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Abstract
Amyotrophic lateral sclerosis (ALS) is a motor neuron disorder characterised by
degeneration of upper and lower motor neurons, with a life expectancy of ~5
years from the disease onset. The majority of cases are sporadic (sALS) but
~10% are familial (fALS). Accumulation of TAR DNA-binding protein (TDP-43) in
the cytoplasm and its depletion from the nucleus are a pathogenic signature
characterising most of ALS cases. TDP-43 is a highly conserved RNA/DNA
binding protein, mainly located in the nucleus and involved in RNA maturation.
Mutations in the TARDBP gene cause ALS and so models of ALS-TDP43 are
needed to shed light on the pathomechanisms underlying this disease.
To date, we count ~30 mouse models of TDP-43, transgenics and knockins, with
none of them showing a comprehensive pathological scenario resembling human
ALS. This PhD project aimed to create a knockin humanised TDP-43 mouse,
replacing the genomic region of mouse Tardbp, from the ATG until the stop
codon, with the corresponding sequence from the human orthologue TARDBP
and maintaining the mouse untranslated regions (both 5’ and 3’).
The Tardbp mouse locus has been modified via a BAC recombineering and
homologous recombination, keeping the human gene under the control of the
endogenous mouse promoter to reduce the likelihood of interfering with the
correct spatial and temporal control of expression. This mouse we aim to produce
should recapitulate the normal human TDP-43 expression in vivo under
physiological conditions.
In addition, 12-month old knockin mice carrying the TardbpQ331K mutation have
been characterised to evaluate the effects of this mutation, which is causative for
ALS, on TDP-43 functions.
To conclude, using mouse embryonic fibroblasts, collected from mice carrying
TDP-43 gain and loss of function mutations in the Tardbp gene, we investigated
the correlation between mutant TDP-43 and the changes in alternative splicing of
hnRNP A1, regulated by TDP-43, as well as their effect on stress granules
formation under oxidative stress conditions.
3

Impact Statement
Amyotrophic lateral sclerosis (ALS) is a devastating neuromuscular disease for
which there is currently no effective treatment or cure. Despite scientists having
taken important strides forward, discovering mutations in several genes that are
causative for ALS, there is still a gap in our knowledge on the pathological causes
leading to the symptoms observed in patients. Therefore, one big challenge is to
better understand how ALS starts and develops in order to be able to cure this
disease. My work contributes to this big challenge trying to generate a refined
mouse model that will be able to reproduce the human pathological scenario of
ALS caused by mutation in a protein called TAR DNA binding protein (TDP-43).
Once ready, my model will be freely available for the scientific community and will
contribute to the research of several laboratories worldwide investigating ALS.
Moreover, the importance of this model, and its use for developing potential
therapies, extends also to other known neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s, as TDP-43 represents a pathological signature
observed in several diseases which have been collectively named TDP-43
proteinopathies.
Moreover, during my PhD, I designed and engineered plasmids and BAC vectors
to specifically target a region of mouse chromosome 4, which can be used for
future humanising project but also to perform similar projects modifying other
genes within the same genomic locus. Furthermore, I performed behavioural
analysis of a mouse model carrying a pathogenic ALS mutation found in human
patients, helping to better understand the consequence of such mutation and its
contribution to the disease. In addition, I have presented my work at several
international conferences such as the 13 th Transgenic Technology Meeting
(TT2016), the 26th International Symposium on ALS/MND, the 28 th Mammalian
Genetics and Development Workshop and the 48th annual meeting of the Society
of Neuroscience (SfN), thanks to the support of travel grants provided by
Guarantors of Brain, UCL and The Genetics Society, where I received a wide
interest in knowing when the mouse model I am generating will be available.
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1 Introduction
1.1

Clinical features and pathology of ALS

Amyotrophic lateral sclerosis (ALS), first described in 1869 by neurologist JeanMartin Charcot (Charcot JM 1869), is an adult onset, gradual neurodegenerative
disorder affecting upper motor neurons (UMNs) residing in the cerebral cortex,
and lower motor neurons (LMNs) located in the brainstem and spinal cord (Birger,
Ottolenghi et al. 2018) (Figure 1.1). Neuronal populations belonging to the UMNs
include Giant cells of Betz while within LMNs there are alpha motor neurons
(Ravits and La Spada 2009).

Figure 1.1 Motor neuron pathways. UMNs are in the cerebral cortex while LMNs reside
in the brainstem and spinal cord. ALS causes degeneration of UMN and LMN motor
neurons with consequent atrophy of the muscles and eventually paralysis.

The incidence of this disorder is 2/100,000 worldwide with an estimated lifetime
risk in the developed world of about 1 in ~400 (Costa and de Carvalho 2016,
Marin, Logroscino et al. 2016, Brown and Al-Chalabi 2017).
Patients generally start with focal onset and gradually develop symptoms such
as muscle wasting, weakness, atrophy, fasciculation, hyper-reflexia or slowing of
fast movements, eventually leading to paralysis and death within approximately
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5 years from diagnosis (Figure 1.2) (Huynh, Simon et al. 2016, Van Damme,
Robberecht et al. 2017, Walhout, Verstraete et al. 2018).

Figure 1.2 Neuronal involvement and focal onset in ALS. Figure from ”The phenotypic
variability of amyotrophic lateral sclerosis” (Swinnen and Robberecht 2014)).

To date, there is no cure for ALS and patients can only rely on daily care and
psychological

support.

Riluzole,

which

regulates

glutaminergic

neurotransmission, and Ederavone, acting to prevent oxidative stress damage,
are the only neuroprotective drugs approved by the US Food and Drug
Administration (FDA) and by the European Medicines Agency (EMA) (Doble
1996, Petrov, Mansfield et al. 2017), and both drugs generally have little effect in
patients.
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ALS is divided into forms with bulbar, spinal or respiratory onset, and some
patients also show features of behavioural and cognitive impairment, typical of
frontotemporal dementia (FTD) (Galvin, Gaffney et al. 2017). In fact, 40 to 50%
of the ALS patients exhibit language impairment, frontotemporal atrophy and
aphasia while ~10% of FTD cases have some characteristics of ALS (Johnson,
Diehl et al. 2005, Seelaar, Schelhaas et al. 2007, Liscic, Grinberg et al. 2008).
FTD is an heterogenous group of dementias that share some clinical features
and it is divided in behavioural variant frontotemporal dementia (BvFTD) and in
three variants of PPA – semantic variant (svPPA), nonfluent variant (nfvPPA) and
logopenic variant (lvPPA) (Convery, Mead et al., 2019). Together these diseases
belong to a spectrum of neurodegenerative disorders representing the most
common forms of dementia found in people under the age of 65, after Alzheimer’s
disease (AD) (Ferrari, Kapogiannis et al. 2011).
Moreover, mutations in TARDBP, UBQLN2, VCP, C9orf72 and FUS are found in
both ALS and FTD/FTLD with an overlapping of clinical and pathological
elements which suggests that these diseases are connected by a common
multifaceted and multisystem degeneration (Geser, Lee et al. 2010, Morris, Waite
et al. 2012, Nolan, Talbot et al. 2016).
1.2

Genetics of ALS

While the majority of ALS cases are sporadic (sALS), whose causes remain to
be elucidated, 5-10% is familial (fALS) showing different patterns of inheritance
with a prevalence of autosomal dominant mutations (Brown and Al-Chalabi
2017).
ALS is generally rare before the age of 40 years, with fALS showing a slightly
different age of onset (typical onset 40-60 years) compared with sALS (58-63
years), but there are juvenile forms of fALS (jALS) that are caused by recessive
transmission (Ingre, Roos et al. 2015).
In 1993 Rosen, Brown and colleagues discovered the first ALS causative gene,
which encodes the enzyme Cu/Zn superoxide dismutase 1 (SOD1) involved in
free radical removal, transcriptional regulation under oxidative stress and
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potential RNA binding (Rosen, Siddique et al. 1993, Bunton-Stasyshyn, Saccon
et al. 2015). To date, mutations in this gene (~150 mutations so far) have been
associated with up to 20% of fALS and ~2% sALS cases and cause SOD1 toxic
gain of function (Saccon, Bunton-Stasyshyn et al. 2013, Kaur, McKeown et al.
2016). However, this gain of function remains unknown after more than 25 years
from the discovery of the first SOD1 mutation.
To date, more than 25 genes causative for ALS, with most alleles being
autosomal dominant, and ~30 disease-modifying genes have been identified (Li
and Wu 2016). The most common causative gene, found in ~40% fALS and 9%
sALS cases, is the chromosome 9 open reading frame 72 (C9orf72) which carries
an intronic hexanucleotide repeat expansion that results in ALS and FTD
(DeJesus-Hernandez, Mackenzie et al. 2011, Goldstein, Gana-Weisz et al.
2018).
Moreover, two other important genes known to be ALS causative, and having
pivotal roles in several important cellular mechanisms, are TARDBP (Tar DNA
binding protein, encoding TDP-43, 5% fALS and ~2% sALS) and FUS (Fused in
sarcoma, ~6% fALS and ~1% sALS), encoding RNA-DNA binding proteins,
(Ingre, Roos et al. 2015, Tarlarini, Lunetta et al. 2015).
The involvement of RNA binding proteins, such as TDP-43 and FUS, and
mechanisms of RNA toxicity, as seen in C9orf72, suggest that RNA metabolism
plays an important role in the development of this disease (Liu, Cali et al. 2017).
The long list of genes known to be causative or modifiers for ALS is provided in
Table 1.1. Mutations in causative genes have been observed in fALS patients
while modifiers are genes which do not cause ALS when mutated but can modify
the effects of causative genes.
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Name

ALS2

ALS3

ALS7

ANG

ATXN2

CHCHD10

CHMP2B

C9orf72

Chromosomal
region

2q33

18q21

20p13

14q11.2

12q24.12

22q11.23

3p11.2

9p21

Mutation

Inheritance

Reference

Mutated protein - Alsin Rho guanine

Autosomal

(Gros-Louis, Meijer et al.

nucleotide exchange factor

recessive

2003)

Autosomal

(Hand, Khoris et al.

dominant

2002)

Autosomal

(Sapp, Hosler et al.

dominant

2003)

Autosomal

(Greenway, Ennis et al.

dominant

2004)

Locus associated with ALS

Locus associated with ALS

Mutated protein - Angiogenin
Polyglutamine expansion in the coding

Autosomal

region of the gene

dominant

Coil-helix-coiled-coil-helix

Autosomal

(Bannwarth, Ait-El-

domain-containing 10

dominant

Mkadem et al. 2014)

Mutated protein - Charged multivesicular

Autosomal

(Parkinson, Ince et al.

body protein 2B

dominant

2006)

Hexanucleotide repeat expansion of

Autosomal

(DeJesus-Hernandez,

nucleotides GGGGCC

dominant

Mackenzie et al. 2011)

(Chio, Calvo et al. 2015)
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DAO

DCTN1

EWSR1

ERBB4

FIG4

FUS

HNRNPA2/B1

HNRNPA1

KIF5A

12q24

2p13

22q12.2

2q34

6q21

16p11.2

12q13.13

7p15.2

12q13.3

Autosomal

(Mitchell, Paul et al.

dominant

2010)

Autosomal

(Münch, Rosenbohm et

dominant

al. 2005)

Indeterminate

(Couthouis, Hart et al.

inheritance

2012)

Mutated protein - Erb-2 receptor tyrosine

Autosomal

(Takahashi, Fukuda et al.

kinase 4

dominant

2013)

Mutated protein - FIG4 phosphoinositide

Autosomal

(Chow, Landers et al.

5-phosphatase

dominant

2009)

Mutated protein – FUS RNA binding

Autosomal

(Kwiatkowski, Bosco et

protein

dominant

al. 2009)

Mutated protein - Heterogeneous nuclear

Autosomal

ribonucleoprotein A2/B1

dominant

Mutated protein - Heterogeneous nuclear

Autosomal

ribonucleoprotein A1

dominant

Mutated protein - D-amino acid oxidase

Mutations in the coding region of the gene
Ewing’s sarcoma breakpoint region 1

Kinesin family member 5A

(Kim, Kim et al. 2013)

(Kim, Kim et al. 2013)

Autosomal

(Brenner, Yilmaz et al.

dominant

2018)
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MATR3

NEFH

OPTN

PFN1

5q31

22q12.1-q13.1

10p13

17p13.2

Mutated protein – Matrin 3

Deletions or insertions in the gene

Mutated protein - Optineurin
Mutated protein – Profilin 1

Autosomal

(Johnson, Pioro et al.

dominant

2014)

Autosomal

(Al-Chalabi, Andersen et

dominant

al. 1999)

Autosomal

(Maruyama, Morino et al.

dominant and

2010)

recessive
Autosomal

(Wu, Fallini et al. 2012)

dominant
PRPH

SETX

SIGMAR1

SOD1

SPG11
SQSTM1

12q13.12

9q34

9q13

21p22

15q15-q22
5q35.3

Autosomal

(Gros-Louis, Larivière et

recessive

al. 2004)

Autosomal

(Chen, Bennett et al.

dominant

2004)

Mutated protein – Sigma non-opioid

Autosomal

(Al-Saif, Al-Mohanna et

intracellular receptor 1

recessive

al. 2011)

Mutated protein – SOD1 superoxide

Autosomal

(Rosen, Siddique et al.

dismutase 1

dominant

1993)

Mutated protein – SPG11 spatacsin

Autosomal

(Eymard-Pierre, Lesca et

vesicle trafficking associated

recessive

al. 2002)

Mutated protein – Sequestosome 1

Autosomal

(Fecto, Yan et al. 2011)

Mutated protein – Pheripherin
Mutated protein – Senataxin

dominant
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TAF15

TARDBP

TBK1

17q12

1p36.22

12q14.2

TATA-box binding protein associated

Indeterminate

(Ticozzi N, Glass JD et

factor 15

inheritance

al. 2011)

Mutated protein – TAR-DNA binding

Autosomal

(Sreedharan, Blair et al.

protein

dominant

2008)

Mutated protein – TANK binding kinase 1

Autosomal
dominant

(Cirulli, Lasseigne et al.
2015, Freischmidt,
Wieland et al. 2015)

TIA1

TUBA4A

2p13.3

2q35

UBQLN2

Xp11.21

VAPB

20q13.33

VCP

9p13.3

Autosomal

(Mackenzie, Nicholson et

dominant

al. 2017)

Autosomal

(Smith, Ticozzi et al.

Mutated protein – Ubiquilin 2

dominant
X-linked dominant

2014)
(Deng, Chen et al. 2011)

Mutated protein – VAMP associated

Autosomal

(Nishimura, Mitne-Neto

protein B and C

dominant

et al. 2004)

Mutated protein – Valosin containing

Autosomal

(Johnson, Mandrioli et al.

protein

dominant

2010)

T-cell restricted intracellular antigen-1
Mutated protein – Tubulin alpha 4a

Table 1.1 Genes causative and modifiers for ALS
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1.3

TDP-43 in ALS

1.3.1 Heterogeneous nuclear ribonucleoproteins (hnRNPs) and ALS
RNA binding proteins (RBPs) are a class of proteins involved in RNA metabolism,
maturation and splicing. Common features are the RNA-binding domains
(RRMs), the presence of a glycine rich domain (also defined as low complexity
domain - LCD), and the nuclear localisation signal (NLS). RBPs are often
localised within stress granules, free or attached to untranslated mRNAs, which
are produced by cells under stress conditions (Anderson and Kedersha 2008,
Protter and Parker 2016). Moreover, mutations causative for ALS found within
the LCD of these proteins disturb the stress granule dynamics, enhancing
aggregation and fibrillation, and impairing RBPs functions in RNA metabolism
(Aulas and Vande Velde 2015).
In ~90% of the ALS and ~50% of the FTD patients, the major constituents of
protein inclusions found within the cytoplasm of motor neurons are Transactive
response DNA binding protein 43 (TDP-43) and Fused in sarcoma (FUS), which
are generally observed concurrently with nuclear depletion of these proteins
(Chou, Zhang et al. 2018, Ling 2018). TDP-43 and FUS share a similar structure
as well as similar biological roles, and mutation in these proteins have been
implicated in ALS disease pathogenesis (Guerrero, Wang et al. 2016). A
schematic drawing of TDP-43 and FUS protein structure is provided in Figure 1.3.

Figure 1.3 Protein structure of TDP-43 and FUS/TSL. For TDP-43, there is one nuclear
localisation signal (dark grey), two RNA recognition motifs (orange), one nuclear export
signal (yellow) and a glycine-rich domain in red. For FUS/TSL, there is a glutamine,
glycine, serine, tyrosine-rich region (green), a glycine-rich domain (red), a nuclear export
signal (yellow), RNA binding motif (orange), a zinc finger domain (light blue), and
arginine, glycine-rich region (RGG repeats) and a nuclear localisation signal (dark grey).
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1.3.2 TARDBP gene
Human TARDBP is a gene encoding the protein TDP-43, and consists of 6 exons
and 5 introns; it is located within chromosome 1 in position 1p36.22 (Sephton,
Good et al. 2010) (Figure 1.4). This is an evolutionary conserved gene and
homologues have been found in several species such as Mus musculus,
Drosophila melanogaster and Danio rerio (Romano, Buratti et al. 2014).
Moreover, it is ubiquitously expressed in all tissues studied, although at different
levels (Buratti and Baralle 2008).

Figure 1.4 Human TARDBP gene and chromosome 1. The coding region of TARDBP
goes from exon 2 to exon 6 (in red) while 5’ and 3’ UTRs are in white. Black lines flanking
the gene schematically indicate the flanking genomic DNA. Start codon (ATG) and stop
codon (TAG) are indicated. Schematic view of chromosome 1 with red box indicating the
region where TARBP in located within the chromosome.

In particular, the highly conserved 3’ untranslated region (3’ UTR) contains four
polyadenylation sites (PAS) used for the pre-mRNA alternative splicing (pA1,
pA2, pA3 and pA4) and it is involved in the mechanism of auto-regulation (Figure
1.5) (Eréndira Avendaño-Vázquez, Dhir et al. 2012).
In fact, TDP-43 binds to a 34-nucleotide sequence within the 3’ UTR of its own
gene called the TDP-43 binding region (TDPBR, Figure 1.5), inducing the
generation of unstable mRNAs that undergo degradation through a non-sense
mediated decay (NMD) mechanism (Ayala, De Conti et al. 2011). Moreover, the
TARDBP gene encodes 11 mRNAs most of which have unknown function (Wang,
Wang et al. 2004).
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Figure 1.5 TDP-43 autoregulation binding region (TDPBR) and alternative
polyadenylated splicing sites (PAS) within TARDBP 3' UTR. TARDBP exons are
indicated in red, intron and flanking genomic DNA are thin black lines, TDPBR is marked
by a red box and location of all alternative splicing sites (pA1, pA2, pA3 and pA4) are
also indicated within the 3’ UTR.

1.3.3 TAR-DNA binding protein (TDP-43)
TDP-43 is a 43 kDa ubiquitously expressed protein constituted by 414 amino
acids belonging to the heterogeneous ribonucleoprotein particle (hnRNP) family
(Appocher, Mohagheghi et al. 2017). It has been firstly described as repressor of
human immunodeficiency virus type 1 (HIV-1) and as regulator of SP-10
transcription (Ling 2018).
The protein structure contains two RNA recognition motifs (RRM1 and RRM2),
which allow the binding of sequences enriched in (UG) n and (TG)n, a glycine-rich
domain in the C-terminal region (low complexity domain, LCD), a nuclear export
signal (NES), within RRM2, and a nuclear localisation signal (NLS), in the Nterminal region, both involved in the shuttling between nucleus and cytoplasm
(Figure 1.6) (Buratti and Baralle 2001, Ayala, Zago et al. 2008, Buratti and Baralle
2008).

Figure 1.6 TAR DNA-binding protein structure. TDP-43 is made by two RNA/DNA
recognition motifs (RRM1 and RRM2, pink) required to bind mRNA but also the 3’ UTR
of its own gene, a nuclear localisation signal (NLS, green), nuclear export signal (NES,
yellow), both responsible of the shuttling of the protein, and a C-terminal glycine-rich
domain where most of the mutation causing ALS in human patients are annotated.
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It is involved in several cellular and molecular mechanisms such as transcriptional
inhibition and regulation, pre-mRNA splicing, splicing modulation of several
genes (such as CFTR and apoA-II) as well as mRNA stability, transport and local
translation in neurons (Lu, Tang et al. 2016).

Figure 1.7 TDP-43 biological and pathological roles. TDP-43 is normally located in the
nucleus where its expression is tightly regulated. It is responsible for the shuttling of
mRNAs from the nucleus to the cytoplasm and regulates transcription, splicing and
maturation of several genes/RNAs. In a pathological scenario, ubiquitinated and
phosphorylated forms of TDP-43 accumulate inside aggregates within the cytoplasm of
motor neurons.

Moreover, TDP-43 is also part of the Drosha complex involved in microRNA
processing (Buratti, De Conti et al. 2010). Pathological features of TDP-43 are
depletion from the nucleus and accumulation in cytoplasmic aggregates where
the protein can be found ubiquitinated, phosphorylated or cleaved (Bentmann,
Neumann et al. 2012) (Figure 1.7).
In fact, in 2006, TDP-43 was identified as a component of ubiquitin-positive, tauand alpha-synuclein-negative inclusions, which are a typical pathological
hallmark of all ALS (with exception of familial cases carrying SOD1 and FUS
mutations) and FTD (Arai, Hasegawa et al. 2006, Neumann, Sampathu et al.
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2006, Farrawell, Lambert-Smith et al. 2015). Moreover, cytoplasmic aggregates
containing TDP-43 have been also observed in a wide range of neurological
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD) (Xu and Yang 2014, St-Amour, Turgeon et al. 2018).
In addition to its involvement in neuronal cell survival, it has been also shown that
TDP-43 is important for embryonic and postnatal stages of development (Ratti
and Buratti 2016).
In fact, in a mouse model, knockout of TDP-43 caused death at an early
embryonic stage (3.5 to 6.5 day), in Drosophila melanogaster elimination of TBPH
(homologue of TDP-43) causes pupal lethality and knockdown of TDP-43 in
zebrafish induces the development of motor deficits (Feiguin, Godena et al. 2009,
Kabashi, Lin et al. 2010, Sephton, Good et al. 2010).
1.3.4

TDP-43 mutations in ALS

Mutations in TDP-43 are causative of ALS and count for ~5% of fALS and for
~1.5% of sALS (Mackenzie, Rademakers et al. 2010, Ingre, Roos et al. 2015).
The majority of these mutations are located in the C-terminal glycine-rich region
(also defined as low complexity domain – LCD (see above Figure 1.7)), which is
involved in the RNA binding and influences TDP-43 propensity to aggregate
(Lagier-Tourenne and Cleveland 2009, Prasad, Sivalingam et al. 2018). The
pathological consequences of such mutations vary depending on their position.
For example, the mutation N267S, in the proximity of the nuclear export signal,
reduces TDP-43 amount inside the cell and has been observed concurrently with
C9orf72 expansions, while primary fibroblast from patients carrying the G294V
mutation showed increased cytoplasmic TDP-43.
On the other hand, in overexpression models it has been observed that mutations
in the LCD, such as Q331K and M337V, increase TDP-43 propensity to
aggregate and to interact with FUS/TLS with consequent toxicity (Buratti 2015).
Despite the low incidence of TARDBP mutations in ALS and FTD cases, even
small changes in TDP-43 expression, or in its function, are sufficient to cause cell
toxicity and ALS-like symptoms, as observed in small animal models, thus some
mutations in this gene are likely to interfere with embryonic development and
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might not be transmitted to adulthood (Buratti 2015). A list of the mutations found
to date in human ALS patients is provided in Table 1.2.
Mutation

Site

fALS/sALS

References

D65E

N-terminal

sALS

(Pesiridis, Lee, and Trojanowski 2009)

A90V

NLS

sALS

D169G

RRM1

sALS

N267S

Proximity
NES

sALS

(Van Deerlin, Leverenz et al. 2008,
Pesiridis, Lee et al. 2009)
(Kabashi, Valdmanis et al. 2008, Kim,
Shi et al. 2009)
(Pesiridis, Lee et al. 2009, Quadri,
Cossu et al. 2011)
(Kabashi, Valdmanis et al. 2008,

G287S

C-terminal

sALS

Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009)

G290A

C-terminal

fALS

S292N

C-terminal

fALS

(Van Deerlin, Leverenz et al. 2008,
Pesiridis, Lee et al. 2009)
(Xiong, Wang et al. 2010, Zou, Peng et
al. 2012)
(Sreedharan, Blair et al. 2008, Van

G294A

C-terminal

sALS

Deerlin, Leverenz et al. 2008, Ferrari,
Kapogiannis et al. 2011)
(Corrado, Ratti et al. 2009, Pesiridis,

G294V

C-terminal

sALS/ fALS

Lee et al. 2009, Williams, Durnall et al.
2009)

G295C

C-terminal

sALS/ fALS

G295R

C-terminal

sALS

(van Blitterswijk, van Es et al. 2012)
(Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009)
(Benajiba, Le Ber et al. 2009, Pesiridis,

G295S

C-terminal

sALS

Lee et al. 2009, Borghero, Pugliatti et
al. 2014)
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(Van Deerlin, Leverenz et al. 2008,

G298S

C-terminal

fALS

M311V

C-terminal

fALS

(Lemmens, Race et al. 2009)

A315E

C-terminal

fALS

(Fujita, Ikeda et al. 2011)

A315T

C-terminal

fALS

A321G

C-terminal

sALS

(Baumer, Parkinson et al. 2009)

A321V

C-terminal

sALS

(Kirby, Goodall et al. 2010)

Q331K

C-terminal

sALS

S332N

C-terminal

fALS

G335D

C-terminal

sALS

Nozaki, Arai et al. 2010)

(Gitcho, Baloh et al. 2008, Kabashi,
Valdmanis et al. 2008)

(Sreedharan, Blair et al. 2008,
Pesiridis, Lee et al. 2009, Buratti 2015)
(Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009)
(Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009)
(Rutherford, Zhang et al. 2008,

M337V

C-terminal

fALS

Sreedharan, Blair et al. 2008, Chio,
Calvo et al. 2012, Gendron,

Q343R

C-terminal

fALS

N345K

C-terminal

fALS

Rademakers
et al.
2013)
(Yokoseki,
Shiga et al.
2008,
Pesiridis,
Lee et al. 2009)
(Rutherford, Zhang et al. 2008, Ticozzi,
LeClerc et al. 2011)
(Kabashi, Valdmanis et al. 2008,

G348C

C-terminal

sALS/ fALS

Kuhnlein, Sperfeld et al. 2008, Daoud,
Valdmanis et al. 2009)

G348V

C-terminal

fALS

(Kirby, Goodall et al. 2010, Zou, Peng
et al. 2012, Soong, Lin et al. 2014)
(Kuhnlein, Sperfeld et al. 2008,

N352S

C-terminal

fALS

Kamada, Maruyama et al. 2009, Iida,
Kamei et al. 2012)

N352T

C-terminal

fALS

(Ticozzi, LeClerc et al. 2011)
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G357R

C-terminal

fALS

(Chiang, Andersen et al. 2012)

G357S

C-terminal

sALS

(Iida, Kamei et al. 2012)

R361S

C-terminal

sALS

R361T

C-terminal

fALS

P363A

C-terminal

sALS

G368S

C-terminal

sALS

Y374X

C-terminal

sALS

G376D

C-terminal

fALS

(Kabashi, Valdmanis et al. 2008,
Pesiridis, Lee et al. 2009)
(Chiang, Andersen et al. 2012)
(Daoud, Valdmanis et al. 2009,
Pesiridis, Lee et al. 2009)
(Chio, Calvo et al. 2012)
(Daoud, Valdmanis et al. 2009,
Pesiridis, Lee et al. 2009)
(Conforti, Sproviero et al. 2011, Czell,
Andersen et al. 2013)
(Ticozzi, LeClerc et al. 2011, Tsai,

N378D

C-terminal

fALS

Soong et al. 2011, Soong, Lin et al.
2014)

N378S

C-terminal

sALS

S379C

C-terminal

sALS

(Huang, Fang et al. 2012)
(Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009)
(Corrado, Ratti et al. 2009, Ticozzi,

S379P

C-terminal

fALS

LeClerc et al. 2011, Chiang, Andersen
et al. 2012)

A382P

C-terminal

sALS

(Daoud, Valdmanis et al. 2009,
Camdessanche, Belzil et al. 2011)
(Kabashi, Valdmanis et al. 2008,

A382T

C-terminal

sALS/fALS

Corrado, Ratti et al. 2009, Pesiridis,
Lee et al. 2009, Chio, Calvo et al.
2012)
(Rutherford, Zhang et al. 2008, Ticozzi,

I383V

C-terminal

fALS

LeClerc et al. 2011, van Blitterswijk,
van Es et al. 2012)
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(Millecamps, Salachas et al. 2010,

G384R

C-terminal

fALS

W385G

C-terminal

fALS

(Millecamps, Salachas et al. 2010)

S387delinsTNP

C-terminal

fALS

(Solski, Yang et al. 2012)

N390S

C-terminal

sALS

N390D

C-terminal

sALS

Ticozzi, LeClerc et al. 2011)

(Pesiridis, Lee et al. 2009, Kabashi, Lin
et al. 2010, Chio, Calvo et al. 2012)
(Pesiridis, Lee et al. 2009, Kabashi, Lin
et al. 2010)
(Corrado, Ratti et al. 2009, Origone,

S393L

C-terminal

sALS

Caponnetto et al. 2010, Praline,
Vourc'h et al. 2012)

