the
mG4s can assume. In fact, even though the samples were annealed at the same concentrations,
aggregates were visualised on brightfield only at repeat length n > 5, suggesting a direct
proportionality trend between aggregation extent and the sequence ability to fold into mG4s. Since
aggregation seemed to be more favourable in conditions that promoted mG4s, these results
constituted the first piece of indirect evidence that these multimolecular structures were the
prevalent species driving the aggregation. Importantly, this aggregation was visualised in vitro in
absence of additional aggregation-prone proteins, suggesting that (GGGGCC), might not need other

biomolecules to trigger pathological aggregation in ALS/FTD.

To further expand these studies, (GGGGCC), (n = 1-12) sequences were subjected to mG4-forming
conditions at different annealing concentrations (0-500 puM). In the experiment, aggregation

dependence was assessed in function of repeat length and annealing concentration with the scope to
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link aggregation to mG4-formation. In fact, as mG4-formation is driven by high annealing

concentration, the aggregation extent was expected to increase upon higher DNA presence.

The completed phase diagram depicting (GGGGCC), aggregation at different repeat lengths and
annealing concentrations is shown in Figure 25b and Appendix 9. As predicted, aggregation was more
significant for higher n and/or higher annealing concentrations, indicating a correlation between
aggregation extent and the sequence mG4-forming ability. Another phase diagram was formulated by
expressing the DNA concentration in pg/ulL rather that molar concentrations. The pg/uL conversion
was performed to confirm that aggregation was not obtained when a certain number of guanines
where present in solution, but it was observed with a sequence specific length dependence. The
findings, depicted in Figure 25c¢, confirmed that there was no fixed threshold of pug of DNA
concentration which led to aggregation. In fact, below 1000 pg/uL only higher repeat lengths showed
aggregation abilities. Notably, the aggregation extent could only be qualitatively assessed from the
micrographs. In order to perform a more in-depth analysis to quantify the aggregation extent,
fluorescent staining of the aggregate and several technical repeats would be required to minimise the
error coming from image analysis software such as Imagel. Such large-scale experiment requires the
use of high-throughput plating, annealing and imaging facilities which were not available at the time

of the experiment.

The microscopy results collectively showed that once subjected to a mG4 annealing protocol,
(GGGGCC), can aggregate in vitro in absence of protein with a length and annealing concentration

dependence, suggesting a correlation with the presence of the secondary structures themselves.
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Figure 25: (GGGCC), can aggregate in absence of proteins. (a) Brightfield images of (GGGGCC), subjected to mG4-forming
conditions. Samples were annealed at 350 uM and directly observed under the microscope. Aggregation is present for higher
repeat lengths. Scale bar is 100 pm. (b) Phase diagram of (GGGGCC), subjected to mG4-forming conditions. Each sample was
defined as “aggregating” or “non-aggregating” based on the visualisation of aggregates > 1 um which could be easily
distinguished from the background noise. (c) Phase diagram of (GGGGCC), subjected to mG4-forming conditions where the
DNA concentration is expressed in mass molarity. The phase diagram was obtained by imaging two biological duplicates at

selected concentrations (Appendix 10).

3.3.2.2 (GGGGCC), G4 topologies influence on aggregation

| then questioned whether microscopic aggregation was a consequence of a different G4
topology forming in the bulk solution. Therefore, several datapoints were selected around the
threshold of aggregation in the phase diagram as shown in Figure 26a, and CD was performed on each
sample. The resulting spectra in Figure 26b show a prevalently parallel conformation for all samples,
regardless of their aggregation extent. Therefore, it is unlikely that the G4-topology was playing a

significant role in aggregation.
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Figure 26: G4-topology effect on aggregation. (a) (GGGGCC), phase diagram with highlighted concentrations taken for the
CD experiment. The data points were selected below and above the aggregation threshold for several annealing
concentrations to test for different topologies based on aggregation. (b) Circular Dichroism spectra of (GGGCC), (n =4, 6,
9, 12). The DNA samples were annealed under mG4-annealing conditions at the reported concentrations (50 — 500 uM) and
diluted to 5 uM for CD. All samples show prevalently a parallel conformation in the bulk, showing no significant difference
between aggregating and non-aggregating samples. The CD spectra are acquired by the spectrometer as three technical
replicates (accumulation = 3). No biological repeats were acquired as the spectra already constitutes a biological repeat of

previously reported data.

3.3.2.3 (GGGGCC), phase diagram high throughput protocol optimisation

One of the biggest limitations of this study involved repeatability of the experiments. In fact,
small experimental errors such as slightly erroneous concentrations, an excessive degree of
evaporation during annealing or altered salt amounts brought conflicting results. Even when
evaporation was not significant, exact salt DNA sample concentrations remained constant, sample-to-
sample variability remained significant. To address this concern, multiple repeats for each sample at
each concentrations had to be tested. As each replicate of the experiment was time consuming and
expensive, the mG4-formation protocol was automatized using the Opentrons Pipetting robot (OT2).
Furthermore, aside from reducing waste of materials and time, using an automated protocol would

additionally reduce the risk of contamination. Importantly, aggregation can be triggered by external
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dust particles or other impurities that contaminate the samples prior to annealing, impacting the
reliability of the results. Automation would minimize the chance of contamination by utilizing sterile

disposable tips and incorporating measures to prevent sample carryover or aerosol formation.

Aware of the several advantages offered by an automatized annealing step, the protocol was coded
to reproduce the phase diagram and test its repeatability. (GGGGCC), (n = 1-12) sequences were
diluted at selected annealing concentrations for each repeat length (0-500 uM) based on the
previously obtained results (Figure 25). As in previous experiments, crowding agent PEG and KCl salt
were added to the system to probe mG4s during annealing. To avoid excessive evaporation to affect
the actual concentration in the system, the wells at the edge of the plate were left empty as shown in

Figure 27, and the plate was covered with tin foil and a heated lid during the annealing step.
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Figure 27: Opentrons pipetting robot (GGGGCC), mG4-formation protocol optimisation. (a) Plate set-up. In blue are
highlighted the wells left empty due to potential evaporation. (b) Experimental set up to automatize the development of a
phase-diagram for the (GGGGCC), system. The areas in blue on the plate set-up were left empty to avoid excessive

evaporations of the wells. Each well in the plate contained 60 pL of solution.
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Upon completed annealing, each sample was analysed via AGE to test for the presence of multimeric
species at the concentrations tested. As shown in Figure 28a, most of the sequences behaved as
expected, with a lower and a higher molecularity band appearing at higher concentrations. Some of
the species, however, did not present any signal, indicating that no DNA was present in the wells. This
likely occurred due to an error of the robot when transferring the oligomer solution out of the tube at
the dilution stage. Possibly, the high viscosity of the stock solutions led to unprecise measurements
during automatic pipetting. Although this issue could be addressed by manually cutting the pipette
tips ends before loading them into the robot, this would nullify their sterile condition and introduce

other potential errors into the experiment.

Optical microscopy images were then taken directly from the glass-bottomed plate to avoid
transferring of the samples. The results are reported in the OT2 phase diagram in Figure 28b and
Appendix 11. Although a very similar trend was observed for the samples annealed via the OT2
protocol, there was a discrepancy between some of the data points (highlighted in red). This
discrepancy likely came from inaccurate volumes of oligomer picked up by the robot due to the
viscosity of the solutions. Furthermore, although the plate was sealed with tin foil, a significant
amount of evaporation was observed for many of the samples (some of them even had up to 50% less

of their initial volume) making measurements inaccurate.

In conclusion, although using the OT2 robot allowed for a faster production of replicates for the phase
diagram, it was not accurate enough to be considered a reproducible method. For this reason, the
following experiments were performed with the original manual protocol as, even though slower, it

offered more reliable results.
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Figure 28: (GGGGCC), aggregation analysed with the Opentrons protocol. (a) AGE of (GGGGCC), annealed at different

concentrations in mG4-forming conditions via the Opentrons high-throughput protocol. Highlighted in red are the samples

that showed no DNA in the wells, most likely due to a mistake in extracting the liquid from the tubes by the pipetting robot.
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The samples are diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose in 1X TBE, on ice at 65
V for 80 mins and stained with SYBR Safe for imaging. (b) Comparison between the manually obtained phase diagram for
(GGGGCC), annealed under mG4-forming conditions (on the left) and the OT2 phase diagram (on the right). In red are
highlighted the data points that vary from expectation. Microscopy images are in Appendix 11. Notably, the experiment was
repeated once more and significant evaporation was observed in all the wells. The results are not reported as the Opentron

protocol was subsequently not utilized.

3.3.3 (GGGGCC), aggregates are formed via mG4 self-assembly

3.3.3.1 (GGGGCC), aggregates characterisation

Once demonstrated that (GGGGCC), DNA sequences could aggregate in a length and
concentration dependent fashion, the aggregation process was further characterised to assess which
structural species were present in the aggregates. In fact, although CD spectroscopy and AGE had
demonstrated mG4s presence in the bulk solution upon annealing (GGGGCC), under mG4-forming
conditions, direct evidence of the presence of the G4s within the aggregates had not yet been

provided.

Firstly, a fluorescent labelling experiment was set up to assess that the (GGGGCC),strands were mixing
homogeneously in the aggregates. This would (1) confirm that the denaturing step had allowed all
strands to be in the ssDNA form prior to the formation of multimeric structures and (2) that the DNA

strands were homogeneously distributed in the multimeric network which formed the aggregates.

(GGGGCC)pwas annealed at 250 uM in mG4-forming conditions and subsequently diluted to 10 uM
for easier imaging. 10% of the DNA strands were fluorescently labelled with Carboxyfluorescein (FAM),
while the rest was non-tagged. As only 10% of the DNA strands were fluorescently labelled,
homogeneous mixing of the components should lead to a homogeneously distributed fluorescent
signal. As evident from the confocal image in Figure 29a, fluorescent and non-fluorescent strands

were homogeneously distributed, indicating complete mixing of the denatured strands.

Further characterisation of the amorphous aggregates involved understanding their physical state. To
test this, fluorescent recovery after photobleaching (FRAP) was employed on the (GGGGCC)10 (10%
FAM labelled) annealed samples. In the FRAP experiment, a portion of the (GGGGCC);paggregate was
irradiated with a high power 488 laser until all the FAM fluorophore was bleached and no fluorescence
emission was detected. As evident from Figure 29c, although the fluorescence channel appeared dark
in the region of interest (ROI), the brightfield remained unaffected. This implied that although the

fluorescent tag had been successfully bleached, the integrity of the aggregate remained unaffected.
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After 30 minutes, no recovery was observed, suggesting that the molecules within the aggregate was
in a solid state. Interestingly, protein-RNA aggregates in neurodegenerative diseases (e.g. TDP-43

inclusions) have shown a prevalently “non-recovering” solid nature?®,

(a}  FAM-labelled oligomers annealing (b) (GGGGCC)r0 labelled with FAM

(e) FRAP

Before irradiation After irradiation 30 mins after irradiation

Figure 29: FAM-labelled (GGGGCC), can aggregate in vitro. (a) Schematics of mG4s formation when a percentage of the
oligonucleotides is fluorescently labelled. The green ball represents the Carboxyfluorescein label (FAM). (b) Confocal image
of (GGGGCC)1p (10% FAM labelled), annealed at 250 uM in mG4-forming conditions and diluted to 10 uM for imaging. The
confocal image shows on the left the fluorescence channel and on the right the brightfield image. (c) Confocal images of
(GGGGCC)10, annealed at 250 M (10% FAM labelled) in mG4-forming conditions and diluted to 10 uM. Upon laser excitation
FAM labelled strands photobleached, leading to a local reduction of fluorescence intensity. The photobleached strands did
not diffuse within the reset of the aggregate after 30 minutes, indicating a solid-like state. 10 um scalebar. Both

Carboxyfluorescein labelling and FRAP were performed in biological duplicates for a different repeat length (Appendix 12).

3.3.3.2 (GGGGCC), aggregates are fluorescent upon staining with NMM

| then questioned if the (GGGGCC), solid aggregates contained mG4s and whether G4-based

interactions were key in holding the structure together. Indeed, whilst in the previous paragraphs it
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was illustrated how the bulk solution was able to arrange into mG4s (CD and AGE results) and
(GGGGCC), was shown to aggregate in vitro (Phase Diagram), there was no direct correlation between
the two sets of experiments was present. As the (6GGGCC), sequence could also interact via G-C H-
bonding, other non-G4-mediated interactions could also be the cause of multimeric networks and
aggregation. Indeed, (GGGGCC), has previously been reported to arrange into hairpin

conformations'?.

The first element of direct proof of G4-involvement in aggregation came from NMM-staining
experiments. As mentioned in earlier paragraphs, NMM is a G4-specific fluorescent dye. In solution,
NMM self-stacks due to its high planarity leading to a fluorescence self-quenching effect. In presence
of G4s, however, the NMM preferentially binds to the G4-tetrad and fluorescence increases. Earlier, |
used NMM to stain AGE gels, proving that the multimeric species observed were indeed G4-
containing. The same principle was applied to the aggregates via confocal microscopy to prove the

presence of G4s within the microscopic structures.

(GGGGCC)s was annealed under mG4s forming conditions and observed under brightfield microscopy
to assess the presence of the aggregates. Once ensured that the aggregates were present before
addition of the NMM, the samples were diluted to 10 uM and NMM was added in a 1:1 ratio and
incubated for 30 minutes. As shown in Figure 30a, the aggregates resulted fluorescent on the NMM
channel, indicating the presence of G4s. To ensure that NMM could not bind to other multimolecular
structures given by canonical Watson-Crick base pairing, its selectivity was assessed by staining dsDNA
condensates. The dsDNA condensates were achieved by annealing a combination of ssDNA strands
(Table 1) in glass capillaries to probe the formation of artificial microscopic dsDNA constructs. As
evidence from Figure 30b, the condensates were not able to bind to NMM in the same order of
magnitude as the (GGGGCC)s aggregates, proving selectivity of the dye. Importantly, NMM staining
does not per se imply a structural role of G4s, but simply demonstrates their presence within the

aggregates, for which further experiments need to be conducted.
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Name Sequence (5’-3’)

N4_1 GATCGCCGCCGCAATCACGCGCGTGCTCGGCGCCAGCAGTCCTGGCG
N4_ 2 GATCGCCGCCAGGACTGCTGGCGCCGTCGCTTCTCTTCATAACAACG
N4_3 GATCGCCGTTGTTATGAAGAGAAGCGTCGCTCTGGCACAGGTGTACG
N4_4 GATCGCCGTACACCTGTGCCAGAGCGTGCACGCGCGTGATTGCGGCG
L1 GCGATCCGCAAACCAGCAAGCTCACG

L2 GCGATCCGTGAGCTTGCTGGTTTGCG

Table 5: ssDNA sequences used for the assembly of the dsDNA control. Further information on the annealing in the Methods

section.

3.3.3.3 (GGGGCC), aggregates disassemble upon NMM-photooxidation

Aside from selective fluorescent staining of G4s, NMM can also be used as a selective G4-
disassembly probe in specific light conditions. Indeed, NMM binds to the G4s by end-stacking
interactions and, upon irradiation with a high-power laser, it causes guanine photo-oxidation, leading
to the formation of 8-oxo-guanine and consequent disassembly of the G4-structure!®. This
phenomenon has been previously observed to not occur for dsDNA', making it a highly G4-specific
disassembly route (Figure 30c). In fact, this property was previously leveraged to achieve light-

controlled disassembly of mG4s in engineered DNA nanostructures®,

To assess whether G4s played a structural role within the (GGGGCC)s aggregates, NMM photo-
oxidation was performed. (GGGGCC)s (250 uM) were subjected to mG4-annealing conditions and
stained with NMM as previously described. Subsequently, a portion the aggregates was irradiated to
trigger photo-oxidation and disassembly of the aggregates was immediately observed (Figure 30c).
Given that no other relevant multimolecular interaction is known to be affected by NMM photo-
oxidation, these results proved that mG4s were the prevalent structure holding the aggregate
together, and that in the absence of guanine-guanine hydrogen bonding, necessary for G4-formation,
no aggregation could be observed. The selectivity of the assay was tested on NMM-stained dsDNA
condensates, used as a negative control, which did not show any significant change upon irradiation

(Figure 30c).
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Figure 30: (GGGGCC)s aggregates in presence of NMM. (a) (GGGGCC)s (250 uM) was annealed under mG4s forming
conditions and stained with NMM. The image is split to show the brightfield channel (on the right) and the NMM fluorescence
channel (on the left). (b) Confocal microscopy imaging of dsDNA condensates in the brightfield and fluorescent channel. No
NMM fluorescence is observed in presence of dsDNA. (c) NMM photooxidation experiment for mG4-containing aggregates
and dsDNA condensates. Whilst the mG4-based aggregates (top panel) disassemble upon irradiation, the dsDNA

condensates are unaffected. NMM-photooxidation of (GGGGCC)s was performed in biological triplicates (Appendix 13).
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3.3.3.4 (GGGGCC), aggregates present G4-like autofluorescence properties

Although NMM-photooxidation demonstrated the presence of G4s in the aggregates, | sought
confirmation of the phenomenon with a different experimental set up which did not require the

presence of external fluorescent probes: testing the aggregates for G4-autofluorescent abilities.

Autofluorescence refers to the intrinsic fluorescence emitted by endogenous molecules in biological
samples without the addition of exogenous fluorophores'®2, It is a phenomenon observed for several
biomolecules and biological tissues, in particular planar protein residues in proteins such as
tryptophan®. As this property is related to the protein residues m-stacking interactions, G4s, being
composed of planar structures stacked at the top of each other’s, have also been investigated as auto
fluorescent biomolecules. Indeed, it has been reported that parallel G4s have a detectable 3.5 fold
higher fluorescence than ssDNA and dsDNA. Although the G4-autofluorescence study was
performed via plate reader on monomeric G4s, | hypothesised that mG4s would present a similar

behaviour.

To test this hypothesis, (GGGGCC);; was annealed at 350 uM in mG4-forming conditions and diluted
to 10 uM for confocal imaging. In the previously mentioned study, autofluorescence of nucleic acid
species was observed between 300-500 nm emission by exciting the sample at 260 nm and 300 nm*%*,
Due to the limitations of confocal microscopy, the (GGGGCC), test for autofluorescence in the
aggregates was set up with slight modifications. Excitation was performed at 405 nm and emission
observed was between 430 and 700 nm. As estimated from Figure 31a, these wavelengths should
have still been enough to observe a significant difference with the other DNA species. Indeed, as
shown in Figure 31b, whilst (GGGGCC);; aggregates presented significant autofluorescence

behaviours, the dsDNA control did not have any signal on the same channel.

This experiment not only offered a further confirmation that G4 species were present into (GGGGCC),
aggregates, but also suggested the possibility of detecting G4s in absence of external probes. Indeed,
whilst there are several small molecule probes developed to detect G4s, it is not clear whether they
were stabilising the structures and introducing bias into the results®3!. This method proved that G4s

were present into the aggregates without the risk of triggering their formation.
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Figure 31: (GGGGCC), aggregates possess autofluorescence abilities. (a) G4, ssDNA and dsDNA autofluorescence emission
spectra adapted from ref??4, (b) (GGGGCC)1; autofluorescence behaviour observed by irradiating the sample at 405 nm and
observing the emission from 430 to 700 nm. The same settings used on dsDNA constructs yield no fluorescence. Experiment

was performed as three biological replicates (Appendix 14).

3.4.3.5 (GGGGCC), aggregates present mG4-like melting behaviours upon heating

As mentioned earlier, mG4s are the thermodynamic product of the annealing process of
(GGGGCC), sequences. The extreme stability of the thermodynamic product has been observed in
previous literature!®®, as well as via my CD melting curves experiments in Figure 22. In both instances,
mG4s failed to fully melt even at the highest annealing temperature of 95°C, above which the aqueous

buffer would have evaporated.

On the assumption that the (GGGCC), aggregates are held together by mG4s, they should present a
high thermal stability. Therefore, (GGGGCC);; was annealed at 80 uM in mG4 forming conditions in
glass capillaries and observed under a heating stage on an optical microscope. Glass capillaries were
chosen for the experimental set-up as they could be easily sealed with glue and would prevent any
significant evaporation upon heating. As shown in Figure 32, the aggregates were heated from 25 °C

to 95 °C with a temperature ramp of 10 °C min®. The sample was kept at the highest temperature for

95



3 hours, but significant evaporation was observed after 20 minutes. At the 15 minutes mark — prior to
evaporation - no melting of the aggregates was observed. The melting experiment results confirmed
that mG4s were the structure holding the aggregates together as (1) no other DNA multimeric
secondary structure has been observed to have such a high stability (hairpins melt between 30-60
°C¥, triplex DNA melts between 10-90 °CY’) and (2) they provided a correlation between the
biophysical observations of the (GGGGCC);; sequences inability to melt completely under CD and the

nature of the aggregates.

(GGGGCC)11 melting

Figure 32: (GGGGCC);; aggregates melting experiment. Optical microscopy of (GGGGCC);; annealed at 80 uM in mG4-
forming condition in glass capillaries. A first picture was obtained at 25°C showing the sample aggregating as previously
described. By then subjecting the sample to a temperature ramp of 10 °C/min up to 95°C (second image), no significant

melting was observed. Experiment was performed in one biological replicate.
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3.4 Conclusions

The biological relevance of multimolecular G4s is still a widely unexplored topic. In this
chapter, | have highlighted how (GGGGCC), is not only able to arrange into mG4s conformations in
vitro, but that the formation of these structures is able to trigger aggregation in absence of additional
proteins. This is not only highlighting the potential for biological relevance of mG4s, but also puts into
question the recurrent narrative that puts protein aggregation as the main pathological hallmark of

neurodegeneration in ALS/FTD.

These statements are supported by substantial experimental evidence, proving that mG4s are the
leading structure generating the aggregates. Firstly, the optimal in vitro system aimed at simulating
cell crowding conditions was optimised for (GGGGCC),. This optimisation involved ensuring that any
pre-formed G4-structures in the stock solutions were fully disassembled before proceeding in defining
an mG4-specific annealing protocol. Interestingly, no literature has ever reported the need for a
denaturing step before working with (GGGGCC),, despite using buffer systems which would have
stabilised pre-formed G4s, which might affect the validity of some observations published in this
space. Upon ensuring complete denaturation of the sequences, several mG4s-forming protocols were
tested with the aim to find the most efficient and effective one in forming mG4s. Not surprisingly, the
resulting protocol involved using a crowding agent and a slow cooling step, both methods which are
employed to aid the system in crossing the activation energy barrier towards the thermodynamic
product. The successful formation of the mG4s was assessed in the bulk via a series of biophysical
assays. CD spectroscopy showed the typical G4-parallel trace, AGE stained with SYBR Safe allowed for
the visualisation of higher molecularity bands and NMM-staining of those same gels ensured that
those higher molecularity species were due to the presence of G4s. As collateral evidence, a KCl
titration was also used to confirm the higher molecularity band’s dependence on G4-favouring
conditions. Once assessed that mG4s were forming in solutions, their ability to aggregate was
confirmed via microscopy. (GGGCC), was able to aggregate in absence of protein with a length
dependence, interestingly presenting a similar trend to the ALS/FTD pathology itself. The aggregates
were amorphous and solid in nature, as reported from FRAP experiments, once again drawing a
parallel with other biomolecular condensates found in cells. The presence of G4s in the aggregates
was assessed via NMM staining, which succeeded in showing fluorescence upon binding of the
aggregates to an external probe, and via G4-autofluorescence testing. Furthermore, | aimed to
confirm that G4s were the prevalent structure holding the aggregates together, for which | performed
NMM-photooxidation and melting experiments, which were both successful in asserting the presence

of G4-structures.
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In conclusion, these results bring forward a new potential mechanism of action by which (GGGGCC),
could lead to pathological aggregation in ALS/FTD patients, one that does not rely on protein

aggregation.

This study, however, still leaves some unaddressed questions. Firstly, all the biophysical studies were
performed on DNA, whilst RNA tends to be the more biologically relevant species. This was done on
the assumption that aggregation was a consequence of a structural effect, and the nature of the
nucleic acid should not impact this, which is something that needed to be validated. Secondly, our in
vitro system, although useful for understanding the basic mechanisms, may not fully represent the
physiological status and mechanism occurring in living cells. Our DNA annealing concentrations are in
the micromolar region, and our buffer conditions have very high KCI concentrations. Such extreme
conditions had to be used to trigger aggregation in shorter repeat length (n = 1-12) as longer repeat
lengths — which are more biologically relevant — could not be obtained. In fact, the pathological
aggregates are only observed in patients with n > 24. It is likely that longer repeat length would require
lower concentrations (which is a conclusion which could also be extrapolated from the phase diagram)
and lower KCl amounts. Furthermore, once proven that the system is in fact able to aggregate, the

question arises on how to prevent this phenomenon for future therapeutics applications.

These questions will be addressed in the following chapters of this thesis.
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3.5 Materials and Methods

All DNA and RNA sequences were purchased via the external provider Integrated DNA Technologies
(IDT). IDT provides oligonucleotide quality control via free electrospray ionization (ESI) mass
spectrometry analysis that is provided as standard with every oligo. HPLC (ensured >85% purity) and
standard desalting purifications were both initially tested to assess the effect of purity on the mG4-
forming experiments. As both showed equal behaviours at high repeat lengths, standard desalting was
chosen for purification in all experiments as cheaper and led to higher yields. Although it is possible
that smaller truncated products were present in the samples at higher repeat lengths, all oligos were

tested via agarose gel prior to aggregation studies to ensure their behaviour was repeatable.

3.5.1 Optimisation of the annealing conditions
3.5.1.1 Optimisation of different denaturing steps

(GGGGCC)1: DNA sequence was purchased from Integrated DNA Technologies (IDT) in lyophilised form
and dissolved in MilliQ water (final concentration of 1 mM). Samples were then diluted to the
annealing concentration of 0.1 mM in 10 mM TRIS-HCI (pH 7.4) and heated according to the protocols
illustrated in Figure 18: (1) Incubation for 4 hours at room temperature; (2) Incubation for 3 h at 95°C
followed by cooling at room temperature (around 25 °C) for 1 h and (3) Incubation for 1 h at 95°C and
a slow cooling down process with a temperature ramp of (-0.25 °C min?) (all conditions are
summarised in). 8% of the samples presented a Carboxyfluorescein (FAM) tag at the 5’ end. The
controls samples were heated in presence of 500 mM KCI, with the aim of preventing the denaturing.

Heating was performed in the Thermal cycler C1000™ with heated lid to prevent evaporation.

3.5.1.2 Optimised denaturing step

(GGGGCC), (n=1-12) DNA sequences were purchased from Integrated DNA Technologies (IDT) in
lyophilised form and dissolved in MilliQ water (final concentration of 1 mM). Samples were then
diluted to the annealing concentration of 0.1 mM in 10 mM TRIS-HCI (pH 7.4), heated to 95°C for 1 h
and slowly cooled to room temperature with a cooling rate of -0.25 °C/min. Heating was performed

in the Thermal cycler CL000™ with heated lid to prevent evaporation.

3.5.1.3 Optimisation of mG4s formation protocol

(GGGGCC)1: DNA sequence was purchased from Integrated DNA Technologies (IDT) in lyophilised form
and dissolved in MilliQ water (final concentration of 1 mM). Samples were then diluted to the
annealing concentration of 0.1 mM in 10 mM TRIS-HCI (pH 7.4) and denatured as of the optimised
denaturing step in duplicates. 500 mM KCl was then added to half of the samples whilst buffer was

added to the rest as a control. The samples were then subjected to different formation protocols as
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listed in Figure 20 or as follows: (1) isothermal assembly (25°C, 36°C, 45°C, 60°C) upon addition of 500
mM KCl; (2) annealing process with cooling step of 0.25 °C min; (3) annealing process with cooling
step of 0.25 °C min! in presence of crowding agent PEG; (4) annealing process with cooling step of
0.01 °C mint in presence of crowding agent PEG; (5) annealing process with cooling step of 0.02 °C
mintin presence of crowding agent PEG. Heating was performed in the Thermal cycler CL000™ with

heated lid to prevent evaporation.

3.5.1.4 Optimised mG4s formation protocol

(GGGGCC)1: DNA sequence was purchased from Integrated DNA Technologies (IDT) in lyophilised form
and dissolved in MilliQ water (final concentration of 1 mM). Samples were then diluted to the
annealing concentration of 0.1 mM in 10 mM TRIS-HCI (pH 7.4) and 30% PEG (BioUltra 200) and
denatured as in the optimised denaturing step. 500 mM KCl was then added the samples, which were
subsequently heated to 95°C for 2h and cooled down to room temperature with a cooling rate of —
0.02 °C/min. Heating was performed in the Thermal cycler C1000™ with heated lid to prevent

evaporation.

3.5.2 Optical Microscopy

Pre-annealed samples were diluted down to 10 uM in the corresponding buffer and transferred into
PDMS wells for microscopy. Micrographs were acquired by using Nikon Ti2 microscope with a 20X0.5
Nikon Plan Fluor dry objective and 40X0.75 Nikon Plan Fluor dry objectives. The images were analysed
in Nikon Element Viewer. Specific details of the experiments are provided in the subsequent

paragraphs.

3.5.2.1 FAM-labelled samples

DNA samples with a FAM label were annealed as per their specific applications and visualised by

utilising the GFP channel pre-sets.

3.5.2.1 (GGGGCC);:; melting experiment

The annealing sample solution was prepared according to standard mG4-optimised protocol. A
volume of 70 uL of the sample was then loaded into borosilicate glass capillaries (inner dimensions:
0.4 mm x4 mm x 50 mm, CM Scientific) with a micropipette. Prior to loading, capillaries were cleaned
by sonication in 1% Hellmanex 1l (HellmaAnalytics) at 60 °C for 15 minutes. The Hellmanex surfactant
was removed through five rounds of rinsing with deionised (DI) water, followed by a round of
sonication in ultrapure water (Milli-Q). After loading the sample, the capillary ends were capped with

mineral oil and their ends sealed with epoxy glue (Araldite) on a coverslip. Once annealed as according
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to protocol, the sample was transferred onto a heating stage on the Nikon Optical microscope. There,

the aggregates were heated from 25 to 95°C with a temperature ramp of 10 °C/min.

3.5.3 Agarose gel electrophoresis (AGE)
3.5.3.1 SYBR Safe staining

The agarose gel matrix was prepared by mixing 1.5 g of agarose in 50 uL 1X TBE buffer and 3 pL of
SYBR Safe stain, heated by microwaving and left to polymerise for 20 minutes prior to running.
Samples were diluted to 10 pM and loaded in the gel matrix with 2 uL 50% glycerol. The gel was run
at 50 V for 2.30 h at room temperature or at 65 V for 85 mins on ice (depending on application) in 1X

TBE and imaged on the SynGene Gel Reader. Image analysis was performed on Image) (Fiji).

3.5.3.2 NMM staining

The agarose gel matrix was prepared by mixing 1.5 g of agarose in 50 uL 1X TBE buffer, heated by
microwaving and left to polymerise for 20 minutes prior to running. Samples were diluted to 10 uM
and loaded in the gel matrix with 2 pL 50% glycerol. The gel was run at 50 V for 2.30h at room
temperature or at 65 V for 85 mins on ice (depending on application) in 1X TBE. The gel was then
incubated in a solution of 50 uL 2mM NMM and 50 mL 1X TBE for 1h and covered to avoid
photobleaching of the dye. The gel was washed once with 1X TBE for 10 minutes and imaged with
Typhoon FLA 9500 on the EtBr channel. Image analysis was performed on ImageJ (Fiji). Notably, the
following non-G4 sequence was used as control: 5’

TTTCACCGACGACACCAACCACGGCACCTATTATTTATTTATAATTAT 3.

3.5.4 Circular Dichroism of DNA samples
3.5.4.1 Wavelength scan at room temperature

Each DNA sample was diluted to a concentration of 5-10 uM in the buffer of choice for a final volume
of 150 pL. The sample was then transferred into a sealed Quartz High Precision cell (1 mm light path)
and analysed in the Jasco J-715 Spectropolarimeter. The parameters used for each run were the
following: Sensitivity (100 mdeg); Wavelength start and end (320 nm — 220 nm); Data Pitch 0.5 nm
with continuous scanning mode and scanning speed of 100 nm/min; Response (2 sec); Band Width
(2.0 nm); Accumulation (3). The data was collected as txt files and analysed in Jupiter Notebook

(Python 3) with the matplotlib library.

3.5.4.2 CD melting curves

Pre-annealed DNA samples were diluted to the desired concentration (5-20 uM) in TRIS HCl buffer (10
mM pH 7.5 500 mM KCl). Control samples did not contain KCI. Circular Dichroism was performed at

25°C recorded on a JASCO J-810 circular dichroism spectrophotometer using a 1 mm path length
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quartz cuvette. Melting curves were obtained by adding a 1°C min™! temperature ramp to the sample
with measurements every 0.2°C at 262 nm and a full spectrum every 5°C. The data was collected as

txt files and analysed in Jupiter Notebook (Python 3) with the matplotlib library (curve fit).

3.5.5 Confocal microscopy

3.5.5.1 Phase diagram

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. In order to define aggregation on the phase diagram, pre-

annealed (GGGGCC), (n=1-12) DNA samples were directly transferred in PDMS wells and imaged by

irradiating the sample with the 458 nm excitation laser on the brightfield channel.

3.5.5.2 FAM-labelled samples

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. Pre-annealed samples labelled with 2-50% FAM were diluted to
10 uM in 10 mM TRIS-HCI buffer pH 7.4, imaged by irradiating with the 488 nm laser and with a 510-

550 nm emission filter band.

3.5.5.3 NMM-stained samples

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. Pre-annealed samples were diluted to 10 uM in 10 mM TRIS-HCL
buffer (pH 7.4) and irradiated with the 405 nm laser. (10 uM) NMM was then added to the sample and
left to incubate for 10 minutes in a dark environment. The sample was then imaged with a 600-560

nm emission filter band.

3.5.5.4 Fluorescence Recovery After Photobleaching (FRAP)

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. Pre-annealed samples labelled with 10% FAM were imaged by
irradiating with the 488 nm laser and with a 600-560 nm emission filter band. A region of the well was
irradiated at 100% power intensity for 30 seconds until no fluorescence was observed. Recovery after

photobleaching was monitored every five minutes for 30 minutes.

3.5.5.5 NMM photo-oxidation

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. Pre-annealed (GGGCC)s sample was diluted to approximately
10 uM in 10 mM TRIS-HCL buffer pH 7.4 and irradiated with the 405 nm laser. (10 uM) NMM was then

added to the sample and left to incubate for 10 minutes in a dark environment. A portion of the sample
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was then irradiated at 405 nm at 100% for 1 minute and complete disassembly of that portion of the

aggregate was observed both in brightfield with a 600-560 nm emission filter band.

3.5.5.6 G4 auto-fluorescence

Leica SP8 Inverted Confocal microscope (HC PL APO CS2 10x/0.40 DRY | HC PL APO CS2 20x/0.75 DRY
objectives) was used for the imaging. Pre-annealed (GGGCC)s sample was diluted to approximately
10 uM in 10 mM TRIS-HCL buffer pH 7.4 and irradiated with the 405 nm laser. Emission was observed

in the 430-700 nm emission channel.

3.5.6 dsDNA condensates controls

Condensates made from dsDNA strands were prepared by mixing four core strands (N4 _corel,
N4_core2, N4_core3, N4_cored) and two linker strands (L_AA1 and L_AA2) in a TrisHCl buffer
containing 500mM KCl at a final core concentration of 1 uM and linkers concentration of 2 uM. A
volume of 70 pL was then loaded into borosilicate glass capillaries (inner dimensions: 0.4 mm x 4 mm
x 50 mm, CM Scientific) with a micropipette. Prior to loading, capillaries were cleaned by sonication
in 1% Hellmanex Il (HellmaAnalytics) at 60 °C for 15 minutes. The surfactant was removed through
five rounds of rinsing with deionised (DI) water, followed by a round of sonication in ultrapure water
(Milli-Q). After loading the sample, the capillary ends were capped with mineral oil and sealed with
epoxy glue (Araldite) on a coverslip. The sample was annealed by incubating at 95°C for 30 minutes
and cooled down between 85°C and 25°C (-0.1 °C/min cooling rate). Samples were transferred from
the glass capillary to a PDMS well for imaging. All strands were purchased from Integrated DNA

Technologies (IDT) and reconstituted in TE. Sequences are provided in Table 5.
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Chapter 4

The molecularity of the (GGGGCC), system affects its aggregation abilities

4.1 Background and Aims

In the previous chapter | showed how arranging (GGGGCC), into multimolecular G4 (mG4s)
allowed the sequence to aggregate in absence of proteins. Several G4 specific assays were performed
to assess that mG4s were the prevalent species generating the aggregates, without excluding that
other intermolecular forces (such as canonical Watson-Crick base pairing) could also be playing a role

in the aggregation.

In this chapter, | aim to disentangle the different intermolecular forces which can give rise to the
presence of the aggregates in the (GGGGCC), system. This has two main aims: (1) further
characterising the aggregation mechanism which might have a biological relevance in ALS/FTD and (2)
understanding how the changing the molecularity of the system could be used as a tool to prevent or

disrupt the aggregates themselves.
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4.2 Experimental Techniques

4.2.1 Mutation Analysis

Mutation analysis is a technique used to study and analyse genetic variations, or mutations, in DNA
sequences. It involves the examination of changes in the nucleotide sequence of a gene or a specific
region of the genome, which can provide insights into the functional and structural implications of

these alterations®®®.

In the (GGGGCC), system, mutation analysis was used to investigate the G-C interaction contribution
(typical of dsDNA) to mG4-driven aggregation. In fact, whilst G4s rely on G-G interactions, in dsDNA G
interacts selectively with C according to canonical Watson-Crick base pairing (Figure 33a)®!. The
effects of mutating the wild type sequence were analysed by CD spectroscopy, AGE and optical

microscopy.