Table 1.2 TDP-43 mutations associated with ALS and FTD pathology

1.4

Modelling motor neuron diseases

1.4.1 Why ALS models are necessary
ALS is a complex and heterogeneous disease involving different regions of the
body and a continuously increasing number of genes are found to be causative
of this devastating condition. Despite scientists having made lots of progress
during the past years to unravel the complex of pathomechanisms underlying
ALS, there is still a big gap in our knowledge, especially with regard to earlystages, as the course of the disease from the onset is very rapid and it is generally
only possible to analyse patients’ end-stage tissue. For this reason, different
types of systems are needed to understand the pathomechanisms of
neurodegeneration.
To date, ALS models range from cellular systems (for example, Saccharomyces
cerevisiae, primary motor neurons (MNs), mouse embryonic fibroblasts (MEFs),
patient derived induced pluripotent stem cells (iPSCs)) to small animal models
including invertebrates (for example, Caenorhabditis elegans, Drosophila
melanogaster) and vertebrates (for example, Mus musculus, Danio rerio) (Van
Damme, Robberecht et al. 2017). Despite each model having advantages and
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disadvantages, the final aim is being able to translate the discoveries from the
less complex model to human patients, trying to shed light on pre-diagnostic
changes that lead to the disease (Ittner, Halliday et al. 2015).
1.4.2 Cellular systems
Since at least in familial cases ALS is caused by mutations in key proteins,
leading to alteration in their conformation and physiology, in vitro studies using
cellular systems have been extremely useful for a better understanding of stress
granules formation, protein misfolding and aberrant aggregation (Boeynaems,
Alberti et al. 2018). For example, human cells (HeLa and U2OS) have been used
for studying the process of liquid-liquid phase separation and stress granule
formation caused by mutations in the LCD of RNA binding proteins (such as TDP43 and FUS) (Han, Kato et al. 2012, Molliex, Temirov et al. 2015). Moreover, they
have also been used to shed light on the role of C9orf72 in autophagy (Webster,
Smith et al. 2016).
Another used model is S. cerevisiae which shares 30% of genes homologous to
human genes and is suitable for investigating the effects of ALS-causative
mutations in a number of proteins, through for example the study of mutant
proteins aggregation and the monitoring of cell growth, but also for genetic
screening of modifier genes (Elden, Kim et al. 2010, Kim, Raphael et al. 2014,
Jovicic, Mertens et al. 2015). Moreover, primary motor neurons provided insight
into the effects of dipeptide repeat proteins arising from RAN translation in
patients with C9orf72 GGGGCC repeat expansion (Wen, Tan et al. 2014).
On the other hand, iPSCs are increasingly useful human models able to
differentiate into spinal motor neurons and can carry endogenous ALS mutations,
both familial and sporadic, with the advantage of working with a system having
the genetic background of ALS patients (Matus, Bosco et al. 2014, Maury, Come
et al. 2015). However, animal models remain essential to provide a complex in
vivo environment of tissues and cell-cell interactions, which are fundamental for
the study of neurodegenerative diseases, such as ALS, in which interactions
between glia, motor neurons and muscle are necessary for disease development.
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1.4.3 Small animal models
Animal models provide the possibility to validate disease mechanism and study
genetic networks involved in the disease development while maintaining the
complexity of a living organism. The characteristic sought in an animal model are
generally quick generation, reproducibility and ideally low cost maintenance (Van
Damme, Robberecht et al. 2017).
Drosophila melanogaster shares 40% homology with humans and is often used
for studying the toxicity caused by overexpression of mutant transgenes carrying
ALS mutations as well as in the screening of ALS modifier genes, with models
available for, for example, SOD1, FUS, TARDBP, C9orf72 (Watson, Lagow et al.
2008, Feiguin, Godena et al. 2009, Chen, Yang et al. 2011, Lanson, Maltare et
al. 2011, Vanden Broeck, Naval-Sanchez et al. 2013, Xu, Poidevin et al. 2013,
Mizielinska, Gronke et al. 2014). C. elegans shares 35% of human genes and
has been valuable for studying ALS genetic pathways for some important genes
such as SOD1, C9orf72, TARDBP and FUS (Therrien and Parker 2014).
Danio rerio (Zebrafish), in which at least 69% of the genes have one human
orthologue (Howe, Bradford et al. 2017), provides a complex system for the study
of mutant protein overexpression and gene knockout. Currently, there are models
available for the most studied ALS proteins (SOD1, FUS, TDP-43, C9orf72) which
give insight into gain of function and loss of function effects caused by mutation
in these proteins (Armstrong and Drapeau 2013, Ciura, Lattante et al. 2013,
Hewamadduma, Grierson et al. 2013, Lee, Chen et al. 2013, Smith, Newhouse
et al. 2013). To date, the most commonly used model in ALS research remains
Mus musculus with about 90% of genes having a homologous human gene and,
on average, 70% amino acid identity between human and mouse orthologues
(Monaco, van Dam et al. 2015). To date over 100 different type of ALS mouse
model have been generated, covering almost all known genes causative for ALS
and FTD, which help understanding the pathological and phenotypical implication
of ALS/FTD mutations (Turner and Talbot 2008, Gendron, Rademakers et al.
2013, Philip McGoldrick 2015, Picher-Martel, Valdmanis et al. 2016, De Giorgio,
Maduro et al. 2019).
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1.4.4 Mouse models
We are able to manipulate the mouse genome in a way that has not been
possible, until recently, with any other mammal, and so the mouse has become
the mammalian organism of choice for modelling human disease. In fact, gene
function between human and mouse has been conserved for over 80 million
years of evolution separating our common ancestors and so mutations in
orthologous mouse genes may recapitulate human genetic disorders (Buckley,
Kortschak et al. 2018). Moreover, the genomes of the common mouse strains
used in scientific research have been completely sequenced making them
extremely valuable for the study of gene function and ALS mutations (Doran,
Wong et al. 2016, Lilue, Doran et al. 2018). Over the past years, a wide number
of technologies have been developed for the creation of mouse models and each
type of model can give access to different stages of the disease; thus combining
different models could potentially allow us to investigate a more complete
pathogenic scenario of motor neuron diseases (De Giorgio, Maduro et al. 2019).
1.5

Technologies to create a mouse model

1.5.1 Transgenic mouse models
The majority of the ALS mouse models currently available are transgenic animals
overexpressing the mutant or wild type human protein of interest (Turner and
Talbot 2008, Gendron, Rademakers et al. 2013, Philip McGoldrick 2015, PicherMartel, Valdmanis et al. 2016, De Giorgio, Maduro et al. 2019). Transgenic
animals are usually created through microinjection into single cells embryos, and
subsequent random insertion of cDNA under the control of an exogenous
promoter (for example, Prion promoter, Thy 1.2, human promoter, CAMKII and
CAG) or of the endogenous promoter of the transgene (Liu 2013).They can also
be made using large vectors containing genomic DNA, such as BACs, which
generally result in low transgene copy number (1 to 5 copies) while reducing the
effects of transgene overexpression (Giraldo and Montoliu 2001, Chandler,
Chandler et al. 2007, Ting and Feng 2014).
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The random insertion of transgene DNA can cause unexpected mutations within
genes and other DNA functional elements, thus multiple founder lines are
generally studied to ensure common phenotypes, rather than occasional
phenotypes arising from the site of insertion (Tasic, Hippenmeyer et al. 2011,
Bouabe and Okkenhaug 2013). One possible solution to overcome the problem
of random insertion when making transgenic mouse models has been targeting
the Rosa26 locus which provides a ‘safe harbour’ for the constitutive and
ubiquitous expression of the transgene (Strathdee, Ibbotson et al. 2006, Carofino
and Justice 2015).
After the transgenes inserts it usually concatemerises and this is why transgenic
models have multiple copies of the individual transgene (Cain-Hom, Splinter et
al. 2017). Moreover, overexpression of the transgene may lead to artefacts or
cause deficits in the regulation of the gene of interest (Prelich 2012). In fact,
overexpression of RNA binding proteins causative for ALS, including TDP-43,
induces cellular toxicity and for this reason transgenic mice carrying mutation in
RBPs genes may have quite variable phenotypes (Ederle and Dormann 2017,
Baskaran, Shaw et al. 2018).
1.5.2 Mouse models with mutations in the endogenous gene
Many different types of mouse model with mutations in the endogenous mouse
ALS gene can be created in order to express the protein of interest at
physiological levels. Generally, these animals tend to have slower and less
severe phenotypes and often longer survival than transgenic animals (3 to 4
months of life). This implies that potential pathogenic hallmarks might arise at
advanced age but it also gives access to study early stage disease processes
(De Giorgio, Maduro et al. 2019). The different technologies used to create such
mouse models are ENU mutagenesis, gene targeting, gene editing (such as
CRISPR/Cas9) and genomic humanisation by homologous recombination.
1.5.2.1 N-ethyl-N-nitrosourea (ENU) mutagenesis
ENU mutagenesis is a method of introducing random mutations in the mouse
genome, which has produced many novel models of interest for biomedical
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research. This method is performed by injecting adult male mice with the
mutagenic compound N-ethyl-N-nitrosourea (ENU) which induces point
mutations in the spermatogonial stem cells. Afterwards, mice are mated with
wildtype females and then the F1 progeny are screened for phenotypes of interest
and could also be put into mating to ensure the heritability of any mutation.
Moreover, DNA and sperm samples from the male progeny carrying the mutation
of interest are frozen for further genotypic and phenotypic assessments
(Acevedo-Arozena, Wells et al. 2008, Stottmann and Beier 2014). This method
shows the limitation of not having control of the site of mutation but is not affected
by the complications of overexpressing mutant proteins and can give unexpected
insight into genes role and pathological processes (Georgel, Du et al. 2008).
1.5.2.2 Homologous recombination
Homologous recombination (HR) is a mechanism that normally occurs within cells
and can be used to target and modify a specific region within the genome
(Vasquez, Marburger et al. 2001, Hall, Limaye et al. 2009). The efficiency of this
method generally depends on the size of the homology arms which can go from
~0.5 kb up to 80-100 kb depending on the strategy designed (Hasty, RiveraPerez et al. 1991, Ishii, Kurosawa et al. 2014, Song and Stieger 2017). Generally,
a construct containing the mutation of interest, flanked by two regions
homologous to the target region, and a selection cassette, is electroporated into
mouse embryonic stem cells. Afterwards, the recombination between the target
region and the homology arms will allow insertion/deletion of the sequence of
interest and the selection cassette will be then used to select the correctly
targeted clone by antibiotic resistance (Leavitt and Hamlett 2011). This strategy
has the advantage to insert/delete a specific sequence while maintaining
endogenous expression of the gene of interest.
1.5.2.3 Gene targeted mouse models - Knockout (KO) and Knockin (KI)
Genome targeting is a method which allows the targeting and modification of a
specific DNA sequence, creating a new synthetic assembly of DNA starting from
the genome of a living organism. Over the past decades several techniques have
been developed, such as site-specific recombinases and nucleases for genome
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editing, aiming to better understand the role of each gene and its involvement in
pathological diseases. In a knockout mouse, a specific sequence can be deleted
or mutated compromising the expression of a gene or the functionality of its
protein while in a knockin mouse, the sequence of a gene can be mutated or
entirely replaced usually while maintaining physiological expression levels and
avoiding the overexpression of the protein (Doyle, McGarry et al. 2012).
1.5.2.3.1 Site specific recombinases
Site specific recombinases (SSR), such as the Causes recombination (Cre), a
DNA-modifying enzyme deriving from Bacteriophage P1 that recognises locus
per crossing over P1 (LoxP) sites, and Flp (Flippase), deriving from
Saccharomyces cerevisiae and recognising FRT (Flp recombination target) sites,
excise the sequence of interest flanked by either loxP or FRT sites (Birling, Gofflot
et al. 2009).
1.5.2.3.2 Clustered regularly interspaced short palindromic repeats (CRISPR)
and Cas9 nuclease
The most widely used method to introduce single point mutation is the clustered
regularly interspaced short palindromic repeats (CRISPR) together with the
protein CRISPR-associated endonuclease 9 (Cas9) both deriving from a bacterial
immune system which recognise and eliminate foreign DNA using RNA-guide
sequences. Cas9 nuclease makes blunt double-stranded breaks (DSBs)
recognizing a specific site in the DNA due to the presence of a protospacer
adjacent motif (PAM) sequence adjacent to the target and a single guide RNA
(20 bp). Afterwards, the double stranded break stimulates the cellular DNA repair
mechanism to resolve the break through non-homologous end joining (NHEJ) or
by homologous recombination if a donor vector/oligonucleotide carrying the
desired mutations flanked by homology arms (HA) is provided (Doudna and
Charpentier 2014).
1.5.2.4 Genomically humanised mouse models
One possible application of using HR is creating mouse models in which the
mouse gene has been replaced by the human orthologue, also defined
genomically humanised mouse models (Devoy, Bunton-Stasyshyn et al. 2012).
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Such models can give insight into potential differences in the biochemistry of the
mouse and human protein but also in other aspects such as interaction with other
proteins, autoregulation (important for RBPs) and level of expression (both at
protein and RNA levels), all playing important roles in ALS pathology. Moreover,
over the past years, the role of non-coding region has increased its importance,
especially because many genes with coding region highly conserved among
species show species-specific regulatory elements within their introns (such as
cryptic exons, transposons or alternative splicing sites) which could play a role in
their expression and functionality (Patrushev and Kovalenko 2014).
Genomic humanisation can be achieved following three different approaches: by
modifying individual codons of a protein sequence, to investigate the role of a
specific amino acid in the protein function, by replacement of one or more exons
of a gene or even by the substitution of an entire gene/genomic region with the
human orthologous sequence, aiming to reproduce the human genomic scenario
in the mouse (Zhu, Nair et al 2019).
In fact, to date few different humanised mouse models have been created and
these range from: Foxp2hum mice, carrying the substitutions T302N and N324S
in mouse FOX2 to humanise this protein, to mice producing a chimeric mouse:
human p53 protein, due to the replacement of mouse Tp53 exon 4 to 9 with the
human orthologous sequence, up to mice in which the Apoe gene has been
genomically humanised; and Tc1 mice having parts of human Hsa21 distributed
within chromosome 10, 16 and 17 (Luo et al., 2001, Raffai et al., 2001, O’Doherty
et al., 2005, Enard et al., 2009, Schreiweis et al., 2014).
Bacterial artificial chromosomes (BAC) and yeast artificial chromosomes (YAC)
are also extremely valuable for creating genomically humanised mouse models
as can be engineered to create a construct with long homology arms (80-100 kb)
for targeting the region of interest within the mouse genome. In fact, BACs and
YACs are large vectors containing several kilobases of genomic DNA with
libraries of such vectors available for many different species, including Homo
sapiens and Mus musculus (Osoegawa, Tateno et al. 2000, Osoegawa,
Mammoser et al. 2001, Devoy, Bunton-Stasyshyn et al. 2012).
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In such constructs, the human gene is flanked by mouse genomic DNA including
the mouse upstream and downstream cis-regulatory elements, allowing to
preserve the normal gene expression once the human gene has replaced the
mouse orthologue. (Wallace, Marques-Kranc et al. 2007).
Genomically humanised mice can provide a model for studying potential
differences in human/mouse orthologous sequences. For example, despite a
~70% similarity between the sequences of mouse and human serum amyloid P
(SAP), these two proteins show different binding ability to amyloid fibrils.
Similarly, despite human and mouse superoxide dismutase 1 (SOD1) sharing
83% identity, human SOD1 has a tryptophan residue (W32) causing increased
aggregation propensity when compared with the mouse orthologous (Devoy,
Bunton-Stasyshyn et al., 2012).
Moreover, humanisation can help identifying species specific gene function. In
humans, FOXP2 is involved in speech and language. When the mouse protein
has been humanised in the mouse, it caused behavioural changes and
unexpected phenotype not seen in Foxp2 knockouts (Enard et al., 2009).
Likewise, humanised mice carrying the variant caspase 12 (CASP12) have been
useful in identifying a gender specific effect induced by an oestrogen receptor
element (ERE) in intron 7, not present in the mouse gene, which modulates
CASP12 expression after infection with Listeria monocytogenes (Yeretssian et
al., 2009).
Furthermore, when the human disease is caused by species specific regulatory
elements or human-specific mutations, humanising the gene is the best, if not the
only option. This has been observed when modelling Fukuyama muscular
dystrophy which is caused by an SVA retrovirus insertion within the 3’ UTR of the
human gene Fukutin (Taniguchi-Ikeda et al., 2011).
On the other hand, when big portions of genomic DNA are modified, unexpected
outcome could arise. For example, transposable elements introduced in the
mouse together with the human sequence could be transcriptionally activated
and interfere with the expression of other genes within the same chromosome as
seen in Tc1 mice (O’Doherty et al., 2005).
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Another possible consequence of humanising a mouse gene is the absence of a
phenotype. In mice modelling myotonic dystrophy, insertion of the human
causative 84 CTG repeats in the 3’ end of mouse Dmpk (dystrophia myotonica
protein kinase) did not show any phenotype (van den Broek et al., 2002).
Moreover, it has been found that the A53T SNCA (Alpha-synuclein) mutation,
which causes Parkinson’s disease in humans, corresponds to the normal protein
sequence in the mouse (Gao and Zhang et al., 2003, Jordan et al., 2015). Thus,
humanisation of a mouse gene might not always be the right strategy.

To date the main challenge of creating genomically humanised mice is the
technical complexity. Despite the rapid development of CRISPR Cas9
technologies, there is still the risk of incurring in mosaic mice and off-target
effects. On the other hand, the use of targeting strategy involving homologous
recombination can be limited by the low efficiency rate. Moreover, we do not know
at which extend the insertion of human genomic DNA can compromise the
expression of other mouse genes as well as we currently do not have the
knowledge to predict what parts of a specific human gene are crucial in the
development of a disease. For this reason, it is important to always produce both
mutant and wildtype humanised mouse models in order to spot potential side
effects caused by the strategy (Sánchez-Rivera and Jacks et al., 2015; Zhu, Nair
et al 2019).
1.5.3

Characterisation and phenotyping of an ALS mouse model

The generation of mouse models for human diseases provides the invaluable
opportunity to better understanding the biological function of a gene and the
implication of novel mutations in the development of a disease but before being
able to define if a model is appropriate for the disease studied a number of
standardised tests must be performed for assessing biochemical, molecular,
physiological, pathological, anatomical and behavioral features (Van Meer and
Raber 2005, Chadman, Yang et al. 2009).
A schematic view of the parameters required when characterising a new ALS
mouse model is provided in Table 1.3.
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Genetic background

Potential variability

Strain characteristics and predisposition to certain conditions
or pathologies, breeding protocol and sex of the animals
Litter, copy number of the transgene, number of mice per
cage, management of the animal facility, operator, handling
To appropriately determined the correct number of mice it is
important to perform power calculations, ideally taking into
account previously published data or data from a pilot
experiment. Factors to be considered are:
•

Variability within each group (e.g. control and treated)
and within the test

Number of mice

•

Effect size – investigator sets the minimum effect size
to be biologically/clinically relevant

•

Significance – normally set at 0.05

•

Power – probability to observe the expected effect
with high significance – generally set within 80% and
95%.

Phenotype expected

Defined expected features specific for the disease studied
and choose a good control line to avoid artefacts

•

Define specific signs of onset (e.g. weight loss, hind limb
clasping)

•

Quantitative measure of disease progression (e.g.
weight loss, grip strength, rotarod, gait analysis,

Experimental
design

cognitive impairment)
•

Survival

•

Histology of key tissues - brain (neurons counting and
gliosis in frontal cortex, hippocampus), spinal cord
(motor neuron counting and gliosis in the lumbar
portion), muscles (muscle atrophy and NMJs)

•

Transcriptomic and proteomic analyses

48

•

After testing the normality of the sample, the appropriate
statistical test is chosen based on the results obtained parametric tests (e.g. T-test or Paired T-test) are used
when data show normal distribution while nonparametric tests (e.g. Chi-square,

Mann-Whitney,

Wilcoxon) are used when data do not follow a specific
distribution.
Importance of data consistency following the same
Replication

experimental design in an independent laboratory or in a
different mammalian model (e.g. different strain, different
mutation)

Table 1.3 Check list of the factors to be considered when characterising a new ALS
mouse model. Adapted from (Ludolph, Bendotti et al. 2010).

When working with gene targeted mice, after obtaining the chimeric male mouse
carrying the mutation of interest, the following step is to backcross the mouse
with wildtype females for germline transmission of the mutation.
Afterward, the offspring follow further breeding into the strain of choice (at least
up to 10 generations) to purify the genetic background, as chimeras are often
created using 129 mouse embryonic stem cells (mESCs) (more efficient for
germline transmission) and then bred on a different background, although now
also C57BL/6N mESCs are being used (Gertsenstein, Nutter et al. 2010). On the
other hand, mutant mice created using CRISPR can be generated in a timely
manner, with the mutation directly introduced into mouse fertilised oocytes which
are then implanted in a foster mother of the same strain (Markossian and Flamant
2016).
It is important to carefully choose the strain of the mouse model, as the genetic
background of each strain can influence the outcome of the mutation (De Vooght,
Vanoirbeek et al. 2010). For example, in models of Alzheimer's disease and ALS,
the same mutation in a different strain could cause disease features, no effect or
even embryonic lethality, sometimes forcing scientist to work with mixed genetic
backgrounds (Pardossi-Piquard, Lauritzen et al. 2016, Fratta, Sivakumar et al.
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2018). When working with ALS mouse models, analysis of the protein expression
in different tissue of the organism, such as brain and spinal cord, as well as of
the level of RNA transcripts, should be performed through western blot and qPCR
analysis. Moreover, sequencing of RNAs from key regions (frontal cortex, lumbar
spinal cord) is also important for identifying potential changes in alternative
splicing induced by mutations in a specific gene (Prudencio, Belzil et al. 2015,
Barham, Fil et al. 2018, White, Kim et al. 2018).
Histological analyses are performed to identify different features of the disease.
Aggregates of aberrant proteins in motor neurons are studied using antibodies to
identify RBPs within aggregates while stress granules are stained with an
antibody against the Fragile X Mental retardation protein (FMRP). Moreover,
other parameters evaluated to determine the disease progression are gliosis in
brain and spinal cord, using antibodies to identify Ionized calcium binding adaptor
molecule 1 (Iba1) and Glial fibrillary acidic protein (GFAP), muscle atrophy, using
antibody against the Myosin protein, and autophagy, using p62 as marker
(antibody for p62). Furthermore, loss of motor neurons and neuromuscular
junctions are both ALS hallmarks and their assessment is performed using
Choline acetyltransferase (ChaT – motor neurons) and α-Bungarotoxin (NMJ) as
markers (Kim, Hong et al. 2011, Gareau, Houssin et al. 2013, Pratt, Shah et al.
2013, Bennett, Bennett et al. 2016, Morisaki, Niikura et al. 2016, Sawano, Komiya
et al. 2016, Li, Li et al. 2019).
In addition, to perform a complete phenotypic assessment of the mouse,
behavioral tests are performed. Some guidelines for standard pipelines used by
international collaborations can be provided by the International Mouse
Phenotyping Consortium (IMPC) and by the European Mouse Disease Clinic
(EUMODIC) (Ayadi, Birling et al. 2012, Morgan, Simon et al. 2012, MunozFuentes, Cacheiro et al. 2018).
One protocol commonly used is the SHIRPA semi-quantitative screening, which
includes 40 tests and is divided in three stages (Rogers, Peters et al. 2001). It
starts with an evaluation of the general state of mouse (such as body tone,
weight, food intake) and then focused into more specific features typical of the
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disease of interest such as motor function, neurological and sensory impairment,
cognitive and psychological behavior in the case of ALS/FTD disease (Masuya,
Inoue et al. 2005, Acevedo-Arozena, Kalmar et al. 2011).
Behavioral tests used for ALS mouse models are generally divided into two
groups: motor function and cognitive abilities. Motor function includes tests for
muscle force (for example, grip strength), coordination (for example, accelerating
rotarod), general locomotion and exploration (for example, open field), gait
impairment (automated gait analysis using, for example, CatWalk).
Moreover, cognitive abilities assessed are spatial memory (for example, Morris
water maze, Barnes maze, T-maze and Y-maze), fear (for example, passive
avoidance, fear conditioning), recognition memory (for example, object
recognition test), anxiety (for example, elevated plus maze, dark exploration) and
species-specific behaviors (for example, marble burying, digging) (Deacon 2006,
Crawley 2008, Komada, Takao et al. 2008, Alfieri, Pino et al. 2014, Vorhees and
Williams 2014, Olivan, Calvo et al. 2015, Quarta, Bravi et al. 2015).
1.5.4 TDP-43 models of ALS/FTD
Over the past years, several laboratories have produced different types of TDP43 models (both in vivo and in vitro) which have helped to unravel several
mechanisms underlying ALS-TDP-43. For example, from in vitro models we
learned that mutations in exon 6 of the TARDBP gene enhance aggregation and
induce formation of larger stress granules. Exogenous expression in yeast of
human TDP-43 carrying mutations in the C-terminal glycine-rich domain (Q331K,
M337V, Q343R, N345K, R361S and N390D) showed increases aggregation
propensity and cytotoxicity (Johnson, Snead et al. 2009) while in mammalian
primary neurons, cytoplasmic expression of mutant hTDP-43-A315T, caused
formation of inclusions and neurotoxicity (Guo, Chen et al. 2011).
In rat primary hippocampal neurons, transfected with wildtype and mutant hTDP43, carrying mutations A315T and G343R, the size of stress granules containing
TDP-43 was larger than what observed in cells expressing wildtype TDP-43 (LiuYesucevitz, Lin et al. 2014). In addition, scientists have also found that mutant
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human TDP-43 causes mitochondrial disturbance as well as impairment in
protein synthesis. In primary mouse motor neurons, co-transfected with flagtagged wildtype and mutant hTDP-43 (Q331K and M337V), it was observed that
mutations affected mitochondrial morphology and density (Wang, Li et al. 2013).
In human neuroblastoma SH-SY5Y cells accumulation of mutant TDP-43,
depleted of the NLS, in the cytoplasm causes increase of 4E-BP1, a translational
repressor, and decreased phosphorylation of eIF4E transcriptional factor with
consequent reduction of protein synthesis (Russo, Scardigli et al. 2017).
Furthermore, another important finding was that TDP-43 is involved in the
regulation of autophagy. In Neuro2A mouse neuroblastoma cells it has been
found that TDP-43 regulates the expression of ATG7, a protein associated with
autophagy, by binding its mRNA and that its depletion reduces the number of
autophagosomes and increases the level of ubiquitinated proteins and p62
(Bose, Huang et al. 2011). Moreover, it was observed that mutation in the Cterminal of TDP-43 can affect autophagy through depletion of the vesicles
trafficking regulation Rab1 or by disrupting the VAPB-PTPIP51 tethering complex
(Stoica, De Vos et al. 2014, Soo, Halloran et al. 2015). More in general, TDP-43,
as other RNA binding proteins (RBPs), contains a low complexity domain which
favours sequestration of soluble proteins inside transient cytoplasmic membraneless liquid droplets (Udan and Baloh 2011, March, King et al. 2016). In fact, under
different stress condition, RBPs and mRNAs associated to them, are recruited
inside stress granules to temporary stop protein translation. Prolonged cellular
stress can compromise the homeostasis of such structures, potentially inducing
the formation of inclusions and overloading the mechanism of autophagy
(Monahan, Shewmaker et al. 2016, Nguyen, Thombre et al. 2019).
At the same time, accumulation of TDP-43 in the cytoplasm causes nuclear
depletion which also affects the expression and splicing of other proteins normally
regulated by TDP-43, including proteins involved in autophagy (see (Bose,
Huang et al. 2011)), as well as the repair of genomic DNA normally enhanced by
scaffolding of RBPs (Lagier-Tourenne, Polymenidou et al. 2010, LagierTourenne, Polymenidou et al. 2012, Ling, Pletnikova et al. 2015). Therefore,
TDP-43 could influence autophagy through both gain and loss of its functions.
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Among the in vitro models there are also human motor neurons or glia generated
using fibroblasts collected from human ALS patients. For example, in iPSCderived motor neurons the mutation TARDBPM337V caused increased level of
insoluble TDP-43 and toxicity making them more susceptible to phosphoinositide
3-kinase (PI3K) inhibition (linked to neurotrophic factors) (Serio, Bilican et al.
2013). Coculturing these motor neurons together with astrocytes carrying the
same mutation did not affected motor neuron survival while the same type of
experiments using murine glia expressing mutant SOD1 cocultured with human
iPSC-derived motor neuron showed toxicity (Hedlund and Isacson 2008).
Moreover, iPSCs from an FTD patient carrying the mutation A90V also showed
cytoplasmic TDP-43 and lower expression of total protein after treatment with
staurosporine (inducing apoptosis) (Zhang, Almeida et al. 2013). Furthermore,
human fibroblasts from ALS patients with mutation in the TARDBP gene (e.g.
G298S, A382T or M337V) showed changed in mRNA expression and splicing of
several genes such as SORT1, PACRGL and ANKRD42 (Fratta, Sivakumar et
al. 2018, Tann, Wong et al. 2019). Moreover, some in vivo models have also
provided important information about the link between TDP-43 pathology and
neurodegeneration. For example, in Drosophila, overexpression of human TDP43 in eyes, motor neurons and mushroom bodies (MBs) causes dose-dependent
and age-dependent toxicity with axonal loss and neuronal death (Hanson, Kim et
al. 2010, Li, Ray et al. 2010). However, as previously described, mouse models
are the most widely used for studying ALS disease and to date we count more
than 20 different ALS model of TDP-43, from transgenics to endogenous mutants,
all giving access to different features related to this protein (Table 1.4).
Transgenic mice expressing hTDP-43 carrying the mutation A315T, under the
widely expressed mPrp promoter, show rare TDP-43 inclusions and 20% MN loss
but also an unexpected neurodegeneration in the gut causing an aggressive
phenotype and interfering with the behavioural assessment (Wegorzewska, Bell
et al. 2009, Hatzipetros, Bogdanik et al. 2014). Moreover, wildtype lines, such as
the Kumar-Singh WT TDP-43 mice, expressing the human protein under the
Thy1.2 promoter, show 25% MN loss and TDP-43-positive cytoplasmic inclusions
with high variability in terms of phenotype and survival between Tg lines,
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demonstrating that overexpression of this protein over a certain threshold is toxic
regardless to the mutation (Wils, Kleinberger et al. 2010). On the other hand, the
conditional knockout of Tardbp in motor neurons leads to ALS-related syndromes
with muscle atrophy and ubiquitin aggregation suggesting that loss of WT TDP43 functions could be one of the cause of ALS with TDP-43 proteinopathy
(Kraemer, Schuck et al. 2010).
Therefore, as shown by in vivo and in vitro models, overexpression of TDP-43,
mutant but also wildtype, causes toxicity and aggressive phenotypes not related
with the mutation. The limitations of overexpression could be overcome by
generating mouse models with endogenous expression of the mutant/wildtype
protein. For example, gene targeted mice carrying wild type human genomic
TARDBP within the Rosa26 locus were indistinguishable from their nontransgenic littermates while the same model carrying the M337V mutation in the
C-terminal showed loss of NMJ and cytoplasmic mislocalisation but no motor
neuron loss (Gordon, Dafinca et al. 2018). In addition, ENU-mutant mice carrying
the M323K mutation causing TDP-43 gain of function show 28% motor neuron
loss and cytoplasmic inclusion not containing TDP-43, while mice carrying the
F210I mutation, inducing a loss of protein function, were not viable as
homozygotes (Fratta, Sivakumar et al. 2018). Both these lines were embryonic
lethal and have been characterised on a mixed genetic background which
emphasise the importance of the genetic background on the phenotype
observed. More detailed information on these and other TDP-43 mouse models
expressing TDP-43 at endogenous level are provided in the Results.
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NMJ loss

MA/MD
b

Gliosis
P

Other Phenotypes

Reference

ND

C57BL/6/
C3H backcrossed
with C57BL/6J

No nuclear loss
of hTDP-43.
Increase of
hTDP-43
expression
decrease of
endogenous
protein

Behavioral
Analysis

Early sign at
3 weeks;
No final MN
loss.
Survival
~4-8

Mild motor
coordination
impairment

HOM show severe
motor deficits, brain
atrophy and weight
loss

(Xu, Gendron
et al. 2010)

ND

Transgenic
Promoter: mPrp

Final stage
disease
(Terminal
MN loss)

Ab
Survival
~ 15

ND

Some founders
show aggressive
motor phenotype
(survival of 1-5
weeks).
Later onset lines
show weakness and
hypotonia. Weight
loss

(Stallings,
Puttaparthi et
al. 2010)

Ab

hTDP-43
WT

Initially on mixed
background (B6
SJLF and CD1),
now B6 SJLF

Reduced hTDP43 +25-35 kDa
fragments
Inclusions: P
Ubiquitin: P
TDP-43: colocalises with Ub

P

hTDP-43
WT
lines 3, 4,
21

Transgenic
Promoter: mPrp

Ab

C57BL/6

> hTDP-43 and <
wt mTDP-43,
Cytotoxic ~25
kDa
Inclusions: P
Ubiquitin: P

ND

hTDP-43
WT

Transgenic
Promoter: mPrp

Protein

Ab

Strain name

Transgenic/ gene
targeted
knockin/ENU

No final MN
loss
Survival
~104

No or mild
motor
coordination
impairment

Phenotypically
normal.
No weight loss

(Arnold, Ling
et al. 2013,
Mitchell,
Constable et
al. 2015)
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P

Ab

P

C57BL/6/SJL x
C57BL/6J

hTDP-43
HOM
Inclusions: P
Ubiquitin: P
TDP-43: rare but
co-localises with
Ub

Early signs
~2-12
weeks;
No final MN
loss.
Survival
Normal

ND

Transgenic
Promoter: mThy1.2

ND

hTDP-43
WT

C57BL/6

P

hTDP-43
WT
line W3

Transgenic
Promoter: mThy1.2

hTDP-43 nuclear
inclusions
containing
FUS/TLS, SC35
and proteins
involved in RNA
metabolism
Inclusions: P
Ubiquitin: P
TDP-43: Ab

Early signs
at ~2-56
weeks;
Significant
MN loss in
line TAR6/6
and 25% MN
loss in line
TAR4/4; End
stage
paralysis: P
Survival
HOM ~3
HEM ~104

Motor
coordination
impairment

Phenotype more
severe in males than
females. Significant
increase of GEM
bodies in motor
neurons

(Shan, Chiang
et al. 2010)

Mild to severe
motor
coordination
impairment

Progressive motor
impairments with
fasciculation and
spasms of facial
muscle. Differences
in the phenotype
between Tg lines

(Wils,
Kleinberger et
al. 2010)
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iTDP-43
WT
/
diTDP-43
WT