4.2.2 PDS treatment

Several G4 ligands have been developed through the past fifty years, all sharing the same main
characteristics, namely a planar backbone which can interact with the G-tetrad and some positively
charged residues which form electrostatic interactions with the negatively charged phosphate
backbone®. As previous studies had been performed on the effect of G4-ligands on the ALS/FTD
phenotype?®, | selected the well-known G4-ligand Pyridostatin (PDS) (Figure 36a)'°®, which has been
used in in vivo assays and present a high selectivity over dsDNA, to test its effects on (GGGGCC),
aggregation. The effects of PDS on the molecularity of the (GGGGCC), system was assessed via CD

spectroscopy, AGE and optical microscopy.

4.2.3 Antisense treatment

Antisense oligonucleotides are synthetic strands of nucleic acids that are designed to specifically
target and bind to complementary RNA/DNA sequences, leading to a range of effects such as gene
silencing, splicing modulation, inhibition of RNA translation or — in the case of addition to the mG4
(GGGGCC), system —can be used to achieve competitive formation of dsDNA over other non-canonical
structures®®. The effects of the antisense strand on the molecularity of the (GGGGCC), system was

tested via CD spectroscopy, AGE and optical microscopy.
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4.3 Results and Discussion

4.3.1 (GGGGCC), mutation analysis

Previous experiments demonstrated that the primary forces holding together the structures
were mG4s but did not exclude a G-C contribution. Therefore, two sets of mutant sequences (n = 6)
were developed, one where the C in (GGGCC), were substituted with different bases (Adenine and

Thymine) and one where the G/C ratio and loop-length in (GGGCC), was modified (Figure 33b).

In order to understand which other intermolecular forces played a role in the aggregation of the
(GGGGCC), system, | designed a series of mutated hexanucleotide repeat expansions with the aim to

disentangle the individual bases contributions (Figure 33b).
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Figure 33: (GGGGCC), mutation analysis. (a) H-bonding interactions between bases in nucleic acids. On the left, the
Hoogsten H-bonding in G4s between guanines with highlighted interacting H-bond donors and acceptors. On the left,
canonical Watson-Crick interactions between A-T and G-C. Adapted from 131, (b) Table of sequences used for the mutation
studies. (c) Potential conformations assumed by the sequences in set 1. The A-mutant can only assume G4 conformations,
the T-mutant is disfavoured from forming higher molecularity species and the complementary sequence cannot form G4s.

Hand-drawn illustration with Procreate.
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4.3.1.1 (GGGGCC), mutation analysis — substituting C with Aor T

With the hypothesis that G-C interactions did contribute to the aggregation of the system, two
mutant sequences (GGGGAA)s and (GGGGTT)s were rationally designed. Both sequences were
analysed by QGRS (a G4-predictor) and showed the same number of putative G4s as the wild type
(GGGGCC)g, indicating that their ability to form G4s (at least unimolecular G4s) should not be impacted
by the C-substitution?®2. However, given the lack of C, no canonical base pairing interaction can take
place in either instance. Interestingly, whilst (GGGGAA)s is expected to form multimeric species to the
same extent as the original (GGGGCC), the presence of thymine in the G4-loops has previously been
shown to favour mono-molecular G4s over multimolecular ones?®®. Therefore, T-substitution was

designed to test whether unimolecular G4s could also lead to aggregation.

Therefore, (GGGCC)s, (GGGGAA)s and (GGGGTT)s were all annealed at 250 uM under mG4-forming
conditions to observe differences in their aggregation behaviours. Following annealing, the samples
were diluted to 5 pM and analysed by CD spectroscopy to assess the formation of G4-structures. As
shown in Figure 34a, the CD spectra from all expansions presented peaks that are typical of G4s,
including a positive peak at 263 nm and 295 nm and a negative peak at 240 nm. Importantly, the
species observed differed in the exact topology ratios (e.g., antiparallel vs parallel), indicating that the
lack of C could modify the overall topology of the system. The mutant’s ability to form multimeric
structures was assessed by AGE. The pre-annealed samples were diluted to the running concentration
of 10 uM and run in two sets of conditions. A first gel was stained using SYBR Safe, a general DNA
stain, whilst the second gel was incubated with NMM, a G4-specific binding dye. As shown in Figure
34b, all the tested sequences were able to form higher molecularity species, which are represented
by the top band in the SYBR Safe stained gel. This band could be ascribed to be G4-containing given
the fluorescence emission observed upon incubation with NMM. As the mutant sequences (GGGGAA)s
and (GGGGTT)e could not form any canonical base pairing interactions, this experiment confirmed that
the higher molecularity species were primarily caused by Hoogsten’s interactions between the
guanines in the sequences. Interestingly, the intensity of the top band in Figure 34b was not the same
for all the mutant sequences. Indeed, (GGGGAA)s seemed to be significantly more prone to form
multimeric species, followed by the wild type (GGGGCC)s and lastly (GGGGTT)s. This result agreed with
the nature of the bases interactions. In fact, (GGGGTT)s presents thymine loops which promote
unimolecular G4s formation. The wild type sequence (GGGGCC)s is prone to Watson-Crick G-C
interactions which might be acting in competition with the formation of multimeric species, leading
to a less intense higher molecularity band. Finally, (GGGGAA)s can only form G4s, and it is not
disfavoured in forming higher molecularity species, leading to a more favourable formation of mG4s.
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Once the sequences’ ability to form mG4s had been confirmed, microscopy was utilised to assess their
aggregation ability. If the aggregates in (GGGGCC), were predominantly due to the presence of mG4s,
the expectation for the mutants was to see aggregation only for those sequences which had shown a
high mG4-formation ability via CD and AGE. Upon annealing the sequences at 350 UM no significant
aggregation was detected for (GGGGTT)s, which predominantly forms unimolecular G4s, while
(GGGGAA)s and (GGGGCC)s, which have shown to be able to arrange into mG4s — albeit to different
extents - revealed significant aggregation (Figure 34c). Interestingly, this result confirmed that it was
not the presence of G4s per se that led to aggregation, but it was specifically multimeric G4s which

allowed the phenomenon to occur.

(a) (h) AGE of mutant sequences AGE of mutant sequences
SYBRSAFE stain NMM stain

Circular Dichroism - Control sequences
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—— (GGCGARE
—— (GGEGTTIE
—— (CCCOBGKE
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20 0
Wavelength (nm)
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Figure 34: (GGGGAA)s and (GGGGTT)s mG4-formation and aggregation properties. (a) CD spectra of (GGGGXX)s (AA or TT)
rationally designed mutants. All sequences were annealed at 250 uM and diluted to 5 uM to run the spectra at room
temperature. All structures show the typical peaks of G4-species. CD spectra were acquired as three technical replicates by
selecting accumulation = 3 on the spectrometer. The experiment was repeated at different concentrations and repeat length
to ensure repeatability of the parallel conformation of (GGGGAA), and (GGGGTT), (Appendix 15). (b) AGE of the mutant
sequences. The top band is more prominent in (GGGGAA), indicating its tendency to arrange into a multimolecular species,
but it is also present for the wild type (GGGGCC)gsand (GGGGTT)s. By staining the AGE with NMM, it is possible to notice how

the top band has a high G4 composition. The samples are annealed at 250 uM and diluted to 10 uM for AGE. The gel running
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conditions are the following: 3% agarose in 1X TBE, on ice at 65 V for 80 mins and stained with SYBR Safe or NMM for imaging.
SYBR Safe-stained AGE gels were repeated in biological duplicates for different repeat lengths and concentrations for both
mutants. (Appendix 16). (c) Brightfield imaging of the mutant sequences were annealed under mG4-forming conditions.
Aggregates were only clearly distinguishable for (GGGGAA)s and (GGGGCC)s — the only sequences forming mG4s. 100 um

scalebar. Aggregation experiment was performed in biological duplicates (Appendix 17).

4.3.1.2 (GGGGCC), mutation analysis — changing G/C ratio and loop length

The results discussed in the previous paragraph highlighted how mG4s are the necessary
species for aggregation to occur and proved that G-C interaction in the wild type (GGGCC)s reduced
its ability to form higher molecularity species compared to the mutant (GGGAA)s. This led to design
of the following set of mutants, where the G/C ratio was changed to reduce and/or increase the

sequence’s ability to form canonical base pairing.

The sequences designed are shown in the set 2 of Figure 33 and were subjected to a similar analysis
as to what performed for the other mutants. Firstly, the sequence’s ability to form G4s was assessed
by using the QGRS mapper?®2. The new sequences were unsurprisingly predicted to be able to arrange
into G4s. However, the number of putative G4s was dependant on the G/C ratio: the higher the
number of cytosines in the sequences, the less G4s were predicted to form. This is possibly due to a
combination of factors, including the lower number of G-G conformations that the sequences can

assume and the competing G-C canonical G-C interactions taking place.

The sequences were then annealed at 250 uM under mG4-forming conditions to observe differences
in their aggregation behaviours. CD was performed to test for their ability to form G4s in vitro under
our experimental conditions, confirming the QGRS predictions. In fact, as shown in Figure 35a, both
wild type and (GGGGC)s showed the typical peaks of G4s, while the other sequences, which had a
lower likelihood of forming G4s due to the high C-content, contained a mixture of species. To further
characterise the species obtained, AGE was performed on the annealing products. As shown in Figure
35b, while the wild type (GGGGCC)s sequence behaved as predicted showing a top and lower
molecularity band (respectively mG4s and lower molecularity species), the rest of the sequences
primarily remained into a lower molecularity population. The only exception was (GGGGC)s, which
showed some smearing going towards higher molecularity species. The gel was then stained with
NMM to assess the presence of G4s, and fluorescence was observed with (GGGCC)s and (GGGGC)s—

the sequences with the higher number of predicted G4s via QGRS and CD.
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These results showed that by either changing the G/C ratio and loop length, the system was shifted
towards the formation of lower molecularity species. In the case of the sequences with a higher C-
content (GGGGCCC and CCCCGG) lower molecularity species are formed due to their lesser ability to
form G4s in consequence of G-C competition. Instead, the formation of lower molecularity species for
GGGGC can be justified with two main reasons, despite the higher G-content: (1) by removing one C
from the original sequence, not only the G/C content was modified, but also the length of the G4-loop
which the structure was reliant upon to form. This could affect the structures’ ability to form mG4s,
even if the G-C binding influence was decreased?; (2) the shorter loop might favour unimolecular
species. Given that the CD showed a typical G4-trace and that the corresponding band on the AGE gel
presented fluorescence upon NMM incubation, the answer probably resides in the formation of

unimolecular species.

The mutant sequences were then analysed via brightfield microscopy to assess their ability to
aggregate (Figure 35c). As expected, (GGGGCC)s, the only mG4-forming sequence, showed ability to
aggregate. With regards to the other sequences — unable to form stable G4s - they were also unable
to aggregate. In particular (GGGGC)g, similarly to (GGGTT)s, showed a preferential unimolecular
arrangement, and did not present aggregation. The other two sequences did not form G4s and could
only interact via canonical base pairing and did not present any aggregation. These results once again
showed how mG4s-interactions are necessary for the aggregation. Importantly, (CCCCGG)s can form
G-C canonical interactions to the same extent as the wild type (GGGGCC)g, but is unable to form stable

G4s, indicating that aggregation is not driven by Watson-Crick interactions.
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Figure 35: (GGGGC)s, (GGGGCCC)s and (CCCCGG)s mG4-formation and aggregation properties. (a) CD spectra of (GnCn)s
rationally designed mutants. Samples were all annealed at 250 uM and diluted to 5 pM to run the spectra at room
temperature. CD spectra were acquired as three technical replicates by selecting accumulation = 3 on the spectrometer. The
experiment was repeated at different concentrations and repeat length to ensure repeatability of the parallel conformation
of (GGGGC), and (GGGGCCC), (Appendix 15). (b) AGE of the mutant sequences. The top band is only significantly prominent
for the original sequences, with some smearing coming from the (GGGGC)s mutant. By staining the AGE with NMM, it is
possible to notice how (GGGGC)sand (GGGCC)s are the only G4-forming sequences. The samples are annealed at 250 uM
and diluted to 10 uM for AGE. The gel running conditions are the following: 3% agarose in 1X TBE, on ice at 65 V for 80 mins
and stained with SYBR Safe or NMM for imaging. SYBR Safe-stained AGE gels were repeated in biological duplicates for
different concentrations and repeat lengths of the mutants (Appendix 16). (c) Mutant sequences were annealed under mG4-
forming conditions (250 uM for (GGGCC)s and (CCCCGG)s and 300 uM for (GGGGC)s and (GGGGCCC)s. Aggregates were only
clearly distinguishable for (GGGGCC)s and (GGGGC)s — the only sequences G4s. The different morphology of the latter,
however, indicates that the species might be a mixture of other interactions. 100 um scalebar. Hand-drawn illustration with

Procreate. Aggregation experiment was performed as biological duplicates (Appendix 17).

The rational design of specific mutants of the (GGGGCC), system allowed us to disentangle the
different contributions of intermolecular forces contributing to aggregation. In the first set of mutants,
the cytosines in (GGGCC), are substituted for adenine or thymine, ridding the system to any G/C

contribution. Whilst aggregation was still observed for the A-mutant, this was not the case for the T-
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mutant, which had been shown to primarily arrange into unimolecular G4s. Therefore, not only this
proved that the G/C contribution was not necessary to aggregation, but neither were unimolecular
G4s. The second set of mutants looked at varying the G/C ratio rather than substituting the bases
altogether. Interestingly, by increasing the C-content of the sequences, these were not able anymore
to arrange into G4s and no aggregation was observed. Instead, by reducing the C-content, the

unimolecular G4-species was favoured, and aggregation could not be observed.
These results revealed two interesting points:

(1) Variation of G/C content and loop length from the wild type hexanucleotide repeat expansion
(GGGGCC), leads to loss of is aggregation abilities by forming non-mG4 structures.
(2) Affecting the molecularity of the system affects the sequences’ ability to form aggregates,

even when most of the sequence is left unchanged.

These observations led to question whether it was possible to prevent/change aggregation extent by
using molecular probes to prevent/disturb mG4-formation of the (GGGGCC), system. The question is

addressed in later paragraphs.

4.3.2 (GGGGCC)» aggregation is prevented by G4-ligand addition

G4-targeting ligands have previously been employed to target ALS/FTD pathological
aggregates in live-cells, showing an amelioration of the aggregation phenotype over time?®, In past
studies, three G4-interacting small molecules were identified and tested for their ability to bind to
(GGGGCC), RNA and DNA in vitro and then used to treat C9orf72 patient iPSC-derived motor and
cortical neurons. A significant reduction of the RNA foci was observed, indicating that the ligands
interaction with the G4s in cells was preventing aggregation. The authors’ hypothesis was that by
targeting G4 they could (1) Displace G4-protein interactions leading to aggregation and (2) Prevent
the translation of toxic dipeptide protein species. In both cases, it was concluded that G4s had a direct

effect on the aggregation phenomena in neuronal ALS/FTD cells.

Therefore, | decided to investigate the direct effect that the G4-ligand Pyridostatin (PDS) (Figure
36a) had on (GGGGCC),, aiming to understand whether it would affect mG4-formation and thus
preventing or delaying aggregation. As the compound was not compatible with an aqueous buffer
system, it required a minimum percentage of DMSO to be solubilised. Given that DMSO had been

observed to stabilise G4s in its own right?%, a first round of optimisation was performed to test for the
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maximum concentration of DMSO that could be used without affecting the aggregation properties of

the system.

4.3.2.1 DMSO controls optimisation

To understand how the addition of a percentage of DMSO could influence the extent of
aggregation in the (GGGGCC), system, the sequences were annealed at different concentrations (25-
500 uM) under mG4-forming conditions in presence of 0.75% DMSO. For each repeat length, a series
of annealing concentrations were chosen around the phase boundary in the (GGGGCC), phase
diagram (Figure 36b). The selection was carried out to avoid wasting excess material whilst still being
able to confidently highlight whether a shift in the phase boundary could be observed. Each sample
was monitored via optical microscopy for aggregation. Samples containing 0.75% DMSO presented a
higher aggregation extent and a significant shift in the phase boundary. For example, whilst
(GGGGCC)srequired around 500 uM as annealing concentration in absence of DMSO, in presence of
0.75% DMSO aggregation was observed even at 25 pM. A similar effect was seen for other repeat
lengths (Figure 36b). As DMSO is a G4-stabiliser?®, the increased aggregation extent of (GGGGCC), in
its presence offers further confirmation of the G4s involvement in the phenomenon. The same
experiment was repeated by using a lower percentage of DMSO (0.125%), with the aim of leaving the
system unaffected whilst still being able to solubilise G4-ligands for further applications. The samples
post-annealing were analysed via brightfield microscopy and the results are reported in the phase
diagram in Figure 36b. The phase boundary remained unaffected with the exception of two data
points circled in green. Given that the rest of the diagram did not present any difference and that
significant evaporation had been observed in the well, those points were discarded as outliers and

0.125% DMSO was considered as an acceptable solvent system to use for G4-ligands experiments.
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Figure 36: DMSO effect on aggregation of (GGGGCC),. (a) Chemical structure of the G4-ligand PDS (Pyridostatin). (b)

Comparison of phase diagrams obtained by adding respectively 0.75% (Appendix 18) and 0.125% (Appendix 19) of DMSO.

(GGGGCC), sequences were annealed under mG4-forming conditions at different annealing concentrations and their

aggregation extent was analysed via confocal microscopy. Adding 0.75% DMSO significantly shifted the phase boundary

whilst 0.125% seemed to have minimal effect. To assess repeatability of the experiment and effective shift in the phase

boundary, several concentrations were tested for several repeat lengths.
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4.3.2.2 PDS solubility in mG4-buffer system conditions

Prior to adding the G4-ligand PDS to the mG4-annealing protocol, its solubility properties were
tested in the TRIS-HCL buffer system. Indeed, PDS has a high solubility in DMSO (> 20.85 mg/mL) and
in water upon gentle heating (> 9.66 mg/mL)?%, but had never been tested for 10 mM TRIS-HCI pH
7.4. Solubility issues could prevent the PDS to interact correctly with the G4s in the (GGGGCC), system
and consequently provide incorrect or an incomplete analysis. In order to assess PDS solubility, 10 uM
PDS was diluted in different buffer conditions (TRIS-HCI buffer + 0.1% DMSO or TRIS-HCL + 0.1% water)
in triplicates and its absorbance at 595 nm was recorded by plate reader (Figure 37a). Absorbance at
595 nm is commonly used to test for bacteria growth (OD600)%7, but can be employed to detect
aggregation by measuring light scattering similarly to DLS (dynamic light scattering). It provides faster
but less accurate information. In the assay, the plate is irradiated with a laser at 595 nm and the
absorbance recorded. Since PDS does not absorb in the 595 nm region, the changes observed in the
absorbance values are representative of the amount of light scattered. The higher the value of the
absorbance, the higher the scattering observed in the samples and the more microscopic precipitation
is expected. Upon complete dissolution of PDS in the buffer system, no difference of scattering should
be observed between the PDS-containing or non-containing samples. As shown in Figure 37b, in
absence of PDS (negative controls), the absorbance value recorded was always below 0.04, whilst in
presence of the small molecule this increased to above 0.05. The absorbance values were slightly
lower in TRIS-HCI + DMSO compared to TRIS-HCI +water, reflective of the higher solubility of PDS in
DMSO. Although there was an increase in the scattering with respect to the negative control, this was
considered negligible compared to other previous solubility studies performed within the group on
other small molecule ligands (studies by Thomas Maher). Therefore, PDS was considered soluble at 10

MM in the TRIS-HCI + 0.1% DMSO buffer system and could used for (GGGCC), aggregation assays.
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(a) PDS solubility tests— plate arrangement
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Figure 37: PDS solubility tests. (a) Experimental set up for PDS solubility tests. Each buffer condition was tested in triplicates
in a 96-well plate with and without PDS to assess its solubility. (b) Results from the plate reader absorbance at 595 nm. In
absence of PDS, there is a background scattering of < 0.04 which is present for all buffer conditions samples. In presence of

PDS, this value rises above 0.05. The experiment was performed in technical triplicates.