Transgenic
Promoter: CaMKII
tTa x tet-off
FVB/NCr x 129S6

hTDP-43; mTDP43
downregulated in
response to
overexpression
of hTDP-43.
Inclusions: P
Ubiquitin: P
Occasionally
p62/TDP-43: P
(iTDP-43WT)
pTDP-43: P
(diTDP-43WT)

ND
ND

Ab

P

UMN
(% MN loss
ND)
Survival
~24

Early signs
at 8 weeks;
No final MN
loss
Survival
~70

ND

FVB/N

hTDP-43
overexpress in
forebrain
Inclusions: P
Ubiquitin: P
TDP-43: P

ND

hTDP-43
WT

Transgenic
Promoter: CaMKII
tTa x tet-off

ND

C57BL/6J x
C3H/HeJ

P

Transgenic
Promoter: CaMKII
tTa x tet-off

P

hTDP-43
WT
line W12

hTDP-43;
loss of nuclear
mTDP-43 and
cytoplasmic
hTDP-43
Inclusions: P
Ubiquitin: P
TDP-43: colocalises with Ub

Earl signs at
~4 weeks;
No final MN
loss.
Survival
<8-52

Mild to no motor
coordination
impairment

Brain atrophy. Single
Tg express little to
no hTDP-43.
Degeneration of
neurons in DG

(Igaz, Kwong
et al. 2011)

Motor
coordination
impairment

Learning and
memory deficits.
Disruption ERK
phosphorylation,
inhibition GABA
neurotransmitter

(Tsai, Yang et
al. 2010)

ND

Two mouse lines:
iTDP-43WT)
expressing iTDP-43
show aggressive
phenotype in early
development stages.
diTDP-43WT on Dox
up to 21 days show
longer lifespan and
slower progressive
neurodegeneration

(Cannon,
Yang et al.
2012)

57

C57BL/6J x CBA
then crossed with
C57BL/6J by
Hatzipetros et al.
2014

ND
ND

P

P

TARDBP
A315T

hTDP-43;
fragments 25-35
kDa but not in
detergent
insoluble phase
Ubiquitin: P
TDP-43: rare

Motor
coordination
impairment

Peripherin
aggregates in the
hippocampus. Ageassociated cognitive
and motor deficits

(Swarup,
Phaneuf et al.
2011)

P

Transgenic
Promoter: mPrp

Early sign at
~42 weeks;
Survival
No final MN
loss.
Survival
ND

Early signs
~42 weeks;
No final MN
loss.
Survival
ND

Motor
coordination
impairment

Peripherin
aggregates in the
hippocampus. Ageassociated cognitive
and motor deficits

(Swarup,
Phaneuf et al.
2011)

Motor
coordination
impairment

Original line on a
non-congenic
genetic background
showed
considerable neuromuscular deficits.
Hatzipetros et al.
backcrossed the line
with C57BL/6J
before starting the
study. Motor
phenotype confused
by gut phenotype.
Significant gender
differences

(Wegorzewska
, Bell et al.
2009,
Hatzipetros,
Bogdanik et al.
2014)

P

C3H x C57BL/6

P

TDP-43
A315T/G348
C

BAC
Transgenic
Promoter:
mTardbp

hTDP-43;
increased level
of cytotoxic ~ 25
kDa c-terminal
fragment of TDP43.
Inclusions: P
Ubiquitin: P
TDP-43: P

P

C3H x C57BL/6

hTDP-43 mainly
in nucleus.
Increased level
of cytotoxic ~25
kDa c-terminal
fragment of TDP43

P

hTDP-43
WT

BAC Transgenic
Promoter:
mTardbp

Early signs
8-12 weeks;
MN loss:
20% at ~26
weeks
Survival
13-26
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ND

high hTDP-43
+25-35 kDa
fragments
Inclusions: P
Ubiquitin: P
TDP-43: rare
pTDP-43

Early signs
2-8 weeks.
No final MN
loss.
Survival
~10

ND

C57BL/Ntac +
Ptprc and Pep3
alleles from SJL/J
strain x CD1 then
colony randomly
bred to CD1 and
mixed background
mice

P

TDP-43
A315T
lines
23, 27, 35, 61

P

Transgenic
Promoter: mPrp

ND
Survival
~2-6

Mild motor
coordination
impairment

Later onset
progressive motor
phenotype

(Stallings,
Puttaparthi et
al. 2010)

C57BL/6

ND

Transgenic
Promoter: mPrp

hTDP-43 mainly
nuclear.
Dose dependent
> hTDP-43 and
< wt mTDP-43
Inclusions: P
Ubiquitin: P
TDP-43: low
p62/TDP-43: P

ND
ND

TDP-43
M337V

High hTDP-43
+25-35 kDa
fragments
Inclusions: P
Ubiquitin: P
TDP-43: P

P

TDP-43
M337V

C57BL/Ntac +
Ptprc and Pep3
alleles from SJL/J
strain x CD1 then
randomly bred to
CD1 and mixed
background

P

Transgenic
Promoter: mPrp

ND
Survival
~4

ND

Motor
coordination
impairment

Transgenic founders
show aggressive
motor phenotype.

HEMs: no
phenotype. HOMs:
early signs at 40
weeks with brain
atrophy and
hyperphosphorylated
Tau in cytoplasm.
Weight loss

(Stallings,
Puttaparthi et
al. 2010)

(Xu, Zhang et
al. 2011)

59

BL/6/SJL x
C57BL/6J

Ab

Ab

TDP-43
M337V

Early signs
40 weeks;
Agedependent
MN loss (%
ND)
Survival
ND

Ab

Transgenic
Promoter: mThy1.2

hTDP-43;
different level of
expression
depending on the
founder.
Fragments 25-35
kDa. No colocalisation
between TDP-43
and stress
granules.
Inclusions: P
Ubiquitin: P
TDP-43: Ab but
some p62/TDP43
Some founders
show UBQLN2
inclusions

Ab

C57BL/6/C3H
backcrossed with
C57BL/6J

hTDP-43;
no nuclear loss
of TDP-43

Ab

hTDP-43
M337V

P

Transgenic
Promoter: mPrp

Early signs
at 1.5-56
weeks;
MN loss %
ND
End stage
paralysis: ~4
weeks
Survival
HOM ~2.5
HEM ~71

Motor
coordination
impairment

Ab

(Arnold, Ling
et al. 2013)

Motor
coordination
impairment

Several founders
with aggressive
phenotype.
Founders with milder
phenotype show late
onset and longer
survival. Weight loss

(Janssens,
Wils et al.
2013)
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P

Motor deficits and
muscle fibrillation.
Misregulated
cassette exons due
to mutated TDP-43

(Arnold, Ling
et al. 2013)

P

TDP-43
Q331K

Motor
coordination
impairment

Early signs
40 weeks;
LMN loss:
~35-40% at
52 weeks
Survival
ND

Motor
coordination
impairment

Motor deficits and
muscle fibrillation.
Misregulated
cassette exons due
to mutated TDP-43.

(Arnold, Ling
et al. 2013)

Motor
coordination
impairment

Same mouse as
Arnold et al., 2013
but paper focused
on double mutant
hTDP-43 WT x
hTDP-43- Q331K
overexpressor. No
gut phenotype.
Rapid disease
progression. HEM
Q331K line shows
late-onset agedependent motor
deficit

C57BL/6/C3H
maintained
C57BL/6J
background

(Mitchell,
Constable et
al. 2015)

P

Transgenic
Promoter: mPrp

Nuclear loss of
hTDP-43.
Q331K-TDP-43
mutation appears
to have more
tendency to
aggregate in the
cytoplasm.
Inclusions: P
Ubiquitin: P
TDP-43:
endogenous

Ab

P
P

C57BL6/C3H
backcrossed with
C57BL/6J

hTDP-43;
no nuclear loss
of TDP-43

P HOM

Transgenic
Promoter: mPrp

No nuclear loss
of TDP-43

Ab

hTDP-43
Q331K-low

C57BL6/C3H
backcrossed with
C57BL/6J

P

hTDP-43
Q331K

Early signs
12 weeks;
LMN loss:
~35-40% at
52 weeks
Survival
normal

Transgenic
Promoter: mPrp

Early signs
at 3 weeks;
MN loss:
70% in
WTxQ331K;
End stage
paralysis: by
8-10 weeks
Survival
8-10
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Ab

Ab

ND

CaMKII tTA x tetoff
C57BL/6J x C3HeJ
F1

Presence of
cytoplasmic
hTDP-43 ΔNLS
is Dox
dependent. Not
found when
crossed with
hTDP-43 WT
Inclusions: P
Ubiquitin: P
TDP-43: colocalises with Ub

Early signs
1-3 weeks
off Dox;
No final MN
loss.
Survival
~24

P

NEFH-tTA

Transgenic
Crossed with
hTDP-43ΔNLS
from Igaz et al.
2011
Promoter: hNEFH /

P

C57BL/6J x
C3H/HeJ

P

hTDP-43
ΔNLS

Transgenic
Promoter: CaMKII
tTa x tet-off

hTDP-43;
dramatic loss
nuclear wt TDP43 and
cytoplasmic
hTDP-43
Inclusions: P
Ubiquitin: P TDP43: low but colocalises with Ub

Early signs 2
weeks off
Dox;
MN loss:
50% by 6
weeks off
Dox
Survival
8-18 weeks
off Dox and
up to 20-32
weeks when
Dox
reintroduced

Motor
coordination
impairment

Time dependent
neurodegeneration
off Dox. Single Tg
express little to no
hTD-43. Altered
expression of genes
e.g. Tardbp,
Hnrnpa3, etc.

(Igaz, Kwong
et al. 2011)

Motor
coordination
impairment

Dox stopped at 5
weeks.
Line also crossed
with hTDP-43WT
from Igaz et al. 2011
to confirm that
cytoplasmic
inclusions were
related to ΔNLS line.
Suppression of
hTDP-43ΔNLS by
re-introducing Dox
partially rescues
phenotype. Weight
loss

(Walker,
Spiller et al.
2015, Spiller,
Restrepo et al.
2018)
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Ab

WT
comparable
with Ntg
littermates
Survival
normal

ND

Ab

hTDP-43
expression lower
than endogenous
mTDP-43

Ab

TDP-43
WT

Human genomic
sequence targeted
into Rosa26 (Gt
(ROSA26) Sor)
locus in a single
copy with a Cterminal Ypet
fluorescent tag

Early signs
~12-20
weeks.
MN loss:
10%
At 65 weeks
Survival
normal

Indistinguishabl
e from Ntg
littermates

ND

(Gordon,
Dafinca et al.
2018)

Mild motor
coordination
impairment

Pre-symptomatic
model.
Reduction of CD36.
Altered expression
of genes involved in
cell death and lipid
metabolism

(Stribl,
Samara et al.
2014)

129S2/129P2/Ola
x C57BL/6NTac

Ab

hTDP-43
A315T

Gene targeted
knockin.
Endogenous
Promoter:
mTardbp

Human cDNA
gene targeted
into mouse
Tardbp locus;
alteration of 3'
UTR aligning
importance for
autoregulation
Inclusions: P
Ubiquitin: P
TDP: colocalises with Ub
p62: Ab

ND

C57BL/6 x
C57BL/6J
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(Gordon,
Dafinca et al.
2018)

Ab

Early signs
at ~20
weeks;
No final MN
loss
Survival
~80

Mild to none
motor
coordination
impairment at
20 and 24
weeks.
Cognitive and
memory
impairment

Aberrant behavior,
hyperphagia, high
weight.
Phenotypic
heterogeneity.
Significant
expression/splicing
differences in brain,
spinal cord by 20
weeks

(White, Kim et
al. 2018)

ND
Survival
ND

ND

Skipping of
conserved exons

(Fratta,
Sivakumar et
al. 2018)

P

Motor
coordination
impairment

Weight reduction in
male HOM.
Cytoplasmic
mislocalisation of
hTDP-43 observed
in ESCs derived
motor neurons

Tardbp
Q331K

Gene targeted
knockin
Promoter:
mTardbp

mTDP-43; TDP43 gain of
splicing function

Ab
ND

C57BL/6J

ND

Tardbp
Q331K

mTDP-43; TDP43 GOF. 45%
increase of
nuclear TDP-43
in mutant,
impaired
autoregulation

Ab

C57BL/6 x
C57BL/6J

Gene targeted
knockin
Promoter:
mTardbp

HOMs: Early
signs at ~26
weeks;
Symptomatic
mice at ~39
weeks.
No final MN
loss.
Survival
normal

ND

Ab

hTDP-43
expression lower
than endogenous
mTDP-43.

Ab

TDP-43
M337V

Human genomic
sequence targeted
into Rosa26 (Gt
(ROSA26) Sor)
locus in a single
copy with a Cterminal Ypet
fluorescent tag

C57BL/6J
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ENU point mutant
Promoter:
mTardbp
Tardbp
M323K

On C57BL/6J
embryonic lethal;
viable HOM on
C57BL/6J-DBA/2J

mTDP-43; TDP43 GOF
(increased exon
exclusion),
skiptic exon. No
nuclear
depletion.
Increased
Tardbp intron 7
retention.
Inclusions: P
Ubiquitin: P
TDP-43: Ab

Ab
Ab

Ab

Ab

Early signs
at 32-61
weeks;
No final MN
loss
Survival
ND

Ab
Survival
ND

Early signs
at ~52
weeks;
Survival

Ab

On C57BL/6J
embryonic day
18.5; viable HOM
on C57BL/6JDBA/2J

Ab

Tardbp
F210I

mTDP-43; TDP43 LOF (shift
towards exon
inclusion), cryptic
exon. Reduced
RNA binding.

ND

ENU point mutant
Promoter:
mTardbp

Ab

C57BL/6J x
C3H/HeH

mTDP-43;
no difference in
protein level
between
wt/mutant TDP43

ND

Tardbp
Q101X

ENU point mutant
Promoter:
mTardbp

MN loss:
28% at 104
weeks
Survival
Normal

Mild/No motor
coordination
impairment

Loss of body tone.
No weight loss.
Aberrant exon
inclusion

(Ricketts,
McGoldrick et
al. 2014)

Ab

HOMs: embryonic
lethal.
TDP43 loss of
function effects on
expression and
splicing

(Fratta,
Sivakumar et
al. 2018)

Motor
coordination
impairment

TDP43 gain of
function effects on
expression and
splicing

(Fratta,
Sivakumar et
al. 2018)

Table 1.4 TDP-43 mouse models of ALS. P=present, Ab= absent; ND= not declared. Adapted from (De Giorgio, Maduro et al. 2019).
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1.6

Aim

The aim of this PhD project was to create a genomically humanised TDP-43
mouse model by replacing the genomic region of mouse Tardbp, starting from
the ATG in exon 2 until the stop codon lying within exon 6, with the corresponding
sequence from the human orthologue TARDBP. We chose to use human and
mouse Bacterial Artificial Chromosomes (BACs) as sources of DNA sequences
for our targeting strategy. Using BAC recombineering and homologous
recombination we have targeted mouse embryonic stem cells and are generating
a mouse model carrying a fully genomically humanised TDP-43 together with the
mouse untranslated regions (5’ and 3’ UTRs). This novel ALS humanised mouse
will be used to enrich our knowledge on the biochemistry and physiological
molecular roles of human TDP-43 expressed at endogenous level within the
nervous system of a living organism. Moreover, using CRISPR/Cas9 technology
it will be possible to use this model for the study of human ALS mutations and
their involvement in the development of this disease.
In addition, we started phenotyping a knockin mouse line, both in-vivo and invitro, harbouring the equivalent of a human pathological mutation (Q331K) in the
mouse Tardbp gene to deepen the knowledge over the pathological mechanisms
caused by mutant TDP-43 in the mouse and then compare the findings with what
will be observed in our humanised mouse. To conclude, we performed
biochemical and molecular analysis on mouse embryonic fibroblasts carrying the
M323K, Q331K and F210I mutations causing, respectively, TDP-43 gain and loss
of function, to study how the role played by TDP-43 in the splicing of other
proteins is affected by mutation in the Tardbp gene and how C-terminal mutations
influence the formation of stress granules.
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2 Materials and methods
2.1

Materials

2.1.1 Equipment
1.5 mL tubes

VWR International

2 mL screw cap micro tubes

VWR International

10 µl/20 µl/200 µl/1000 µl tips

Starlabs

5 mL Falcon tubes

Falcon

12-strip PCR tubes

Starlabs

96-well PCR plate

Starlabs

3730xl DNA analyser

Thermo Fisher Scientific

Accelerating rotating rod

Ugo Basile, France

Bench centrifuge

Eppendorf

Blot filter paper

Bio-Rad

ChemiDOC XRS+ system

Bio-Rad

Electroporation cuvettes

Invitrogen

Falcon 100 µm yellow cell strainer for 50 mL

Falcon

Gel Doc XR system

Bio-Rad

Gene Pulser/MicroPulser Cuvettes, 0.1 cm gap

Bio-Rad

Gilson Pipetman Neo 8 channel 200 µL

Gilson UK

Grip strength meter

Harward Apparatus

Heat block

Eppendorf

Incubator Raven

LTE Scientific

LSM 710 confocal microscope

Zeiss

Incubator shaker

Orbital

MicroAmp Fast 96-well reaction plate (0.1 mL)

Applied Biosystems

Microwave

Sharp

Mini-spin centrifuge

VWR International

Mupid-ONE – gel electrophoresis system

Clontech

tank 166x170x51 mm
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NanoDrop One

Thermo Fisher Scientific

Nitrocellulose membrane

Sigma Aldrich Ltd

NuPAGETM 4-12% Bis-Tris protein gels, 1.0 mm, 12-well

Life Technologies

NuPage mini-cell electrophoresis system

Life Technologies Inc

Proflex PCR System

Applied Biosystems

Pipette controller

VWR International

Pipette 8 channel 1-10 µl

VWR International

SPARK multimode microplate reader

Tecan

Pyrex 1 Lt culture flasks

VWR International

Spreader, L-Shaped

Fisher Scientific Ltd

Sorvall™ LYNX™ Superspeed centrifuge

Thermo Fisher Scientific

Superfrost Plus microscope slides

VWR International

Tube rack micro tube 4-way flipper rack

Thermo Fisher Scientific

Trans-Blot Turbo Transfer System

Bio-Rad

Viaflo 25 ml disposable reagent reservoir, sterile

Integra

Vortex mixer

VWR International

UV illuminator

VWR International

Weight scale

VWR International

2.1.2 Chemicals and reagents
AccuPrime Pfx SuperMix

Thermo Fisher Scientific

BigDye Terminator v1.1 Cycle sequencing

Life Technologies

Better buffer 10 x 1.5 mL

Microzone/Clent LifeScience

Betaine, 5M

Sigma Aldrich Ltd

BSA - purified

New England Biolabs

Chloramphenicol gamma-irradiated

Sigma Aldrich Ltd

DCTM Protein Assay

Bio-Rad

Dulbecco’s modified eagle’s medium (DMEM), Gibco

Life Technologies

DMSO (Dimethyl sulphoxide), sterile

New England Biolabs

Ethidium bromide

Sigma Aldrich Ltd
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Ethylenediaminetetraacetic acid solution (EDTA)

Sigma Aldrich Ltd

ElectroMAX™
0.5 M in H2O DH10B™ T1 Phage-Resistant

Thermo Fisher Scientific

Competent
coli (FBS), Gibco
Fetal bovineE.serum

Life Technologies

Formamide

Sigma Aldrich Ltd

Gel Loading Dye blue (6X)

New England Biolabs

GelRed nucleic acid gel stain, 10,000X in water

Cambridge Bioscience

GeneRuler high range DNA ladder

Thermo Fisher Scientific

Glycogen, DNA co-precipitant

Thermo Fisher Scientific

Hyperladder 1 kb, 500 lanes

Bioline

Kanamycin solution (0.9% NaCl)

Sigma Aldrich Ltd

L-(+)-Arabinose

Sigma Aldrich Ltd

Lambda PFG ladder

New England Biolabs

LB broth, Miller

Sigma Aldrich Ltd

LB broth with agar (Luria low salt)

Sigma Aldrich Ltd

Lipofectamine 3000

Invitrogen

LongAmp Taq 2X Master Mix

New England Biolabs

One Shot® PIR1 chemically competent E. Coli

Thermo Fisher Scientific

Opti-MEM, modified minimal essential medium

Life Technologies

TM
(MEM),
ProLongGibco
Gold Antifade Mountant with DAPI

Thermo Fisher Scientific

Proteinase K

Invitrogen

Pure agarose

Invitrogen

Phosphate buffered saline (PBS), Gibco

Life Technologies

Quick-load 1 kb extended DNA ladder

New England Biolabs

Quick-load 1 kb purple DNA ladder

New England Biolabs

Restriction enzymes

New England Biolabs

Sodium dodecyl sulphate (SDS)

Sigma Aldrich Ltd

Sodium acetate solution - 3M in H2O

Sigma Aldrich Ltd

Sodium chloride (NaCl)

Sigma Aldrich Ltd

S.O.C. medium

Invitrogen

TE buffer 10X

VW International
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Tetracycline hydrochloride

Sigma Aldrich Ltd

Tetramethylethylenediamine (Temed) 99%

Sigma Aldrich Ltd

Tris-hydrochloric acid (HCl)

Sigma Aldrich Ltd

Tris, pH 8.0

Sigma Aldrich Ltd

Trizma hydrochloride

Sigma Aldrich Ltd

UltraPure Tris-borate-EDTA (TBE) buffer

Thermo Fisher Scientific

UltraPure glycerol

Thermo Fisher Scientific

UltraPure DNase/RNase-free distilled water

Thermo Fisher Scientific

Pre-Stained Chemiluminescent Protein Ladder

Li-cor

2.1.3 Commercial kits
BAC Subcloning

Gene Bridges

NucleoBond BAC 100

Macherey-Nagel

NucleoSpin DNA RapidLyse

Macherey-Nagel

QIAGEN Plasmid Maxi

Qiagen

QIAGEN QIAquick PCR purification

Qiagen

QIAquick Gel Extraction

Qiagen

2.1.4 Antibodies
Anti-mouse B-actin primary antibody A2228

Sigma

Anti-mouse FMRP primary antibody ab17722

Abcam

Anti-mouse hnRNP A1 ab5832

Abcam

Alexa FluorTM 594 Phalloidin

Life Technologies

Alexa FluorTM 488, secondary antibody

Thermo Fisher Scientific

HRP Mouse Immunoglobulins, secondary antibody

Dako
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2.1.5 Software and Web Tools
BLAST (Basic Local Alignment Search Tool)

DNA sequence/Protein

https://blast.ncbi.nlm.nih.gov/Blast.cgi

alignment

CHORI (Children’s Hospital Oakland Research

BAC/PAC database

Institute) https://bacpacresources.org/
Copy Caller v2.1, Thermo Fisher

Copy number assay analysis

https://www.thermofisher.com
Ensembl http://www.ensembl.org/index.html

Database of genomes

Geneious 9.1.5, Biomatters www.geneious.com

Sequencing analysis software

Image LabTM https://www.bio-rad.com/

Bio-Rad

Inkscape 0.92.1 https://inkscape.org/

Vector graphics software

NCBI (National Centre for Biotechnology

Database of molecular biology

Information) https://www.ncbi.nlm.nih.gov/

resources

Primer 3 (v. 0.4.0) http://bioinfo.ut.ee/primer3-

Primer design

0.4.0/
UCSC (University of California, Santa Cruz)

Database of world human

https://genome.ucsc.edu/

genome assembly

Volocity http://quorumtechnologies.com/index.php/

Image analysis software

2.1.6 Bacterial Artificial Chromosomes (BACs)
BAC clones were required as donors of genomic DNA sequences to create a final
modified targeting construct. After consulting the database of the National Centre
for Biotechnology Information (NCBI https://www.ncbi.nlm.nih.gov), the chosen
clones were selected taking into account species, name of the gene and location
of the gene within the clone.
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Moreover, when designing a gene targeting strategy that requires steps of
homologous recombination, it is recommended to have the gene of interest
located as centrally as possible within the BAC clone in order to have long
sequences of DNA available flanking the gene, which can be used as homology
arms.

Name

Locus

Species

Vector

Insert

name

size

VCS

Host

193.604

Eco

DH10B

bp

RI

E. coli

182.511

Eco

DH10B

bp

RI

E. coli

10981779
RP11829B14

-

Homo
sapiens

pBACe3.6

11175382

B6Ng01103M13

148512011

Mus

-

musculus

148694521

C57BL6/N

pBACe3.6

Table 2.1 BAC clones chosen to use information.

2.1.7 Plasmid vectors
2.1.7.1 pBACe3.6 (BAC backbone)
The pBACe3.6p (Figure 2.1) is a commonly used vector for the construction of
genomic libraries within bacterial artificial chromosomes. It contains the sacB
gene encoding the protein levansucrase which converts sucrose into levan, a
compound that accumulates inside the periplasmic space becoming toxic for the
bacterial cell. For this reason, the sacB gene inside this vector is separated from
its promoter by the pUC-link (stuffer fragment flanked by a set of unique restriction
sites), allowing positive selection of recombinant clones which would not be able
to form colonies on medium containing sucrose if the pUC-link is deleted.
The restriction sites surrounding the pUC-link enable digestion with restriction
enzymes and then ligation for subcloning the DNA sequence of interest, creating
a recombinant BAC clone. Moreover, the backbone carries a mutated loxP511,
for Cre-recombinase targeting, and a recognition site for the intron homing
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endonuclease PI-SceI, which allows linearization of the recombinant DNA
regardless of the sequence inserted (Frengen, Weichenhan et al. 1998). BAC
clones created using this backbone vector are chloramphenicol resistant
(https://bacpacresources.org).

Figure 2.1 pBACe3.6 vector. Backbone vector used to create BAC clone libraries.
Starting from the top, in yellow is the sequence coding for chloramphenicol resistance
(CM(R)), in blue are homing endonuclease PI-SceI, the LoxP511 site (as explained
above) and the SacB gene promoter while in green are T7 promoter, pUC-link for the
insertion of a DNA sequence of interest and SP6 promoter. Follow the SacB gene in
yellow and the F-replicon for the replication of the vector in orange.

2.1.7.2 R6K plasmid
The R6K plasmid (Figure 2.2) is a 38 kb vector used when controlled replication
is required (copies are ≤ 40 per cell). It contains three origins of replication (α, γ
and β) which are regulated through the binding of the protein π, encoded by the
pir gene in the β origin, and two genes for the antibiotic resistance to ampicillin
and streptomycin.
For regulating the R6K replication two other proteins produced by the host are
required, DnaA and IHF, that have binding sites within the γ origin of replication.
The γ ori contains a 277 bp core region consisting of an AT-rich region (which
has binding sites for the proteins π and IHF), a 22 bp repeated region bound by
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π and a region where the proteins DnaA and IHF bind together with the host
polymerase for inhibiting the replication. Moreover, it also contains an enhancer
region, which is bound by the DnaA protein, flanked by the stb locus necessary
for maintenance of the plasmid.

Figure 2.2 R6K plasmid. Starting from the top, in red is the origin of replication α (ori
alpha), in green the origin of replication γ (ori gamma) required for the replication of the
plasmid, and in blue origin of replication β (ori beta) containing the pir gene encoding the
protein Pi (π). Following, there are two genes for antibiotic resistance to streptomycin
(Sm) and ampicillin (Amp).

2.1.7.3 pBABE-puro SV40 LT plasmid
The pBABE-puro SV40 LT plasmid (Figure 2.3),from Addgene, has been created
by Zhao et al, 2003, cloning the gene encoding the SV40 large T antigen, from
Simian virus 40 (SV40), into a pBABE-puro vector (Morgenstern and Land 1990)
for the immortalisation of mammalian cell lines. SV40 large T antigen is a protein
involved in viral replication and cellular transformation. It compromises the normal
cell division by interacting with proteins involved in cell cycle regulation thus
inducing uncontrolled replication.
The pBABE-puro vector is a retroviral expression vector derived from the
Moloney murine leukaemia virus (MMLV). It contains an SV40 promoter, a
truncated gag gene for encoding structural retroviral proteins, sequences for
antibiotic resistance to puromycin and ampicillin, and a bacterial origin of
replication.
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Figure 2.3 pBABE-puro SV40 LT plasmid. Starting from the top, in green is the antibiotic
resistance to ampicillin with its promoter (black), then the LTR, required for retroviral
DNA integration, in light orange, mutant splice donor MMLV in yellow, truncated gag
gene in dark grey, gene for the SV40 T antigen in light green, SV40 promoter in yellowgreen and its origin of replication in black, antibiotic resistance to puromycin in green,
LTR in light orange and bacterial ori in orange.

2.1.7.4 pMiniT 2.0 plasmid
The pMiniT 2.0 vector has been created by New England Biolabs (NEB) and is
used as cloning vector. It provides antibiotic resistance to Ampicillin and contains
a gene coding for the tnpA transposase to promote the insertion of DNA
sequences inside the vector. Moreover, it also carries a toxic minigene within the
multi cloning site (MCS) that is used to confirm successful cloning of the desired
insert (Figure 2.4). The mechanism is based on the inability of E.coli to process
open reading frames coding for proteins of five or less amino acids, leading to
the premature release of very small peptides still attached to the tRNAs and
inhibition of further protein synthesis.
Therefore, if the pMiniT 2.0 vector re-circularises without having incorporated the
insert then the resulting inhibition of the protein synthesis causes toxicity and no
colony will grow. Conversely, if the cloning was successful bacterial colonies will
grow as expected.
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Figure 2.4 pMiniT 2.0 vector. Promoter for the tnpA and the AmpR genes are showed in
red, tnpA transposase gene, toxic mini gene and AmpR gene are indicated in light blue
while the origin of replication (ori) is showed in yellow.

2.1.8 Antibiotic Resistance Cassette - FRT-PGK-gb2-neo-FRT
The FRT-PGK-gb2-neo-FRT selection cassette was purchased from Gene
Bridges. This selection cassette enables positive selection in both bacterial and
mammalian cells: the mouse Phosphoglucokinase (PGK) promoter provides
selection for neomycin resistance while the modified prokaryotic Em7 promoter,
gb2, permits selection with kanamycin. The presence of FRT sites either sides of
the cassette allows the use of FLP recombinase for its excision (Figure 2.5).

Figure 2.5 FRT-PGK/gb2-Neo-FRT selection cassette. Starting from the left, FRT site for
FLP-recombinase, two promoters (PGK/gb2) for selection in eukaryotes and
prokaryotes, antibiotic resistance (neomycin/kanamycin), terminator, FRT site.

2.1.9 Bacterial Strains
2.1.9.1 DH10B
This E. coli gram negative bacterial strain is widely used when working with large
vectors like BAC clones especially for its high transformation efficiency and ability
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to stably maintain large plasmids (Table 2.2). Starting from the bacterial strain
MC1060, a few genes have been replaced providing more stability to the final
DH10B e.g. recA1, avoiding homologous recombination between the BAC and
the genome of the bacteria, endA1, to inactivate nonspecific endonuclease I, and
deoR to improve transformation efficiency by constitutive expression of genes for
deoxyribose synthesis. Moreover, this strain does not present methylationdependent restriction system (MDRS) which improves the cloning efficiency of
mammalian DNA in which cytosine is commonly methylated (Durfee, Nelson et
al. 2008).
2.1.9.2 PIR1
This chemically competent bacterial strain was used to amplify the R6K plasmid
carrying the FRT-PGK-gb2-neo-FRT selection cassette (Table 2.2). R6K
backbones allow the control of conditionally replicative plasmids. The Pir gene,
expressed by PIR1 bacteria, encodes a protein called π, which is required to
activate the γ origin of replication of R6K plasmids (Kvitko, Bruckbauer et al.
2012).
Name

DH10B

Genotype

Characteristics

F- endA1 recA1 galE15 galK16

This strain derives from the strain MC1061

nupG rpsL ΔlacX74 Φ80lacZΔM15

and is used for general cloning and vector

araD139 Δ (ara, leu)7697 mcrA

storage. It allows blue/white screening and

Δ(mrr-hsdRMS-mcrBC) λ-

is a leucine auxotroph.

F- ∆lac169 rpoS (Am) robA1

PIR1

creC510 hsdR514 endA recA1
uidA(∆MluI): pir-116

Strain used for cloning and maintenance of
plasmids with an R6Kγ origin; its mutant
allele of the Pir gene maintains the plasmids
at ~250 copies per cell.

Table 2.2 Bacterial strains used.
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2.2

Methods

2.2.1 DNA extraction/purification
2.2.1.1 General bacterial culture
Petri dishes for growing E. coli bacteria were prepared adding 12 g LB powder
with agar (Sigma) to 400 ml of distilled water in a glass bottle. Medium was then
autoclaved and left on the bench to cool down. Once LB agar reached the room
temperature, the desired antibiotic (Table 2.3) was added and medium was
poured into multiple plastic petri dishes to solidify. Bacteria were then streaked
onto plates under blue flame and incubated at 30°C or 37°C overnight, depending
on the required growth conditions.
Antibiotic

Stock

Working concentration

Ampicillin

100 mg/ml in 50% ethanol

50 µg/ml (BACs)/100 µg/ml (plasmids)

Tetracycline

10 mg/ml in H2O

3 µg/ml for pRedET

Kanamycin

50 mg/ml in 0.9% NaCl

15 µg/ml for BACs

Chloramphenicol

30 mg/ml in ethanol

15 µg/ml for BACs

Table 2.3 Antibiotics concentrations.

The following day a single colony was picked from each dish and inoculated in a
5 ml tube containing LB broth prepared adding 10g of LB powder into 400 ml of
distilled water. Afterwards appropriate antibiotic was added, and the tube was
then incubated at 30°C/37°C for 3-4 hrs at 225 rpm. After incubation, 1 ml from
each tube was added to 400 ml flasks containing LB broth with the appropriate
antibiotic and then flasks were incubated at 30°C overnight at 225 rpm.
2.2.1.2 Glycerol stock
After overnight (o.n.) culture of E.coli in LB broth with appropriate antibiotics (see
Table 2.3), 500 µl were collected in a 2 ml cryotube and mixed with 500 µl of 60%
glycerol diluted in LB broth. The cryotube was then stored in 80°C freezer.
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2.2.1.3 Bacterial Transformation
2.2.1.3.1 Heat shock transformation of chemically competent bacteria
The

protocol

was

optimised

following

the

manufacturer’s instructions

(www.thermofisher.com). Briefly: 25 µl of chemical competent cells previously
aliquoted in 1.5 ml microcentrifuge tubes were defrosted on ice and 1-2 µl of PCR
product were added to the tube. After 30 min of incubation on ice the tube was
placed in a water bath at 42°C for 30 secs, placed again on ice and then left to
shake at 37°C for 1-2 hrs at 225 rpm. Afterwards transformed cells were plated
onto an agar petri dish with appropriate antibiotics (see Table 2.3) and incubated
overnight at 37°C.
2.2.1.3.2 Preparation of electrocompetent cells and electroporation
After overnight culture in LB broth with appropriate antibiotics (see Table 2.3), 50
µl of cell culture were inoculated into 1.4 ml of LB broth and incubated at 30°C,
shaking, for 3 hrs. Afterwards, cells were centrifuged in a pre-chilled benchtop
centrifuge at 11,000 rpm for 1 min (2°C) and LB medium was discarded leaving
a pellet of bacterial cells. Subsequently, two washing steps with chilled 10%
glycerol were performed to clean all residual salt from the culture medium: 100 µl
of 10% glycerol were added to the tube containing a pellet of bacterial cells
followed by a centrifugation step at 6000 x g for 1 min.
Finally, the supernatant was discarded leaving 50 µl of 10% glycerol for
resuspending the cells and then tubes were placed on ice until electroporation.
Afterwards, electrocompetent cells were inoculated with 1-2 µl of BAC
DNA/plasmid DNA (depending on DNA concentration), gently mixed and placed
on ice. The suspension was transferred into a pre-chilled electroporation cuvette,
gently tapped to avoid bubbles and immediately electroporated at the conditions
1350 V, 10uF, 600 Ohms.
Subsequently, 1 ml of SOC medium was added to the electroporation cuvette to
collect and transfer the cells into a clean 1.5 ml microcentrifuge tube. The cells
were then incubated for 2 hrs at 37°C, shaking, allowing cells to recover.
Afterwards cells were plated onto an agar plate with appropriate antibiotic and
incubated overnight at 37°C.
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2.2.1.4 Bacterial Artificial Chromosome (BAC) - DNA purification
The protocol for BAC DNA extraction and purification has been optimised from
the NucleoBond BAC 100 kit (https://www.mn-net.com). Before starting the DNA
purification, bacterial cells were grown overnight in 400 ml of LB broth following
the above protocol (2.2.1.1.1 General bacterial culture). The following day,
bacterial cultures were centrifuged at 6000 x g, 4°C, to precipitate the cells.
Afterwards, 24 ml of chilled S1 buffer (10 mM EDTA, 50 mM Tris-HCl pH 8.0,100
µg/ml RNase A) were added to resuspend the cells inactivating DNases and

destabilising the bacterial cells wall, followed by 24 ml of S2 lysis buffer (200 mM
NaOH, 1% SDS), at room temperature incubating the solution for 5 to denature
cell proteins, solubilise cell membranes and convert double strand DNA (dsDNA)
into single strand DNA (ssDNA). After incubation, 24 ml of neutralisation buffer
S3 (3.0 M CH3COOK pH 5.5) was added for precipitating the protein, leaving only
the nucleic acids in solution.
Afterwards, lysate was filtered using a pre-wetted Whatman filter paper to
separate the nucleic acids in solution from the precipitated proteins and filtered
lysate was then centrifuged at 15,000 x g for 15 min to further separate any
protein debris from the solution. After completing the centrifugation step,
purification of the BAC DNA was performed by gravity flow through a NucleoBond
BAC 100 column (anion exchange resin column). Filtered lysate was poured into
the column followed by two washes with N3 buffer (1.0 M NaCl, 50 mM MOPS
pH 7.0, 15% isopropanol). Elution was performed using N5 buffer (1.25 M NaCl,
50 mM Tris-Cl pH 8.5, 15% isopropanol) pre-heated at 50°C and DNA was
precipitated by adding 11 ml of isopropanol and centrifuging the solution at 4,500
x g for 30 min. The next step was to wash the BAC DNA pellet with 70% ethanol
at 4,500 x g for 15 min and air-dry the pellet for 10 min. Finally, the BAC DNA
pellet was resuspended in 300-500 µl sterile water and left overnight (o.n.) at 4°C
to completely dissolve.
2.2.1.5 Plasmid - DNA purification
The following protocol has been optimised from the QIAGEN Large-Construct kit
(www.qiagen.com). Bacterial cells culture was performed as described in
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2.2.1.1.1 General bacterial culture, and cells were precipitated by centrifuging at
6000 x g for 15 min to obtain a cell pellet. Afterwards, supernatant was poured
away, and bacterial pellet was resuspended with 10 ml of chilled P1 buffer (10
mM EDTA, 50 mM Tris-HCl pH 8.0,100 µg/ml RNase A) to inactivate DNases and
destabilise the cells wall. Subsequently, 10 ml of P2 lysis buffer (200 mM NaOH,
1% SDS) were added followed by an incubation time of 5 min to denature the
DNA and to solubilise the cells membrane, break the cells wall, denaturate
cellular proteins and convert dsDNA into ssDNA.
Lastly, 10 ml of P3 neutralisation buffer (3.0 M CH3COOK pH 5.5) were used to
precipitate the proteins leaving the nucleic acids in solution. Afterwards, the lysate
of proteins and nucleic acids was poured in the barrel of a syringe with screwed
cap, incubated for 10 min and then filtered. Then, an endotoxin removal buffer
was added to the filtered lysate before proceeding with purification with anion
exchange columns as follow: after pouring the lysate into the silica column two
washing steps with QC washing buffer (1.0 M NaCl, 50 mM MOPS pH 7.0, 15%
isopropanol) were performed followed by elution pouring into the column QF
elution buffer (1.25 M NaCl, 50 mM Tris-Cl pH 8.5, 15% isopropanol) previously
warmed at 65°C.
Isopropanol was then added to the solution containing plasmid DNA and a
centrifugation step at 15,000 x g for 30 min was carried out to precipitate the DNA.
The next step was to wash the plasmid DNA pellet with 70% ethanol at 15,000 x
g for 15 min and air-dry the pellet for 10 min. Finally, the plasmid DNA pellet was
resuspended in 300 µl of sterile water and left overnight (o.n.) at 4°C to
completely dissolve.
2.2.1.6 Plasmid – DNA purification - minipreps
Purification of plasmid DNA by minipreps was been performed using the QIAprep
Spin Miniprep kit, following the manufacturer’s instructions (www.qiagen.com).
Miniprep cultures were centrifuged at 6000 x g for 15 min to obtain a pellet of
bacterial cells. Afterwards, the pellet was resuspended with 250 µl of chilled P1
buffer (10 mM EDTA, 50 mM Tris-HCl pH 8.0,100 µg/ml RNase A) to inactivate
DNases and destabilise the cell wall. Then 250 µl of P2 lysis buffer (200 mM
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NaOH, 1% SDS) were added, tubes were inverted 4-6 times and incubated for 5
min at RT to denature the DNA, solubilise the cell membranes, break the cell wall,
denaturate cellular proteins and convert dsDNA into ssDNA. Lastly, 250 µl of N3
neutralisation buffer (3.0 M CH3COOK pH 5.5) were added and tubes were
inverted 4-6 times to precipitate the proteins leaving the nucleic acids in solution
(solution became cloudy). Afterwards, centrifugation at 11,000 x g for 10 min was
carried out, supernatant was collected, placed into QIAprep silica columns and
columns were centrifuged for 30 sec at 11,000 x g.
Afterwards, two washing steps with 500 µl PE washing buffer (1.0 M NaCl, 50
mM MOPS pH 7.0, 15% isopropanol) were performed followed by elution with 50
µl of PB buffer (1.25 M NaCl, 50 mM Tris-Cl pH 8.5, 15% isopropanol) into the
silica columns and centrifugation for 1 min at 11,000 x g. Finally, purified DNA
was collected and stored for analysis.
2.2.2 Polymerase Chain Reaction (PCR)
Primers were purchased from Sigma Aldrich in desalted lyophilised format,
diluted in sterile ddH2O to the concentration of 100 µM and then stored at -20°C.
Primer working dilution was 10 µM in ddH2O and DNA polymerases used were
AccuPrime Pfx SuperMix (Thermo Fisher) and Long Amp Taq 2x Master Mix
(New England Biolabs). Details of typical reaction mixes are provided in Table
2.4.
AccuPrime Pfx
AccuPrime Pfx
SuperMix

Volume
22.5 µl

Log Amp Taq
Long Amp Taq 2X
Master Mix

Volume
10 µl

BAC DNA 20 ng/µl

0.5 µl

BAC DNA 20 ng/µl

1 µl

Primer Forward 10uM

1 µl

Primer Forward 10uM

0.5 µl

Primer Reverse 10uM

1 µl

Primer Reverse 10uM

0.5 µl

Total volume

25 µl

Table 2.4 Typical PCR mixes
polymerases.

H2O up to 20 µl

used with AccuPrime Pfx and Long Amp Taq 2X
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Extension temperature for AccuPrime Pfx SuperMix was 68°C and time was
calculated based on 1 min per 1 kb of DNA to be amplified. For Long Amp Taq
2X Master Mix, extension temperature was 65°C and time was calculated based
on 30 sec per 1 kb of DNA to be amplified.
Depending on the melting temperature (Tm) of the primers used and on the
complexity of the region targeted (if sequence was repetitive), annealing
temperature was adjusted being generally from 2°C to 5°C lower than the primers
Tm. However, very repetitive sequences (GC-rich) required the addition of 1%
DMSO to the PCR mix (which was adjusted accordingly), to help denaturation of
the DNA template making it more accessible to the primers.
Moreover, if typical cycling conditions used (Table 2.5) were not ideal for a
specific primers pair, gradient PCR was also performed incubating PCRs at four
to five different annealing temperature until finding the optimal conditions.
AccuPrime Pfx SuperMix

Log Amp Taq 2X Mix

95°C

5min

polymerase activation

95°C

5min

95°C

15 sec

denature

95°C

15 sec

60/55°C

45 sec

anneal

60/63°C

30 sec

68°C

1 min

extend

65°C

1 min

Repeat step 2-4 (x 30)

Repeat step 2-4 (x 30)

68°C

5 min

final extension

65°C

10 min

4°C

forever

storage

4°C

forever

Table 2.5 Typical PCR cycling conditions.

Size of all PCR products was verified by electrophoresis on agarose gels, using
Quick-load 1 kb extended DNA ladder (New England Biolabs) and Hyperladder
1 kb (Bioline) followed by sequencing.
To load samples into the gel, Gel Loading Dye blue (6X) (New England Biolabs)
was added at the final concentration of 1X. Example of PCR products on a gel is
provided in Figure 2.6.
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Figure 2.6 Example of a gel showing PCR products. Starting from the left, the first lane
contains the ladder to evaluate the size of each PCR product while lane 1 to 10 are
products obtained using different primer pairs.

2.2.2.1 Long range PCR
Long range PCR was performed to add 50 bp homology arms to the 5’ and 3’ end
of the FRT-PGK/gb2-Neo-FRT selection cassette. To perform this protocol,
AccuPrime Pfx SuperMix was used following recipe of the reaction mix described
in paragraph 2.2.2. PCR cycling conditions have been designed to have 12 cycles
of touchdown PCR and 21 cycles of standard PCR. Due to the size of the product
(~ 1.7 kb) the time of extension in step 7 has been increased to 2 min (Table 2.6).
Primers used are provided in Table 7.2 of the Appendix.
95°C

5min

polymerase activation

95°C

15 sec

denature

68 to 55°C

30 sec

anneal

68°C

2 min

extend

Repeat step 2-4 for 12 times
95°C

15 sec

denature

55°C

30 sec

anneal

68°C

2 min

extend

Repeat step 5-7 for 21 times
68°C

10 min

final extension

4°C

forever

storage

Table 2.6 Long Range PCR cycling conditions.
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2.2.2.2 Touchdown PCR
Touch down PCR was performed for amplifying small PCR products to be used
for the sequencing of BAC DNA. To perform this protocol, AccuPrime Pfx
SuperMix was used following the recipe of the reaction mix described in
paragraph 2.2.2. This protocol is specifically designed to amplify DNA sequences
with very high specificity by gradually decreasing the annealing temperature over
the cycles: starting from the highest annealing temperature, which is least
permissive, the primers pair will more likely bind to the specific target region
amplifying the desired products; then, when the annealing temperature
decreases gradually, the number of specific products will be already higher than
the nonspecific products, thus the correct PCR product will be further amplified.
As shown in Table 2.7, PCR cycling conditions have been designed to have 11
cycles of touchdown PCR followed by 23 cycles of standard PCR. Primers used
for this protocol are provided in Table 7.1 of the Appendix.
95°C

5min

polymerase activation

95°C

15 sec

denature

68 to 55°C

45/30 sec

anneal

68°C

1 min

extend

Repeat step 2-4 for 11 times
95°C

15 sec

denature

60°C

45/30 sec

anneal

68°C

1 min

extend

Repeat step 5-7 for 23 times
68°C

5 min

final extension

4°C

forever

storage

Table 2.7 Touch down PCR cycling conditions.

2.2.2.3 Colony PCR
Colony PCR is a useful technique for rapidly verifying if a construct has been
modified as expected before proceeding with nucleic acids extraction/purification.
Using a sterile toothpick, a single E.coli colony was picked from an agar plate and
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then swirled into a clean microcentrifuge tube containing 50 µl of sterile water.
Afterwards PCR master mix was prepared as explained in paragraph 2.2.2 and
1 µl of the bacterial cell solution was used as template.
2.2.2.4 PCR cloning
A PCR cloning kit from New England Biolabs was used following the
manufacturer’s instructions. Briefly, the linearised vector pMiniT 2.0 and
linearised PCR product to be ligated were combined together in a clean
eppendorf tube and water was added to a final volume of 5 µl. Afterwards, Cloning
mix 1 and Cloning mix 2 were added and tube containing the reaction was
incubated at 25°C for 15 min. Cloning mix1 and Cloning mix 2 contain DNA
Ligase T4, ATP, ligation enhancers and end polishing components that create
blunt ends if PCR products used have overhangs. Then, the tube was placed on
ice for 2 min to stop the reaction and 2 µl of the ligation was added to 50 µl of
competent cells. Afterwards, cells were placed one ice for 5 min, and then were
heat shocked at 42°C for 30 sec. Finally, cells were allowed to recover by
incubating for 1 hour at 37°C and, once incubation was completed, were plated
onto petri dish with ampicillin (50 µg/ml) to grow overnight. The reaction was
prepared up as in Table 2.8.
PCR product linearised (60 ng/µl)

2 µl

pMiniT 2.0 Vector

1 µl

H2O up to 5 µl
Cloning Mix 1

4 µl

Cloning Mix 2

1 µl

Total volume

10 µl

Table 2.8 PCR cloning reaction mix.

2.2.2.5 PCR product cleaning
PCR product purification was performed following the instructions provided by the
QIAquick PCR Purification kit (www.qiagen.com). Briefly: 5 volumes of buffer PB
were added to 1 volume of PCR sample mix. Afterwards, the sample was applied
to a purification column and centrifuged at 13,000 x g for 1 min. A wash step with
86

washing buffer PR (Tris HCl, ethanol) was performed to clean the DNA in the
column. Elution was carried out in a clean 1.5 ml microcentrifuge tube applying
30 µl of sterile water to the centre of the column and centrifuging at 13,000 x g
for 1 min. DNA concentration of the samples was evaluated using Nanodrop and
size of the PCR product was checked an agarose gel.
2.2.3 Agarose Gel Electrophoresis
2.2.3.1 Gel preparation and electrophoresis conditions
To perform electrophoresis using a Mupid-ONE System, 1% agarose gels were
generally used. The gel was prepared adding 1 g of pure agarose into 100 ml of
45 mM Tris-borate, 1 mM EDTA (TBE) buffer diluted at 1X with ddH 2O. The
solution was then heated in a microwave at high power until the agarose was
dissolved and left to cool down for 1-2 min.
Ethidium bromide or GelRed was added to the gel solution before being poured
into the gel tray. Loading buffer was added to each sample at the final
concentration of 1X and samples loaded into the wells of the gel. An appropriately
sized DNA ladder was loaded into the first well as reference of the bands size.
Gels were visualized using Gel Doc XR System (Bio-Rad).
2.2.3.2 Gel extraction
Extraction of DNA from agarose gel was performed following the instructions
provided by the QIAquick Gel Extraction kit (Qiagen). The band was visualised
with a UV illuminator using a gel stained with ethidium bromide. To isolate the
band a sterile scalpel was used, and the agarose gel fragment with the DNA
sample was placed in a 1.5 ml microcentrifuge tube and then DNA was purified
following manufacturer’s instructions.
2.2.3.3 Pulsed field gel electrophoresis (PFGE)
PFGE was performed to verify correct humanisation and size of the humanised
BAC B6Ng01-103M13 BAC construct. Before proceeding with the protocol,
restriction enzyme digestion with PmeI of the WT and humanised BACs was

87

performed following the protocol in paragraph 2.2.5. Details of the reaction mix
are provided below in Table 2.9.
PmeI digestion
BAC DNA

1 µg

Restriction enzyme

2 µl

CutSMART buffer NEB

5 µl

H2O up to 50 µl
Reaction time 2 hrs
Table 2.9 PFGE reaction mix.

Afterwards, a 1% agarose gel was prepared using 0.5x Tris-borate-EDTA buffer
(TBE, 162g Tris base, 46.3 g boric acid, 9.5 g EDTA up to 1 L volume to make
10x stock solution, pH 8.8) and 2.8 L of 0.5x TBE buffer were also prepared to fill
the electrophoresis tank. The PFGE electrophoresis apparatus has a pump that
circulates the buffer passing it through a cooling system to keep the temperature
constant. Once the buffer was at the desired temperature (~14°C) and all bubbles
were eliminated from the tubes of the pump the gel previously cast was immersed
inside the electrophoresis tank, the pump was stopped, and digested BAC DNA
samples were loaded inside the wells. Afterwards, Lambda PFG ladder was
added cutting a small slice (0.2 cc) with a scalp and placing it inside the first well.
Details of the running condition can be found in Table 2.10.
PFGE running conditions
Agarose gel

1% TBE gel (150 ml)

Buffer for gel tank

0.5X TBE buffer (2.8 Lt)

Running time

15 hrs

Voltage

6V/cm

Current

115-135 mA

Initial Switch time

3 sec

Final Switch time

30 sec

Lambda DNA ladder

0.2 cc

NEB 1kb ladder

10 µl

Table 2.10 PFGE running conditions.
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2.2.4 DNA Sequencing
2.2.4.1 Sanger Sequencing
For sequencing directly from the BAC DNA 50ng/µl per well was used. A master
mix was prepared in a 1.5 ml microcentrifuge tube following the order showed in
Table 2.11 and primers were added to each reaction separately. Sequencing
reactions were prepared keeping the 96-well plate on ice.
After preparing the plate, a quick centrifuge step was required to collect the
master mix in each well. The plate was then placed in a Tetrad PCR machine to
undergo the sequencing reaction cycles. Details of the sequencing reaction
cycling can be found in Table 2.12.
DNA 50ng/µl

1 µl

H2O

6 µl

Better Buffer

5 µl

Big Dye

2 µl

Betaine

3.6

Primer F/R (10uM)

1µlµl

Table 2.11 Sanger sequencing master mix.

BACSEQ_55

BACSEC_60

95°C

5min

96°C

30 sec

Denature

55°C

10 sec

Anneal

60°C

4 min

Extension

Repeat step 2-4 for 49 times
4°C

forever

95°C

5 min

96°C

30 sec

60°C

4 min

Repeat step 2-3 for 49 times
4°C

forever

Table 2.12 BAC DNA sequencing and cycling conditions. Two different programs were
used in order to meet the different melting temperatures of the primers used.

After amplification each reaction in the 96-well plate was precipitated adding 1.5
µl of 125 mM EDTA, 1.5 µl of 3M Na acetate and 37.5 µl of absolute ethanol. The

plate was then centrifuged to collect the mix in each well, incubated for 15 min at
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RT and centrifuged at 2500 x g for 30 min. Subsequently, two washes with 70%
ethanol were performed centrifuging the plate for 15 min followed by a rapid
centrifugation with the plate inverted to clean each well from residual ethanol.
After the second wash step, the plate was left to air-dry for 10 min. If the samples
had to be processed immediately, 20 µl of formamide were loaded into each well
for denaturation at 95°C for 5-10 min. Afterwards the plate was chilled on ice and
wells were covered with a septa mat. Then, the plate was placed in a plate base
and secured with a retainer before being introduced into the ABI 3730XI DNA
analyser to perform DNA sequencing.
Once the sequencing cycle was completed, sequencing data were saved in
FASTA format and analysed using Geneious 9.1.5 to confirm the correct
sequence of the DNA used and spot possible single nucleotide polymorphism
(SNPs) or mutation.

Figure 2.7 Example of a Sanger sequencing read. Each peak represents a nucleotide
and different colours indicate different nucleotides (A=adenosine, t=thymine, G=guanine,
C=cytosine).

2.2.4.2 PacBio next generation sequencing
PacBio next generation sequencing (NGS) was performed to confirm correct
sequence of the BAC insert while creating the final humanised BAC targeting
construct. Sequencing of the wildtype mouse BAC (B6Ng01-103M13) was
performed by Amplicon Express and analysis of the sequencing reads was
carried out both in our lab, using Geneious 9.1 Biomatters for the alignment, and
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by Dr Michelle Simon at MRC Harwell, using software MUMmer and MAFFT.
Afterwards, sequencing of the final humanised BAC targeting construct was
carried out by the Centre for Genomic Research (CGR), at the University of
Liverpool, and alignment of the sequencing reads was performed by Dr Michelle
Simon at MRC Harwell.
2.2.5 Restriction Enzyme (RE) digestion
REs were ordered from New England Biolabs (NEB) and digestion performed
following the manufacturer’s protocol. Heat inactivation of the RE was performed
after digestion by incubating the microcentrifuge tube containing DNA digested in
a water bath at 65°C for 10 min. The digested sample was then analysed by
electrophoresis on an agarose gel to check for the expected band size. An
example of the reaction mix used is provided below (Table 2.13).
Plasmid DNA

3 µg

Restriction enzyme 1

2.5 µl

Restriction enzyme 2

2.5 µl

CutSMART buffer NEB

5 µl

H2O up to 50 µl
Table 2.13 Typical restriction enzyme digestion reaction mix.

2.2.5.1 Restriction endonuclease fingerprinting (REF)
REF was used as screening to verify if BAC B6Ng01-103M13 was successfully
humanised after BAC recombineering. The restriction enzyme chosen was
EcoRV which cuts inside mouse Tardbp but not in human TARDBP, thus
providing a different digestion patterns in WT and humanised BACs.
Digestion was performed as explained in paragraph 2.2.5 and gel electrophoresis
prepared as described in paragraph 2.2.3. Details of the reaction mix are provided
below in Table 2.14 and running condition can be found in Table 2.15.
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EcoRV digestion
BAC DNA

1 µg

Restriction enzyme

2 µl

CutSMART buffer NEB

5 µl

H2O up to 50 µl
Reaction time 2 hrs
Table 2.14 REF reaction mix.

Agarose gel

1% TBE gel (150 ml)

Buffer for gel tank

0.5X TBE buffer (2.8 Lt)

Running time

15 hrs

Voltage

6V/cm

Current

115-135 mA

Initial Switch time

3 sec

Final Switch time

30 sec

Lambda DNA ladder

0.2 cc

NEB 1kb ladder

10 µl

Table 2.15 REF running conditions.

2.2.5.2 PI-SceI homing endonuclease digestion
Digestion of the final humanised BAC construct with PI-SceI homing
endonuclease was carried out to linearise the construct and use it for
electroporating mESCs (2.2.5.2). The protocol was a restriction enzyme digestion
but due to the characteristics of the homing endonuclease and the quantity of
BAC DNA to be digested, the protocol has been optimised from the one described
in paragraph 2.2.5.
Digestion was performed at 37°C for 3 hours and the reaction was stopped by
incubating at 65°C for 20 min. Afterwards, the digestion was electrophoresed
within a 1% agarose gel as showed in 2.2.3 (Figure 3.45) to confirm correct
linearisation of the construct. After linearisation was confirmed, three volumes of
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absolute ethanol and 1/3 volume of sodium acetate 3M were added to the
restriction digest reaction in order to precipitate the DNA inside the tubes allowing
temporary storage of the BAC DNA in the -20°C freezer, which otherwise could
incur in the risk of breaks/nicks due to freeze/thawing cycles. The reaction mix
used is provided below in Table 2.16.
humanised BAC DNA

25 µg

BSA

25 µl

NEB buffer 10

25 µl

PI-SceI homing endonuclease 12.5 µl
H2O up to 250 µl
Table 2.16 PI-SceI homing endonuclease digestion reaction mix.

2.2.6 Bacteria Artificial Chromosome Recombineering_Red/ET system
Red/ET recombineering was carried using the BAC subcloning kit from Gene
Bridges. This kit provides a Red/ET transiently transformed plasmid (Figure 2.8)
that expresses the recombinase proteins Redα, Redβ and RecA.