4.3.2.3 PDS prevents aggregation in (GGGGCC),

Once assessed that PDS could be solubilised into the TRIS-HCI buffer system in presence of a
small percentage of DMSO which did not affect aggregation on its own, its effect on the aggregation

ability of (GGGGCC);o was assessed.

150 pM (GGGGCC)10 was annealed under mG4-forming conditions in presence of 10 uM PDS and 0.1%
DMSO to solubilise the ligand. Two negative controls were added to the experiments, one without the
ligand and another without the ligand and DMSO. The samples were first tested for the presence of
the G4-trace via CD spectroscopy, as reported in Figure 38a. All samples showed the characteristic
peaks of a parallel G4-trace, with peaks at 263 and 240 nm. Interestingly, the intensity of the samples
non-containing PDS was significantly lower. Likely, the effect was due to the extensive aggregation of

the samples (which will be observed later) causing inaccurate concentrations in the CD cuvette.
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The formation of multimeric species was monitored by AGE (Figure 38b). In absence of PDS,
(GGGGCC); behaved as previously observed, reporting two bands (one corresponding to the mG4s
and one for the lower molecularities species) together with a significant presence of smearing in the
well due to the presence of higher molecularity species disassembling onto the gel matrix.
Interestingly, in presence of PDS, the smearing disappeared, indicating that lower molecularity

populations were present in the sample after annealing.

By looking at recent literature, | investigated whether PDS was known to preferentially bind to lower
molecularity species and could therefore lead to a shift in the population in the (GGGGCC), system.
But although extensively characterised in the context of unimolecular G4s, PDS interaction with mG4s
has not been thoroughly explored. In one study, however, it was shown that PDS bound more
efficiently to dimeric G4s with respect to higher molecularity species by sitting in between stacked
tetrads'®. This would explain why adding PDS to the (GGGGCC), higher molecularity system was able
to shift the equilibrium towards lower molecularity species: PDS would bind to unimolecular or lower
molecularity species first, preventing the system to cross the activation energy barrier to reach the
multimeric conformation (Figure 38c). Although the mechanism of action of PDS interacting with G4s
in general is still source of speculation, the experimental results from AGE and CD led to the conclusion

that PDS favoured lower molecularity species in the (GGGGCC), system.

Given the results of the mutation analysis, a higher aggregation extent was expected only in presence
of a multimolecular species. Indeed, as shown in the brightfield images in Figure 38d, the (GGGGCC);o
sample containing 10 UM PDS presented a lower extent of aggregation with respect to the negative
controls. This indicated that by shifting the molecularity of the system to lower molecularity species,
(GGGGCC), mG4-driven aggregation could be prevented. Interestingly, what was initially a counter-
intuitive argument brough forward by Simone et al, proved to be in agreement with our mechanistic
explanation of pathological aggregation in ALS/FTD. Indeed, just like they observed amelioration of
pathological aggregates in neuronal cells by the addition of a G4-ligand, so did we observe reduction

of mG4-driven aggregation in vitro, drawing a clear mechanistic parallel.

Of course, since Simon et al use a different G4-ligand, it is still possible that different mechanisms are

taking place altogether.

Therefore, | questioned whether the PDS behaviour in presence of (GGGGCC), could be generalised
to other G4-ligands. | looked at PhenDC3' and NMM, two other well-known G4-stabilisers, but
whilst PDS could be made compatible with the buffer system, both PhenDC3 and NMM were not
successfully solubilised in presence of 0.1% DMSO in TRIS-HCI and could not be examined for these

studies.
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Figure 38: PDS effect on (GGGGCC);p mG4-formation and aggregation abilities. (a) CD of (GGGCC); annealed at 150 pM
in mG4-forming conditions (in presence or absence of PDS) and were then diluted to 5 uM for CD experiments. The spectra
show the typical G4-trace for all samples. CD spectra were acquired as three technical replicates (accumulation = 3). (b) AGE
gel of (GGGGCC)1p annealed in presence or absence of PDS. On the left, the gel is stained with SYBR Safe, whilst on the right
with the G4-specific NMM. In absence of PDS, lower molecularity species are favoured as highlighted by the absence of
smearing in the well. The samples are annealed at 150 pM and diluted to 10 uM for AGE. The gel running conditions are the

following: 3% agarose in 1X TBE, on ice at 65 V for 80 mins. The samples are stained with SYBR Safe or NMM. The experiment
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was run in biological duplicates (Appendix 20). (c) Mechanistic hypothesis of PDS interacting with the mG4-system. By
binding to the lower molecularity species (kinetic product) the equilibrium is shifted. (d) Brightfield images of (GGGGCC)1o
annealed in presence or absence of PDS. In presence of the ligand, aggregation is unfavoured due to the lack of mG4-species.

100 um scalebar. The experiment was performed in technical duplicates (Appendix 20).

4.3.3 (GGGGCC), antisense treatment

The results reported in the previous paragraphs provided preliminary evidence that shifting
the molecularity of the system from mG4s to G4s had the ability to prevent aggregation with potential
therapeutic applications. Therefore, | questioned whether it was possible to obtain a similar effect by

shifting the population from mG4s to dsDNA species via the addition of an antisense oligonucleotide.

Ever since the C90orf72 gene was recognised as one of the main genetic causes of ALS/FTD several
research outlooks focused on using antisense oligonucleotides to target the hexanucleotide repeat
expansion. Outstandingly, Tran et al showed in Nature Medicine in 2021 that antisense therapy aimed
at (GGGGCC), administered in a patient with ALS/FTD over a course of several days could reduce
pathological protein aggregation?®. | pondered whether aggregation could be prevented not just by
silencing the gene, but also by directly interacting with the species involved in the pathological

aggregate formation (e.g., mG4s).

Therefore, an experiment was designed to treat the mG4s aggregates with an antisense strand in the
same timescales to see if the strand could affect the molecularity of the system in a similar way to G4-

ligands (Figure 39a).

Two samples of (GGGGCC)s were annealed at 350 uM (above the aggregation threshold for this repeat)
under mG4-forming conditions and observed via brightfield microscopy to ensure the presence of
aggregates (Figure 39e). 330 UM of antisense strand (GGCCCC)s were then added to one of the
samples, whilst the equivalent volume of buffer was added to the other as a negative control. The
samples were left to incubate at room temperature for 16 days and observed after a 10 days’ time
interval. The long incubation time was chosen to emulate the studies in mice performed by Tran et
al®®, As shown in Figure 39b, already from visual inspection it was observed that the sample
containing the antisense strand was clearer with respect to the background, indicating a lesser
aggregation extent. The samples were then analysed by CD spectroscopy to assess whether the system
has shifted to its dsDNA conformation in presence of the antisense. As shown in Figure 39c, the signal
for the (GGGCC)g sequence was very noisy and almost absent, whilst that of the sample incubated

with the antisense showed traces of a mixed population. Indeed, unlike previously analysed CD spectra
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for the same sample showing a typical parallel G4-trace with a positive peak at 263 nm and a negative
one at 240 nm, here the sample presented a broad peak between 260 and 300 nm. AGE was then
performed to assess the molecularity of the species. When stained with SYBR Safe, (GGGCC)s in
presence of the antisense showed a distinct band at approximately twice the molecular weight of
(GGGGCC)s on its own, indicating the formation of duplex DNA. The dsDNA band did not stain with
NMM as it did not contain G4s. Furthermore, the higher molecularity species present in the (GGGGCC)s
negative control sample which could be visualised in the NMM-stained gel, did not appear in presence
of the antisense strand, indicating a shift to lower molecularities. The combination of CD spectroscopy
and AGE demonstrated that (GGGGCC)s in presence of its antisense strand would arrange into dsDNA
and was unable to form mG4s. When the aggregation ability of the sequences was analysed, the
samples incubated with the antisense strand presented a significant reduction in aggregation after 10

days (Figure 39e), confirming the role of mG4s over dsDNA in the aggregation phenomenon.

These results collectively show that using an antisense approach will successfully disassemble the
mG4-based aggregates formed by (GGGGCC), ALS/FTD relevant system in vitro by probing the

formation of dsDNA species.
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Figure 39: Antisense treatment effect on (GGGGCC)s mG4 formation and aggregation abilities. (a) Schematic of how the
antisense addition would disassemble the mG4 aggregates by driving the system towards the dsDNA arrangement. (b)
Photography of the samples before and after incubation with the antisense. The sample containing the antisense strand is

visibly less opaque by comparison with the background. (c) CD spectra of the samples before and after incubation with the
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antisense strand. The sample incubated with the antisense strand does not present a typical G4-trace. The CD spectra were
acquired as technical triplicates (accumulation = 3). (d) AGE of (GGGGCC)s before and after incubation with the antisense
strand stained with SYBR Safe (on the left) and NMM (on the right). Upon incubation with the antisense, the molecularity is
shifted to a lower band. The samples are annealed at 350 uM and diluted to 10 uM for AGE. The gel running conditions are
the following: 3% agarose in 1X TBE, on ice at 65 V for 80 mins. (e) Brightfield microscopy of (GGGGCC)g before and after
incubation with the antisense strand. Both AGE and microscopy present an internal control to monitor the addition of the
antisense strand. Due to the time-consuming nature of the experiment and the presence of the internal control to ensure

repeatability, the experiment was performed in a single biological replicate.
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4.4 Conclusions

In this chapter, | have confirmed the ability of (GGGGCC),, the most common genetic mutation
in ALS/FTD patients, to aggregate in vitro via a mG4-based mechanism. In particular, | showed, through
a detailed mutation analysis, that G/C base pairing does not play a strong role in the aggregation
phenomena and that unimolecular G4s are not sufficient to lead to aggregation. It is indeed multimeric
species that cause the phenomenon. Whilst G4s have been previously implicated in contributing to
protein aggregation in neurodegenerative diseases, this is the first study to suggest the potential

implications of mG4s in ALS/FTD.

Upon understanding that the molecularity of the system could affect its aggregation extent, two

different methods were used to perturb aggregation.

The first method involved using a well-known G4-ligand, PDS. PDS had previously been shown to
favour binding to lower molecularity species over higher molecularity ones. This was confirmed
experimentally in the system (GGGGCC),, where upon addition of the small molecule during the
annealing process, the molecularity of the system was shifted towards lighter species and the
sequences’ aggregation ability was reduced. Importantly, this permitted to draw a parallel with an
ALS/FTD live cell study performed by Simone et al where the RNA foci in the pathological aggregates

were ameliorated upon binding to G4-ligands?®.

The second method involved the use of the antisense strand (GGCCCC),. In this case, the hypothesis
was to shift the molecularity by driving the formation of the equivalent dsDNA over G4s. Successfully,

aggregates disassembled upon disruption of the mG4s species.

Interestingly, antisense therapy has already been partially successfully used in ALS/FTD patients to
silence the C90rf72 gene?™. Possibly, the antisense strand could also interact with mG4s species at

the RNA foci, directly disassembling the aggregates over time.

Our results allowed us to draw more and more parallels with pathological aggregation in ALS/FTD, but
still needed further validation to prove that mG4-driven aggregation could be biologically relevant,

which will be explored in more details in the following chapters.
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4.5 Materials and methods
4.5.1 Annealing of (GGGGCC),and its mutant sequences

4.5.1.1 mG4-forming protocol

(GGGGCC)s, (GGGGAA)s (GGGGTT)s, (GGGGC)s, (GGGGCCC)s and (CCCCGG)s DNA sequences were
purchased from Integrated DNA Technologies (IDT) in lyophilised form and dissolved in MilliQ water
(final concentration of 1 mM). Samples were then diluted to the annealing concentration of 0.1 mM
in 10 mM TRIS-HCI (pH 7.4), heated to 95°C for 1 h and slowly cooled to room temperature with a
cooling rate of -0.25 °C/min. Heating was performed in the Thermal cycler C1000™ with heated lid to
prevent evaporation. 500 mM KCl was then added the samples, which were subsequently heated to
95°C for 2h and cooled down to room temperature with a cooling rate of — 0.02 °C/min. Heating was

performed in the Thermal cycler C1000™ with heated lid to prevent evaporation.

4.5.1.2 mG4-forming protocol in presence of PDS

(GGGGCC), DNA sequences were purchased from Integrated DNA Technologies (IDT) in lyophilised
form and dissolved in MilliQ water (final concentration of 1 mM). Samples were then diluted to the
annealing concentration of 0.1 mM in 10 mM TRIS-HCI (pH 7.4), heated to 95°C for 1 h and slowly
cooled to room temperature with a cooling rate of -0.25 °C/min. Heating was performed in the
Thermal cycler C1000™ with heated lid to prevent evaporation. 500 mM KCl was then added the
samples, together with 10 uM PDS, which were subsequently heated to 95°C for 2h and cooled down
to room temperature with a cooling rate of — 0.02 °C/min. To note is that PDS is solubilised by having
a final concentration of 0.1% DMSO in the samples. Heating was performed in the Thermal cycler

C1000™ with heated lid to prevent evaporation.

4.5.2 PDS solubility assay

10 uM PDS was added to 3 different buffer solutions to assess its solubility (1. 10 mM TRIS-HCL pH 7.4,
2. 10 mM TRIS-HCL pH 7.4 + 0.1% DMSO, 3. 10 mM TRIS-HCL pH 7.4 + 0.1% water). 100 uL of each
sample were distributed in a 96-well plate. Absorbance at 595 nm was recorded in triplicates with the

EnVision micro plate reader (Perkin Elmer). The data was collected and analysed in Prism GraphPad.

4.5.3 Antisense treatment assay

Two solutions of (GGGGCC)swere annealed at 350 uM under mG4-forming conditions. 330 uM of
(GGCCCC)gantisense was then added to one of the solutions and the equivalent volume in buffer was

added to the control and left to incubate for 16 days.
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Chapter 5

Biological relevance of (GGGGCC), aggregation

5.1 Background and Aims

In the previous chapters | illustrated how DNA (GGGGCC), at different repeat length n was
able to aggregate in vitro in absence of additional proteins via an mG4-driven mechanism. However,
to prove that mG4-driven aggregation played a role in ALS/FTD cells, more evidence was required to

underpin the biological relevance of our findings.

In this following chapter, my aim is three-fold: (1) understanding whether the biologically relevant
RNA equivalent of (GGGCC), r(GGGGCC), was also able to arrange into mG4s and aggregate; (2)
disentangling the effect of the ASL/FTD relevant protein TDP-43 on the (GGGGCC), aggregation

mechanism (3) investigate the presence of G4-aggregatesin ALS/FTD patient derived neuronal cells.
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5.2 Experimental Techniques and reagents

5.2.1 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis (PAGE) is a widely used technique in molecular biology and
biochemistry for separating proteins or nucleic acids based on their size and charge. Similarly to AGE,
this method involves subjecting the sample to an electric field, causing the molecules to migrate
through a polyacrylamide gel matrix. Smaller molecules move faster and travel further, resulting in
distinct bands or "lanes" that can be visualized using dyes or stains®'’. Unlike AGE, however, PAGE
allows to perform the analysis under denaturing conditions. This implies that all non-covalent

interactions in the species, including H-bonding, can be broken.

Proteins are usually analysed via SDS-PAGE (Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis)®2, which can separate proteins based on their size. In SDS-PAGE, proteins are
denatured and coated with SDS to give them a uniform negative charge which allows them to run
through a porous polyacrylamide gel matrix. As a result, proteins migrate through the gel at different
rates according to their molecular weight, allowing for protein separation and subsequent

visualization. In the following experiments, the purity of TDP-43 was assessed via SDS-PAGE gel.

5.2.2 Electrospray ionization mass spectrometry (ESI-MS)

Electrospray ionization mass spectrometry (ESI-MS) is an analytical technique used to determine the
molecular composition and mass of ions in a biological sample?'?. It works by generating a spray of
charged droplets from a liquid sample, typically in a solution, which is then introduced into the mass
spectrometer. In the process, the ions are de-solvated and directed into the mass analyser, where
their mass-to-charge ratios are measured with high precision, providing valuable information about
the composition and structure of molecules in the sample. This is often utilised to test for protein

identity after protein expression, as in the case of these experiment for TDP-43.

5.2.3 Proteostat™ molecular rotor

Proteostat™ is a molecular rotor dye which is self-quenching in absence of protein-binding due to its

ability to rotate on its own axis®*

. When the dye is bound to a protein aggregate, its rotation is
prevented causing the dye to fluoresce. Whilst other commercial molecular rotors are usually sensitive
to the environment, especially the degree of exposure of hydrophobic residues, this is not the case
for Proteostat™, making it very sensitive to detect protein aggregation. Although the exact structure
of the molecule is not available due IP, Figure 43a shows a schematic of a prototype dye readily
available from the Proteostat™ provider?™®. In these experiments, the molecular rotor was utilized to

monitor the kinetics of TDP-43 protein aggregation with/without additional DNA strands.
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5.2.4 Transmission Electron Microscopy (TEM)

TEM is a powerful imaging technique used to examine the ultrastructure of materials at the
nanoscale?!®. By passing an electron beam through a thin specimen, TEM reveals the details of internal
structures, such as crystal lattices, nanoparticles, and biological specimens. Its high resolution,
typically down to sub-nanometre levels, is employed in various fields, including nanotechnology,
materials science, and biology?'®. In these experiments, TEM is employed to observed sub-microscopic

structures formed by TDP-43.

5.2.5 IPSC-derived neuronal cells (iPSCs)

IPSC-derived neuronal cells (iPSCs) refer to neurons that are generated from induced pluripotent stem
cells, a new type of pluripotent cells which are obtained by reprogramming differentiated cells into
various cell types. The process of generating iPSC-derived neurons involves inducing the iPSCs to
differentiate into neural precursor cells, followed by further maturation and specialization to obtain
functional and mature neurons. These iPSC-derived neurons closely resemble native human neurons,
making them an ideal platform for disease modelling and drug testing, as they allow researchers to
investigate disease mechanisms and evaluate the effects of potential therapies in a human-specific
context?'’. The iPSC-cell line generated were the C9N6 and CON1 ALS/FTD cell lines with the C9-

mutation object of these studies.

5.2.6 Fluorescence-activated cell sorting (FACS)

Fluorescence-activated cell sorting (FACS) is used in cell biology and immunology to sort and analyse
individual cells based on their fluorescence properties?®. It involves tagging cells with fluorescent
markers (which in the case of our experiment will be an G4-specific probe, NMM) and passing them
through a flow cytometer, where a laser excites the fluorophores, allowing for the identification,

separation and counting of specific cell populations.