Figure 2.8 pRedET vector. Recombinant genes gam (blue), beta (light blue), alpha
(green) and recA (grey) under the control of a pBAD promoter (purple) which is Larabinose inducible (gene in orange). The origin of replication pSC101 ori (green) is
regulated by the expression of the temperature sensitive protein RepA and is inactivated
at 37°C.
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Recombinase proteins are expressed by a polycistronic operon under a promoter
which is temperature and L-arabinose sensitive. Recombineering in DH10B E.
coli cells was performed following a 5-days protocol as per manufacturer’s
suggestions.
Briefly, first a donor linearised plasmid/PCR product was prepared, as explained
in paragraph, and electrocompetent cells were prepared as explained in section
2.2.1.3.2. Afterwards, electroporation was carried out as explained in section
2.2.1.3.2 adding 1 µl of the pRed/ET plasmid (~1000 ng) to the cell suspension.
After 2 hours of recovery at 30°C at 225 rpm shaking, cells were plated onto agar
plates containing Tetracycline (concentration 1/3300) and incubated overnight at
30°C protected from light.
The following day, 1.4 ml of LB broth was inoculated with 50 µl of overnight culture
and incubated for 3 hrs at 30°C at 225 rpm shaking. Afterwards, 50 µl of LArabinose were added to the culture, in order to induce the expression of
recombinase proteins, and then the tube was placed at 30°C for 1 hr. At this point,
after a further electroporation with a linearised plasmid/PCR product (100ng/µl)
into the cell, homologous recombination should take place. A schematic view of
the BAC recombineering steps is showed in Figure 2.9.
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Figure 2.9 Schematic view of RedET recombineering. Step 1 shows a bacterial cell
containing the BAC clone to be recombined and the RedET plasmid. In Step 2, LArabinose is added to the culture medium activating the expression of recombinant
proteins from the pRedET plasmid, necessary to perform homologous recombination in
E. coli, and then cells are electroporated with a linearised modified construct. In Step 3,
homologous recombination occurred between the BAC clone and the linearised modified
construct, obtaining a final modified BAC.
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2.2.7 Mouse embryonic stem cells (mESCs) targeting and preliminary
screening
2.2.7.1 R1 ESCs transfection using electroporation
All the following protocols have been performed at MRC Harwell and details have
been provided by Dr Alasdair Allan.
2.2.7.1.1 Preparation of the mESCs for electroporation
R1 ESCs, were thawed in a 37°C water bath and placed inside 10 cm dishes to
start a culture together with CD1 mouse embryonic fibroblasts (MEFs) feeders
for 3 to 5 days at 37°C. The day prior to electroporation, two 6-well plate of feeder
layers (MEFs) were prepared, one for the cells to be electroporated and one as
control. Afterwards, R1 ESCs were plated onto both plates and incubated at 37°C
overnight.
The day of the electroporation ES cells were washed with 10 ml PBS and then
incubated for 5 min at 37°C with 0.5 ml of trypsin to detach the ES cells from the
plate. Afterwards, 1 ml of culturing medium (high glucose DMEM 1x, 15% fetal
bovine serum, 1 mM Glutamax, 100 µM sodium pyruvate, 0.1 mM non-essential
amino acids, 1 µg/ml puromycin, 0.2 µg/ml doxycycline, 108 units/ml LIF) was
added to each well and cell suspension was transferred to a 50 ml Falcon tube.
Cell suspension previously collected was then plated onto a 15 cm dish with
gelatin for 30 min at 37°C, in order to remove fibroblasts and differentiated cells
which adhere to the gelatin Afterwards, supernatant was moved again into a 50
ml Falcon tube and further resuspended with culturing media. In order to measure
cell concentration in the suspension, hemocytometer was used, and correct
volume of cells required for the transfection was calculated - 0.6 million cells per
transfection (Neon) or 10 million cells per transfection (Bio-rad).
2.2.7.1.2 Transfection using Neon electroporator - Invitrogen
To perform transfection using the Neon apparatus, the appropriate amount of ES
cells previously prepared was collected, placed in a 15 ml tube and centrifuged
at 1000 rpm for 5 min. Then, supernatant was aspirated, 10 ml of PBS were
added to wash cells and a further centrifugation at 1000 rpm for 5 min was
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performed. PBS was aspirated and Resuspension Buffer R (see Neon
Transfection System) was added to the cell pellet to reach a final concentration
of 6x106 cells/ml.
At the end, 100 µl of cells with Resuspension Buffer R were placed into 1 ml tubes
(one tube for each condition) and 20 µg to 5 µg of DNA construct were added
depending on the condition tested, as well as 2 µg of plasmids expressing the
gRNAs for the CRISPR/Cas9 (when required). Once the parameters were set up
(pulse voltage = 1350V, pulse width = 30, number of pulses = 1) a Neon Tip was
inserted into the Neon Pipette and suspension of cells and DNA was aspirated
making sure to avoid formation of bubbles. Neon Pipette was then placed into the
Electroporation cartridge and program was started pressing onto the digital
screen. Electroporated cells were eventually transferred into the 6-well plates
with MEFs feeder layer previously prepared and plates were incubated at 37°C
for 24 hours.
2.2.7.1.3 Transfection using Gene Pulsar electroporator – Bio-rad
To perform transfection using the Bio-rad apparatus, the appropriate amount of
ES cells previously prepared was collected, placed in a 15 ml tube and
centrifuged at 1000 rpm for 5 min. Then, supernatant was aspirated, 10 ml of
PBS were added to wash cells and a further centrifugation at 1000 rpm for 5 min
was performed. A second wash was performed, PBS was aspirated and then cell
pellet was resuspended with 900 µl of PBS for cuvettes. Afterwards, 900 µl of cell
suspension were added to each cuvette to be electroporated (generally, two
cuvettes one containing the DNA construct 50 µg to 80 µg and one with no DNA
as control) and then cuvettes were incubated in ice for 10 min.
Then, parameters of the electroporator system were set up as following: Volts
230 and µF 500. Cuvettes have been then placed in the cuvette holder and
electroporation was performed. Afterwards, cuvettes were incubated in ice for 10
min and then ES cells were gently added to 15 ml of pre-warmed culturing media.
Eventually, 5 ml of cell suspension were added to three 10 cm dishes and
incubated for 24 hours at 37°C.
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2.2.7.1.4 ES cells colony picking
The day following electroporation culturing media in the 6-well plates/10 cm
dishes incubated overnight was changed and 100 µg/ml of antibiotic G418 were
added to the fresh medium in order to select the correctly targeted cells from the
wildtypes (this step should kill all the cells in the control 6-well plate). Colony
picking will generally start from about 6 days onwards.
Afterwards, to perform the colony picking step, one round bottomed 96-well plate
with gelatine and two 96-well flat bottomed with MEFs feeder layers were
prepared. Then, 100 µl of culturing medium was added to each well while the 6well plate containing all clones that underwent the G418 selection was washed
with 3 ml of PBS. Afterwards, each clone was aspirated from the plate with a
sterile tip and placed into the 96-well round bottomed, one clone per well, clearly
marking each well to distinguish the clones.
Then, 50 µl of trypsin were added to each well and plate was incubated for 5 min
at 37°C. After incubation, colonies were dispersed by pipetting and then 150 µl
of culturing media were added to each well. In order to store a backup of each
clone, 50 µl of cell suspension from each well were transferred to the 96-well flatbottomed plates previously prepared, making sure that each well in the round
bottomed corresponded to the same well in the flat bottomed.
Then, the plates with clones’ backups were incubated at 37°C until confluency
before being frozen (after adding fresh media with 20% DMSO) while round
bottomed 96-well were used to collect DNA and perform screening to confirm
correct targeting of the desired gene.
2.2.7.1.5 Thawing of clone plates and amplification
For thawing clones contained in the backup plates prepared after mESCs colony
picking, the 96-well plates were placed at 37°C for 5 to 7 min and then 100 µl of
warmed (37°C) culturing medium were added to each well gently pipetting.
Afterwards, each clone resuspended was aspirated, placed in a separated 1 ml
tube and then all tubes were centrifuged for 5 min at 1000 rpm.
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Then, supernatant was aspirated and ES clones inside the tubes were
resuspended with 200 µl of culturing media, placed in a flat bottomed 96-well with
MEFs feeder layers and incubated at 37°C overnight. The following day ES
clones were then amplified and once reached the stage of two 24-well plates, one
plate was frozen at -80°C for long term storage while the second was used to
expand more ES clones for further screenings (e.g. droplet digital PCR, southern
blot).
2.2.7.2 Droplet digital PCR (ddPCR)
Once received the ES cells pellets inside a plate (generally 96-well plate), 50 µl
of lysis buffer (see Extract all reagents kit – Thermo Fisher Scientific) were added
to each well, pellet was resuspended and then the plate was incubated at 55°C
for 1 hour in a dry air incubator. Afterwards, samples were left on the bench to
reach the room temperature.
Then, 50 µl of stabilising solution (see Extract all reagents kit – Thermo Fisher
Scientific) were added to each well, plate was placed on a shaker for 2 minutes,
quickly spinned down using a centrifuge and then frozen at -20°C. Prior to start
with the ddPCR, the frozen plate containing the lysate of cells was thawed at
room temperature. Afterwards, 2 µl of DNA from the lysate of cells (30 ng/µl) was
added to a clean 96-well PCR plate together with 20 µl of master mix (ddPCR
SuperMix for Probes, Bio-rad), while empty wells were filled with 22 µl of water,
and plate was quickly spinned down with a centrifuge.
Then, the plate was placed in the PX1 PCR plate sealer with a PCR plate seal
sheet on top and left 5 sec at 180°C. The sealed plate was then placed in the
Automated Droplet Generator (Bio-rad), samples were selected using the digital
screen and both DG 32 cartridges and ddPCR tips were placed inside the
instrument. Next, a cold block previously frozen at -20°C was also placed inside
the instrument and a clean 96-well PCR plate was added into it before running
the droplet generation program. Once the run was complete, the 96-well placed
inside the cold block was collected, sealed using the PX1 PCR plate sealer and
placed in the T100 thermal cycler to perform ddPCR. PCR cycling conditions are
provided below in Table 2.17.
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ddPCR
95°C

10 min

94°C

30 sec

58°C

1 min

Repeat step 2-3 for 40 times
98°C

10 min

4°C

forever

Table 2.17 ddPCR cycling conditions.

2.2.8

Mouse embryonic fibroblast (MEF)

2.2.8.1 MEFs immortalisation with pBABE-puro SV40 LT plasmid
Every step of this protocol was performed under a sterile fume hood to avoid
contamination of the cell culture. Frozen primary mouse embryonic fibroblast
(MEF) primary cultures were obtained from MRC Harwell. After thawing a frozen
vial, cells were cultured in 75 cm2 flasks with 20 ml complete medium (DMEM,
FBS, Glutamax, sodium pyruvate and Penicillin/Streptomycin following recipe in
Table 2.18) for 2 to 4 days and then split into a 12-well plate.
For each transfection, three wells of confluent cells were required: one to
transfect with SV40 plasmid (which immortalises the cells), one to transfect with
a GFP plasmid as positive control and a third well left untreated was used as
negative control. Once each well of MEFs reached the 80-90% confluence, the
reagents for transfection with Lipofectamine were prepared following Table 2.19:
the solution in Tube A was mixed with the solution in Tube B and then final
solution incubated for 15 min.
After incubation, the final solution containing Lipofectamine and DNA (either
SV40 or GFP as indicated in Table 2.19) was then pipetted into the corresponding
well of cells – it is recommended to apply the solution drop by drop inside the well
in order to avoid a sudden change of pH in the medium. Afterwards, the 12-well
plate was placed inside the incubator o.n. at 37°C.
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The following day, the transfected MEFs were checked under a fluorescent
microscope to confirm the presence of GFP inside the cells (proof of successful
transfection) and the medium was changed.
DMEM

500 ml

FBS

50 ml

Glutamax

5 ml

Sodium pyruvate

5 ml

Penicillin/Streptomycin

5 ml

Table 2.18 Complete medium for culturing mouse embryonic fibroblasts.

Tube A

Tube B

Transfection

Optimem

Lipofect

Optimem

DNA

P3000

SV40

50 µl

3000
3 µl

50 µl

1000 ng/µl GFP

reagent
2 µl

GFP

50 µl

3 µl

50 µl

1000 ng/µl

2 µl

SV40
Table 2.19 Immortalisation with Lipofectamine 3000 – reaction mix. Lipofect and P3000
are proprietary reagents provided in kit “Lipofectamine 3000” (Invitrogen). Optimem is a
reduced serum medium.

2.2.8.2 Freezing of immortalised mouse embryonic fibroblasts (MEFs) for long
term storage
MEFs previously immortalised, following the protocol in section 2.2.8.1, were
cultured in 160 cm2 flasks until 80-90% confluency was reached. Afterwards, cells
were centrifuged at 300 x g for 5 min, supernatant discarded and 4 ml of freezing
medium (FBS + 10% DMSO) were added to the cell pellet to prepare 4 cryovials
of MEFs for long term storage into liquid nitrogen.
2.2.8.3 Treatment of immortalised MEFs with sodium arsenite
Immortalised MEFs collected from wildtype (WT) and Tardbp Q331K mice, were
treated with 0.25 mM of sodium arsenite to induce oxidative stress. First, vials of
immortalised cells were thawed and cultured into 75 cm2 flasks using medium
described in Table 2.18. After reaching 70-80% confluency, cells were moved to
a 12-well plate, which contained 13 mm glass coverslip in each well, keeping a
concentration of 10,000 cells/per well; two genotypes were assessed (WT and
Tardbp Q331K Homozygotes) and three technical replicates were prepared for
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each genotype. Then plates were incubated at 37°C for 6 hours allowing MEFs
to attach the surface of the coverslips. Afterwards, 0.25 mM of sodium arsenite
were added to the media of each well and the plate was incubated for 1 hours at
37°C. Following incubation with sodium arsenite, medium was removed from
each well and 10% PFA was added to fix cells for immunohistochemistry.
2.2.9 Immunohistochemistry
Immunohistochemistry was performed on immortalised mouse embryonic
fibroblasts collected from wildtype (WT) and Tardbp Q331K mice (2.2.8) and then
treated with sodium arsenite (2.2.8.3). After fixing cells with 10% PFA for 10 min,
each well was washed three times with 400 µl of PBS to clean any residual PFA.
After all PBS was removed, 300 µl of 2 % Triton solution (PBS + Triton) was
added for 10 min to permeabilise the cell membrane.
Then, 250 µl of 5% blocking solution (BSA diluted into 0.2 % Triton solution) were
added to each well and the plate was incubated at RT for 1 hour. Once incubation
with blocking solution was completed, 250 µl of blocking solution containing
FMRP primary antibody (concentration 1:200) and Phalloidin (concentration
1:100) were added to each well and the plate was incubated overnight at 4°C.
The following day, blocking solution with primary antibody was removed and wells
were washed three times with 400 µl of PBS.
After removing all the PBS, 250 µl of blocking solution containing secondary
antibody (concentration 1:1000) was added to each well and the plate was
incubated at RT for 1 hour with gentle shaking. Finally, secondary antibody was
removed and each well washed with 400 µl of PBS. Then, glass microscope
slides were prepared, coverslip were removed from the well and attached to the
slides. Staining for the nuclei (DAPI) was included in the mounting media used to
attach the coverslip onto the slides, thus incubation with DAPI staining was not
necessary.
2.2.10 Confocal microscopy
Images of the slides prepared as described in paragraph 2.2.9 were taken with
LSM 710 confocal microscope (Zeiss) using software ZEN 2.6 blue edition. Each
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image was acquired with 6 z-stacks (8.7 µm between each slice), 10 images per
coverslip and three coverslips per genotype where possible.
2.2.10.1
Confocal

Images analysis
images

have

been

analysed

(http://quorumtechnologies.com/index.php/).

using

Parameters

software
measured

Volocity
were

number and size of the stress granules (size range was set between 1 and 40
µm3 to avoid that background noise was counted as stress granule) and number
of nuclei per image.
2.2.11 Western blot
Western blot analysis was performed on immortalised mouse embryonic
fibroblasts collected from wildtype (WT) and Tardbp Q331K, M323K and F210I
mice (2.2.8.1).
2.2.11.1

Preparation of the sample lysates

To prepare the lysate, 200 µl of Lysis Buffer (Table 2.20) were added to the cell
pellet to resuspend it and then the lysate was transferred into 1.5 ml tubes.
Afterwards tubes were placed onto a rotator for 30 min inside a room at controlled
temperature (4°C). Then, tubes were moved into a benchtop centrifuge,
previously set to 4°C, and samples were centrifuged at maximum speed (16,000
x g) for 15 min. Once centrifugation was completed, the supernatant was
collected from each tube into a new sterile 1.5 ml tube and samples were ready
for proteins quantification.
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Name

Amount to make 10 ml

and
final pH
concentration
Tris-HCl
7.0 20 mM

and stock
200concentration
µl 1 M

NaCl 150 mM

300 µl 5 M

MgCl2 5 mM

50 µl 1 M

β-mercaptoethanol 20 mM

14 µl pure solution (14.3 M)

Np-40 0.5%

500 µl 10%

Glycerol 10%

1 ml 100%

Protease inhibitor 1:100

500 µl 1:20 protease inhibitor

Vanadyl ribonucleoside complex 2 mM

100 µl 200 mM

Water

up to 10 ml

Table 2.20 Lysis buffer used to prepare samples for western blot.

2.2.11.2

Protein quantification

Protein quantification is required to standardise the concentration of each
sample, so avoiding possible inaccuracies in the results caused by the loading of
unequal amount of proteins into the gel between different samples. For this
project, the Bradford Assay has been used.
Sample lysates were diluted 1:20 and bovine serum albumin (BSA) standards
were prepared with known concentration within 1 ml (concentration prepared 2
µg, 1 µg, 0.5 µg and 0 µg). The same lysis buffer used for the samples was also
used to prepare the standards.
Afterwards 5 µl of each sample with unknown concentration and of each standard
were loaded into a 96-well plate, in triplicate, and 195 µl of Bradford regents
(concentration 1:5) were added into each well. Then, the plate was gently mixed
for 30 sec using a platform rocker and left on the bench to incubate for 15 min.
Once incubation time was complete, the plate was placed into a microplate reader
and absorbance was read at 595 nm.
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2.2.11.3

SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was performed to separate proteins
from the lysate of mouse embryonic fibroblasts. After protein quantification was
complete, samples were prepared at a final concentration of 50 µg, mixed with
2X Laemmli Sample Buffer and heated at 70°C for 10 min.
In the meantime, 10-well pre-cast polyacrylamide gels (see 2.2.3.1) were placed
in the gel tank and 500 ml of 1X SDS-page buffer was added before loading the
samples first and then the ladder. Electrophoresis was at 180 V for 10 min, to let
the samples leaving the stacking gel, and then at 200 V for 1 hr.
2.2.11.4

Protein transfer

After electrophoresis, proteins were transferred from the 10% Bis-Tris acrylamide
gel to a nitrocellulose membrane (Sigma Aldrich). Before proceeding with the
transfer, 10X Transfer buffer was prepared following the recipe in Table 2.21,
filtered and then diluted with milliQ water at a final concentration of 1X.
Name

Amount

Tris

250 mM

Glycine

1920 mM

CH3OH

Add fresh into 1X dilution

H2O

1 Lt

Table 2.21 Transfer buffer

Afterwards, semi-dry transfer was performed preparing a “sandwich” in the
following order: filter paper, 10% of Bis-Tris acrylamide gel, nitrocellulose
membrane (previously activated in 1X Transfer buffer with 20% CH 3OH), filter
paper.
It is important to make sure that no bubbles are present inside the sandwich as
to not interfere with the protein transfer. The sandwich was then placed inside a
cassette of the Trans-Blot Turbo transfer system and protein transfer was run at
75 V for 20 min.
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2.2.11.5

Blocking

Once the protein transfer was completed, the nitrocellulose membrane was
blocked using 5% milk blocking solution for 1 hr at room temperature.
2.2.11.6

Immunodetection of hnRNP A1 and B-actin.

Previously blocked membrane was incubated with the primary antibody (2.2.11.6)
overnight at 4°C in 5% milk blocking solution. The day after, the membrane was
washed 3 times for 5 min with PBST (PBS + Tween) and incubated with the
secondary antibody (2.2.11.6) for 2 hours. Afterwards, membrane was washed 3
times for 5 min with PBST and then revealed after incubation with ECL solution
(Pierce) for 5 min using Bio-Rad ChemiDOC MP Imaging system. Images were
then analysed using Image LabTM.

Table 2.22 Typical western blot result. Starting from the left, picture of a membrane
showing the marker (M) used to measure the size (kDa) of the protein of interest. On the
right, picture of a final western blot result showing a blot after incubation with primary
and secondary antibody. Both images have been taken using Gel Doc XR system (BioRad).

2.2.12 Mouse behavioral phenotyping
All the mouse behavioral tests were performed in accordance with the Animals
(Scientific Procedures) Act 1986. Experiments were executed blind to genotype
using a numbering system of identification based on small holes applied on mice
ears in a specific order. Mice cohorts of 12-months, males and females, were
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analysed. Cohort of 6 to 10 animals, wildtype and Tardbp Q331K, were tested to
reach statistical significance and both males and female were assessed
separately. Moreover, mice were held in individual ventilated cages (IVC) with a
cycle of 12:12 light/dark and food/water ad libitum. All tests were planned at
approximately the same time of the day for data consistency.
2.2.12.1

Grip strength

The Grip strength test was performed to measure muscle force of forelimbs and
hind limbs (Deacon et al 2013) (Figure 2.10). Two to three trials for each mouse
were performed to assess the combined forelimb/hindlimb grip strength. Before
starting the test, the grip strength meter (Bioseb) was switched on, peak mode
was selected, and meter display was reset to zero.

Figure 2.10 Schematic drawing of the Grip strength test. The grip strength meter is in
blue and grey. The mouse is placed on to a grid with both forepaws and hind paws while
the operator gently pulls the tail. Mouse generates a muscle force in response to the
force applied by the operator.

Afterwards, the mouse was lifted, holding it from the base of the tale, to be
brought to the meter allowing both its forepaws and hind paws to cling to the grid.
Subsequently, the mouse was gently pulled back and the maximal grip strength
displayed on the screen was recorded. Every measurement was repeated twice
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before placing the mouse back into its cage and, before proceeding with the next
animal, the grid was cleaned with 70% ethanol.
2.2.12.2

Rotarod

The Rotarod test was used to assess motor coordination and balance of the
mouse (Shiotsuki, Yoshimi et al. 2010) (Figure 2.11). Before performing the
actual test, mice were trained to be on the rotating rod to avoid stress that could
compromise the data acquired. First of all, the rotating rod was switched on and
reset to zero. Afterwards, mice from the same cage were picked, holding them
from the bottom of the tail, and placed onto the rod rotating at the lower speed
(the rod can receive up to 5 mice at the same time), allowing the animals to have
a stable grip at the beginning of the test.

Figure 2.11 Schematic drawing of the Rotarod test. Up to 5 mice are placed on the
rotating rod which gradually accelerates. When the mouse fell, timers stop, and time is
recorded. Grey structures are the spacer disks separating each mouse. Yellow line are
the fall sensors. Light blue rectangles are the latency to fall timers.

Once all the mice were in place, acceleration was started. Time was measured
from when the rotating rod starts accelerating (revolution per min from 4 rpm up
to 40 rpm over the duration of the test) and was stopped when the mouse fell.
Once the test was completed, mice were returned to their cage and the rotor was
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cleaned with ethanol before proceeding with the next group. Two to three
measures per mouse were recorded daily until reaching 10 measures per each
time point and one full passive rotation was allowed before stopping the timer.
2.2.12.3

T-maze test

The T-maze test exploits the exploratory behaviour of the rodents and it was
performed to assess the spatial and working memory of the mice (Shoji, Hagihara
et al. 2012) (Figure 2.12). Each mouse was lifted out of the cage by holding its
tale and placed inside the starting arm of a closed plastic maze with T shape.

Figure 2.12 Schematic drawing of the T-maze. T-shaped maze with mouse placed in the
starting arm. At the decision point, the mouse can give two response (A and B)
depending if it goes on the left or on the right and responses are recorded as percentage
of alternation.

After 2 minutes of acclimatisation, the mouse started walking to get to a decision
point (end of the starting arm) where it had to go either inside the right or the left
arms. The percentage of alternation was recorded together with the duration of
the task and a total of 10 trials per mouse, per time point, were carried out,
preferably over several days to avoid that the animal would get used to the task
refusing to explore further.
2.2.12.4

Marble burying test

Before starting the test, new clean mouse cages were prepared using fresh
bedding material to a depth of 3-5 cm. Afterwards, marbles were wiped with 70%
ethanol and 12 of them were placed in each cage divided in 4 lines at the same
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distance between each other. Each mouse was then placed alone in the cage
containing marbles and left undisturbed for 30 min (Figure 2.13).

Figure 2.13 Schematic drawing of the marble burying test. Twelve marbles are placed in
the cage, all at the same distance. The mouse is moved to the cage and left undisturbed
for 30 minutes. If the mouse shows normal behaviour the marbles will be buried while in
case of cognitive impairment, marbles will be found partially buried, misplaced or
untouched.

The operator was blind to the genotype of the mice. Each session was measured
using a timer, and three timeframes to count the number of marbles buried were
set at 5 min, 10 min and 20 min. At the end of the test, mice were returned to the
cage and buried marbles were counted. To score a marble as buried it needed to
have at least ¾ of its surface covered by bedding. At the end of the session, all
the marbles were collected from each cage, cleaned with ethanol and bedding
was changed before starting another session.
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2.2.13 Statistics
Statistical analyses were performed using GraphPad Prism 8 and SPSS.
One-way ANOVA, two-way ANOVA parametric tests, with Bonferroni correction,
and pairwise comparison were used to analyse behavioural data collected from
3-months,

6-months,

12-months

and

24-months

wildtype

(Tardbp+/+),

heterozygous (Tardbp+/Q331K) and homozygous (TardbpQ331K/Q331K) mutant mice,
males and females. Linear regression and Mann-Whitney non-parametric test
were used to analyse potential differences between weight, sex, genotype and
cage in Tardbp+/+, Tardbp+/Q331K and TardbpQ331K/Q331K mice.
Unpaired t-test, with Welch’s correction, was used to analyse the intensity of
hnRNP A1 and B-actin bands from western blot analysis and for analysis of
size/number

of

the

stress

granules

in

Tardbp+/+,

Tardbp+/Q331K and

TardbpQ331K/Q331K mouse embryonic fibroblasts (MEFs).
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3 Results - Humanising the mouse Tardbp gene
3.1

Introduction

The main project of this PhD was to generate a humanised mouse model in which
the Tardbp gene, encoding the Transactive response DNA binding protein 43 kDa
(TAR-DNA binding protein 43 or TDP-43), is replaced by the corresponding
human orthologous TARDBP gene.
Despite an increasing number of animal and cellular models created to shed light
on the pathomechanisms related to TDP-43 mutations, most of these models are
transgenic showing overexpression of the protein, which in the case of RNAbinding proteins like TDP-43, is toxic (Chou, Zhang et al. 2018).
Moreover, despite human and mouse proteins being highly conserved, with 96%
sequence identity (Figure 3.1), pathogenic mutations introduced in the
endogenous mouse gene result in a mild phenotype if compared with disease
progression observed in human patients with the same mutation, suggesting that
differences in the two species might be lying within more complex regulatory
mechanisms or perhaps, as seen with SOD1, in the biochemistry of the protein
(Prudencio, Hart et al. 2009, De Giorgio, Maduro et al. 2019)

Figure 3.1 Alignment between human and mouse protein sequences. The two protein
sequences have 96% identity, with only 15 out 414 amino acids being different between
the two species. Different amino acids marked in red.

Therefore, a model expressing human TARDBP at the correct gene dosage,
avoiding the confounding effect caused by overexpression, is required.
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This project aims to create a knockin mouse where Tardbp is replaced by human
TARDBP from the ATG codon, lying in exon 2, to the TAG in exon 6, also
including the introns 2-5 but leaving mouse 5’ and 3’ UTRs, in order to produce a
fully human protein without interfering with the correct expression of the gene,
thus using the mouse endogenous promoter, and with the protein autoregulation,
which involves the 3’ UTR (Figure 3.2).

Figure 3.2 Scheme showing how WT Tardbp will be humanised in the mouse. The mouse
genomic sequence from the ATG to the Stop codon (TAG) (exons in blue green and
introns in light blue) is replaced with the human orthologous sequence from the wildtype
(WT) TARDBP (exons in red and introns in pink).

3.2

Bioinformatics analysis of the locus

3.2.1 Analysis of the TARDBP/Tardbp genomic locus
To start planning the gene targeting strategy, the first important step was to
acquire all the information available on the mouse Tardbp and human TARDBP
loci. Among the criteria evaluated there were position of the gene within the
chromosome, size of the gene, distance from upstream and downstream genes,
location of the promoter and potential regulatory regions annotated. Human
TARDBP is located on the forward strand of Chromosome 1, position 11,012,344
- 11,026,42 (GRCh38.p10), and consists of 6 exons and 5 introns while mouse
Tardbp is located on the reverse strand of Chromosome 4, position 148,612,382
- 148,627,019 (GRCh38.p.10), showing the same number of exons/introns.
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Although the gene structure is conserved between mouse and human, the 3’ end
of the mouse gene overlaps with the following gene, Mannan-binding lectin serine
protease 2 (Masp2), for ~ 3 kb making it difficult to target this region (Figure 3.3).

Figure 3.3 Mouse Tardbp 3’ UTR overlaps with Masp2 3’ UTR. Mouse Tardbp gene is
showed in light blue while Masp2 is in green. Introns are represented by thin black lines
while UTRs appear white with black outline. Tardbp 3’ UTR overlaps with Masp2 3’UTR,
exon 10, intron 9, exon 9 and part of intron 8.

After analysis of the mouse and human loci to decide the best strategy for
humanising the Tardbp gene, the final decision was to leave untouched the
mouse 5’ UTR, to potentially maintain the correct spatial and temporal gene
expression, and 3’ UTR.
The importance of the 3’UTR region of TARDBP/Tardbp derives from its
involvement in alternative splicing events, due to the presence of four
polyadenylation (polyA) sites within its sequence, and in the protein dosedependent autoregulation of TARDBP, by TDP-43 binding to a 34 bp conserved
region located 1.24 kb downstream the TAG stop codon in exon 6 which inhibits
the gene expression (Avendano-Vazquez, Dhir et al. 2012, Rot, Wang et al.
2017).
Because of the overlap between the 3’ UTR of Tardbp and Masp2, targeting this
region could compromise the normal expression of Masp2 (Dib, Xiao et al. 2014).
Therefore, since the mechanism of alternative splicing, as well as the binding site
for the autoregulation, are conserved between human and mouse the final
decision was to maintain the mouse Tardbp 3’ UTR (Avendano-Vazquez, Dhir et
al. 2012).
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3.3

Gene targeting strategy

Before starting to create the mouse model for this project, a detailed strategy
was designed for gene targeting the mouse locus in chromosome 4 (Figure 3.4).

Figure 3.4 Scheme of the gene targeting strategy. Starting from the top, pMA
intermediate vector, previously designed to contain homology arms targeting human and
mouse Tardbp/TARDBP, targets human TARDBP inside the BAC. Afterwards,
intermediate vector_TARDBP is linearised and used to target mouse Tardbp inside the
BAC. Finally, the humanised BAC construct is ready to target mESCs. Human gDNA is
indicated by red boxes while mouse gDNA is in light blue. UTRs are the white empty
boxes.
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The first 4 steps were required for building targeting construct using BAC clones
as the donor of genomic sequences, and BAC recombineering. The final step is
the transfection, targeting and humanisation of mouse embryonic stem cells
(mESCs) using the final construct which contains large homology arms to target
and replace mouse Tardbp by exploiting the physiological mechanism of
homologous recombination.
3.3.1 Step 1 – Introduction of the FRT-PGK/gb2-Neo-FRT selection
cassette
3.3.1.1 Human BAC clone RP11-829B14
The human BAC clone RP11-829B14 used for this project, described in
paragraph 2.1.6, contains the entire human TARDBP locus including the
promotor (Figure 3.5).

Figure 3.5 BAC clone RP11-829B14. Genomic DNA from human chromosome 1
starting from gene C1ORF127 to MTOR, including the TARDBP gene. Genes are
showed in blue and yellow sequences provide an overview of the genes structure (picture
partly made using Geneious 9.1, Biomatters).

Before proceeding with the gene targeting strategy, I performed the complete
sequencing of the TARDBP region required for creating the first intermediate
targeting construct, which goes from the start codon ATG to the stop codon TAG
including the introns (8.92 kb) (Figure 3.6).
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Figure 3.6 Human TARDBP region chose to replace correspondent sequence inside
mouse Tardbp. Red boxes correspond to human gDNA while empty white boxes are
the UTRs.

The presence of possible rearrangements or mutations in the sequence could
have compromised the whole project thus it was fundamental to sequence before
and after each step of the gene targeting strategy. Therefore, I performed Sanger
sequencing of the ~8.9 kb region, following the protocol described in paragraph
2.2.4.1, which confirmed the integrity of the exons, and showed all the single
nucleotide polymorphism (SNPs) or single nucleotide deletions/insertions present
in the sequence.
Sequencing results showed 14 SNPs, three insertions and two deletions, within
the introns, which were all previously annotated on Ensembl database (Figure
3.7). Primers used for the sequencing of human TARDBP inside the BAC are
provided in Table 7.1 of the Appendix.

Figure 3.7 Sequencing human TARDBP from ATG to TAG within BAC RP11-829B14.
The TARDBP gene is annotated in blue and a view of the gene structure, with exons and
introns, is shown in yellow. Top gray line indicates the consensus (telling how similar the
regions sequenced are to the reference sequence) with black lines indicating the SNPs
found, light blue peaks represent the coverage of sequencing reads. Figure created with
Geneious version 9.1, Biomatters.

3.3.1.2 Inserting the FRT-PGK/gb2-FRT Selection cassette
After performing the sequencing of the whole TARDBP gene, I had to introduce
a selection cassette that would allow quick screening of each step of the gene
targeting by antibiotic selection. The chosen selection cassette is the FRT117

PGK/gb2/Neo-FRT from Genes Bridge, which is described in paragraph 2.1.8.
This specific selection cassette allows selection of positive clones using
resistance to neomycin, expressed from the PGK promoter in mammalian cells,
or to kanamycin, expressed from the gb2 promoter in bacterial cells. Moreover,
this selection cassette is flanked by Flippase recognition target (FRT) sites
allowing its removal, for example, by crossing the humanised mouse with a
mouse line expressing the Flippase site-specific recombinase.
Before proceeding to prepare and insert the selection cassette, it was necessary
to choose where to place it without interfering with the correct expression of the
human gene. As the sequence to be targeted was from the ATG to the TAG
codons, it was necessary to find a site for the selection cassette within the
TARDBP gene. The first possibility was to consider the biggest intron, intron 2
(size of all introns and exons are provided in Table 3.1), as possible candidate.
Name

Size

5’ UTR

347 bp + 17 bp upstream exon 2

Intron 1

969 bp

Exon 2

238 bp

Intron 2

2875 bp

Exon 3

169 bp

Intron 3

1723 bp

Exon 4

146 bp

Intron 4

1552 bp

Exon 5

180 bp

Intron 5

1522 bp

Exon 6

538 bp

3’ UTR

2685 bp

Table 3.1 Size of UTRs, exons and introns of human TARDBP.

After analysis of the region, to exclude for example any interference with
regulatory elements, I identified two cryptic exons within this intron, which
corresponded to the splicing variants TARDBP-005, protein coding, and
TARDBP-006, which is thought to be eliminated through nonsense-mediated
decay pathway (Figure 3.8).
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Figure 3.8 Cryptic exons within intron 2. Exon 3 from splicing variant TARDBP-005
(empty box) and nonsense mediated decay TARDBP-006 (brown box) are marked by
the black circle (Source from ENSEMBL database). A zoomed version of this figure is
provided in the Appendix.

Moreover, during the sequencing of human TARDBP I noticed that several
primers designed to bind to intron 2 were also amplifying sequences from MTOR
intron 8 (also contained in the BAC clone RP11-829B14) revealing similarities
between the two introns and raising the possibility that such similarities were
related to the presence of retrotransposable elements inside their sequences.
Therefore, I performed an alignment using Nucleotide BLAST between TARDBP
intron 2 and MTOR intron 8 and found high homology between the two regions
(Figure 3.9).

Figure 3.9 BLAST alignment between TARDBP intron 2 (query sequence, ~2.8 kb) and
MTOR intron 8 (~4.8 kb) showed 86% identity between the two regions with homology
found between position 550-1100 and position 1100-1650 of intron 2.

Afterwards, I performed further analysis of the TARDBP gene using the UCSC
database (Figure 3.10) and observed that all introns, apart from intron 3,
contained transposable elements (TE), arising the hypothesis that the TEs cis119

regulatory activity within these regions could play a role in the human TARDBP
gene expression (Chuong, Elde et al. 2016).
Moreover, the pattern of transposable elements between human and mouse
Tardbp /TARDBP is not conserved; thus, taking into account that TEs activation
and

transposition

in

the

brain

have

been

associated

with

some

neurodegenerative diseases, including ALS (Li, Jin et al. 2012), these differences
could be one of the features behind the different phenotypes observed in mice
and human patients carrying the same ALS mutation. Therefore, considering
these observations, we decided to place the selection cassette 628 bp
downstream of TARDBP exon 3, as shown in Figure 3.10.