5.2.7 Anti 8-tubulin cells staining

Anti B-tubulin is a fluorescent antibody which specifically binds to B-tubulin, one of the heterodimers
of the protein tubulin, in turn a sub-unit of the protein of microtubules?®. This antibody has been
shown specifically to bind in neurons, proving their successful differentiation??. In these experiments,

the antibody will be used to ensure correct differentiation of the C9-cell lines.
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5.3 Results and discussion

5.3.1 The biologically relevant r(GGGGCC), behaves similarly to (GGGGCC),

The studies performed on the ALS/FTD system presented so far have focused on the DNA
sequence (GGGGCC),. However, it is the RNA equivalent which is considered pathologically relevant
in the context of the ALS/FTD diseases. Indeed, r(GGGGCC), has been found to be present into the
pathological aggregates in ALS/FTD affected cells!'*. DNA has been used in our studies for two main
reasons: (1) ssDNA and RNA are both nucleic acids biomolecules with similar properties and are able
to arrange into G-quadruplexes with equivalent behaviours??}; (2) large quantities of the sequences
were required for a thorough optimisation of the system and its aggregation properties. DNA is easier
to handle, less environment-sensitive and cheaper than RNA, and it was therefore established that it
could be used as a substitute. However, RNA-G4s (rG4s) and DNA-G4s (G4s) do present some
differences, including rG4s preferential arrangement into parallel G4 conformation and their higher
stability with respect to the DNA equivalent??. Importantly these differences are expected to have an

effect the formation of mG4-aggregates.

5.3.1.1 r(GGGGCC), aggregates in vitro

mG4-forming conditions were tested on r(GGGGCC), to examine if its biophysical properties
differed from (GGGGCC),. r(GGGGCC), (n = 6,10) sequences were purchased from IDT in their
lyophilised form and redissolved in MilliQ water stocks. r(GGGGCC)s.10 were annealed at different
concentrations (0.5-250 uM) under the same mG4-forming conditions previously utilised for the DNA
equivalents to study their aggregation behaviour. Importantly, the mG4-formation protocol was
preserved but the RNAase free version of all components and sterile conditions were used to prevent
RNA degradation. After annealing, the r(GGGGCC), samples were observed with brightfield imaging to
assess the presence of aggregates. Gratifyingly, aggregation was observed in a similar fashion to the
corresponding DNA samples (Figure 40). In particular, (GGGGCC), aggregated with a length and
annealing concentration dependence, presenting an amorphous shape similar in nature to that of DNA
aggregates (Figure 40a). Interestingly, however, the annealing concentrations required to see
aggregation for a same repeat length was significantly lower for the RNA equivalents. For instance,
while DNA (GGGGCC)s did not present aggregates unless annealed at 250 uM and above, r(GGGGCC)s
aggregated at 100 uM. Given that rG4s are known to be more stable than G4s, the greater aggregation

ability could be a further indication that the phenomenon is G4-driven.
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Figure 40: r(GGGGCC), aggregation properties. (a) (GGGCC), phase diagram including the RNA equivalent data-points. like
for DNA, RNA aggregates with a length and an annealing concentration dependence. Importantly, aggregation occurs at
lower annealing concentrations with respect to DNA. (b) Brightfield images of r(GGGGCC), sequences upon mG4-annealing
as reported in the phase diagram. 100 um scalebar. The experiment was performed in biological duplicates for r(GGGGCC)g

(Appendix 21) but not r(GGGGCC)o (one biological replicate) due to unavailability of materials.

5.3.1.2 r(GGGGCC), aggregates formation is G4-driven

Once confirmed that r(GGGGCC), could aggregate in a similar trend to its DNA equivalents, |
pondered whether aggregation was similarly mG4-driven. Firstly, (GGGGCC)s(100 uM) was annealed
under mG4-forming conditions and its autofluorescence properties were evaluated. If the aggregates

contained G4s, these should fluoresce upon irradiation at 405 nm, much like the DNA (GGGGCC),
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equivalents had been observed to do before. As shown in Figure 41a, fluorescence was observed in
the emission range previously reported for G4-autofluorescence (450 — 700 nm), indicating that G4s

were present in the aggregates.

To further confirm the presence of G4s, the aggregates were the stained with NMM, a G4-specific
probe. As shown in Figure 41b, the aggregates were fluorescent on the NMM-emission channel,

indicating NMM fluorescence upon binding to the G4s in the structures.

Furthermore, r(GGGGCC)s aggregates were exposed to NMM photooxidation to ensure that mG4s
were the predominant species forming the aggregates. A portion of the annealed r(GGGGCC)s
aggregates (ROI) was subjected to irradiation at 405 nm, leading to the aggregate complete
disassembly (Figure 41c) — thus confirming that the forces holding the structure together were G4-

based.

(a) rGGGGCCs autofluorescence

(b) rGGGGCC6 stained with NMM

Before irradiation Afterirradiation

Figure 41: r(GGGGCC)s aggregates via mG4-formation. (a) r(GGGGCC)s was annealed at 100 uM under mG4-forming
conditions is observed under confocal microscopy. The sample was irradiated at 405 nm and autofluorescence was observed
on the fluorescence emission channel (450 — 700 nm). The experiment was performed as biological duplicates (Appendix
21). (b) r(GGGGCC)s NMM staining experiment - r(GGGGCC)s aggregates are subjected to NMM staining prior to acquisition.
The image is split to show the brightfield channel (on the right) and the NMM fluorescence channel (on the left). (c)

r(GGGGCC)s NMM photo-oxidation experiment - Upon laser excitation the NMM dye bound to the mG4s photo-oxidises the
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guanine in the quadruplex, leading to the disassembly of the structure. The region of interest highlighted in the figure (ROI)
was irradiated for 1 minute and the second image was subsequently acquired. The aggregate in the ROI disassembled due

to photo-oxidation. 10 um scalebar. The experiment was performed as biological duplicates (Appendix 21).

5.3.2 TDP-43 enhances mG4-driven aggregation of (GGGGCC),

In the previous section, we rendered our in vitro system more biologically relevant by utilising
RNA sequences, which are the biomolecules present in the disease aggregates'!®. But whilst this
system was good as a proof of concept, it was still far from allowing in-depth characterisation of the
mechanistic behaviours of the pathological aggregates in live cells. Indeed, these aggregates are
known to be made up not only of RNA, but of proteins as well?”"???, leading to question which was the

role of the latter into the aggregation process.

Previous literature on NDs mechanisms of formation of pathological aggregates described the protein
component as the “keystone” of the aggregation phenomenon?%, but in this work | propose a different
mechanism of action, one by which the nucleic acids are able to arrange on their own into aggregates.
Importantly, this idea does not deny the added role of the protein into the phenomenon, but it simply

shifts the focus on what could be an aggregation trigger.

In order to review the role of proteins in ALS/FTD pathological aggregation, the protein TDP-43 (TAR
DNA-binding protein 43) was added to the mG4 (GGGGCC), system. TDP-43 was chosen as (1) it has
been shown to be present in pathological aggregates in ALS/FTD and other NDs??? and (2) it has been
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described as a G-quadruplexes-binder and transporter in cells*®*, giving it the potential to interact with

the main mG4 system.

5.3.2.1 TDP-43 RNA binding domains characterisation

TDP-43 is a 414 amino acid protein sub-divided into three domains: two RNA-binding domains
and one Glycine rich, prion-like domain at the C-terminus??? (Figure 42). In the literature, the C-
terminus is known to be very prone to aggregation due to its highly repetitive sequence of charged
residues?**, making the expression of full-length TDP-43 difficult. As | was primarily interested in the
interaction of the protein with nucleic acid, my studies were conducted by expressing solely the 2
RNA-binding domains (RRM1-2), which retained the protein nucleic acid binding abilities with a more

accessible expression protocol.

131



Expression and purification of TDP-43 RRM1-2 was carried outas previously described?®> by
collaborator Anouk Huyghebaert from the Di Aprile group at Imperial College London and protein
identity and purity assessed via polyacrylamide gel electrophoresis (PAGE) and mass spectrometry

(Appendix 22).

To ensure that the shorter version of the protein retained similar aggregation properties to its full-
length version and could be used as a reliable model for interactions with the (GGGGCC), mG4 system,

TDP-43 RRM1-2’ kinetics of aggregation was assessed.

While protein aggregation can be monitored with several biophysical assays, ranging from size-
exclusion chromatography, gel electrophoresis, dynamic light scattering, or turbidity measurements,
these do not give insights on the nature or kinetics of the aggregation, which is especially of interest
for neurodegenerative diseases. Indeed, it is not just the presence of the protein aggregates which
has been linked to NDs, but the nature of the aggregates themselves, whether in their fibrillar or

monomeric state, which also has an impact on the disease progression??°.

In these studies, | employed a molecular rotor, Proteostat™, to quantitatively analyse the aggregation
extent and kinetics of TDP-43 RRM1-2. In the assay, Proteostat™ becomes fluorescent when its
freedom of rotation is restricted (e.g., in presence of protein aggregates). By tracking the fluorescence
trend, one can analyse the kinetics of aggregation of different proteins. Indeed, most amyloid proteins,
often found in NDs, will aggregate following a nucleation-dependent fibril formation process??,
following the trend highlighted in Figure 43b. The protein will first misfold, leading to the formation
of oligomers (Lag Phase). There will then be an intermediate stage when the protein arranges into

protofibrils (Growth Phase) to then reach the full fibril arrangement (Saturation Phase).
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Figure 42: TDP-43 properties. Pathological aggregates in ALS/FTD neurons are composed of a nucleic acid and a protein
component. One of the commonly found proteins is TDP-43. TDP-43 is made up primarily of 3 domains, two RNA-binding
domains and a C-terminus responsible for prion-like aggregation. We are interested in how the RNA binding domains interact

with mG4s.

In the case of TDP-43, it’s been previously reported in the Aprile Group (Imperial College London) that
the full-length protein does not present a Lag Phase and it arranges directly into fibrils. Therefore,
when testing for the kinetics of aggregation of the TDP-43 RNA binding domains, | anticipated to solely
observe a Growth and Saturation phase if the shorter version of the protein behaved similarly to full

length TDP-43.

The experiment was designed so that fluorescence intensity of Proteostat™ could be detected with a
ClarioStar plate reader over 3 days. Notably, all Proteostat™ experiments were designed and
performed in collaboration with Anouk Huyghebaert from the Di Aprile group at Imperial College

London.

100 pL of solution was prepared for each well containing 2 pL of 1M Proteostat™ dye and 10 uM TDP-
43 fragments, in duplicates. Formation of amyloid-like structures was followed at 37 °C by recording
the fluorescence intensity at 550 and 600 nm every 4-8 min. The resulting data is reported in Figure
43c showing as expected only a Saturation and Growth phase for TDP-43. The EC50 was extrapolated

from this graph to estimate when 50% of the protein was in its aggregated state (EC50 27.05 h (26.61
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to 27.47 h) 95% Cl). As these results agreed with what previously reported for TDP-43 full-length, TDP-
43 RRM1-2 (from now on referred to as TDP-43) was considered a good approximation for the

following studies.

Therefore, | proceeded to test how the aggregation kinetics of the TDP-43 RRM1-2 was affected by its
interaction with the (GGGCC), mG4 system.

(GGGGCC);; was pre-annealed under mG4-forming conditions (250 pM) and diluted to 100 uM in a
100 pL solution of 2 uL Proteostat™ and 10 uM TDP-43 (1:10 protein:DNA). The solution was
transferred in duplicates in a 96-well plate and imaged on the Proteostat™ settings in the ClarioStar
plate reader. Several controls were added to the experiment to ensure an accurate reading of the

results (Table 6). Indeed, control samples were prepared by:

(1) incubating TDP-43 with denatured (GGGGCC)y; (in its linear/lower molecularity state); in this
control, the (GGGGCC);; sequence was subjected to optimised denaturing conditions to ensure the
absence of multimeric species (as reported in Figure 19). It was employed to test for TDP-43

aggregation in relation to (GGGGCC);; sequence rather than the mG4 secondary structure.

(2) Incubating TDP-43 with a DNA sequence known to not form Gd4s; this control was employed to
ensure that TDP-43 interaction with (GGGGCC);; was not a consequence of a general DNA-related

effect, but specific for this sequence.

(3) Incubating the DNA samples on their own; this control was added to test for unspecific effects of

mG4 aggregates/solvated DNA on the molecular rotor.

TDP-43 0:1
(GGGGCC)1:1 mG4 10:0
(GGGGCC)11 denatured 10:0
Non G4-sequence 10:0
TDP-43:(GGGGCC)1:1 mG4 10:1
TDP-43:(GGGGCC)1:1 denatured 10:1
TDP-43: non-G4 10:1

Table 6: Samples tested with the Proteostat™ dye over three days.
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The results of the kinetics experiments performed on the DNA-only control revealed that Proteostat™
was not effective in the presence of mG4-aggregates. Indeed, in the control sample containing
(GGGGCC)11 mG4s (Figure 43d), an almost constant high fluorescence was recorded in absence of the
protein, indicating that the molecular rotor was interacting with the DNA-aggregates. This was
confirmed by the fluorescence trend observed in the sample containing TDP-43 and mG4-aggregates
(Figure 43d), where, instead of showing an increasing fluorescence due to increased aggregation, the
opposite effect was observed. This decrease in fluorescence could imply a decrease in protein
aggregation levels however, given the significantly higher initial fluorescence value of X compared to
when TDP-43 was on its own, indicates that the molecular rotor was prevented to bind to TDP-43 due

to off-site binding to the mG4s.

DNA-aggregation interference with the Proteostat™ molecular rotor was further confirmed by the fact
that reasonable trends were obtained in those samples where DNA was not predicted to aggregate
(denatured (GGGGCC);; control and the non-G4 sequence). Indeed, although some Proteostat™/DNA
binding was still present in the DNA-only samples, upon addition of the protein, TDP-43 was shown to
aggregate with a typical Growth and a Saturation Phases with either denatured (GGGGCC)s; or the
non-G4 sequence (Figure 43d).
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Figure 43: TDP-43 kinetics of aggregation. (a) Structure of a derivative of the molecular rotor Proteostat™ and its mechanism
of rotation around its rotational axis. (b) Typical aggregation state graph over time for fibrillar proteins like TDP-43 (adapted
from 227). (c) Proteostat™ fluorescence data for TDP-43. As evident from the graph, only the growth phase and the saturation
phase are present for this protein. (d) Proteostat™ results raw data. On the top are reported the samples containing both

DNA and TDP-43, whilst on the bottom there are the same samples but in absence of the protein. All Proteostat™
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experiments were designed and performed in collaboration with the Di Aprile group at Imperial College London. The

experiment was performed in technical triplicates.

Although TDP-43 aggregation curve in presence of DNA had similar characteristics (e.g., Saturation
and Growth Phase) to the curve in absence of the nucleic acid species, | pondered whether the
respective kinetics of aggregation were quantifiably different. Kinetics of proteins aggregating with a
sinusoidal trend, is quantified by fitting the normalised Proteostat™ data with an asymmetric
sigmoidal fitting to calculate the EC50 (e.g., concentration of protein at which half of the system is in

its aggregated state) (Figure 44).

TDP-43 in presence of denatured (GGGGCC)1; (ssDNA or lower molecularity species) showed an EC50
of 20.20 h (20.03-20.38 h Cl 95%), which interestingly was lower than the EC50 of the protein on its
own (27.05 h). The lower EC50 suggested that denatured (GGGGCC);; enhanced protein aggregation

by several hours.

| then questioned whether this effect could be generalised to all DNA sequences by testing an
additional non-G4 forming sequence. In this case, TDP-43 aggregation increased to 40.74 h, more than
double the time it would have taken for the protein to aggregate in absence of the nucleic acid. The
higher EC50 implied that the negatively charged DNA sequences stabilised the oligomeric form of the
protein, preventing the initiation of the growth phase. Indeed, whilst TDP-43 on its own has no Lag

Phase, an initial plateau can be observed in presence of the non G4-DNA sequence (Figure 44).

| then interrogated how the mG4 arrangement of (GGGGCC);; impacted the kinetics of aggregation of
the protein, but this could not be investigated via the Proteostat™ assay due to the lack of

characteristic sigmoidal curve and — consequently —impossibility of calculating an EC50 for the system.

These initial results provided a more in-depth understanding of the kinetics of aggregation of TDP-43
in presence of nucleic acids. Importantly, | demonstrated that the aggregation kinetics of TDP-43 in
presence of denatured (GGGGCC);; lowered the protein’s aggregation EC50 with respect to the
protein in absence of nucleic acids. Given that both (GGGGCC), and TDP-43 have been observed in
pathological aggregates at the ALS/FTD neuronal cells, it is reasonable to assume that this synergistic
effect to promote aggregation could be important for pathological aggregation. Additionally, | tested
TDP-43 kinetics in presence of a DNA sequence which could not assemble into G4s to assess whether
the enhanced aggregation had been caused by a generic nucleic acid stabilisation. In this case, the
EC50 of TDP-43 aggregation was much higher, suggesting that the nucleic acid was preventing

aggregation by keeping the protein solvated. Although TDP-43 selectivity for mG4s could not be
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tested, these kinetics experiments highlighted how the protein interacted with denatured (GGGGCC),

to increase its aggregation abilities, which did not occur for another DNA sequence.

Using the Proteostat™ molecular rotor to detect protein aggregation in a DNA/protein mixed system
revealed several limitations of the assay. Indeed, while in protein-only samples the m Proteostat™
rotation is only affected by the increasing aggregation extent of the protein, in presence of DNA there
is a series of competing events which can take place. Firstly, Proteostat™ might bind to DNA species
via mi-stacking interactions. Specifically, Proteostat™’s parent structure is very structurally similar to
ThT, a well-known DNA (and specifically G4s)-binder??®. This was indeed confirmed by analysing DNA-
only samples in presence of the probe as shown in Figure 43d, where an almost constant fluorescent
intensity is recorded for a non-G4 forming DNA sequence and an mG4-assembled sequence.
Interestingly, in the case of denatured (GGGGCC)y;, an initial increase in fluorescence followed by a
sharp drop is observed, potentially linked to the ability of this sequence to form unimolecular G4s and
mG4s over time. However, in absence of orthogonal assays it is impossible to predict the dynamics of
Proteostat™’s specific interaction with the DNA species. Due to the unpredictability of the probe
binding to other species in solution, the resulting trends and EC50 calculated might not be reflective

of the effect of DNA on protein aggregation.

An alternative assay that could be used to investigate the extent of aggregation by distinguishing the
effects of DNA and protein component would be fluorescence polarisation (FP) (which has previously
been optimised for G4-systems)??°. In FP, the biomolecule of interest is labelled with a fluorophore. In
absence of additional binding or aggregation, the biomolecule is free to tumble in solution. When the
fluorophore is excited by a light source, fluorescence will be emitted in all directions and the detector
will be able to pick up a fraction of that light which is plane polarised in its direction. Upon binding (or
in presence of aggregation when the complex is larger) the biomolecule’s rotation in solution will be

limited and the plane polarised light picked up by the detector will be higher (Figure 44c).