Figure 3.10 TARDBP gene overview. Starting from the top: TARDBP splicing variants
(main variant marked in black with name aligned in black), regulatory activity pattern
showing intense purple-blue shades in the promoter position and changing from yellow
to pink or light blue depending on the regulatory activity observed in each specific region
of the gene (e.g. acetylation or methylation), pattern of SINES, LINES and Alu regions
shown in different shades of grey, multiple alignment in purple/pink showing which
regions of the gene are evolutionary conserved between 100 species and, at the bottom,
a zoomed picture of the region targeted to insert the selection cassette with a red circle
in the exact site of insertion. A zoomed version of this figure is provided in the Appendix.
Source UCSC database.

3.3.1.3 Preparation of the FRT-PGK/gb2-Neo-FRT selection cassette to target
human TARDBP intron 3.
Once the site to insert the selection cassette was designed, I had to prepare it for
the targeting of human TARDBP intron 3. First, I had to design two homology
arms to be added to the selection cassette, which corresponded to half of the 100
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bp region to be targeted inside intron 3 (red circle Figure 3.10). Afterwards, I
separated the selection cassette from its vector by double restriction enzyme
digestion with NotI and XhoI, following the protocol described in paragraph 2.2.5,
and ran the digestion on a 1% agarose gel (Figure 3.11).

Figure 3.11 Restriction digestion of FRT-PGK/gb2-Neo-FRT selection cassette. M
corresponds to the marker, U to uncut, S are single digests with NotI and XhoI and D is
the double digest with both restriction enzymes.

After gel purifying the correct band (1.58 kb, red circle in Figure 3.11) I used the
linearised selection cassette as template to perform Long range PCR adding 50
bp homology arms to the 5’ and 3’ ends of the selection cassette for targeting
human TARDBP intron 3. I followed the protocol described in paragraph 2.2.2.1
using long primers, 71 bp and 75 bp respectively, containing 21/25 bp of
sequence homologous to the selection cassette and 50 bp homologous to human
intron 3.
Two PCR product were run on a 1% agarose gel for 1 hour and gel extraction of
the bands with expected size (~1.7 kb, SC 1) was performed following protocol
2.2.3.2 (Figure 3.12).
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Figure 3.12 PCR products of FRT-PGK/gb2-Neo-FRT selection cassette with homology
arms (HA) to target human TARDBP. Picture of the gel showing two PCR products of
the selection cassette with 50 bp homology arms to target human TARDBP intron 3 (SC
1 and SC 2). M: marker used to measure the size of the bands.

Afterwards, the final PCR product was sequenced to confirm the correct insertion
of human HA (Figure 3.13). Primer used for the Long-range PCR (Table 7.2) and
for the sequencing of the final product (Table 7.3) are provided in the Appendix.

Figure 3.13 Sequencing FRT-PGK/gb2-Neo-FRT after long range PCR to insert HA.
Sequencing of the PCR product using 6 different primers confirmed correct sequence of
the selection cassette with HA to target human TARDBP inside the BAC. Starting from
the top, grey empty line represent the consensus which shows how similar is the
sequenced region with the reference sequence, light blue picks represent the coverage
of sequencing reads, blue thick line represent the gene coding for neomycin/kanamycin
resistance, green thick line represent the promoters of the selection cassette (PGK/gb2),
bright green arrow are the FRT sites, red arrow is the terminator of the selection cassette
and orange are the human HA to target intron 3. Figure created with Geneious version
9.1, Biomatters.

3.3.1.4 PCR Cloning of FRT-PGK/gb2-Neo-FRT selection cassette into pMiniT
2.0 vector for long-term storage and restriction digest to collect DNA for
BAC recombineering.
To increase the stability of the HA-FRT-PGK/gb2-Neo-FRT-HA PCR product
during long-term storage I cloned the selection cassette into a pMiniT 2.0 plasmid
vector following the protocol explained in paragraph 2.2.2.4.
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After ligation was completed, I performed Sanger sequencing of the whole HAFRT-PGK/gb2-Neo-FRT-HA insert confirming that cloning was successful
(Figure 3.14). Moreover, after alignment of the sequencing reads with the HAFRT-PGK/gb2-Neo-FRT reference map, black lines were visible in the
consensus, which did not represent any mutation or insertion in the sequence but
were due to some sequencing reads carrying part of the pMiniT2.0 vector
sequence.
As New England Biolabs does not provide a complete map with the sequence of
the pMiniT2.0 after cloning, I verified the sequence of the regions corresponding
to the black lines in the consensus using Nucleotide BLAST and confirmed that
they belonged to a cloning vector (Figure 3.15).

Figure 3.14 Sequencing of HA-FRT-PGK/gb2-Neo-FRT inside pMiniT 2.0 vector.
Starting from the top, grey empty line represent the consensus which shows how similar
is the sequenced region with the reference sequence (black lines indicates that
sequencing reads went into the pMiniT 2.0 vector), light blue picks represent the
coverage of sequencing reads, blue thick line represent the gene coding for
neomycin/kanamycin resistance, green thick line represent the promoters of the
selection cassette (PGK/gb2), bright green arrow are the FRT sites, red arrow is the
terminator of the selection cassette and orange are the human HA to target intron 3.
Figure created with Geneious version 9.1, Biomatters.

Figure 3.15 Extraction from alignment using Nucleotide BLAST. Sequencing that did not
align with the HA-FRT-PGK/gb2-Neo-FRT-HA insert inside the cloning vector (Figure
3.12) have been verified using BLAST which confirmed that was homologous to the
cloning vector.
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3.3.1.5 Recombineering the selection cassette into the human BAC clone
RP11-829B14
Following preparation of the HA-FRT-PGK/gb2-Neo-FRT-HA linearised template,
I had to perform BAC recombineering to insert the selection cassette inside
human TARDBP intron 3. The diagram in Figure 3.16 shows where the selection
cassette was inserted. First, I prepared one LB agar plate (as described in
2.2.1.1) with colonies of DH10B containing BAC clone RP11-829B14 and picked
four different colonies to start 5 ml mini cultures. Afterwards, I prepared the
competent cells for electroporation (as described in paragraph 2.2.1.3.2) and
started the BAC recombineering protocol as described in paragraph 2.2.6.
On the last day of the protocol, after screening with LB agar plates containing
antibiotic kanamycin, I found one positive colony on the plate and used it to grow
a 5 ml LB mini culture. Then, I extracted DNA using a kit for DNA extraction from
minipreps (2.2.1.6) and performed Sanger sequencing. Sequencing of the
positive colony confirmed correct insertion of the selection cassette (Figure 3.17).
For long term storage, I performed a maxiprep of the positive clone and prepared
glycerol stocks. Primers used for the sequencing are provided in Table 7.3 of the
Appendix.

Figure 3.16 Insertion of the selection cassette inside human TARDBP. Exons and
homology arms are in red, intron in black, URTs in white. FRT sites and promoters of the
selection cassette are in grey.
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Figure 3.17 Sequencing of the selected clone to confirm correct insertion of FRTPGK/gb2-Neo-FRT inside BAC clone RP11-829B14. Starting from the top, grey empty
line represent the consensus which shows how similar is the sequenced region with the
reference sequence (no black lines means it is identical), light blue picks represent
coverage of sequencing reads, blue thick lines represent genes (Neo and TARDBP),
green thick line represent the promoters of the selection cassette (PGK/gb2), bright
green arrow are the FRT sites, red arrow is the terminator of the selection cassette,
yellow boxes are exons (3 and 4) of human TARDBP and the yellow line represents the
intron. Figure created with Geneious version 9.1, Biomatters.

3.3.2 Step 2 - Designing of the pMA intermediate vector to target Human
TARDBP in the BAC
In order to extract the human TARDBP region of interest from the RP11-829B14
BAC clone and then to target mouse BAC B6Ng01-103M13 replacing the mouse
Tardbp gene, I had to design an intermediate targeting vector containing
homology arms to target both human TARDBP and mouse Tardbp. The
sequences of the two human homology arms, corresponding to 238 bp from the
beginning of exon 2 to the ATG and 250 bp from mid to the end of exon 6, were
taken from the sequencing of the human BAC previously performed (Figure 3.7).
The size of the Has have been chosen based on the sequence available to create
the HA for the 5’ of the TARDBP targeting sequence, which was 238 bp and
corresponded to the coding part of exon 2. Therefore, I have designed a 3’-HA
(250 bp) with a size comparable to the 5’-HA in order to be as consistent as
possible. To design the mouse homology arms, I carried out Sanger sequencing
of the genomic regions 500 bp upstream the ATG in exon 2 (HA_Ms_1) and
downstream the TAG in exon 6 (HA_Ms_2) inside the mouse BAC, confirming
that the sequence corresponded to the reference found in the Ensembl database
(Figure 3.18). Primers used are in Table 7.4 of the Appendix.
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Figure 3.18 Sequencing mouse homology arms for pMA vector. Starting from the top,
grey empty line represent the consensus which shows how similar is the sequenced
region with the reference sequence (no black lines means it is identical), light blue picks
represent % of the coverage of sequencing reads, blue thick lines represent genes
(Tardbp), orange boxes are the mouse homology arms to be inserted in the pMA vector,
yellow boxes are exons of human TARDBP and yellow lines represent the intron. Figure
created with Geneious version 9.1, Biomatters.

Once the sequencing of all homology arms (human and mouse) was completed,
I designed the pMA_intermediate vector in-silico. For this plasmid, I chose a
minimal pMA vector carrying the antibiotic resistance to ampicillin and then I
added three restriction enzyme sites in the sequence to perform digestion using
PmeI, SnaBI and NruI; these were required to linearise the vector during different
BAC recombineering steps planned for this project (Figure 3.19).

Figure 3.19 pMA vector. Starting from the top, human homology arms in red and mouse
homology arms in light blue, restriction enzyme sites in light green (PmeI, SnaBI and
NruI), origin of replication in dark blue and resistance to ampicillin in yellow.
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Due to the complexity of the vector, I ordered its synthesis from GeneArt (Thermo
Fisher Scientific) and once I received it, I first transformed electrocompetent cells
(2.2.1.3.2) with the empty pMA plasmid to perform a maxiprep, collecting enough
DNA for the following experiment, and to create a glycerol stock for long-term
storage. Afterwards, I tested the cutting sites of the vector with restriction enzyme
digestion using enzymes PmeI, SnaBI and NruI confirming that all the expected
cutting sites were in the plasmid (Figure 3.20).

Figure 3.20 Test of restriction enzyme sites inside empty pMA plasmid. Gels shows uncut
(U), single digestion with PmeI (S1), SnaBI (S2), NruI (S3) and double digestion with
SnaBI and NruI (D). Expected size for the double cut were 1.58 kb for the insert (mouse
HA and human HA) and 2.34 kb for the backbone while for the linearised plasmid the
size expected was ~4 kb.

3.3.3 Step 3 – pMA intermediate vector extracts human TARDBP from the
BAC
After designing the pMA vector, the next step was to extract human TARDBP,
from the ATG to the TAG, from the RP11-829B14 human BAC clone creating the
first intermediate plasmid vector (Figure 3.21).
Before proceeding with the BAC recombineering protocol, I linearised the pMA
vector by digesting with the restriction enzyme PmeI. Afterwards, I prepared
electrocompetent cells (2.2.1.3.2) and performed BAC recombineering (2.2.6). At
the end of the protocol, I added the electroporated cells onto four petri dishes
containing LB agar and chloramphenicol/kanamycin antibiotics for overnight
incubation.
The following day, all the four dishes contained colonies positive for the antibiotic
selection, therefore I picked 17 colonies (four colonies from plates 1-3 and five
from plate 4) and prepared 17 minicultures to extract DNA from minipreps
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(2.2.1.6). Afterwards, DNA from each colony was screened by single and double
restriction enzyme digestion with SnaBI and NruI (Figure 3.22).

Figure 3.21 Linearised pMA intermediate vector targets human TARDBP in the BAC
clone RP11-829B14. Red boxes correspond to human gDNA, empty white boxes are the
UTRs, light blue represent the mouse HAs, FRT sites and selection cassette are in grey.

After screening with restriction enzyme digestion, 15 colonies looked potentially
positive (Figure 3.22). Therefore, I decided to keep two clones out of 15 (clone
10 and clone 17) which seemed to have both the right size of the smallest band
(TARDBP insert) but one running slightly slower than the other.
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Figure 3.22 Screening to find positive colonies carrying the pMA_TARDBP intermediate
plasmid. Digestion with SnaBI and NruI gave two bands corresponding to the TARDBP
insert (11.5 kb) and the backbone (2.34 kb). Single digestion with NruI or SnaBI gave a
band at 13.8 kb. All colonies apart from clone 5, 6 and 12 looked positive. M: marker, U:
uncut; S: single cut; D: double digestion.
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Afterwards, first I performed Sanger sequencing on clone 10 which confirmed
correct insertion of the TARDBP insert (Figure 3.23); thus I decided to go ahead
using this clone for the following step of BAC recombineering but kept a glycerol
stock of clone 17 in case further screenings were required. Primers used for the
sequencing are provided in Table 7.5 of the Appendix.

Figure 3.23 Sequencing of positive clone carrying pMA_TARDBP intermediate construct.
Starting from the top, grey empty line represent the consensus which shows how similar
is the sequenced region with the reference sequence (no mutation observed; SNPs,
deletions and insertion pattern is the same observed after the human BAC sequencing),
light blue peaks represent the coverage of sequencing reads, blue thick lines represents
TARDBP, orange arrows indicate the cryptic exons in intron 2 and the regions
corresponding to the homology arms used for inserting the selection cassette in TARDBP
intron 3, red boxes below the gene indicate where human gDNA starts and ends while
dark green boxes are the regions of mouse HAs, yellow boxes are exons of human
TARDBP and yellow lines represent introns. Figure created with Geneious version 9.1,
Biomatters.

3.3.4 Step 4 – Knocking in human TARDBP into mouse BAC
Before proceeding with this step, a complete sequencing of the mouse BAC clone
B6Ng01-103M13 (Figure 3.24) was required to confirm the integrity of the
construct and the absence of any major mutation or structural variation in the
insert that could compromise the efficiency of the homologous recombination
inside mESCs. BAC clones contain large sequences of genomic DNA making
them difficult to be sequenced with standard sequencing services normally used
for sequencing of plasmid DNA. In fact, our lab used to perform Sanger
sequencing of the BAC clones in house, which was highly time-consuming. The
increasing use of PacBio next generation sequencing (NGS) gave the possibility
to perform sequencing of an entire BAC clone starting from high quality BAC DNA
(not PCR products) and creating >75.000 long sequencing reads for a detailed
screening of the BAC insert. Moreover, it also allows creating a de-novo
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assembly, which can be used as reference map for the modified sequence. For
this project we have used PacBio NGS relying on a company for the sequencing.

Figure 3.24 BAC clone B6Ng01-103M13. Genomic DNA from mouse chromosome 4
starting from gene Mtor to LOC105376736, including the Tardbp gene. Genes are
showed in blue and yellow sequences provide an overview of the genes structure (picture
partly made using Geneious 9.1, Biomatters).

Afterwards, once I received the sequencing data, I first tried to perform an
alignment of the mouse BAC de-novo assembly with the reference sequence of
the B6Ng01-103M13 BAC (Ensemble database), in order to verify if the sequence
of our BAC clone was correct. Results from the first alignment show an
unexpected pattern in the 3’ end of the BAC reference sequence suggesting the
presence of a possible re-arrangement in that region (Figure 3.25).

Figure 3.25 Alignment between the de-novo assembly created from PacBio NGS reads
of mouse BAC B6Ng01-103M13, and the reference map of BAC B6Ng01-103M13
available on Ensembl. As shown in the figure, alignment gave an unexpected pattern on
the 3’ end of the sequence which suggested the presence of potential mutations within
the gene Gm572 (empty red box). Grey empty line represents the consensus which
shows how similar is the sequenced region with the reference sequence (black dots
indicate potential mutations in the sequence), blue thick lines with names are the genes,
blue line on top of the genes represent the coverage of sequencing reads. In yellow are
showed the genes structure with exons and introns.
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Therefore, I have repeated the alignment between the single sequencing reads
from the PacBio NGS (not the de-novo assembly) and the reference sequence of
mouse chromosome 4 from C57BL/6J. This time, alignment confirmed expected
position of the BAC insert within mouse chromosome 4 (C57BL/6J), thus
eliminating the possibility that our BAC clone contained fragments of gDNA from
chromosome 4 not related with the locus of interest (Figure 3.26).
According to these results, using the de-novo assembly was not ideal to perform
the alignment against the reference sequence of our BAC clone (Figure 3.25),
while alignment using single sequencing reads looked more reliable. Therefore,
for this project all the final alignments have been performed using the single
reads. Nevertheless, the alignment with mouse chromosome 4 (Figure 3.26) was
not ideal to evaluate the presence of small insertion/deletion in the sequence.

Figure 3.26 PacBio NGS of the insert of mouse BAC clone B6Ng01-103M13. Alignment
between PacBio sequencing reads with mouse chromosome 4 (C57BL/6J) confirmed
position of the BAC clone insert within mouse chromosome 4 (empty box with black
outline on the right top of the figure). Red circle shows the approximate position of mouse
Tardbp within the sequencing. Blue line is the coverage of reads. On the bottom, a
diagram of mouse chromosome 4, taken from ENSEMBL database, shows position of
the region included in the BAC clone insert within the chromosome (empty box with red
outline, as reference for our results. Figure partly created with Geneious version 9.1,
Biomatters. A larger view is provided in Figure 7.3 of the Appendix.

Thereafter, I have repeated the alignment between PacBio single sequencing
reads of the BAC mouse insert (not de-novo assembly) with the reference
sequence of the B6Ng01-103M13 BAC clone (Ensemble database) which
showed complete match of the mouse BAC clone with the reference sequence
and no major structural variations. Due to the size of the alignment, and for a
better view of the details, it has been divided in 21 enlarged images provided in
Figure 7.4 of the Appendix.
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Another important aspect to be considered was that all reference sequences
available on databases to perform these alignments, including the B6Ng01103M13 reference map, were C57BL/6J background while our BAC clone was
C57BL/6N. From the literature, there are 236 different SNPs/Indels and 43 SVs
between C57BL/6J and C57BL/6N, but none of them seems to be within the
region included in our BAC clone (from position 148512011 to 148694521 of
mouse chromosome 4) (Simon, Greenaway et al. 2013).
Therefore, I was not expecting any mutation in the alignment but after mapping
all the single point mutations (SNPs), at the beginning I counted 231 potential
SNPs. In fact, after analysis of the sequencing reads aligning in the regions where
each single nucleotide modification was located, I realised they could be related
with errors in the sequencing reads rather than with actual mutations.
This hypothesis derives from the way the software I used for the alignments
works: when one or more sequencing reads aligning in a specific region have an
extra base, if this is not consistent between most sequencing reads aligned in
that specific region the software cannot call for an SNP but adds an empty space
instead. Therefore, analysing the pattern of the sequencing reads the operator
should be able to say if the SNP is real or not.
In fact, among all the potential SNPs found, only one was clearly a SNP showing
the substitution of a pyrimidine with a purine within intron 5 of the gene Gm572
(Figure 3.27). An example of the alignment in the Tardbp region is provided in
Figure 3.28 showing 30 potential SNPs in the consensus (numbered in the figure)
which do not seem to be real looking at the sequencing reads in Figure 3.29. A
view of all potential 30 SNPs found in Tardbp is provided in Figure 7.6 and Figure
7.7 of the Appendix.
After all the analysis, to further confirm that the sequence of our BAC clone was
correct we have also decided to look for a bioinformatics consultation and asked
our collaborator Dr Michelle Simon at MRC Harwell to repeat the alignment using
more specialized software (e.g. MUMmer and MAFFT). After alignment of the
PacBio sequencing, Dr Simon confirmed that the sequence of the BAC clone did
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not present mutations or structural variations, thus I proceeded with the next step
of BAC recombineering.

Figure 3.27 Extract from alignment of PacBio sequencing reads with WT mouse BAC
reference map, Gm572. Alignment over the gene Gm572 shows a single point mutation
found after analysis of the PacBio sequencing from WT mouse BAC B6Ng01-103M13.
The SNP corresponds to a substitution of a T with a C. Blue thick line on top of the yellow
sequence is the Gm572 gene. Blue line on top of the gene is the coverage of reads. In
yellow is showed the gene structure with exons and introns. Bigger view is provided in
Figure 7.5 Figure 7.3 of the Appendix.

Figure 3.28 Extract from alignment of PacBio sequencing reads with WT mouse BAC
reference map, Tardbp. Alignment over the Tardbp gene shows 30 potential SNPs
(numbered). Blue thick lines on top of the yellow sequences are the Tardbp and Masp2
genes. Blue line on top of the genes is the coverage of reads. In yellow is showed the
gene structure with exons and introns. Bigger view and more details are provided in
Figure 7.6 and Figure 7.7 of the Appendix.
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Figure 3.29 Examples of possible SNPs found in the alignment of the PacBio sequencing
reads with the WT mouse BAC reference map. The discrepancy between the reference
sequence and the consensus could not derive from a genuine mutation but rather from
errors in the sequencing reads. Starting from the top, the consensus shows that
alignment matches with the B6Ng01-103M13 reference map (coloured sequence) apart
from one bp (red circle). Blue line on top of the reference sequence is the coverage of
reads. Below the reference sequence there is a draw of the portion of the Tardbp gene
showed in each figure (blue thick line with name). All the sequences on the bottom are
sequencing reads aligning with the region and nucleotides marked in blue indicate that
they do not match with the reference.

3.3.4.1 Recombineering human TARDBP inside pMA intermediate vector
inside mouse BAC B6Ng01-103M13
After confirming the integrity of the mouse Tardbp containing BAC clone, the next
step was to humanise the mouse Tardbp gene inside the mouse BAC using the
previously created pMA_TARDBP intermediate construct as donor plasmid. I
wished to replace the mouse Tardbp region from the ATG to the stop codon (7.1
kb) with 10.6 kb of human engineered sequence (human TARDBP from ATG to
TAG + FRT-PGK/gb2-FRT selection cassette) contained in the pMA_TARDBP
intermediate construct (Figure 3.30).
.
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Figure 3.30 pMA_TARDBP intermediate vector insert recombines with mouse Tardbp in
the BAC clone B6Ng01-103M13. Red boxes correspond to human gDNA, empty white
boxes are the UTRs, light blue represent the mouse gDNA, FRT sites and selection
cassette are in grey.

Once again, I used BAC recombineering to humanise the BAC clone following
the protocol explained in paragraph (2.2.6). To start, I cut the pMA_TARDBP
intermediate construct by restriction enzyme digestion with SnaBI and NruI
(2.2.5), in order to separate the TARDBP insert from the backbone. Afterwards, I
electrophoresed the digestion on a 1% agarose gel and extracted the correct
band (11.5 kb) to perform gel purification (2.2.3.2).
The pMA_TARDBP insert was then purified for use as donor template for the
BAC recombineering protocol. After the first attempt to humanise the mouse BAC
clone by recombineering, I obtained 15 potential positive colonies from first
screening with antibiotic selection using LB agar petri dish containing
chloramphenicol/kanamycin antibiotics. Afterwards, only one clone grew after
overnight incubation of minicultures (as described in paragraph 2.2.1.1) which
was screened by PCR of the 5’ and 3’ mouse/human boundaries and of the
selection cassette (Figure 3.32), followed by sequencing of the PCR products
(Figure 3.33).
A combination of human and mouse primers has been used for PCR products
and sequences are provided in Table 7.6 of the Appendix. Figure 3.31 shows
where primers chosen for this screening were located.
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Figure 3.31 Position of primers pairs for screening with PCR products after 1 st
recombineering attempt. Exons of human TARDB are showed in red, selection cassette
in grey, mouse gDNA in light blue, 5’ and 3’ UTRs are represented by empty boxes.
Human primers are in red, mouse primers in light blue and primers inside the selection
cassette are in grey.

Figure 3.32 PCR products of the 5’ and 3’ mouse/human boundaries and of the selection
cassette performed after first attempt of mouse BAC humanisation. Nine primers pairs
have been tested, number 1 (expected size 1715 bp), number 2 (expected size 1571
bp), number 3 (expected size 1000 bp), number 4 (expected size 1954 bp), number 5
(expected size 824 bp), 6 (expected size 1900 bp), 7 (expected size 1800 bp), 8
(expected size 1693 bp) and 9 (expected size 1000 bp). Products 5 to 9 gave right band
with no smear; number 6 (covering the 3’ end), number 8 (covering the 5’ end) and
number 9 (covering half of the selection cassette) were first sequenced. M: maker; red
rectangles indicates PCR products chosen for sequencing.

As the efficiency of the first BAC recombineering was low, with only one positive
clone overcoming the screening with antibiotics, I wanted to perform a first quick
sequencing to first confirm if recombineering was successful before proceeding
with further sequencing. Therefore, I started sequencing only three PCR products
(number 6, 8 and 9, Figure 3.32), covering the 5’/3’ boundaries and half of the
selection cassette.
After alignment with the humanised BAC reference map, sequencing results
showed that recombineering was not successful as exon 2 and exon 6 did not
align properly with the human TARDBP sequence while selection cassette
137

seemed at least partially inserted (Figure 3.33). Different primers pairs have been
tested for this screening, which are provided in Table 7.6 of the Appendix.

Figure 3.33 Sequencing to screen potential positive clone after first attempt to humanised
mouse Tardbp in the BAC. After sequencing of the PCR products in Figure 3.32,
alignment of the sequencing reads (blue picks show their coverage) with the humanised
BAC map showed black lines in the consensus (top grey line) suggesting that
humanisation of exon 2 and exon 6 was not successful. Sequencing of the selection
cassette looked correct although it required further sequencing to confirm the entire
region. Red boxes (human) and dark green boxes (mouse) on the side of
Tardbp/TARDBP have been added to mark the mouse/human boundaries; blue thick
lines represent Tardbp/TARDBP, green thick line represents the promoters, yellow
boxes are exons of human TARDBP, and yellow lines represent the introns. Figure
created with Geneious version 9.1, Biomatters.

Therefore, I repeated all the steps described above and performed a second
attempt of BAC recombineering. Following the BAC recombineering protocol and
overnight incubation on LB agar plates containing chloramphenicol/kanamycin
antibiotics, three potential positive clones were selected from the first screening
and were used to prepare 5 ml minicultures.
The day after, one of the clones grew more than the other two during overnight
culture in LB broth at 30°C, thus I chose it for further screening with PCR products
of the 5’ and 3’ mouse/human boundaries and of the selection cassette. In the
meantime, I left the other two clones to grow for a bit longer at 30°C and then I
prepared glycerol stock of both as backup for possible further screenings.
Afterwards, I have extracted DNA from the miniprep of the chosen positive clone
(Figure 3.35) and then I performed Sanger sequencing of all the PCR products
produced (products 1, 2, 3, 4 and 5, Figure 3.35) confirming that the clone had
the correct TARDBP + FRT-PGK/gb2-FRT sequence.
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A combination of human and mouse primers has been used for PCR products
and sequences are provided in Table 7.7 and a diagram showing position of the
primers used is provided in Figure 3.34.

Figure 3.34 Position of primers pairs for screening with PCR products after 2 nd
recombineering attempt. Exons of human TARDB are showed in red, selection cassette
in grey, mouse gDNA in light blue, 5’ and 3’ UTRs are represented by empty boxes.
Human primers are in red, mouse primers in light blue and primers inside the selection
cassette are in grey.

Figure 3.35 PCR products from positive colony after second attempt of mouse BAC clone
humanisation. Products 1 covers the 5’ end boundaries of the Tardbp/TARDBP gene
(1693 bp), product 2 covers from 5’ to mid of the selection cassette (1000 bp), product 3
covers the whole selection cassette (1800 bp), product 4 covers from mid to the 3’ end
of the selection cassette (824 bp), product 5 covers the 3’ end boundaries of the
Tardbp/TARDBP gene (1900 bp). PCR products number 1, 2, 3, 4 and 5 have been
sequenced. M: maker; all PCR products have been sent for sequencing.

As shown in Figure 3.36, this time I performed two different alignment to be sure
that the sequencing results were accurate. First, I aligned the sequencing reads
obtained from the PCR products of the positive clone with the humanised BAC
construct reference map obtaining a 100% alignment with no mutations in the
regions sequenced (Tardbp/TARDBP 5’ and 3’ boundaries and the selection
cassette in intron 3) (Figure 3.36 A). The second alignment was, between the
PCR products from the positive clone and the reference map of the WT B6Ng01139

103M13 BAC clone, which clearly shows that exon 2 (5’ end boundary) and exon
6 (3’ end boundary) were no longer mouse (Figure 3.36 B).
Primers used for the PCR products and following sequencing of the second
attempt to humanise the mouse BAC are provided in Table 7.7 of the Appendix.

Figure 3.36 Sequencing to screen potential positive clone after second attempt to
humanised mouse Tardbp in the BAC. After obtaining sequencing results from the PCR
products of the 5’ and 3’ mouse/human boundaries and of the complete selection
cassette (Figure 3.35), two different alignment have been performed. Figure A shows
alignment with the humanised BAC construct, which shows no mutations in the
consensus (grey top line) confirming that the 5’ and 3’ Tardbp/TARDBP boundaries are
human and that the entire selection cassette was inserted in intron 3. Red boxes (human)
and dark green boxes (mouse) on the side of Tardbp/TARDBP have been added to mark
the mouse/human boundaries. Figure B represents the alignment with the WT mouse
BAC which shows that exon 2 and exon 6 are no longer mouse (black lines in the
consensus). In both figures (A and B), blue picks represent the coverage of sequencing
reads, blue thick lines represent genes (Tardbp/TARDBP), light green thick line
represent the promotor, yellow boxes are exons of human TARDBP, and yellow lines
represent the intron. Figure partially created with Geneious version 9.1, Biomatters.

3.3.4.2 Screening to confirm correct humanisation of the final BAC construct
Once the preliminary screening with PCR products of the 5’ and 3’
Tardbp/TARDBP boundaries and of the selection cassette confirmed correct
humanisation of exon 2 and exon 6 of mouse Tardbp, further screenings were
required to perform a complete quality control check of the final humanised
construct and exclude any unexpected mutation that could compromise the
targeting of mESCs. For this reason, the size of the BAC was first verified by
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restriction enzyme digestion with PmeI (2.2.5) which, according to in-silico
analysis, introduces two cuts inside the WT B6Ng01-103M13 BAC clone (one of
the cuts is inside mouse Tardbp) and only one cut into the final humanised
construct; thus I was able to verify the size of the construct while also confirming
humanisation. Due to the very large size of a BAC clone it is not ideal to run it on
a normal electrophoresis system as it takes several hours to migrate increasing
the temperature inside the gel tank which could compromise the correct migration
of the DNA. Therefore, I run the PmeI digestion on a 1% agarose gel using an
apparatus to perform Pulsed Field Gel Electrophoresis (PFGE) (2.2.3.3). As we
do not have the PFGE system in our lab, I had to carry out this protocol at the
Sanger Institute under the supervision of Dr Fei Zhu.
As shown in Figure 3.37, digestion of WT mouse BAC gave two bands, one
around ~45 kb and another between 145.5 and 194 kb (size expected were 37.5
kb for the small band and 153.76 kb for the bigger band, Figure 3.38), while the
two bands containing two different prep of the final humanised BAC construct
show only one single band at the expected size (194.762 kb, Figure 3.39).