By applying FP to the TDP-43/mG4 aggregating system, several events could be distinguished. By
fluorescently labelling the DNA component, the extent of DNA aggregation could be monitored over
time and in a range of concentration upon addition of the protein. In parallel, the same experiment
can be performed by fluorescently tagging the protein and observe protein aggregation. By combining

the results of both experiments, the kinetics of aggregation of either biomolecules can be compared.
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Figure 44: EC50 of aggregation of TDP-43 in presence/absence of DNA. (a) Normalised fluorescence increase curves for
samples: TDP-43 only, TDP-43 + (GGGGCC);; mG4s, TDP-43 + denatured (GGGCC);; and TDP-43 + non-G4 DNA. (b) Same
samples are reported in absence of the error bars for clarity by highlighting the EC50 cut-off. On the right, a table summarises
the EC50 data as calculated by fitting the curves with an Asymmetric Sigmoidal Fitting on GraphPad. The experiment was
performed as technical triplicates (error bars in panel (a)). The Cl for the TDP-43 + non-denatured G4 sequence could not be
calculated due to the poor curve fitting with the Asymmetric Sigmoidal Fitting parameters. (c) Schematics of a potential
substitute experiment to the molecular rotor to understand the kinetics of aggregation of the TDP-43 and mG4 system. In a
fluorescence polarisation experiment either the DNA (first frame) or the protein (second frame) are labelled with a
fluorophore. Depending on the presence of binding/aggregation, the rotation speed of the biomolecule complex will be

different, and consequently so will the readout of the polarised light.
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5.3.2.2 (GGGGCC):: mG4-driven aggregation is affected by TDP-43

The Proteostat™ results indicated that TDP-43 aggregation was affected by the presence of
(GGGGCC)14, but could not 1) provide information on the nature of the aggregates and 2) report the

effect of the mG4s into the system.

5.3.2.2.1 (GGGGCC)11 mG4s co-localise with TDP-43 during aggregation

To address the first point on the nature of the aggregates, a new incubation protocol was optimised
to allow observation of aggregates formed by DNA and/or protein via confocal microscopy (Figure
45a). The (GGGGCC); sequence (10% FAM labelled) was annealed under mG4-forming conditions at
50 uM (a concentration above the aggregation threshold according to the phase diagram in Figure
26). The sequence was then incubated with 10 uM TDP-43 (fluorescently labelled with ALEXA-633) for
3 days (Figure 45b). Notably, by adding the volume of protein solution to the sample, the final
concentration of DNA was decreased to 31.25 uM (still above the aggregation threshold). The sample
was then analysed via confocal microscopy over multiple channels to visualise the biomolecules co-
localization in the complex. As shown in Figure 45c aggregates were observed to fluoresce both in the
FAM (DNA) and the ALEXA-633 channel (TDP-43), indicating co-localization of both biomolecules. The
FAM channel showed a significant amount of background fluorescence, indicating that much of the
DNA was in solution. Interestingly, the aggregate showed some dark patches within the fluorescent
structures, which | ascribed to either (1) Carboxyfluorescein self-quenching at high concentrations or

(2) photobleaching of the dye over time.

To discern between the two, Fluorescein (the equivalent fluorophore of FAM non-covalently attached
to the DNA) was tested for both behaviours. Fluorescein was incubated at different concentration in
an aqueous buffer system and its fluorescence was recorded over time (Appendix 24). While the
fluorescence intensity was not affected by photobleaching over time, it significantly reduced at high
concentrations, indicating self-quenching. Notably, self-quenching was only observed at high
fluorescein concentrations (> 10 mg/mL) and not under the conditions used for the experiments (UM
range). Likely, this was a consequence of local concentrations in the aggregate themselves, much

higher than the estimated DNA concentration in solution. This hypothesis was not only based on the
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results from the fluorescein self-quenching assay, but also on previous literature reporting this

behaviour?®.

The aggregates in Figure 45c, which presented fluorescence on both FAM and ALEXA-633 channels,
were ascribed to a biomolecular aggregate made up of co-localised nucleic acid (GGGCC)s; and
protein TDP-43.
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Figure 45: TDP-43 and (GGGGCC)s; co-localisation in the aggregates. (a) (GGGGCC), phase diagram with highlighted the
selected concentrations for incubation with TDP-43. (b) Schematic of the protocol utilised for the experiment. (GGGGCC);
is subjected to an mG4 annealing protocol at different concentrations and is then incubated with a fixed concentration of
protein for 3 days. (c) Confocal microscopy images of an aggregate formed by (GGGCC);; mG4s (FAM labelled) and TDP-43
(ALEXA633 labelled). As evident from the fluorescence in both channels, both biomolecules are co-localising. The

colocalization experiment was performed in biological duplicates (Appendix 23).

5.3.2.2.2 (GGGGCC)11 mG4s aggregation extent is increased by the presence of TDP-43
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Knowing that TDP-43 and (GGGGCC);; could form co-localised aggregates, | then questioned whether
(1) the newly formed aggregates contained mG4s or ssDNA and (2) how the presence of the protein

was affecting the extent of aggregation.

To address these questions, 10 uM TDP-43 was incubated with different concentrations of (GGGGCC);;
after mG4-annealing (300, 100 and 1 uM — 187.5, 62.5 and 0.62 uM respectively after dilution with
the protein sample). As control samples, the following conditions were included: (1) different
concentrations of (GGGGCC);; incubated in absence of the protein (with the equivalent volume of
protein buffer) (2) a TDP-43 only-sample in absence of the oligomers (incubated with the equivalent
volume of oligo buffer) and (3) a denatured (GGGGCC);; control ((GGGGCC);; in its ssDNA or lower
molecularity state) to be incubated with the protein. The latter, served to assess TDP-43 aggregating
abilities in presence of mG4s in comparison to lower molecularity species given the same sequence.

The samples were prepared as biological duplicates and left to incubate for 3 days at 37 °C.

The incubated samples were imaged via confocal microscopy to assess the presence of the aggregates
(Figure 46a). Qualitatively, it was evident that the samples containing both biomolecules presented a
much higher extent of aggregation with respect to the individual components on their own (Figure
46a). To quantify this difference, each sample was stained with the G4-specific fluorescent dye NMM
in a 1:1 NMM:DNA ratio. After 10 minutes of incubation, the aggregates showed a significant
fluorescence on the NMM emission channel, indicating the presence of G4s. Quantification of the
images was performed by acquiring three separate frames per biological sample, each maintaining
the same gain and magpnification settings. The images were then translated into graphics (masks) with
ImagelJ and the area of individual aggregates was recorded. To note is that aggregates smaller than
1.292 um? were not accounted for as those could be confused with artifacts given by noise (Figure

46b).
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Figure 46: TDP-43 and (GGGGCC);; aggregates quantification via NMM-staining. (a) Confocal microscopy images of samples
containing varying concentrations of (GGGCC);; mG4s and 10 uM TDP-43, which have been stained with a 1:1 NMM:DNA

ratio. Each picture is split into the brightfield channel (on the right) and the NMM-fluorescent channel (on the left). (b) For
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each sample, three separate frames were acquired via confocal microscopy and quantified with image J. In the figure, each
DNA concentration sample was analysed separately from its biological duplicate. Per frame, on the left we can observe the
binary mask obtained from the fluorescent channel of each picture and on the right the outlines traced by Fiji based on the

binary image. The experiment was performed in biological duplicates and technical triplicates (each frame).

Initially, the average size of an individual aggregate per sample was examined to understand if a higher
presence of DNA/protein led to bigger aggregates. As shown in Figure 47, the general trend suggested
that a higher concentration of (GGGGCC):; mG4s did in fact lead to larger aggregates when averaging
multiple biological duplicates. However, the spread of the measurements was quite broad and the
error associate with the median calculation high. This was likely due to the amorphous shape of the
aggregates and their spreading across different confocal planes at time of acquisition, leading to
unprecise outlining and following calculations. Therefore, the same data was analysed in function of
total aggregate area, to measure the extent of the aggregation regardless of average size. The trend

in Figure 47 showed clearly that higher concentrations of DNA led to a higher aggregation extent.

The imaging quantification results demonstrated that TDP-43 and (GGGGCC);; were interacting to
form aggregates and that the presence of either component significantly increased the extent of
aggregation. Indeed, in absence of either the protein or the DNA, the aggregates were either much
smaller or undetectable via confocal microscopy. Furthermore, the aggregates showed to contain
both the DNA and protein component (via co-localisation of fluorescently tagged components), but

also G4s as they were effectively stained with NMM.
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Figure 47: Confocal images quantification analysis. (a) The total average aggregate size was observed either per sample or
as an average of biological samples. (b) The total aggregate area was observed either per sample or as an average of biological

samples.
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| then interrogated whether mG4s secondary structures were necessary to see an increase in
aggregation or TDP-43 could equally interact with denatured (GGGGCC);; (previously reported to

present only lower molecularity species - Figure 19).

Denatured (GGGGCC);; was incubated with 10 uM TDP-43 and the resulting aggregation product was
analysed via confocal microscopy. As no significant aggregation was observed (Figure 48), the
microscopy results indicated that the presence of the (GGGGCC)s; sequence alone with the protein

did not impact aggregation, and the mG4 secondary structure was required to see larger aggregates.

To test for the presence of G4-species in solution, samples were subsequently stained with NMM (1:1
NMM to DNA ratio). Staining with NMM showed a weak and diffused fluorescent signal, indicating
that a few fluorescent species were dissolved in solution. As NMM fluorescence only derives from
binding to G4-species, the weak signal in the sample was likely obtained from unimolecular G4s
formed by denatured (GGGGCC);; over time. Indeed, denatured (GGGGCC);; has the potential to
arrange into unimolecular G4s even in absence of G4-specific annealing, thanks to the added
molecular crowding introduced by TDP-43. However, since unimolecular G4s do not lead to
aggregation, the NMM-fluorescence signal was diffused in solution and not localised in solid
aggregates. Although a few exceptions were present, these aggregates were too small to be quantified

and were considered negligible.

The microscopy results of the denatured (GGGGCC);; control confirmed that the aggregation of
biomolecular assemblies constituted by TDP-43 and (GGGGCC);; increased in size and concentration
only if (GGGGCC)y; is arranged into mG4s. Indeed, when the denatured nucleic acid sequence, which
previous studies had reported being arranged into ssDNA/lower molecularity species (Figure 19), was

subjected to incubation with the protein, no significant aggregation was observed.
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Figure 48: TDP-43 interaction with denatured (GGGGCC)1;. (GGGGCC);; was denatured at 100 pM and incubated with or
without 10 uM TDP-43 over 3 days at 37°C in two biological samples. After incubation, no significant aggregation was
observed. The samples were then stained with 1:1 NMM:DNA concentration. The fluorescent channel is reported on the left
in the panel. Very little fluorescence is detected, indicating no significant presence of G4-based aggregates. The experiment

was performed in biological duplicates and technical triplicates (each frame).

5.3.2.2.3 (GGGGCC)11 mG4s aggregates are stabilised by the presence of TDP-43

| then assessed the effect of TDP-43 on the stability of the DNA/protein aggregates by NMM-
photooxidation (Figure 49a). In previously reported experiments (Figure 30 and Figure 41), NMM-
photooxidation was used to prove that mG4s were the prevalent species holding the DNA or RNA
aggregates together. In RNA/DNA only aggregates, disassembly was observed immediately upon
irradiation at 405 nm, the wavelength at which NMM oxidises the Guanines in the G-tetrad leading to
the G4-disruption. If the biomolecular aggregates obtained by co-localisation of TDP-43 and
(GGGGCC)1; were held together by mG4s interacting with the protein, NMM-photooxidation could
present two possible outcomes: (1) disassembly might require longer time or not occur at all if the
protein was offering further stabilisation to the aggregate or (2) the DNA/protein aggregates could
present the same disassembly behaviours as the nucleic-acid only aggregates if the protein was not

influencing the aggregate structural integrity.

(GGGGCC)1; was annealed in mG4-forming conditions (100 uM) and incubated for 3 days at 37 °C with
10 uM TDP-43. The sample was then diluted to 10 uM for imaging and stained with NMM in a 1:1
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NMM:DNA ratio. As shown from the fluorescent channel in the PRE-oxidation frame of Figure 49b,
the aggregates resulted fluorescent due to the presence of mG4s. A region of interest (ROI) was then
selectively irradiated with a high-power laser at 405 nm for over two minutes to observe disassembly,
but the integrity of the aggregate was not affected (Figure 49b). Indeed, although the NMM dye
photobleached (as evident from lack of fluorescence in the NMM-channel), the brightfield showed
that the aggregated was still intact. As no disassembly was observed, the experiment suggested that
TDP-43 was offering further stabilisation to the aggregates. The increased aggregate stability could be
due to a series of factors which involve the presence of TDP-43 in solution: (1) TDP-43 adds a degree
of crowding which aids the stability of mG4s, making them more resistant to photooxidation; (2) TDP-
43 binds to the mG4s, increasing their stability or (3) TDP-43 could be partially displacing NMM in

binding mG4s, preventing photooxidation.

In all cases, the hypotheses rely on a direct interaction between the TDP-43 and mGd4s, further

confirming the influence of both biomolecules in the formation of the biomolecular aggregate.

(a) (b) PRE-oxidation POST-oxidation

Figure 49: TDP-43 and (GGGGCC);; aggregates subjected to NMM-photooxidation. (a) Schematic of NMM-photooxidation
of mG4s in presence of TDP-43. (b) (GGGCC);; was annealed in mG4-forming conditions at 100 uM and incubated with 10
UM of TDP-43 as described in the text. The sample was then diluted to 10 uM for imaging and incubated with 1:1 NMM:DNA.
As shown in the PRE-oxidation frame, the samples are fluorescent indicating the presence of G4s. A Region of Interest (ROI)
is the selected and irradiated to observe disassembly. But whilst the NMM did photo bleach in the timeframe analysed, he

aggregate remains intact as shown in the brightfield. The experiment was performed in biological duplicates (Appendix 23).

5.3.2.2.4 The sub-microscopic TDP-43 aggregates are stabilised by the presence of mG4s
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Up to this moment the formation of aggregates was assessed by considering as aggregation threshold
the sensitivity limit of the confocal microscope. TDP-43 aggregates, however, can be characterised by
means of different techniques given their smaller size. Indeed, although the Proteostat™ assay
confirmed that TDP-43 was assembling into aggregates, little to no aggregation could be detected via
confocal microscopy in the protein-only sample in Figure 46a. For the purpose of this study, the
microscope limited sensitivity did not constitute an issue as what | was interested in was the ability of
TDP-43 to interact with mG4s to create larger and more stable aggregates. However, the sub-
microscopic structures in the TDP-43 samples were examined via TEM to (1) ensure that the protein
was behaving as previously reported when on its own and (2) to observe (GGGGCC),/TDP-43

aggregates interaction with a higher resolution.

The TEM experiments were performed in collaboration with Anouk Huyghebaert from the Di Aprile
group at Imperial College London. 10 uM TDP-43 was incubated for 3 days at 37 °C with/without 100
pL (GGGGCC); previously annealed under mG4 annealing conditions. As a control, TDP-43 was also
incubated with denatured (GGGGCC)1; (ssDNA/lower molecularity species). 10 uL of each sample were
then transferred onto Fromvar/Carbon coated 300 mesh copper grids and stained with uranyl acetate
(2% w/v). These were analysed via an electron transmission microscope, and the resulting micrograph

are reported in Figure 50.

As previously reported in literature??!, the sample containing only TDP-43 presented aggregates visible
in the nano-scale (below 500 nm) even in absence of additional species (Figure 50). The size of the
aggregates increased significantly when in presence of mG4 (GGGGCC);;, with aggregates a few
microns large (Figure 50), in agreement with the previous confocal microscopy results. Indeed, since
the resolution of the confocal microscope was above 1.2 um, TDP-43-only aggregates could not be
observed, while the larger biomolecular aggregates made up by both biomolecules were clearly

distinguishable.

Interestingly, aggregates of around 500 nm (in between TDP-43 only aggregates and aggregates
formed by TDP-43 and mG4s) were observed for the sample incubated with denatured (GGGGCC);;
(ssDNA/lower molecularity species). In previous studies, denatured (GGGGCC);; had been shown to
increase TDP-43 aggregation via kinetics studies (Figure 44), but no distinguishable aggregates had
been observed via confocal microscopy (Figure 48). TEM studies clarified that whilst TDP-43 was still
interacting with denatured (GGGGCC);, the aggregates were smaller than the ones observed for mG4

species, below the resolution of a confocal microscope.

The combination of the kinetics studies, quantitative confocal microscopy and transmission electron

microscopy allowed me to fully evaluate the interaction of TDP-43 RNA Binding domains with different
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nucleic acid species. In particular, | showed how TDP-43 and (GGGGCC);; mG4s can co-localise in
biomolecular aggregates which become larger in presence of higher concentrations of DNA and more

stable in presence of the protein.

TDP-43 TDP-43 + (GGGGCC)11 mG4s TDP-43 + denatured control

Figure 50: TEM images of TDP-43 containing samples. TEM images of 10 uM TDP-43, 10 uM TDP-43 incubated with 100 pM
(GGGGCC)1; annealed to form mG4s, 10 pM TDP-43 incubated with 100 pM (GGGGCC);; in its denatured form and
(GGGGCC)1; at 100 pM annealed to form mG4s. Experiment performed in collaboration with Anouk Huyghebaert from the

Di Aprile group at Imperial College London. The experiment was performed in three technical replicates (Appendix 25).

5.3.3 Evidence of G4-driven aggregation in iPSC derived neuronal cells

While the addition of TDP-43 added depth to our understanding of the ALS/FTD system, the
system was still limited to in vitro studies and further proof was required to establish that mG4-

structures were playing a role in pathological aggregation at the cytoplasmatic inclusions in ALS/FTD.

Therefore, | decided to detect G4s directly in induced pluripotent stem (iPSC) ALS/FTD neuronal cells.
iPSC cell lines were selected for G4 visualisation staining for two reasons: (1) they are representative
of the ALS/FTD pathology but are more readily accessible than brain tissue derived directly from
patients?Y. Indeed, the approval for use of post-mortem brain tissue for clinical purposes can only be
obtained upon given consent from the late patients, but it is a lengthy bureaucratical process
established by the Health Research Authority to prevent waste of the high-demand in brain
tissue?3%233; (2) motor neurons — often damaged in several inherited or acquired NDs like ALS/FTD -
have been successfully produced from human iPSCs by directed differentiation in vitro®%?*, and a
protocol employing iPSC cell lines has previously been developed to reveal the presence of nuclear
RNA foci susceptible to the addition of a G4-ligand. As the goal of these experiments was to stain the
RNA foci with a G4-stain, it was reasonable to start from well-established protocol developed for a

similar purpose?36237.238,

149



In my studies, | aimed to use the same approach to test the RNA foci for the direct presence of G4s by
adding NMM, the very same fluorescent tool exploited for my in vitro studies to confirm that these
structures have a pathological relevance. Although NMM had never been used for G4-visualisation in

239 it had been employed for other purposes, which suggested limited cytotoxicity. Nevertheless,

cells
a series of optimisation studies were performed to select the most appropriate conditions to visualise

NMM in ALS/FTD affected motor neuronal cells.