Figure 3.37 PFGE to verify size of humanised BAC. Digestion with restriction enzyme
PmeI creates two bands in the WT BAC clone (37.5 kb and 153.76 kb) and one single
band in the humanised BAC (194.76 kb). M: maker; WT: wildtype BAC clone; HUM:
humanised BAC clone.
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Figure 3.38 Digestion of WT mouse BAC with PmeI. Circular WT mouse BAC is cut by PmeI in two different sites, inside Tardbp and inside
Gm572. Two bands are expected with size 153.76 kb and 37.5 kb. Backbone showed in green, genes are in light blue and PmeI cutting
sites are the yellow arrows.
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Figure 3.39 Digestion of humanised BAC construct with PmeI for PFGE. Circular humanised BAC construct is cut by PmeI only inside
Gm572. Digestion should give one single band confirming the expected size of the BAC linearised (194.76 kb). Backbone is showed in
green, mouse genes are in light blue and human gene is in red, and PmeI cutting site is the yellow arrow.
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Afterwards, to further confirm the correct humanisation of the mouse BAC,
restriction endonuclease fingerprinting (REF) using EcoRV was performed by Dr
Fei Zhu, following the protocol explained in paragraph 2.2.5.1. Following in-silico
analysis to verify the digestion pattern, I was expecting to obtain an extra band
around ~5 kb only in the WT mouse BAC as this specific cutting site was
supposed to be inside an intron of mouse Tardbp (Figure 3.40). Results from REF
confirmed the presence of a band at ~5 kb only in the WT mouse BAC which was
absent in the humanised BAC confirming humanisation of the BAC construct, as
expected (Figure 3.41).

Figure 3.40 In-silico analysis of restriction digest fingerprinting with EcoRV of WT and
humanised B6Ng01-103M13. Expected extra band ~5 kb in the pattern of the WT mouse
BAC is indicated by a red circle.

Figure 3.41 Fingerprinting of WT and Humanised B6Ng01-103M13. Fingerprinting
restriction digest using EcoRV gave a slightly different pattern between WT and
Humanised (HuBAC) B6Ng01-103M13 with an extra band at 5 kb in the WT (red circle)
that was not present in the three preps of humanised BAC construct. M: marker, HUM:
humanised BAC preps, WT: wildtype mouse BAC.
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3.3.4.3 PacBio next generation sequencing (NGS) of the final humanised BAC
construct
After verifying size and humanisation of the final BAC construct by PFGE and
REF, it was important to perform a complete sequencing of the BAC to confirm
the sequence of both the human TARDBP gene insert, from the ATG to the TAG,
and of the long homology arms of mouse gDNA from chromosome 4 (~70 kb and
~100 kb respectively). Although this BAC clone had been already sequenced
using PacBio NGS, before starting the humanisation process, I had to check the
integrity of the BAC construct and confirm that the BAC recombineering steps did
not altered the sequence. Therefore, to confirm the absence of any unexpected
mutation, inversion or deletion in the sequence, we have repeated PacBio
sequencing of the final humanised BAC construct.
First alignments were carried out by Dr Michelle Simon at MRC Harwell.
Alignment of the PacBio sequencing reads with the reference map of the
humanised BAC construct (thus containing human TARDBP in replacement of
mouse Tardbp) showed perfect match with the entire reference sequence also
confirming correct humanisation of the BAC (Figure 3.42). Moreover, a second
alignment of the PacBio sequencing reads with mouse C57BL/6J chromosome 4
confirmed correct alignment with the region expected (from mid of the gene Mtor
to the gene Gm572) together with correct deletion of mouse Tardbp as shown by
the big gap present in the alignment of Figure 3.43.

Figure 3.42 Alignment between PacBio sequencing reads from the humanised BAC
construct and the reference map of the humanised BAC. Figure shows a perfect
alignment confirming correct humanisation of the humanised BAC construct. No major
mutation, deletions or structural variation have been found. Blue line represents the
coverage of sequencing reads (consensus). A zoomed version of this figure is provided
in the appendix (Figure 7.8).
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Figure 3.43 Alignment between PacBio sequencing reads from the humanised BAC construct and reference sequence of mouse C57BL/6J
chromosome 4. Figure shows which region of chromosome 4 was covered by sequencing reads confirming the expected position, as
indicated by genes on the bottom of the figure. A big gap is present at the position of mouse Tardbp which repre sents the region replaced
by human TARDBP. Blue thick line represents the coverage of sequencing reads (consensus). Blue lines with names are the genes. Top
grey, black and white lines is the chromosome with red line indicating the region analysed.
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Afterwards, I have repeated the alignment of the PacBio single sequencing reads,
from the humanised BAC construct, with the reference map of the humanised
BAC construct, included the backbone. Alignment further confirmed correct
sequence of the humanised BAC construct with no structural variations.
Moreover, after analysis of SNPs/Indels within the alignment, I was able to
confirm the SNP previously seen in WT mouse BAC, which lays within Gm572
intron 5 (a substitution of a pyrimidine with a purine, Figure 3.44). Furthermore,
all the SNPs observed in the human TARDBP when performed Sanger
sequencing at the beginning of this project were also found in this alignment
(Figure 7.9).

Figure 3.44 SNPs found in Gm572 after PacBio sequencing and alignment with
humanised BAC construct reference map. The SNP observed have been already
annotated in the previous PacBio sequencing. Starting from the top, the consensus
shows that alignment matches with the humanised BAC construct reference map
(coloured sequence) apart from one bp which corresponds to the SNP (red circle); below
there is a draw of the portion of Gm572 intron 5 showed in the figure (blue thick line with
name and yellow line). All the sequences on the bottom are sequencing reads aligning
with the region and nucleotides marked in blue indicate that they do not match with most
of the sequencing reads aligning that region. Blue line on top of the reference sequence
represents the coverage of sequencing reads, blue thick line below the reference
sequence is the Gm572 gene.

3.3.5 Step 5 - Humanised BAC targets mouse embryonic stem cells
(mESCs)
Once sequencing of the humanised BAC construct was confirmed by PacBio
NGS, I had to prepare the construct for electroporating mESCs. The backbone of
WT BAC clone B6Ng01-103M13 (pBACe3.6, 2.1.7.1) contains a restriction
enzyme cutting site for the homing endonuclease PI-SceI which allows
linearisation of the BAC without touching the insert. Therefore, we decided to use
it for the linearisation of the humanised BAC construct (Figure 3.45). To increase
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the efficiency of the digestion, I divided the 50 µg of humanised BAC required for
one electroporation of mESCs into two tubes containing 25 µg of humanised BAC
DNA each and performed restriction enzyme digestion with PI-SceI (2.2.5.2).
Afterwards, I electrophoresed the digestion on agarose gels for ~6 hours
monitoring the electrophoresis every 30 min to avoid that temperature of the
buffer increased, compromising the correct migration of the DNA (Figure 3.46).
After linearisation, BAC DNA was temporarily stored in the fridge until used for
electroporation.

Figure 3.45 Humanised BAC clone B6Ng01-103M13 linearised for targeting mouse
embryonic stem cells (mESCs) and position of the homing endonuclease PI-SceI.
Starting from the top, TARDBP insert with FRT-PGK/gb2-Neo-FRT inside intron 3
(human exons in red, mouse gDNA in light blue); diagram of the BAC clone B6Ng01103M13 insert (genes in light blue, backbone in green and PI-SceI homing endonuclease
cutting site in purple); Larger view is provided in Figure 7.10 of the Appendix.
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Figure 3.46 Gel showing circular and linearised final humanised BAC construct (four
different digestions). Used 1% agarose gel; electrophoresis was run for ~6 hours at 100
V. M1: quick load extended 1 kb ladder; M2: Hyperladder 1 kb. Four tubes containing 25
µg of humanised BAC DNA have been digested to have enough linearised BAC DNA for
both the electroporation and for performing further PCR screenings after linearisation.

3.3.5.1 Screening of human TARDBP inside the final BAC construct after PmeI
linearisation
After restriction enzyme digestion with PI-SceI, I repeated the PCR screening of
the 5’ and 3’ Tardbp/TARDBP boundaries and of the selection cassette to be sure
that the humanised BAC clone had not been affected or modified by the
linearisation. Figure 3.47 shows a diagram of the regions targeted by primer pairs
used to perform PCR products. First, I electrophoresed the PCR products on 1%
agarose gel and chose the products to be sequenced (Figure 3.48).

Figure 3.47 Position of primers pairs for screening with PCR products. Exons of human
TARDB are showed in red, selection cassette in grey, mouse gDNA in light blue, 5’ and
3’ UTRs are represented by empty boxes and black arrows are the primers.
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Figure 3.48 PCR products of human TARDBP inside final humanised construct. In the
name of each sample, number of the primer pair and annealing temperature used are
indicated. Red boxes mark primers pairs chose for Sanger sequencing. Marker did not
run properly therefore only PCR products showing one single neat band have been
sequenced. M: marker. Primers pair used are showed in Figure 3.47.

Then, I performed Sanger sequencing of the chosen PCR product and aligned
the sequencing reads confirming integrity of the Tardbp/TARDBP boundaries and
of the selection cassette inside TARDBP intron 3 (Figure 3.49). Therefore,
linearisation seems to do not affect the sequence of the insert. Primers used for
the PCR products, and for the following sequencing, are showed in Table 7.7 of
the Appendix and Figure 3.47

Figure 3.49 Sequencing of the PCR products confirmed sequence of 5' and 3'
Tardbp/TARDBP boundaries and of the selection cassette after linearisation with PISceI. Top grey empty line represents the consensus showing how similar is the
sequenced region with the reference sequence, light blue picks are the coverage of
sequencing reads, blue thick lines represent genes (Tardbp/TARDBP), light green thick
line represent the PGK/gb2 promoters, red arrow is the terminator region, green arrows
are the FRT sites, yellow boxes are exons of human TARDBP, and yellow lines represent
the intron. Figure created with Geneious version 9.1, Biomatters.
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3.3.5.2 Electroporation of mESCs to humanise Tardbp locus in the mouse
After performing all the quality check of the final BAC construct, I proceeded with
the electroporation of mESCs. From previous targeting projects performed in our
lab, R1 129 mESCs showed a good germline transmission rate and thus were a
potential option for this humanising project, although they are not the same strain
as our BAC construct (C57BL/6N). When we chose the BAC clone to be used for
this project the only one having the Tardbp gene in a position that would
guarantee large homology arms on both the 5’ and the 3’ end of the gene was on
a C57BL/6N background (B6Ng01-103M13). Therefore, to be aware of any
difference between the two strains in the region targeted by the humanised BAC
construct, I have consulted the Mouse Genomes Project database and observed
496 SNPs/Indels, most of which within intronic regions of the genes Mtor and
Exosc10 (Table 3.2).
Name gene

SNP/Indel description

Number

Mtor

Intergenic variant
Intronic variant
Synonymous variant
Splice variant
UTRs variant
Intronic variant
Missense variant
Non coding variant
Synonymous variant
Splice variant
Upstream/Downstream gene variant
UTR variant

3
288
7
2
2
158
2
1
2
2
28
1

Exosc10

Table 3.2 SNPs/Indels between mouse strains 129 and C57BL/6JN

Despite the differences observed, using R1 129 mESCs (129/Sv x 129/Sv-CP)
seemed to be the best option for starting with the targeting. Moreover, our lab
does not have the facilities to perform experiments using mESCs and, for this
reason, this part of the project has been performed by our collaborators at the
Mammalian Genetics Unit, MRC Harwell which use this specific strain of mESCs.
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To date, they have performed six attempts to humanise the R1 129 mESCs
(Nagy, Rossant et al. 1993). To perform electroporation of mESCs, 0.6 M to 10
M of cells were used depending on the system used (Neon 2.2.7.1.2 or Bi-Rad
2.2.7.1.3). From the first attempt, 48 clones were recovered after selection using
antibiotic neomycin (the selection cassette inside intron 3 of human TARDBP
provides resistance to neomycin in mammalian cells), however none of the clones
was positive for the insertion of human TARDBP thus a further attempt was
prepared. The second attempt was the more promising, giving 336 positive
clones from the antibiotic selection. After the second screening, which uses
Taqman assays to target human and mouse intron 2 and 5 (Figure 3.50 shows
position of the assays) to confirm correct humanisation of one of the alleles by
copy number analysis, only 1 clone out of 336 seemed to have overcome the
screening, calling for one copy with all the Taqman assays apart from one
(Hs06599429) targeting human TARDBP intron 5, as shown in Table 3.3.

Figure 3.50 Position of Taqman assays within mouse Tardbp and humanised
Tardbp/TARDBP to perform mESCs screening. Blue boxes represent mouse gDNA, red
boxes represent human gDNA, yellow arrows are the Taqman assays, black lines are
the introns, UTRs are in white, green boxes are the FRT sites, grey box is the selection
cassette.

Sample ID

Taqman Assay ID

Gene

Copies

HAR041TA_2_B08

Mm00139953

Tardbp

1.11

Mm00735064

Tardbp

1.08

Hs06599429

TARDBP

0.00

Hs06560655

TARDBP

0.92

Table 3.3 Results after second screening with Taqman assays. Data provided by Dr
Alasdair Allan, MRC Harwell.

152

These results suggested that human TARDBP was only partially integrated in this
ES clone, which was confirmed when the clone passed the first screening using
neomycin antibiotic, and that the mouse sequence had been successfully
removed, confirmed by Taqman assays that called for only one copy of the mouse
Tardbp gene. A third attempt was then performed which gave only three positive
clones after antibiotic selection and no positive clones after the second screening.
Therefore, our collaborators suggested an alternative strategy using gRNAs and
CRISPR/Cas9 to enhance homologous recombination in the desired region and
this strategy has been applied to 3 more electroporation of R1 129 mESCs (the
4th, 5th and 6th attempts). The reason to use CRISPR/Cas9 was to introduce a
double strand break within mouse Tardbp and then force the cell to use our
humanised BAC as template to repair the cut introduced, thus increasing the rate
of homologous recombination in the region of interest. The regions targeted by
gRNAs, both in human TARDBP and in mouse Tardbp, are shown in Table 3.4.
For the three subsequent attempts (4 th, 5th and 6th), electroporation was carried
out with and without the use of CRISPR/Cas9 gRNAs but the 4th and the 5th
attempts were not successful. After the 6th attempt, 268 colonies were harvested
and all colonies underwent a preliminary screening using the Taqman assays
described in Figure 3.50 and Table 3.3. The first screening confirmed that three
colonies

were

potentially

positive

with

two,

HAR048Ta_2_H11

and

HAR048Ta_3_D04, electroporated using a standard method and being mixed
colonies, and one, HAR049Ta_D01, which was electroporated together with two
gRNAs targeting the mouse Tardbp gene, having one copy of the mouse and one
of human gene as expected (Table 3.5).
Moreover, the three colonies have also been karyotyped to confirm normal
numbers of the chromosomes 8, 11, 1 and Y as alteration of their copies, often
observed in mESCs cultures, can compromise the efficiency of germline
transmission (D'Hulst, Parvanova et al. 2013, Kim, Lee et al. 2013). Karyotyping
confirmed correct number of all chromosome and colonies are currently being
expanded to perform further screenings (Table 3.6).
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Hs_TARDBP
AAGAAGTGGAAGATTTGGTGGTAATCCAGGTGGCTTTGGGAATCAGGGTGGAT
TTGGTAATAGCAGAGGGGGTGGAGCTGGTTTGGGAAACAATCAAGGTAGTAAT
ATGGGTGGTGGGATGAACTTTGGTGCGTTCAGCATTAATCCAGCCATGATGGCT
GCCGCCCAGGCAGCACTACAGAGCAGTTGGGGTATGATGGGCATGTTAGCCA
GCCAGCAGAACCAGTCAGGCCCATCGGGTAATAACCAAAACCAAGGCAACATG
CAGAGGGAGCCAAACCAGGCCTTCGGTTCTGGAAA
Mm_Tardbp
AAGAAGTGGAAGATTTGGTGGTAATCCAGGTGGCTTTGGGAATCAGGGTGGGT
TTGGTAACAGTAGAGGGGGTGGAGCTGGCTTGGGAAATAACCAGGGTGGTAAT
ATGGGTGGAGGGATGAACTTTGGTGCTTTTAGCATTAACCCAGCGATGATGGCT
GCGGCTCAGGCAGCGTTGCAGAGCAGTTGGGGTATGATGGGCATGTTAGCCA
GCCAGCAGAACCAGTCGGGCCCATCTGGGAATAACCAAAGCCAGGGCAGCAT
GCAGAGGGAACCAAATCAGGCTTTTGGTTCTGGAAATAATTCCTACAGTGGTTC
TAATTCTGGTGCCCCCCTTGGTTGGGGGTCAGCATCAAATGC
Table 3.4 gRNAs targeting human TARDBP and mouse Tardbp. gRNAs target a region
within exon 6 of both human TARDBP and mouse Tardbp. Sequence of the gRNAs is
indicated in yellow and PAM sequences are indicated in red. Data provided by Dr
Alasdair Allan, MRC Harwell.

Sample ID

HAR048Ta_2_H11

Electroporation

Taqman Assay

type

ID

Standard with

Gene

Copies

Mm00139953

Tardbp

Mm00735064

Tardbp

Hs06599429

TARDBP

Hs06560655

TARDBP

Mm00139953

Tardbp

Mm00735064

Tardbp

Hs06599429

TARDBP

Hs06560655

TARDBP

CRISPR/Cas9

Mm00139953

Tardbp

with Humanised

Mm00735064

Tardbp

BAC vector + two

Hs06599429

TARDBP

gRNAs

Hs06560655

TARDBP

1.49
1.47
0.46
0.48
1.67
1.57
0.76
0.83
1.04
1.04
0.89
0.97

Humanised BAC
vector

HAR048Ta_3_D04

Standard with
Humanised BAC
vector

HAR049Ta_D01

Table 3.5 Screening results from the last colonies harvested after electroporation.
Taqman assays confirmed that the two first colonies are mixed while the last one shows
1 copy of each gene (mouse and human). Data provided by Dr Alasdair Allan, MRC
Harwell.
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Sample ID

Chromosome

Copies

HAR048Ta_2_H11

8

1.88

11

1.90

1

1.91

Y

0.79

8

1.78

11

1.97

1

1.86

Y

0.70

8

1.84

11

1.85

1

1.82

Y

0.70

HAR048Ta_3_D04

HAR049Ta_D01

Table 3.6 Karyotyping of the three potential positive colonies to verify the copies of
chromosome 1, 8, 11 and Y. Results confirmed correct numbers of all chromosome
checked. Data provided by Dr Alasdair Allan, MRC Harwell

3.4

Discussion

Mutations in the TARDBP gene, encoding the protein TDP-43, cause
amyotrophic

lateral

sclerosis.

Moreover,

inclusions

containing

truncated/hyperphosphorylated TDP-43 have been found in almost all ALS
patients and in other neurodegenerative disorders, such as Alzheimer’s disease,
suggesting that this feature could be connected to disease development
(Guerrero, Wang et al. 2016, Chou, Zhang et al. 2018).
Although the number of TDP-43 mouse models (currently ~30) is increasing, to
date most of the mice available are transgenics showing overexpression of the
protein (De Giorgio, Maduro et al. 2019). The gene expression of RNA binding
proteins, such as TDP-43, is characterised by a tight autoregulation (Budini and
Buratti 2011) Therefore, overexpression of these proteins results in mice showing
aggressive phenotypes. For examples, transgenic mice overexpressing mutant
TARDBP carrying a mutation in the glycine-rich domain of the protein (A315T)
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die prematurely following neurodegeneration in the gut rather than due to motor
neuron loss (Wegorzewska, Bell et al. 2009, Hatzipetros, Bogdanik et al. 2014).
Moreover, mice overexpressing mutated human TDP-M337V show different
levels of TDP-43 expression and aggressiveness of the phenotype depending on
the founders, some of which reaching end-stage paralysis within ~4 weeks
(Janssens, Wils et al. 2013).
In order to overcome the limitation of protein overexpression, a few novel mouse
lines have been developed by using BAC constructs, to reduce the copy number
of the transgene (Swarup, Phaneuf et al. 2011), or by introducing gene targeted
point mutation using CRISPR/Cas9. For example, knockin mice, carrying the
Q331K mutation in the Tardbp gene, show no motor impairment or motor neuron
loss but exhibit dysfunctions in TDP-43 autoregulation together with some
features typical of FTD disease (White, Kim et al. 2018). Moreover, two ENU
mouse models carrying, respectively, a loss of function and a gain of function
mutation in the mouse Tardbp gene gave important insights into the effects
caused by TDP-43 mutation: TDP-43 loss of function causes death of the mice
at early embryonic stage while TDP-43 gain of function impairs the splicing of
several genes regulated by TDP-43, leading to a phenomenon of exon exclusions
called “skiptic exons” and progressive motor neuron degeneration (Fratta,
Sivakumar et al. 2018).
Genes encoding TDP-43 are conserved among different species, thus it would
be informative to compare mice expressing mutant TDP-43 at endogenous levels
with mouse lines carrying the same mutation in the human gene, though
maintaining the same endogenous level of expression. Moreover, when
compared the amino acidic sequences of human and mouse TDP-43, we
observed that the two proteins were highly conserved and differed for only 15
amino acids out of 414. Nevertheless, we know from literature that other ALS
proteins, such as SOD1, also show high rate of conservation between species
(84% identity between human and mouse SOD1) but have differences in the
propensity to aggregate, at least partly due to a tryptophan residue at codon 32
only present in the human protein (Seetharaman, Taylor et al. 2010, Devoy,
Bunton-Stasyshyn et al. 2012).
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Thus, despite the high similarities, it is possible that human and mouse TDP-43
will manifest differences in their biochemistry; this hypothesis is plausible if we
consider the different phenotypes observed between mouse models and ALSpatients carrying the same mutation. Therefore, this humanising project aims to
create a novel knockin TD-43 mouse model in which the Tardbp gene has been
replaced by its human counterpart TARDBP.
There are different reasons explaining why we chose to create a genomically
humanised mouse model, rather than, for example, using a cDNA minigene
constructs. First, genomically humanised mice are generated by replacing the
entire mouse gene with its human orthologue, including introns, maintaining the
endogenous promoter (for keeping the correct gene expression) while producing
a fully human protein. Including also the non-coding DNA is fundamental as it has
been already suggested that it has an implication in the predisposition to
diseases, although the mechanisms behind this aspect are still not completely
clarified (Devoy, Bunton-Stasyshyn et al. 2012).
Moreover, the increasing importance of species-specific splicing patterns
involving non-coding DNA underlined the possibility that these regions are
required for the correct function of the gene. On the other hand, creating a
genomically humanised mouse requires long term planning, detailed strategies
with the risk to compromise the expression of other genes when targeting the
region of interest. Furthermore, it is not always possible to replace the complete
gene, maybe due to its position within the chromosome, thus there is the
possibility that while replacing the mouse gene some regulatory elements could
be interrupted or removed.
In our case, we have decided to change the mouse sequence from the start
codon in exon 2 to the stop codon in exon 6, with the human sequence, leaving
the 5’ and 3’ UTRs as mouse. Before reaching this decision, an in-depth analysis
of the gene and of the locus were performed. First, the 5’ UTR is generally located
in the proximity of the promoter of the gene and, for this reason, we preferred not
to replace it in order to maintain the correct expression and dosage of TDP-43.
On the other hand, at the beginning of the project we thought about replacing the
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mouse 3’ UTR with its human counterpart but we were forced to change our
strategy. In fact, we realised that the 3’ UTR of Tardbp overlaps by ~ 3 kb with
the 3’ UTR of the following gene, Masp2, raising the possibility that targeting this
region would compromise the expression of Masp2. This hypothesis was also
confirmed by Dib et al whom tried to target mouse Tardbp to create a conditional
knockout but then realised that the mouse line was not generating homozygous
animals because the expression of Masp2 has been affected by the targeting of
Tardbp (Dib, Xiao et al. 2014).
The 3’ UTR of human and mouse Tardbp/TARDBP contains two important
features that must be functional for a correct expression of the gene: the TDP-43
autoregulation signal and the four polyadenylation (polyA) sites for alternative
splicing events. The autoregulation signal is a 34 bp sequence which is bound by
TDP-43 for regulating the expression of its own gene and maintaining a certain
dose on the protein within the cell, whereas the polyA sites for alternative splicing
events are used by TDP-43 during the pre-mRNA processing to create different
isoforms of the protein (Rot, Wang et al. 2017). In 2012, Avendaño-Vázquez et
al have published a paper confirming that the TDP-43 binding site, within the 3’
UTR of the gene, was conserved between different species and that the four sites
required to perform the alternative splicing events were also conserved
(Avendano-Vazquez, Dhir et al. 2012).
Therefore, our final decision was to replace mouse Tardbp from the ATG in exon
2 to the TAG in exon 6, leaving mouse 5’ and 3’ UTRs. Afterwards, we had to
choose where to place the selection cassette (FRT-PGK/gb2-FRT) which is
required for screening each step of BAC recombineering, to then create the final
humanised BAC construct, by selection using antibiotic Kanamycin and
Neomycin. As explained before we were not able to insert the selection cassette
either upstream or downstream the gene since we were keeping the 5’ and 3’
UTRs untouched. Therefore, we had to find a different position for inserting the
selection cassette, ideally within the introns of the human gene. Interestingly,
analysis of both the human and the mouse gene showed a completely different
pattern of transposon, LINEs and SINEs within the intronic regions of the genes.
Moreover, we know from the literature that transposable elements have been
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associated with neurodegenerative disorders (Li, Jin et al. 2012). Therefore,
differences observed in the pattern of these transposable elements could be
related with a species-specific mechanism of regulation in these genes.
Furthermore, during the sequencing of human TARDBP inside the BAC RP11829B14 we identified similarities between intron 2 of this gene and intron 8 of
MTOR, another gene located in the same chromosome. Again, this could be
explained, for example, by the action of transposable elements between these
two genes (Roy 2004, Huff, Zilberman et al. 2016).
Undoubtedly, these are all hypothesis that should be confirmed by further
analysis, but we thought it was better to do not interfere with any of these regions
and for this reason have decided to insert the selection cassette within a specific
sequence of mouse Tardbp intron 3 which was devoid of LINEs, SINEs or
transposons (Figure 3.10). Afterwards, following several steps of BAC
recombineering for creating the final humanised construct and then target
mESCs, the first three attempts to electroporate and humanise R1 129 mESCs
were not successful.
Results from the second electroporation showed low efficiency, with 336 positive
clones that overcome the first screening using antibiotic selection, and only one
showing partial integration of the human gene after the second screening with
TaqMan assays (Table 3.3). These results opened the possibility that something
might have happened during preparation of the BAC construct for the
electroporation. However, further screening of the BAC construct after
linearisation and pre-electroporation (PCR and sequencing) did not show any
mutation or structural variation that could justify the partial integration obtained.
Nonetheless, the reasons behind not having obtained a correctly targeted clone
so far could be various. For example, it is known that homologous recombination
between a targeting vector and the region of interest happen at a very low rate
and this decrease when trying to target mESCs with a different genetic
background than the one used to create the targeting vector. In our case, it is
possible that targeting mESCs R1 129 with our final humanised BAC, which is on
a C57BL/6N, could have further decreased the rate of homologous
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recombination. However, we did not observe many SNPs different between the
two strains inside chromosome 4 so we are not sure that this could be the
problem. Moreover, we knew from previous projects performed in the lab that 129
mESCs go germline much easier than C57BL/6N, therefore we had to find a
compromise.
Furthermore, we know that linearization of the targeting construct before
electroporating the mESCs could enhance the frequency of homologous
recombination with the region of interest. For our project, as we do not have the
facility to work with mESCs in our institute and are currently relying on our
collaborators to perform the targeting, we were forced to perform the linearization
of the BAC construct plenty in advance and then to deliver the linearised construct
to our collaborators, incurring in the risk that transport and temporary storage
(maybe at different temperatures) of the linearised BAC could have caused
shearing, break or degradation of the construct before it was used for the
electroporation.
In addition, as explained above, we inserted the selection cassette inside intron
3 of human TARDBP gene so there is still the possibility that having the selection
cassette in the middle of the gene to be inserted is interfering with the
homologous recombination.
An alternative strategy that our collaborators have tried is using CRISPR/Cas9 to
target and delete the mouse Tardbp, forcing the mESCs to repair the damage by
homology directed repair (HDR) using the humanised BAC construct as donor of
sequences. From published literature, HDR induced by CRISPR/Cas9 double
strand break shows some limitations: it is error prone, causing small substitutions,
deletions or insertions, and seems to have low efficiency (Boel, De Saffel et al.
2018).
On the other hand, deletion of long sequences of DNA have demonstrated to be
quite successful with this technique (Zheng, Cai et al. 2014). Moreover, a paper
recently published showed that using a Cas9 protein fused with an N-terminal
domain of the protein CtIP, involved in homologous recombination, increase the
efficiency of HDR by stimulating homologous recombination in a specific site
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targeted by CRISPR/Cas9, although results are also influenced by the gRNAs
used (Charpentier, Khedher et al. 2018).
Therefore, using CRISPR/Cas9 seemed to be a potential solution for increasing
the efficiency of homologous recombination between mESCs and the BAC
construct. In fact, after performing three more attempts, the last electroporation
has been successful and we have now a potential positive clone, which showed
one copy of mouse Tardbp and one of human TARDBP after a first screening
using Taqman assays. The next step will be to expand the positive clone in 10
cm dishes, collect the cells pellet and then extract DNA/RNA and protein to
perform further screenings.
To verify if the potential humanised cells produces the human protein, we will
perform western blot analysis using a human specific TDP-43 antibody. In parallel
we will use the same primers used for the sequencing of the mouse: human
boundaries in the humanised BAC (Table 7.8) to sequence the targeted region in
mESCs and confirm correct insertion of the human TARDBP gene. Afterwards,
we will design specific probes and perform qPCR to verify the correct expression
of the mouse and human gene. Once all the screening will confirm successful
replacement of mouse Tardbp with human TARDBP then we will proceed with
microinjection into blastocysts embryos to generate the chimeric mouse.
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4 Results - Behavioral analysis of a Tardbp Q331K mouse
model
4.1

Introduction

In the last few years, the development of Tardbp (TDP-43) knockin mouse models
carrying mutations in the endogenous Tardbp gene gave access to the study of
pre-symptomatic molecular pathomechanisms involved in ALS (De Giorgio,
Maduro et al. 2019). TDP-43 is an RNA-binding protein, highly dosage sensitive,
that tightly autoregulates the expression of its own transcript (Ayala, De Conti et
al. 2011). Several transgenic mice overexpressing human TDP-43 have been
created aiming to reproduce and study the pathological features of ALS (PicherMartel, Valdmanis et al. 2016). Transgenic mice are generally created by
microinjecting into fertilised eggs a transgene that randomly inserts and
concatemerises inside the mouse genome, causing overexpression of the mutant
protein and, in the case of TDP-43 and other RNA/DNA binding proteins, toxicity
because they are dosage sensitive genes/proteins (Wegorzewska, Bell et al.
2009, Wils, Kleinberger et al. 2010).
Conversely, endogenous TDP-43 mutant mice overcome the dosage sensitivity,
typical of RNA binding proteins, and can provide mild disease phenotypes with
some features similar with those observed in ALS/FTD patients: progressive
motor and cognitive deficits, motor neuron degeneration and loss of muscle
innervation (Fratta, Sivakumar et al. 2018, White, Kim et al. 2018, Ebstein,
Yagudayeva et al. 2019). Among these models, seven carry mutations in the
mouse endogenous gene, introduced with different techniques from ENU
chemical mutagenesis to homologous recombination with a targeting vector and
to CRISPR/Cas9 technology (Table 4.1).
For example, knockin mice (on a pure C57BL/6J background) carrying the G298S
and M337V mutations within the C-terminus of the endogenous TDP-43 protein,
show age-dependent muscle denervation in the tibialis anterior (TA), with
significant differences between homozygous and wildtype control cohorts at the
age of 2.5 years, but no motor neuron loss and or TDP-43 inclusion or impairment
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in the protein autoregulation at any stage (Ebstein, Yagudayeva et al. 2019).
Moreover, knockin mice on a C57BL/6J background carrying the TDP-43Q331K
change within the C-terminus of the mouse protein, introduced by CRISPR/Cas9,
do not manifest significant motor impairments but show some degree of cognitive
impairment

together

with

disturbed

TDP-43

autoregulation,

phenotypic

heterogeneity and changes in gene expression and splicing of ALS/FTD related
genes; therefore, they have been defined as a model of frontotemporal dementia
(FTD) (White, Kim et al. 2018).
Furthermore, mice carrying a nonsense TDP-43 mutation Q101X, on a C57BL/6J
background, showed lower level of mutant transcripts when compared with
wildtype transcripts (difference not observed at the protein level due to autoregulation), altered splicing function resulting in a partial loss-of-function of TDP43, embryonic lethality in homozygosis but no motor impairment or motor neuron
loss in heterozygosis, although significant differences were observed in hindlimb
clasping and body tone between mutant and wildtype mice (Ricketts, McGoldrick
et al. 2014).
In addition, ENU-mutant mice carrying the TDP-43 mutations M323K in the Cterminal of the protein, and F210I, within the RNA recognition motif 2 (RRM2),
have been identified as models of TDP-43 gain of function and dose-dependent
loss of function, respectively. Moreover, M323K homozygous mutant show motor
coordination impairments, motor neuron loss and inclusions containing p62 and
ubiquitin but no TDP-43.
Also, both models exhibit embryonic lethality in homozygosity on a C57BL/6J
background, which was overcome for the M323K mutation by crossing the mice
onto a mixed C57BL/6J-DBA/2J background. Both models show opposite
changes in the splicing of a number of genes regulated by TDP-43, but also affect
different set of genes due to the phenomena of excessive exon inclusion due to
loss of function (cryptic exons, CEs) and exon exclusion due to gain of function
(skiptic exons, SEs) (Fratta, Sivakumar et al. 2018). A table containing all
information on the phenotypes observed in these endogenous mutant Tardbp
mouse models is provided below (Table 4.1).
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Strain name