5.3.3.1 NMM toxicity and permeability in neuronal cells

iPSC cell lines were produced and maintained by collaborator Jessica Li from the Patani Lab at
the Francis Crick Institute. To assess the toxicity of NMM (dissolved in 100% DMSO) into the iPSC
neuronal cells, different concentrations of the dye (2-10 uM) were incubated overnight with the live
cells (CONG6 cell line). Each condition was plated in triplicates for biological relevance of the results and
a red nuclear stain (DRAQ5 Nucleic acid stain) which showed no overlap with NMM was added to
ensure correct visualisation of the localisation of the species. The plate was then analysed via high
through-put confocal microscopy under the different conditions. As shown in Figure 51, in absence of
NMM, both the C90rf72 cell-line and its isogenic control only presented nuclear staining. DMSO
controls at different percentages were added to ensure viability of the cells. In presence of increasing
concentrations of NMM, the cytoplasm of the neurons fluoresced, without showing significant
damage to the cells. This confirmed that NMM was non-cytotoxic. The highest concentration of NMM
(10 uM) was used for the following studies as it offered the best signal-to-noise ratio while not being
cytotoxic to the cells. However, the experiment presented two main limitations: (1) NMM did not
permeate into the neuron’s nuclei, as evident from a qualitative comparison between the localisation
of the DRAQ5 and NMM. This was either due to low permeability of the nuclear membrane or a
preference of NMM to bind in the cytoplasm, which required further exploration; (2) the isogenic
control cell-line presented unhealthy cells which could not be used for reliable comparison. Indeed,
the neurons showed a strong fluorescent signal into the nuclei, indicating that their nuclear

membranes had become strongly permeable — a sign of cellular death (Figure 51).
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Figure 51: Live IPSC patient derived ALS/FTD neuronal cells with the C9orf72 mutation. In red, DRAQ5 Nucleic acid stain is
used to visualise the different cellular entities. In yellow, the NMM channel is selectively excited. Despite the increasing
concentration of NMM, the cells remained alive in the C90rf72 cell-line, indicating no/low cytotoxicity. Imaging in live cells
indicated NMM accumulation in the cytoplasm. Experiment performed in collaboration with Jessica Li. Scale bar 50 um. As a

preliminary experiment for future screen, the experiment was performed as a single biological replicate.

To increase the permeability of NMM into the nucleus, the cells were first fixed with 4%
paraformaldehyde and then permeabilised by sing 0.3% Triton-X. Although the nucleus did in fact start
to fluoresce in the NMM-emission channel (Figure 52), the signal was still quite weak compared to the
cytoplasmatic stain. As most pathological DNA-RNA inclusions have been observed in the cytoplasm
of ALS/FTD neurons, the NMM ability to permeate the nuclear membrane was not necessary and
therefore not further optimised. The issue of the poorly differentiated isogenic control cell line CON6_i
was tackled by adding an additional cell line control (CON1). But while CO9N6 and CON1 were both
efficiently differentiated in neurons, their respective isogenic controls (C9N6_i and CIN1_i) were not

(Figure 52).

Notably, isogenic controls are cell-lines differentiated in a nearly identical manner to the C9-cell lines
but in absence of the C9-mutations. This is a common experimental practise in genetics as it is useful
to understand the true impact of these genetic alterations by having a control group that is as similar
as possible in all aspects except for the genetic modification of interest?°. However, changing the
genomics of a cells could lead to downstream unpredicted effects unrelated to the disease, which
makes the generation of isogenic cell-lines quite complex. The fact that neither CON6_i and CON1_i

were not differentiating currently indicated the presence of unpredictable downstream effects of the

151



C9-mutation. As an alternative control, | decided to employ differentiated healthy motor neurons not

presenting the C9-mutation.

In order to assess that the neurons (both the C9-cell line and the healthy control) were differentiating
correctly, the cells were stained with anti B-tubulin. The results are reported in the confocal
micrographs in Figure 53, where all samples were efficiently stained with the antibody indicating a

correct differentiation into neurons.

152



0.1% DMSO

5 uM NMM 2 uM NMM 0.5% DMSO

10 uM NMM

Figure 52: Confocal microscopy images of CON1 and CING fixed cell lines. Fixed IPSC patient derived ALS/FTD neuronal cells
with the C90orf72 mutation. In red, a nuclear stain is used to visualise the different cellular entities. In yellow, the NMM
channel is selectively excited. Despite the increasing concentration of NMM, the cells remained alive in the C9orf72 cell-line,
indicating no/low cytotoxicity. Imaging in live cells indicated NMM accumulation in the cytoplasm and —to a lesser extent —
the nucleus. Data obtained in collaboration with Jessical Li from the Patani group at the Francis Crick Institute. 100 pm

scalebar. Triplicates images are reported in Appendix 26 and Appendix 27.
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C9N1 CION6 Healthy control 4 Healthy control 5

0.5% DMSO 0.1% DMSO

1uM NMM

5 uM NMM

10 uM NMM

Figure 53: Confocal microscopy images of fixed IPSC patient derived neuronal cells stained with anti f-tubulin antibody.
As evident from the micrographs, for the C9N1 and CON6 pathogenic cell lines and the healthy neuron controls, all samples
can be efficiently stained with the antibody indicating a correct differentiation. Data obtained in collaboration with Jessica Li

from the Patani Lab at the Francis Crick Institute. 200 um scalebar.

5.3.3.2 Quantification of RNA foci via staining with NMM

After having optimised the ALS/FTD cell system, | sought to quantify the NMM-staining effect
on the different cell lines via Fluorescence-activated cell sorting (FACS). The aim was two-fold: (1) |
wanted to understand if there was any significant autofluorescence at the NMM emission range in the
DMSO control that could affect the fluorescence of the cells compared to those stained with dye and
(2) if there was any difference between the C9-cell lines and the healthy neurons controls. FACS was
performed in collaboration with Dr Yiran Wang from the Patani Lab at the Francis Crick Institute. The

data, presented in Figure 54, showed a significant difference in the number of cells emitting in the
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NMM-emission range between the DMSO control and the NMM-stained samples. This implicated that

no cell autofluorescence behaviour was occurring in the range which could affect our results.

Both cell lines (C9-mutations and healthy neurons) presented NMM fluorescent upon staining
compared to the DMSO control. This was expected as, much like all cells, neurons present G4s for
other biological functions unrelated to ALS/FTD pathological aggregates which are expected to
fluoresce upon binding to G4s. However, the number of NMM foci (overall and within the nucleus)
was significantly different between cell lines. Indeed, Figure 55b shows that the number of foci is
significantly different between cell lines (data analysis performed by Dr Yiran Wang from the Francis

Crick Institute).
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Figure 54: FACS data for the NMM staining studies. The flow cytometry studies clearly show a difference in the cell
population emitting in the NMM-range between the DMSO and NMM-stained samples, indicated by the significant shift in
the histogram. There is no significant difference between the healthy neurons and the C9-mutated cell-lines. Raw data

obtained by Yiran Yang from the Patani Lab at the Francis Crick Institute.

Such difference can also be visually noticed by analysing the individual micrographs to distinguish the
presence of NMM-stained foci in the C9-cell lines versus the healthy neurons. Indeed, whilst NMM-
stained RNA foci were qualitatively observed in the cytoplasm of all C9-cell lines and could not be

found in the healthy neurons’ controls (Figure 55a).
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This was the first piece of direct evidence that ALS/FTD pathological aggregates contain Gd4s,
suggesting that these structures could be of therapeutical and physiological relevance. Although more
validation of these observations should be performed, this data represents indirect validation of a

mG4-based aggregation mechanism in ALS/FTD relevant cell lines.
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Figure 55: NMM staining of RNA foci in ALS/FTD cell lines. (a) Confocal images. Top row. Confocal images of IPSC patient
derived neuronal cells compared to healthy neuronal cells stained with NMM. Cells were fixed via 4 % formaldehyde, stained
with 10 uM NMM and DRAQS Nucleic acid stain and left to incubate for 2 days before acquisition. The micrographs show the
images taken by overlapping the Nuclear Stain and the NMM channel. As clear from the DMSO control, no autofluorescence
in cells can be observed in the NMM emission channel. Upon staining with the dye, the neurons containing the C9-mutation
present fluorescent nuclear foci in the cytoplasm. In absence of the C9-mutation, this effect is significantly reduced. Notably,
staining with NMM can still be observed as G4s will be present in heathy cells as well. Bottom row. Confocal images of IPSC
patient derived neuronal cells compared to healthy neuronal cells stained with NMM. Cells were fixed via 4 % formaldehyde,
stained with 10 uM NMM, anti B-tubulin 1l and DRAQS5 nucleic acid stain and left to incubate for 18 hours before
acquisition. The micrographs show the images taken by overlapping the Nuclear Stain and the anti B-tubulin channel. In all
cases, the B -tubulin dye efficiently stained the cells, indicating their neuronal nature. Data obtained in collaboration with
Jessica Li from the Patani Lab at the Francis Crick Institute. (b) FACS quantification of the number of nuclei. Quantification

performed by Dr Yiran Wang at the Francis Crick Institute.

157



5.4 Conclusions

Up to this chapter, the biophysical characterisation of the DNA (GGGGCC), repeat sequence
had proven that the sequence could arrange into multimolecular G4s and that these structures led to
aggregation in vitro. Given that the sequence is the most common mutation in ALS/FTD and that the
diseases are characterised by pathological aggregates, | hypothesised that these structures could be a

contributor in their formation.

In the first section, | proved that the biologically relevant r(GGGGCC), sequence could aggregate in
vitro in absence of proteins in a length and concentration dependant fashion and, much like its DNA
equivalents, it did so by arranging into mG4s structures, making all the observations we reported for
the DNA repeats relevant for the biologically active RNA species. Interestingly, the concentration of
RNA required to see aggregation for repeat n = 6 was much lower than for the corresponding DNA,
giving an indication that this might be relevant in a cellular context at sub-micromolar concentrations
for much higher repeat lengths. Indeed, it is important to remember that the (GGGGCC), repeat
expansion is only considered pathological at n > 24, but the RNA sequences analysed in this work only
reach up to n = 10 due to traditional synthesis limitations. Given the length/annealing concentration
dependence of the sequences, it is reasonable to assume that a higher repeat number would only
require low nanomolar concentrations to obtain aggregates —which becomes an even more accessible

effect with a lower aggregation threshold for RNA with respect to DNA.

| then aimed to increase the complexity of the nucleic acid-only (GGGGCC), system to increase the
biological relevance of these studies. For the purpose, | selected the RNA-binding domains of protein
TDP-43, a protein commonly mutated in ALS/FTD phenotypes which has been shown prone to form
pathological aggregates at the neuron level and is a known G4-binder. The hypothesis was that TDP-
43 could bind and stabilise pre-formed mG4-based aggregates. | first analysed how the kinetics of TDP-
43 aggregation was affected by the presence of (GGGGCC);;. In presence of denatured (GGGGCC);3,
an increase in TDP-43 aggregation was observed, but the assay did not provide sufficient data for
(GGGGCC)11 mG4s due to binding of the molecular rotor to the aggregates themselves. Therefore, the
mG4/TDP-43 interaction was monitored by observing co-localisation of both biomolecules in the
aggregates via confocal microscopy. To confirm the synergistic effect of the biomolecules during
aggregation, the same experiment was repeated by using different concentrations of both protein and
DNA. It was observed that significant aggregation was only observed in presence of both entities, and

the higher the concentration of mG4 DNA used, the higher the extent of the aggregation observed.

158



The aggregates were also stained with NMM, successfully proving the mG4-composition in the
species. Interestingly, no significant aggregation was observed in presence of the denatured
(GGGGCC);; control (ssDNA/lower molecularity species), confirming that the increase in aggregation
was due to the presence of the (GGGCC)1; sequence itself, but it was driven by its arrangement into
mG4s. The stability of the newly formed aggregates was assessed via NMM-photooxidation. In the
experiment, the aggregates were stained with NMM and irradiated in a specific region of interest.
Contrarily to what was previously observed for RNA and DNA-only aggregates, these did not
disassemble upon irradiation, suggesting that the protein adds stability to the whole complex.
Interestingly this indicates that NMM-photooxidation might not be used in a cellular context due to
the presence of additional proteins. Finally, the aggregates were also observed via TEM to confirm the
presence of sub-micromolar structures. Indeed, TDP-43-only samples were able to aggregate, but
these species, being in the nanoscale, could not be visualised with confocal microscopy but are picked
by more sensitive techniques such as TEM. These aggregates were much larger in the presence of

DNA, confirming our previously obtained results.

In last part of this chapter, | further tested my hypothesis of the (GGGGCC), system to look at the
effect of the mutation directly in IPSC patient derived neuronal cells. To confirm the role of mG4s in
development of pathological aggregate at the neuron level, | stained the ALS/FTD cells with NMM —
the very same G4 detecting dye used so far in the in vitro studies. Firstly, | optimised NMM
concentration and other control stains to currently visualise the location of the RNA foci and neuron
health. The final NMM concentration chosen was 10 uM, which gave a good signal-to-noise ratio in
the confocal micrographs and was not cytotoxic in the timescales experimented. Healthy neurons
were used as control cell-lines instead of the isogenic control due to the poor differentiation abilities
of the latter. To ensure correct differentiation, the neurons were stained with anti B-tubulin — which
proved their neuronal nature — and with DRAQ5 nuclear stain — which allowed us to distinguish the
nuclei. The number of cells per culture was counted via FACS by assessing fluorescence at the NMM
emission channel. These results confirmed that (1) No autofluorescence was present in absence of the
dye and (2) That there was no significant difference in the amount of staining between the C9-mutated
cells and the healthy controls. This was particularly important as it was showing that, although the
healthy neurons still possess G4s for their normal biological functions, they lack presence of RNA foci
indicative of the pathology. Indeed, individual micrographs were then analysed showing a distinct
fluorescent signal at the RNA foci in the pathological cells — which was not present in the controls.
Importantly, this study was limited to 1 cell-line repeat for the healthy neurons control and would

require a larger sample size and a higher microscope definition to quantify the number and size of
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RNA foci. Altogether, my observations strongly support a model by which RNA aggregation by means

of mG4-formation could be of relevance to the physiopathology of ALS/FTD.
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5.5 Methods

5.5.1 RRM1-2 expression and purification

Purification of the TDP-43 RRMs fragment was carried out as previously described?. Briefly, the
protein construct was expressed in a pET-SUMO expression vector containing a kanamycin resistance
gene. The plasmid was expressed by heat-shock transformation in BL21 Escherichia coli (E. Coli) as a
protein fused with a SUMO solubilization tag and a 6xHis tag. Cells were grown in Luria-Bertani (LB)
with 50 pg/mL kanamycin at 37 °C with 200 rpm shaking until they reached an OD (600 nm) of 0.7.
Protein expression was induced with 0.5 mM IPTG, and cells were grown overnight at 18 °C with 200
rpm shaking. Cells were then collected by centrifugation at 4000 rcf for 20 min at 4°C and resuspended
in a lysis buffer (10 mM potassium phosphate buffer pH 7.2, 150 mM KCI, 5mM imidazole, 5% v/v
glycerol, 1mg/ml lysozyme, complete™ EDTA-free Protease Inhibitor tablet by Roche, 1 ug/ml DNase
I and 1 pg/ml RNaseA). The resuspended cells were sonicated on ice for 20 minutes (15s on and 45s
off pulses, 20% amplitude) and soluble proteins were recovered by centrifugation at 18,000 rcf for 45
min at 4°C. The supernatant was filtered using a 0.22 um filter and loaded onto a HisTrap HP 5 ml|
column (Cytiva) which was pre-equilibrated with 10 mM potassium phosphate buffer (pH 7.2)
supplemented with 15 mM imidazole (binding buffer). The 6xHis-SUMO-construct was eluted with
phosphate buffer supplemented with 300 mM imidazole (elution buffer). After measuring the
concentration of RRMs on a Nanodrop (Thermo Fisher Scientific), the eluate was dialysed overnight at
4 °C against phosphate buffer in the presence of Tobacco Etch Virus (TEV) protease (1:10 TEV:protein
construct molar ratio) to remove the 6xHis-SUMO tag. A second nickel-affinity chromatography was
performed, and the flowthrough was loaded onto a HiTrap Heparin column (Cytvia) which was pre-
equilibrated with 10 mM phosphate buffer. The protein was eluted with high-salt phosphate buffer
(10 mM potassium phosphate buffer pH 7.2, 1.5 M KCl) and applied on a HiLoad 16/60 Superdex 75
prep grade column (Cytvia) pre-equilibrated with 10 mM phosphate buffer for size-exclusion
chromatography. Protein concentration was measured on a Nanodrop (Thermo Fisher Scientific), and
protein identity and purity were checked by PAGE and mass spectrometry. All protein purification

steps were carried out using an AKTA Pure (Cytvia).

5.5.2 SDS-PAGE

Samples were prepared in 4X LDS sample buffer and 10X reducing agent and boiled at 95 °C for 5 min.
Samples were run on 4-12% Bis-Tris NUPAGE gels (Thermo Fisher Scientific) at 180 V for 35 min. Gels
were stained with InstantBlue Coomassie Protein Stain (Abcam) for 15 mins, washed in water for 30

mins and imaged on an ImageQuant LAS 4000.
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5.5.3 Electrospray ionization mass spectrometry (ESI-MS)

ESI-MS was performed on purified protein samples (50 uM), buffer-exchanged into HPLC grade water
to confirm molecular weight and sample purity. ESI-MS was performed by Malgorzata Puchnarewicz
using the Chemistry Mass Spectrometry facilities available at the Molecular Sciences Research Hub,

Department of Chemistry, Imperial College London.

5.5.4 Proteostat Binding Assays

Aggregation kinetics were followed using a BMG CLARIOstar Plus microplate reader in Greiner Bio-
One CELLSTAR non-binding black 96-well half-area plates. Proteostat Solution was prepared as per
manufacturer instructions (Enzo Life Sciences). To each well, 2 uL of Proteostat Solution was added in
the centre followed by 98 uL of sample. The excitation and emission wavelengths were set at 550 nm
and 600 nm respectively. Formation of amyloid-like structures was followed at 37 °C by recording the
fluorescence intensity of Proteostat every 4-8 min using spiral averaging (3 mm diameter). Data was
derived from three technical repeats, buffer-subtracted and plotted using GraphPad Prism version
8.0.1. Notably, the sequence for the non-G4 DNA control was the following: 5’
TTTCACCGACGACACCAACCACGGCACCTATTATTTATTTATAATTAT 3.

5.5.5 RRM1-2 labelling with ALEXA 633

Purified RRMs were fluorescently tagged using Alexa Fluor™ 633 Cs Maleimide (Thermo Fisher
Scientific). The dye was added to a sample of purified protein (1:10 protein:dye molar ratio) in 10 mM
potassium phosphate buffer (pH 7.2) and incubated at 25 °C for 4 hours on a roller mixer with slow
rotation. The solution was then dialysed against 10 mM potassium phosphate buffer (pH 7.2)

overnight to remove unbound dye.

5.5.6 DNA/protein aggregates formation

(GGGGCC)1; was annealed at different concentrations (300, 100 and 1 uM) as per mG4-annealing
protocol. The samples were then incubated for 3 days at 37°C with 10 uM of TDP-43 RBD.

5.5.7 Fluorescein self-quenching tests

Fluorescein powder (SIGMA) was diluted to 150 pL in the buffer system of choice at different
concentrations (100 mg/mL— 1 pug/mL) and transferred in triplicates in a 96 black-bottomed well plate.
Fluorescence readings were performed by irradiating at 475 — 490 nm and recording emission at 520

— 520 nm. Emission was recorded over 1.5 minutes. Data was analysed on Prism GraphPad.

5.5.8 Aggregates quantification analysis from microscopy
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Each picture was rasterised as a binary map and analysed with the quantification tool on Fiji ImageJ.

The chosen aggregates threshold size was 1.291 um?.

5.5.9 Transmission electron microscopy (TEM)

To prepare TEM grids, 10 puL of sample was pipetted on Formvar/Carbon coated 300 mesh copper
grids (Agar Scientific) and left to incubate for 2 mins. Excess sample was removed with Whatman filter
paper. The grids were then washed with dH,0 and stained with uranyl acetate (2% w/v) for 2 mins.
Excess uranyl acetate was removed, and the grid was left to dry for at least 5 mins. For each sample,
images were taken in at least 5 locations on the grid to ensure consistent structures were present

across the grid. Grids were imaged on a T12 Spirit electron microscope.

5.5.10 IPSC patient derived neuronal cell culture

Experimental protocols were all carried out according to approved regulations and guidelines by UCL
Hospitals National Hospital for Neurology and Neurosurgery and UCL Institute of Neurology joint
research ethics committee (09/0272). iPSCs were maintained with Essential 8 Medium media (Life
Technologies) on Geltrex (Life Technologies) at 37°C and 5% carbon dioxide. iPSCs were passaged
when reaching 70% confluency using EDTA (Life Technologies, 0.5 mM). iPSC cultures underwent
differentiation into spinal cord motor neurons as previously described?3®. Briefly, iPSCs were plated to
100% confluency and then differentiated to a spinal neural precursor fate by sequential treatment
with small molecules, day 0-7: 1 uM Dorsomorphin (Tocris Bioscience), 2 uM SB431542 (Tocris
Bioscience), and 3.3 uM CHIR99021 (Tocris Bioscience), day 7-14: 0.5 uM retinoic acid (Sigma Aldrich)
and 1 uM Purmorphamine (Sigma Aldrich), day 14-18: 0.1 uM Purmorphamine. After neural
conversion and patterning, 0.1 uM Compound E (Bio-techne) was added for terminal differentiation

into spinal cord motor neurons.

5.5.11 Immunocytochemistry (ICC)

Cells were seeded on clear bottom 96 well plates (Falcon) at a density of 30,000 cells per well. After
24 hours, Compound E (Bio-techne) was added for terminal differentiation into spinal cord motor
neurons. At day 6 of terminal differentiation, DRAQS5 (Merck) was applied to the cells diluted at 1:1000
in media and incubated for 10 minutes to stain nuclei. The cells were then fixed in 4%
paraformaldehyde for 15-20 minutes at room temperature. The cells were then permeabilized using
0.3% Triton-X containing PBS (NMM) or blocked with 5% BSA in PBST (antibodies) for 60 minutes.
Either 10 uM NMM (Cambridge Bioscience) and DMSO diluted in 0.15% Triton-X containing PBS or a
primary antibody was then applied. The NMM/DMSO was incubated for 40 hours at 4°C or the primary
antibody anti-tubulin beta-Ill (#802001, BioLegend), diluted at 1:2000, was left overnight at 4°C. Plates

treated with NMM/DMSO were imaged directly. Secondary antibody incubation was then performed
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using Alexa Fluor-conjugated secondary antibody 568 nm (anti-rabbit) at 1:1000 dilution in PBS at
room temperature. Cells were imaged with Opera Phenix (PerkinElmer) at 40X, a Z-stack of images

were used. Standard imaging and acquisition settings were applied.

5.5.12 Fluorescence-activated cell sorting (FACS)

Motor neurons were dissociated into single cells using Accutase (Life Technologies). The cell
suspensions were fixed using 4% paraformaldehyde for 15-20 minutes and then permeabilized by
incubation with 0.3% Triton-X in PBS for 1 hour at room temperature. Subsequently, they were treated
with either 10 pM NMM (Cambridge Bioscience) or 0.5% DMSO diluted in 0.15% Triton-X overnight at
4°C. The samples (10,000 cells/sample) were examined using a BD LSRFortessa analyser operated by

the FACSDiva software (BD), and the results were analysed using the FlowlJo software.
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6. General Conclusions and Future Outlooks

Historically, neurodegenerative diseases have been linked to the presence of pathological
aggregates at the neuron’s levels. But whilst it is well known that the aggregates are constituted by
proteins and nucleic acids, it is still unclear what their mechanism of formation entails or whether the
aggregation trigger could be used as a potential therapeutic target??. As of 2020, the year | originally
started my work, only a couple of papers looked at the role of nucleic acids in the aggregation process

— perceiving it as a secondary stabilisation effect to that of proteins.

My PhD work aimed to explore the mechanism of pathological aggregation in ALS/FTD, currently
considered deadly diseases, with particular focus on the role of RNA aggregation. In particular, my
objective was to highlight how the repeat expansion sequence (GGGGCC),, which is the most common
mutation in ALS/FTD*, could aggregate via formation of multimeric nucleic acid-only networks by
arranging into multimeric G-quadruplexes structures, offering an alternative to the narrative that sees
proteins as aggregation triggers. To demonstrate this, | strived to achieve three main goals: (1) proving
that (GGGGCC), can aggregate via formation of mG4s in absence of additional proteins, (2) showing
that these aggregates can be disassembled by tuning the molecularity of the system and (3) confirming
that (GGGCC), mG4s can interact with ALS/FTD relevant proteins and are present in neurons (Figure
56).

Throughout my studies, | have successfully optimised a multimolecular G-quadruplexes-annealing
protocol to probe the formation of these secondary structures in vitro for the (GGGCC), sequence. |
then subjected the hexanucleotide repeat expansion to an extensive biophysical characterisation to
confirm its potential to arrange into multimolecular G-quadruplexes and to test the sequence’s
aggregation abilities. Indeed, (GGGCC), (both in DNA and RNA form) was shown to aggregate in vitro
in absence of proteins with a length dependence reminiscent of the pathology itself. | then successfully
related the aggregation event to the formation of multimeric G-quadruplexes via a series of indirect
(e.g., melting experiments, mutation analysis) and direct (NMM-staining, G4-autofluorescence)

experiments.

The extensive biophysical characterisation of the (GGGGCC), system allowed me to understand that
disassembly of the aggregates could be observed by tuning the molecularity of the species in solution.
Consequently, (GGGCC), aggregates were disassembled first by Pyridostatin addition, a G4-ligand
which shifted the system to a preferential unimolecular G4 arrangement, and then via antisense

treatment, which allowed the mG4s to reassemble into double stranded DNA. Importantly, both G4-
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ligand and antisense treatments have been shown to ameliorate ALS/FTD pathological inclusions,

drawing a clear parallel with their ability to disassemble mG4-based aggregates.

In the last part of my studies, | explored the biological relevance of my system by introducing the
protein level of complexity and by assessing the presence of G4s in iPSC ALS/FTD neurons. Firstly, TDP-
43, an ALS/FTD relevant protein, was shown to interact with (GGGGCC);; via kinetics experiments,
demonstrating that the presence of both biomolecules increased aggregation. | then illustrated how
incubating TDP-43 in presence of mG4-(GGGGCC);; led to an increase in aggregation extent
(quantitative confocal microscopy) and stability (NMM-photooxidation) with respect to the DNA/RNA
only aggregates, suggesting that both biomolecules were co-operating in the forming the aggregates.
As both TDP-43 and (GGGGCC), have been previously observed in pathological aggregates in ALS/FTD

patients’ neurons, this synergistic effect is likely to be relevant in the disease context.

Indeed, in order to confirm mG4s relevance in the ALS/FTD system, | visualised them in iPSC patient
derived neuronal cells via high throughput microscopy by staining with a G4-specific probe (NMM),

demonstrating the structures biological relevance in the pathology.

Importantly, these studies — albeit promising in showing how mG4s are related to ALS/FTD, do present

some limitations.

Firstly, my biophysical characterisation of the (GGGGCC), sequence is limited to (n = 12), which is
below the pathological threshold recognised for ALS/FTD development (n > 24). This comes from
limitations of solid-state synthesis for the production of repetitive, G-rich oligonucleotides from
commercial providers. This limitation was addressed by employing high annealing concentrations and
high concentrations of salts for shorter repeat lengths n < 13 to trigger aggregation. Indeed, as
aggregation occurred with a direct proportionality between repeat length n and annealing
concentration, even though n > 24 could not be examined, the (GGGCC), aggregation behaviour
could be approximated by using high annealing concentrations for shorter repeat lengths. Further
studies should be performed to confirm (GGGCC),-24 ability to arrange into mG4s under conditions
which are more physiologically relevant (lower DNA and salt concentrations). As solid-state synthesis
is not an option, alternative approaches could be employed for the purpose, perhaps utilising an
enzymatic approach to link individual shorter strands together or by purifying the repeat directly from

affected neurons.

Furthermore, while from my results there are no doubts that in vitro the (GGGGCC), can arrange into
mG4s, the experiments in live cells only offer a proof-of-concept that G4s are present in the

cytoplasmatic inclusions. Whether these can be disassembled via G4-specific tools such as the ones
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employed for the in vitro studies or if said tools are able to cross the blood-brain-barrier, is yet to be
explored. An expansion of this study would offer a deeper understanding as to whether mG4s can be

used as therapeutic targets for ALS/FTD.

(GGGGCC), can arrange into mG4s
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mG4s interaction with TDP-43 mG4s in neurons

Figure 56: The three main findings of the study.
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Overall, my studies demonstrate mG4 biological relevance in the context of neurodegenerative
diseases and, in general, highlight how these structures — often overlooked due to their long formation
processes — might be relevant in live cells for other biological processes. Importantly, this brings
forward the question of whether nucleic acid-driven mechanism of pathological aggregation via the
formation of multimeric structures could be at the root for other neurodegenerative pathologies or if
it is specific to ALS/FTD. Specifically, other NDs which are associated with repeat expansions such as
ataxia (related to (GAA), which is able to form intramolecular DNA triplex of supercoiled DNA in vitro)*?
or polyQ diseases (related to (CAG), which can form hairpins)®, should be tested to confirm the

hypothesis.

Nevertheless, my PhD work constitutes the first step in understanding mG4s as a new target for

ALS/FTD, offering new outlooks for what is now a deadly disease.
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Appendix 1: Optical microscopy images of (GGGGCC), (n = 1,5,11) pre-annealed stock in (a) PBS, (b) PB and (c) TRIS-HCI
conditions. In this panel, samples are reported before and after incubation for 2h. Notably, samples images in panel (a) were

additionally stained with 1:1 NMM: DNA and imaged on the fluorescent channel (shown in overlay with respect to the
brightfield).
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Appendix 2: Biological replicate for optimisation of denaturing conditions Figure 19. (a) Agarose Gel electrophoresis of
(GGGGCC)11 subjected to the optimised denaturing conditions. The samples contain a FAM label and are stained with SYBR
Safe. (b) Optical and fluorescence microscopy of (GGGGCC);; after the optimised denaturing conditions. The DNA are FAM-
labelled.
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Appendix 3: Biological replicates for optimisation of denaturing conditions and negative control (no KCl) as in Figure 21. CD
spectra of (GGGGCC),; samples subjected to different annealing conditions taken at 25°C for 10 uM (GGGGCC);; samples in
TRIS HCL buffer (10 mM pH 7.5 + 500 mM KClI). Conditions tested: (a) heating to 95°C and slow cooling to -0.25°C /min; (b)
negative control (no KCl) annealed with a -0.01°C /min cooling rate; (c) heating to 95C and slow cooling to -0.25°C /min in
presence of 30% PEG and (d) heating to 95°C and slow cooling to -0.01 °C /min.
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Appendix 4: Biological replicates of the AGE for optimised mG4-forming conditions of (GGGCC)1; as of Figure 21.
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Appendix 5: Biological replicate of KCl titration experiment for sample (GGGGCC)g annealed under mG4 forming conditions
(as of Figure 23a).
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Appendix 6: Biological replicates of (GGGGCC), CD spectra - (GGGGCC), (n =1, 2,5, 6, 7, 8, 10, 11, 12). All samples were
annealed under mG4-forming conditions and further diluted to 5 uM for CD (Figure 24).
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Appendix 7: Biological replicate of AGE representing (GGGGCC), for n = 1-12 annealed in different buffer conditions as of
Figure 24. KCl-containing samples are more prone to form higher molecularity species, as evident by the stronger higher
bands (in black) with respect to the LiCl-containing sample (in red). The samples are annealed at 350 uM (n = 1-6) and 150
UM (n = 1-12) and diluted to 10 uM for AGE.
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Appendix 8: Biological replicate of AGE representing (GGGCC), stained with G4-specific dye NMM compared to SYBR Safe
(as of Figure 24).
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Appendix 9: Confocal Images for the Phase Diagram represented in Figure 25.
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Appendix 10: Confocal Images for the Phase Diagram represented in Figure 25, second biological replicate for selected repeat
lengths. Not all concentrations were tested due to the time-consuming and expensive nature of the experiment. However,
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the protocol was successfully repeated independently by other lab-members and with different DNA stocks, indicating the
repeatability of the optimised mG4 annealing protocol.
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Appendix 11: Optical Microscopy Images for Phase Diagram in Figure 28b.
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Appendix 12: Biological replicate of micrographs of FAM-labelled (GGGGCC)s as of Figure 29. (a) Confocal image of
(GGGGCC)s (10% FAM labelled), annealed in mG4-forming conditions. (b) Upon laser excitation FAM labelled strands
photobleached, leading to a local reduction of fluorescence intensity. The photobleached strands did not diffuse within the
reset of the aggregate after 1h, indicating a solid-like state.
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Appendix 13: Biological replicates of NMM-photo oxidation experiment for mG4-containing aggregates as of Figure 30. The
mG4-based aggregates disassemble in the region of interest (ROI) which has been subjected to irradiation. (a) was performed
with the same parameters as the experiment presented in the main text whilst (b) is reported as an overlay of the NMM and
brightfields channel in order to highlight the spacial organisation of all components before and after irradiation.
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Sample 1

Sample 2

Appendix 14: Biological replicate for mG4-autofluprescence experiment as of Figure 31. Optical imaging of mG4-based

aggregates formed by (GGGCC);1 observed by irradiating the sample at 405 nm. On the right, brightfield images are shown
for two different samples. On the left, autofluorescence is observed on the DAPI channel.
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Appendix 15: Biological replicates of CD spectra of rationally designed mutants as of Figure 34, 35. All sequences were
annealed under mG4 forming conditions and diluted to 5 UM to run the spectra at room temperature.
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Appendix 16: Biological replicate of AGE of rationally designed mutants as of Figure 34, 35. All sequences were annealed

under mG4 forming conditions.
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Appendix 17: Biological replicates of micrographs of rationally designed mutants as of Figure 34,35. All sequences were
annealed under mG4 forming conditions.
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Appendix 18: Brightfield images for the phase diagram in Figure 36b 0.75% DMSO.

[(GGGGCC)n] uM

200 150 100 50

(GGGGCC)n
7

11

Appendix 19: Brightfield images for samples in the phase diagram in Figure 36b 0.125% DMSO.
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Appendix 20: Biological duplicate of PDS addition experiment in Figure 38. (a) AGE gels stained with SYBSSAFE and NMM.
(b) Brightfield microscopy.
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Appendix 21: Biological Replicates of RNA experiments as of Figure 41. (a) Brightfield microscopy of r(GGGGCC)s aggregates
at different concentrations. Biological replicates of Figure 40. (b) NMM-photooxidation of r(GGGGCC)e aggregates. (c)
Autofluorescence of r(GGGGCC)s aggregates.
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Appendix 22: TDP-43 RRM1-2 protein purification assessment. (a) SDS-PAGE gel to assess purity of the expressed
fragments, provided by collaborator Anouk Huyghebaert. (b) Mass spectrometry to assess the purity of the express
fragments, provided by collaborator Anouk Huyghebaert.
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Appendix 23: Biological replicate of TDP-43 experiments as of Figure 49. (a) co-localization of TDP-43 and mG4s in the
aggregates. Biological replicate of Figure 45. (b) NMM-photooxidation of TDP-43 and mG4s aggregates.

205



(a) (b)

Fluorescein intensity over time Fluorescein intensity/concentration

1500 1500
-o- 100 mg/ml
-# 10 mg/ml o
g 9 g 1000
g 1000 —p—3r—7T—1r—1—% —& 1 mg/ml ]
§ e ——h———— ~ 500 ug/ml @
S
o ~ 100 ug/ml 3 500
3 so0- i
s L ——o—0 O o 10 ug/ml
& 1ug/ml o .
° AN NN B
0.0 0.5 1.0 1.5 ST TN
time (min) [Fluorescein] mg/ml

Appendix 24: (a) Fluorescein intensity over time was tested to assess its resistance to photobleaching. Raw data generated
by Juan Ivars Minana. The samples did not present any photobleaching behaviours. (b) Fluorescein intensity was assessed at
different concentrations. At high concentrations, fluorescein self-quenches. Raw data generated by Juan Ivars Minana from
the Elani Group at Imperial College London.
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TDP-43 only

TDP-43 only + denatured (GGGGCC)11

TDP-43 only + mG4 (6GGGCC)11

Appendix 25: TEM imaging of TDP-43, TDP-43 in presence of denatured (GGGGCC)1; and TDP-43 in presence of mG4s. Data
obtained by Anouk Huyghebaert from the Di Aprile group at Imperial College London. Technical triplicates for Figure 50.
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Appendix 26: Triplicates images for CIN6 cell line. Fixed IPSC patient derived ALS/FTD neuronal cells with the C9orf72
mutation. In red, a nuclear stain is used to visualise the different cellular entities. In yellow, the NMM channel is selectively
excited. Despite the increasing concentration of NMM, the cells remained alive in the C9orf72 cell-line, indicating no/low
cytotoxicity. Imaging in live cells indicated NMM accumulation in the cytoplasm and —to a lesser extent — the nucleus.
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Appendix 27: Triplicates images for C9N1 cell line. Fixed IPSC patient derived ALS/FTD neuronal cells with the C9orf72
mutation. In red, a nuclear stain is used to visualise the different cellular entities. In yellow, the NMM channel is selectively
excited. Despite the increasing concentration of NMM, the cells remained alive in the C9orf72 cell-line, indicating no/low
cytotoxicity. Imaging in live cells indicated NMM accumulation in the cytoplasm and — to a lesser extent — the nucleus.
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Figures copyright
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Figures generated with BioRender are subject to BioRender's Academic License Terms and Industry
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Figure 1d —is freely available for non-commercial use according to the Creative Commons CC-BY-NC.

Figure 31a —is freely available for non-commercial use according to the Creative Commons CC-BY-NC.
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