Description

Genetic
background

MN
loss

Muscle/Motor
phenotype

TDP-43 pathology
and inclusions

Other
phenotype

Reference

ND

Ab

TDP-43 loss of function;
inclusions (p62,
ubiquitin, no TDP-43);
splicing changes and
excessive exon
inclusions (cryptic
exons, CEs)

Embryonic
lethality of
TardbpF210I/F210I on
both congenic
and mixed
background

(Fratta et
al. 2018)

Ab

Muscle
denervation in
the TA at 18
and 30 months

No TDP-43 inclusions;
no impairments in
protein autoregulation

ND

(Ebstein et
al., 2019)

28%

Motor
coordination
impairments

TDP-43 gain of
function; inclusions
(p62, ubiquitin, no TDP43); splicing changes
and exon exclusion
(skiptic exons, SEs)

Embryonic
lethality of
TardbpM323K/M323K
on a congenic
background

(Fratta et
al. 2018)

Ab

Muscle
denervation

No TDP-43 inclusions;
no impairments in
protein autoregulation

ND

(Ebstein et
al., 2019)

+/F210I

Tardbp
C57BL/6J
Tardbp F210I

Tardbp
G298S

ENU point
mutant

Gene targeted
knockin

TardbpF210IF210I
C57BL/6JDBA/2J

C57BL/6J

Tardbp+/M323K
C57BL/6J
Tardbp
M323K

Tardbp
M337V

ENU point
mutant

Gene targeted
knockin

TardbpM323K/M32
3K

C57BL/6JDBA/2J

C57BL/6J
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Strain name

Tardbp
Q101X

Description

ENU point
mutant

Genetic
background

C57BL/6J

MN
loss

Muscle/Motor
phenotype

TDP-43 pathology
and inclusions

Other
phenotype

Reference

Ab

No motor
impairment;
hindlimb
clasping

Lower mutant TDP-43
transcript but normal
protein level; altered
splicing with partial
TDP-43 loss-of-function

Embryonic
lethality;
differences in
body tone
between mutant
and wildtype mice

(Ricketts et
al. 2014)

Impairments in protein
autoregulation,
changes in gene
expression and splicing
of ALS/FTD related
genes

Cognitive
impairments and
phenotypic
heterogeneity

(White et
al., 2018)

TDP-43 gain of function
and splicing changes

ND

(Fratta et
al. 2018)

Tardbp
Q331K

CRISPR/Cas9
Gene targeted
knockin

C57BL/6J

Ab

No motor
impairment

Tardbp
Q331K

CRISPR/Cas9
Gene targeted
knockin

C57BL/6J

ND

Currently
being
performed

Table 4.1 TDP-43 knockin models carrying ALS mutations in the Tardbp gene. Ab= absent; ND= not declared.
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To further investigate the pathogenic effects caused by mutations in the low
complexity domain within the C-terminus of TDP-43, which contains a region of
20 amino acids involved in important mechanisms such as protein self-interaction
and aggregation, our lab in collaboration with Dr Abraham Acevedo-Arozena is
currently characterising a knockin mouse model in which the TDP-43Q331K
mutation has been introduced by CRISPR/Cas9 technology (Table 4.1). This
model is similar to the TardbpQ331K knockin model developed by the Sreedharan
laboratory, also described in Table 4.1.
These mice carry a missense mutation, giving a lysine to glutamine change at
position 991, resulting in a Q331K substitution in the mouse protein. This is a
known pathogenic mutation that has been found in a patient with sporadic ALS
(sALS) and caused fast disease progression with 3 years survival from the onset
(Sreedharan, Blair et al. 2008). Moreover, in vitro assays using human TDP-43
carrying the Q331K mutation in yeast, showed accelerated protein misfolding and
aggregation, causing toxicity to the cell (Johnson, Snead et al. 2009).
Furthermore, studies on human isogenic cell lines revealed that mutant TDP-43
Q331K has longer half-life than the wildtype human protein and that this mutation
increases the interaction with FUS/TLS in the nucleus, thus potentially
compromising its normal function (Ling, Albuquerque et al. 2010). In addition,
transgenic lines carrying the TDP-43 Q331K mutation exhibited a dosedependent phenotype with motor neuron loss (~35-40%) and motor coordination
impairment, but no TDP-43 inclusions (Arnold, Ling et al. 2013).
Then, when transgenic TDP-43Q331K mice were crossed with another transgenic
line expressing WT human TDP-43 they developed a very aggressive phenotype
with TDP-43 inclusions, 70% motor neuron loss and rapid disease progression
(8-10 weeks) (Mitchell, Constable et al. 2015) suggesting a dose-dependent
effect. Data on splicing changes collected from our TardbpQ331K mouse model
have been used as comparison with splicing data acquired from mice carrying
the M323K mutation, confirming that the pathogenic Q331K mutation causes a
TDP-43 splicing gain of function (Fratta, Sivakumar et al. 2018).
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This chapter will focus on the phenotypic assessment of 12-month cohorts of
Tardbp+/+ (wildtype control), Tardbp+/Q331K (heterozygous for the Q331K mutation)
and TardbpQ331K/Q331K (homozygous for the Q331K mutation) together with some
information on weight and age-dependent muscle force changes between the
three genotypes, collected by Dr Abraham Acevedo-Arozena and his team at the
Hospital Universitario de Canarias.
Performing behavioral tests on mice modelling neuromuscular disorders is
required for identifying subtle changes reflecting mechanisms of cell death in
progress before the actual disease becomes evident (Knippenberg, Thau et al.
2010). Moreover, ALS and FTD are multisystem disorders, with patients showing
a range of cognitive and motor impairments that range from attention control,
inhibitory control and working memory to muscle weakness, spasticity, gait
abnormalities, upper (UMN) and lower (LMN) motor neuron loss and weight loss
(Abrahams, Newton et al. 2014, Walhout, Verstraete et al. 2018).
Therefore, to phenotypically assess these features in mouse models, commonly
used behavioral tests include: recording of weight changes throughout the mouse
life, grip strength (measure of muscle force in forelimbs and hindlimbs),
accelerating rotarod (motor coordination), open-field test (general exploratory
locomotion assessment), Y-maze/T-maze spontaneous alternation test (shortterm spatial and working memory assessment), novel object recognition (short
and long-term memory), SHIRPA (standard evaluation of mouse phenotype) and
marble burying test (digging behavior) (Jaarsma, Haasdijk et al. 2000, Deacon
2006, Arnold, Ling et al. 2013, Janssens, Wils et al. 2013, Alfieri, Pino et al. 2014,
Jiang, Zhu et al. 2016, Wang, Arakawa et al. 2017, Dunkelmann, Schemmert et
al. 2018). The mouse colonies were kept in Dr Abraham Acevedo-Arozena’s
laboratory at the Hospital Universitario de Canarias, where I performed the
behavioral tests presented here. Parameters assessed were muscle force (grip
strength test), motor coordination (accelerating rotarod), short-term spatial and
working memory (T-maze) and digging behavior (marble burying test) and all data
presented in this chapter were collected with the help of Dr Jose Brito Armas
under the supervision of Dr Abraham Acevedo-Arozena.
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4.2

Weight from 2 to 24 months of Tardbp+/Q331K, TardbpQ331K/Q331K mutant
and Tardbp+/+ control mice and genotype effect

For this study, cohorts of Tardbp+/+, Tardbp+/Q331K and TardbpQ331K/Q331K mice,
both females and males, have been used. Weights were recorded by Jose Brito
Armas and Abraham Acevedo-Arozena. Before proceeding with the motor
assessment at different ages, mice from all the genotypes were first weighed in
order to assess potential differences in body weight with the passage of time
(Table 4.2 and Table 4.3).
Moreover, as patients affected by ALS and transgenic mice modelling human
ALS show decrease in body weight with the progression of the disease, we
wanted to verify if this feature was also present in our mice (Stribl, Samara et al.
2014, Mariosa, Kamel et al. 2015, Olivan, Calvo et al. 2015, Gallo, Vanacore et
al. 2016). Afterwards, I plotted the weight data collected from 2 to 24-months of
age and performed statistical analysis using 2-way ANOVA repeated measures
and Bonferroni correction (Figure 4.1).
Looking at the data, it is interesting to observe an increase in weight at 17-, 19and 21-months of age only in females while, in the male data, there are no
significant differences at any time point, perhaps due to the higher variation within
each genotype (Figure 4.1). However, as explained before, we would have
expected a decrease in weight, as demonstration of the disease progression,
while we observed the opposite effect in females and no effect in males.
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Tardbp
+/+
Age
(months)
2

Weight
(g)
22.0

3

Tardbp
+/Q331K
Weight
SD
(g)
22.7
1.1

N

Tardbp
Q331K/Q331K
Weight
SD
N
(g)
22.1
1.6
8.0

SD

N

1.3

12.0

23.8

1.7

12.0

25.0

1.2

11.0

25.1

2.1

8.0

6

24.7

2.1

12.0

26.4

2.8

11.0

25.0

1.7

8.0

11

25.3

1.9

12.0

27.8

2.5

11.0

27.1

2.8

8.0

13

26.9

2.0

12.0

29.0

1.8

11.0

28.2

1.5

7.0

15

26.9

1.7

12.0

29.4

1.8

9.0

30.1

3.2

8.0

17

27.4

2.0

11.0

32.4

3.8

10.0

32.7

5.3

7.0

19

28.0

2.7

11.0

34.7

4.3

10.0

35.4

5.6

7.0

21

29.0

4.0

8.0

35.2

4.6

10.0

37.1

6.5

7.0

24

29.2

4.7

7.0

33.6

4.7

10.0

33.4

6.8

7.0

Mean

26.3

2.4

10.9

29.6

2.9

10.4

29.6

3.7

7.5

11.0

Table 4.2 Weight data collected from females Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice from 2 to 24-months of age. Data represent the mean of weight
recorded for all the mice belonging to each genotype, per time point. SD represents the
standard deviation. N is the number of mice per genotype in each time point.

Tardbp
+/+
Age
(months)
2

Weight
(g)
27.9

3

Tardbp
+/Q331K
Weight
SD
(g)
28.0
2.6

N

Tardbp
Q331K/Q331K
Weight
SD
N
(g)
28.8
1.7
8

SD

N

1.9

16.0

31.3

1.6

12.0

31.2

2.4

15.0

31.7

2.0

8

6

32.2

1.9

11.0

31.3

2.4

11.0

32.0

2.0

8

11

32.9

2.0

11.0

32.2

2.7

11.0

32.9

2.0

8

13

33.6

1.9

11.0

32.4

2.8

11.0

33.8

2.1

8

15

34.1

2.3

11.0

33.4

2.7

11.0

34.8

2.5

8

17

34.9

2.4

10.0

34.2

2.9

10.0

36.9

4.1

8

19

37.4

3.7

10.0

35.1

4.1

10.0

38.2

3.7

8

21

35.4

1.8

9.0

34.6

3.8

11.0

37.6

3.9

8

24

33.2

5.5

7.0

30.5

3.8

10.0

31.7

4.9

8

Mean

33.3

2.5

10.8

32.3

3.0

11.6

33.9

2.9

8

16.0

Table 4.3 Weight data collected from males Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice from 2 to 24-months of age. Data represent the mean of weight
recorded for all the mice belonging to each genotype, per time point. SD is the standard
deviation. N is the number of mice per genotype in each time point.
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Figure 4.1 Weight (g) over time, mean data collected from 2- to 24-months cohorts of
Tardbp+/Q331K, TardbpQ331K/Q331K and Tardbp+/+mice. Significant differences observed in
female at 17-, 19- and 21-months between wildtype and both mutants (2-way ANOVA;
p<0.01, p<0.001 and <0.001 respectively). No significant differences observed in males.

In fact, in a knockin mouse model expressing human mutant TARDBPA315T cDNA
from the endogenous mouse promoter, 10% decrease in body weight together
with altered lipid metabolism were observed at 15-months of age (Stribl, Samara
et al. 2014). Moreover, homozygous transgenic mice expressing human TDP-43
M337V showed decreased body weight from 1-month old when compared with
their non-transgenic and hemizygous littermates (Xu, Zhang et al. 2011).
One possible reason to explain our results could be that the TardbpQ331K mutation
causes an eating disturbance with an increased consumption of food and
consequent increase in body weight. This hypothesis could be plausible as White
et al (2018) also suggested that mice carrying TardbpQ331K mutation are models
of frontotemporal dementia (FTD) (White, Kim et al. 2018) and hyperphagia can
be a symptom of FTD.
Another possibility is that the aging of female mice, with consequent changes in
the level of hormones, such as oestrogens, could have an effect on fat deposit
causing weight increment (Stubbins, Najjar et al. 2012, Wend, Wend et al. 2012).
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4.3

Grip strength test of 12-months old and 4-26 months old cohorts of
Tardbp+/Q331K, TardbpQ331K/Q331K mutant and Tardbp+/+ control mice

The first test for assessing motor performance was the grip strength test which
measures hindlimb and forelimb muscle force (Takeshita, Yamamoto et al. 2017).
To measure the force of the four limbs simultaneously, the mouse was held by its
tail while grasping on to a metallic grid connected to a transducer.
Each task was repeated twice for each mouse and mean values of muscle force
were calculated per time point. Afterwards, I plotted the data collected from 12month old Tardbp+/+, Tardbp+/Q331K and TardbpQ331K/Q331K cohorts, performing
statistical analysis using one-way ANOVA test with Bonferroni correction. (Table
4.4).

Tardbp
+/+
224.3
209.6
184.9
207.5
116.1
190.8
208.5
199.3
209.3
209.8
Mean
SD

196.0
30.2

Females
Tardbp
Tardbp
+/Q331K Q331K/Q331K
200.7
219.4
160.7
218.2
236.0
178.9
186.0
190.1
190.9
222.5
215.2
233.5
227.6
213.7
241.4
243.5
221.4
205.9
202.0
195.0
208.2
25.0

212.0
19.9

Tardbp
+/+
216.6
204.6
200.2
236.3
196.5
202.7
241.4
254.4
206.6

217.7
21.0

Males
Tardbp
Tardbp
+/Q331K Q331K/Q331K
178.5
253.0
240.0
216.1
202.9
254.8
217.5
198.8
224.1
211.9
200.1
185.9
190.3
245.4
232.7
220.7
236.1
265.5
214.3
218.3
223.3
24.9
25.5

Table 4.4 Muscle force (g) data collected from Tardbp+/+, Tardbp+Q331K and
TardbpQ331K/Q331K mice, males and females, at 12-months of age.

Results showed no significant differences in muscle force between the three
genotypes, males and females, at 12-month of age (Figure 4.2). To exclude a
possible sex effect influencing the data, I performed non-parametric statistical
test between females and male belonging to the TardbpQ331K/Q331K and Tardbp+/+
genotypes and found no significant differences between males and females
(Figure 4.3).
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Figure 4.2 Grip strength data collected from 12-months old TardbpQ331K/+,
TardbpQ331K/Q331K and Tardbp+/+ cohorts. Females, N=10 per genotype, no significant
differences were observed (one-way ANOVA, P=0.3492). Males, N=9 Tardbp+/+, N=11
Tardbp+/Q331K and N=8 TardbpQ331K/Q331K, no significant differences observed (one-way
ANOVA, P=0.8699).

Figure 4.3 Evaluation of possible sex differences within Tardbp Q331K/Q331K mutant and
Tardbp+/+ controls. Mann Whitney non-parametric test showed no significant differences
between males and female belonging to the two genotypes (females P=0.5148; males
P=0.3154).

Afterwards, I wanted to compare the data collected from 12-months old mice with
data collected by Dr Acevedo-Arozena’s lab throughout different times point (3months to 21-months) from different cohorts of Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice (Table 4.5 and Table 4.6).
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Females
Tardbp
+/Q331K

Tardbp
+/+
Age
(months)
3
6
11
13
15
17
19
21
Mean

MF (g)

SD

N

229.3
205.6
210.9
195.3
185.8
199.0
203.1
205.7
204.3

20.0
13.3
17.4
17.8
17.6
11.3
16.9
10.6
15.6

12
11
12
12
12
11
11
8
11.1

MF
(g)
238.3
210.5
214.1
202.7
215.7
211.5
211.6
221.6
216.0

Tardbp
Q331K/Q331K

SD

N

MF (g)

SD

N

16.7
11.0
13.5
11.8
22.2
21.7
11.7
20.5
16.1

11
10
11
11
11
10
10
10
10.4

231.6
198.4
196.3
195.8
184.2
193.6
198.5
207.1
200.7

12.5
14.9
17.9
12.3
20.6
20.9
19.1
16.4
16.8

8
8
8
8
8
8
7
7
7.8

Table 4.5 Muscle force (g) data collected from females Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice (3 to 21-months of age). Muscle force data (MF) represent the
mean of muscle force recorded for all mice belonging to each genotype, per time point.
SD is the standard deviation. N is the number of mice per genotype in each time point.

Males
Tardbp
+/Q331K

Tardbp
+/+
Age
(months)
3
6
11
13
15
17
19
21
Mean

MF
(g)
277.2
219.3
213.7
198.6
194.2
213.9
208.2
204.6
216.2

SD

N

MF (g)

SD

N

21.6
28.4
8.5
12.7
14.4
12.9
10.3
20.5
25.7

9
8
8
9
9
9
9
8
8.6

270.6
218.6
208.6
188.6
183.1
209.0
194.3
207.4
210.0

24.7
26.1
17.9
22.5
12.8
20.3
18.2
30.6
21.6

15.0
11.0
11.0
11.0
11.0
10.0
10.0
11.0
11.3

Tardbp
Q331K/Q331K
MF
SD
N
(g)
266.8
25.4
8
201.3
17.8
8
208.6
17.8
8
190.8
21.2
8
190.9
24.8
8
193.3
20.3
8
198.8
21.1
8
203.5
21.9
8
206.7
21.3
8

Table 4.6 Muscle force (g) data collected from males Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice (3 to 21-months of age). Muscle force data (MF) represent the
mean of muscle force recorded for all mice belonging to each genotype, per time point.
SD is the standard deviation. N is the number of mice per genotype in each time point.

After putting the data into a graph, I performed 2-way ANOVA analysis with
Bonferroni correction and observed a significant difference in muscle force at a
single time-point of 15-months of age in Tardbp+/Q331K females (Figure 4.4 and
Table 4.7). However, the potential difference disappears on later time points, and
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is never seen in homozygous mutant mice. Thus, the results from this single timepoint are likely arising from spurious variation. On the other hand, transgenic mice
expressing different levels of the TDP-43 Q331K mutation exhibited significant
decrease in hindlimb and forelimb strength after 10 months of age (Arnold, Ling
et al. 2013). Thus, increased Q331K expression levels are required to produce
grip-strength deficits.

Figure 4.4 Changes in grip strength over time, data collected from 3-month to 21-month
old Tardbp+/Q331K, TardbpQ331K/Q331K and Tardbp+/+ cohorts. Significant differences
observed in females at 15-months between Tardbp+/+ and Tardbp+/Q331K (2-way ANOVA;
p<0.001); no significant differences observed in males.

Tardbp+/+ vs TardbpQ331K/+
Age (months)
3
6
11
13
15
17
19
21

Difference between genotypes
9.0
4.9
3.2
9.3
29.9
12.5
8.5
15.9

t
1.3
0.7
0.5
1.3
4.3
1.7
1.2
2.0

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P<0.001
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
***
ns
ns
ns

Table 4.7 Pair-wise comparison between female Tardbp+/Q331K and TardbpQ331K/Q331K
using Bonferroni. Data show significant differences at 15 months (P<0.001). The t is the
value of the t-test of each comparison variable vs predictor.
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4.4

Accelerating rotarod test of 12-month old cohorts of Tardbp+/+,
Tardbp+/Q331K and TardbpQ331K/Q331K mice

Following completion of the grip strength test, another important parameter to be
assessed was the motor coordination evaluated by performing an accelerating
rotarod test (Garbugino, Golini et al. 2018). For this test, each mouse was placed
onto a rotating rod with increasing speed and time was measured from when the
rotating rod started accelerating until the mouse fell.
One full passive rotation was allowed for each mouse before stopping the timer.
As previously explained, 12-month-old cohorts of Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice, age and sex matched, have been used and each animal
have carried out nine tasks in total. Data are showed in Table 4.8 and Table 4.9.

Mean

Tardbp
+/+
LF (s)
SD
75.4
55.4
161.4
51.2
88.7
55.0
62.3
15.2
106.9
34.5
151.3
63.1
124.6
35.6
82.3
29.1
73.1
28.8
148.0
44.4
107.4
41.2

Females
Tardbp
+/Q331K
LF (s)
SD
157.1
56.0
157.0
34.1
151.1
30.7
83.8
26.3
47.4
10.8
55.8
16.0
210.9
55.9
82.0
53.1
72.7
36.6
105.2
34.3
112.3
35.4

Tardbp
Q331K/Q331K
LF (s)
SD
86.7
40.3
206.4
53.0
111.6
41.9
108.1
26.3
101.6
51.9
126.3
62.9
117.4
32.5
67.8
37.1
65.1
27.1
119.1
41.2
111.0
77.7

Table 4.8 Latency to fall (s) measured during rotarod test. Females Tardbp+/+,
Tardbp+/Q331K, TardbpQ331K/Q331K mice, 12-months of age. LF (s) represent the mean of
latency to fall recorded during the 9 tasks performed with each mouse. SD is the standard
deviation.
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Mean

Tardbp
+/+
LF (s)
SD
72.0
18.9
59.1
25.9
32.3
13.5
60.0
26.2
93.1
26.4
62.4
20.1
58.7
24.1
87.4
32.9
149.4
35.1
28.0
5.6
70.3
22.9

Males
Tardbp
+/Q331K
LF (s)
SD
66.4
22.1
85.0
38.4
168.0
31.0
88.3
31.4
69.3
14.8
61.9
33.7
69.8
16.0
58.1
12.8
65.8
27.4
38.9
18.2
77.2
24.6

Tardbp
Q331K/Q331K
LF (s)
SD
130.1
50.9
73.4
27.1
94.8
25.8
110.6
46.0
260.1
56.2
95.8
45.5
103.0
44.3
51.0
17.5

114.8

39.2

Table 4.9 Latency to fall (s) measured during rotarod test. Males Tardbp+/+, Tardbp+/Q331K,
TardbpQ331K/Q331K mice, 12-months of age. LF (s) represents the mean of latency to fall
recorded during the 9 tasks performed with each mouse. SD is the standard deviation.

After testing, I plotted the average values of latency to fall recorded during each
task for all mice (Figure 4.5) and performed statistical analysis using one-way
ANOVA with Bonferroni correction. Female data showed no significant
differences between the three genotypes (P value= 0.9672) as well as male data
(P value=0.0967).

Figure 4.5 Latency to fall recorded from 12-month old Tardbp+/Q331K, TardbpQ331K/Q331K
and Tardbp+/+ cohorts during accelerating rotarod test. Females, N=10 per genotype and
males N=9 Tardbp+/+, N=11 Tardbp+/Q331K and N=8 TardbpQ331K/Q331K. No significant
differences were observed between the three genotypes, both in females (one-way
ANOVA; p =0.9672) and males (one-way ANOVA; p=0.0967).
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Moreover, rotarod test data collected at 9- and 16-months of age from
homozygous male cohorts of the Sreedharan’ knockin Q331K mouse, also did
not show significant differences when compared to age-matched wildtype
cohorts, suggesting that the TardbpQ331K mutation does not have a significant
impact on motor coordination (White, Kim et al., 2018).
On the other hand, transgenic TDP-43Q331K mice displayed impairments in motor
coordination tested via rotarod, with high expressors showing deficits from 3
months of age while TDP-43Q331K with low expressors showing the same
phenotype at 10-months of age, suggesting a dose-dependent effect caused by
overexpression of mutant TDP-43 (Arnold, Ling et al. 2013).
Furthermore, the same transgenic TDP-43Q331K mice crossed with another mouse
line expressing wildtype human TDP-43, exhibited motor impairment in the
rotarod test starting at 5 weeks and rapid disease progression reaching death
within 8 to 10 weeks, thus confirming the critical effect of overexpression on the
phenotype observed (Mitchell, Constable et al. 2015).
It has been published that rotarod performances between wildtype female and
male mice show different results depending on the strain used. In fact, in 129
S6/SvEv mice, despite females’ weight being lower than for males it did not seem
to influence the rotarod score. On the other hand, in C57BL/6J mice, with males
also having higher weight than females, data collected from the rotarod test
showed that females were getting a much better score than males, and that this
difference became significant with age (Kovacs and Pearce 2013).
Therefore, I wanted to further evaluate if other factors were influencing our
rotarod data and I performed linear regression analysis setting rotarod data as
dependent variable and weight, sex, genotype and cage as independent
variables. Results from statistical analysis showed that weight was the only
significant variable affecting the performance of the mice in the accelerating
rotarod test, while sex, genotype and cage did not seem to have significate impact
on the test (Table 4.10).
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Model
1

R
.467a

R Square
0.218

Model Summaryb
Adjusted R Square
0.159

Std. Error Estimate
42.193

a. Predictors: (Constant), Cage, Genotype, Weight, Sex

1

1

ANOVAa
Sum of
df
Mean Square
26319.192
4
6579.798
Squares
94352.804
53
1780.242
120671.996
57
Coefficientsa
Unstandardized
Standardized

Model
Regression
Residual
Total

Model
(Constant)
Weight
Sex
Genotype
Cage

Coefficients
B
Std.
169.638
34.904
Error
-2.965
1.375
19.016
23.145
10.655
7.095
-2.935
2.887

Coefficients
Beta
-0.372
0.208
0.187
-0.255

t
4.860
-2.155
0.822
1.502
-1.017

F
3.696

Sig.
.010b

Sig.
<0.001
0.036
0.415
0.139
0.314

Table 4.10 Linear regression analysis of accelerating rotarod data to evaluate influence
of weight, sex, genotype and cage. R is the value of multiple correlation between
predictors and variable, R square define how much the predictors influence the variable.
Adjusted R square tells how much the model used is suitable for the analysis. df is degree
of freedom, F is the f-statistic deriving from the division between means squares values.
b coefficient (B) tells how much the rotarod performance increases/decreases depending
on the predictors (a.). b-coefficient is statistically significant if the p-value (Sig., red box)
is smaller than 0.05. The standardise coefficient (Beta) tells the impact of each
independent variable on the change in rotarod performance. The t is the value of the ttest of each comparison variable vs predictor.

4.5

T-maze test of 12-months old cohorts of Tardbp+/+ control,
Tardbp+/Q331K and TardbpQ331K/Q331K mutant

We assessed potential cognitive deficits via spontaneous alternation test T-maze,
which was used to determine differences in short-term working and spatial
memory

between

the

three

genotypes

(Tardbp+/+,

Tardbp+/Q331K

and

TardbpQ331K/Q331K). Moreover, alternation tests, such as T-maze and Y-maze, are
particularly suitable to detect possible hippocampal dysfunctions (Reisel,
Bannerman et al. 2002, Deacon 2006).
To perform the test, mice were placed in the start arm of a t-shaped box and had
to walk until reaching a decision point. For each animal, 10 tasks were carried
out and positive/negative alternation was recorded over 2 minutes, with two
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possibilities to choose within the same task: if the animal chose to go in both arms
of the T-maze there was alternation (scored as 1) otherwise no alternation was
recorded (scored as 0). Afterwards, I calculated the average values of all the
tasks performed and converted them into percentages (Table 4.11).

Tardbp
+/+
ALT
60(%)
80
80
60
80
40
40
80
70
70
Mean
SD

66
16

Females
Males
Tardbp Tardbp
Tardbp
Tardbp
Tardbp
+/Q331K Q331K/Q331K
+/Q331K Q331K/Q331K
+/+
ALT (%)
ALT (%)
ALT
ALT (%)
ALT (%)
70
60
50
70
70
(%)
60
70
70
70
60
70
90
60
90
60
90
90
90
60
80
60
90
60
80
50
80
80
90
60
70
90
70
70
70
80
90
80
60
80
80
90
60
80
30
80
60
50
72
81
68
70
67
19
11
13
12
11

Table 4.11 Alternation recorded during T-maze test. Females and males Tardbp+/+,
Tardbp+/Q331K and TardbpQ331K/Q331K mice, at 12-months of age were assessed. ALT (%)
represents the mean of alternations, multiplied by 100, recorded for each mouse during
the 10 tasks performed.

On the other hand, 5-month old transgenic mice conditionally expressing mutated
human TDP-43ΔNLS from a CaMKIIα promoter, presented impaired working
memory when performing the Y-maze test, together with social dysfunctions and
deficits in long-term memory. Moreover, this phenotype was less evident when
keeping the mice under doxycycline (Dox) treatments to inhibit the mutated
transgene. Thus, the author suggested that human TDP-43ΔNLS has effect on
working memory and social interactions, resembling some FTD features in these
mice (Alfieri, Pino et al. 2014).
Furthermore, in another transgenic TDP-43 mouse model expressing human
mutant TDP-43 M337V, data collected from 9-months old hemizygous mice
performing Y-maze and T-maze tests evidenced dysfunctions in spontaneous
alternation when compared with wildtype control lines, further suggesting a
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possible connection between TDP-43 C-terminal mutations and working memory
impairments (Wang, Arakawa et al. 2017).
Comparing data from these transgenic lines together with our data from 12months knockin TardbpQ331K mice, we could speculate that cognitive impairments
are enhanced by a dose-dependent effect and might be too subtle at this early
time point to be detected by the T-maze test.
Then, I plotted all the data and performed statistical analysis using one-way
ANOVA with Bonferroni correction, which showed no significant differences
between Tardbp+/+, Tardbp+/Q331K and TardbpQ331K/Q331K, both in females and
males (Figure 4.6).

Figure 4.6 T-maze test alternation (%) of 12-months old Tardbp+/Q331K, TardbpQ331K/Q331K
and Tardbp+/+ cohorts. Females, N=10 per genotype and males N=9 Tardbp +/+, N=11
Tardbp+/Q331K and N=8 TardbpQ331K/Q331K genotypes. No significant differences observed,
both in females (one-way ANOVA; p =0.1443) and males (one-way ANOVA; p=0.8724).
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4.6

Marble burying test of 12-months old cohorts of Tardbp+/+,
Tardbp+/Q331K and TardbpQ331K/Q331K mice

After completing the T-maze test, the last test performed was the marble burying
test, which measures rodent innate digging behavior (Thomas, Burant et al.
2009). It has been observed that marble burying, as well as burrowing and
digging tests, are influenced by dysfunctions in the hippocampus or by
compounds affecting the hippocampal functionality (e.g. compounds acting on
serotonin (5-HT) or on GABA neurotransmitters) (Deacon 2006).
Moreover, this test has also been used to study spontaneous repetitive behaviors,
characteristic of disorders of the autism spectrum, and obsessive-compulsive
disorders (OCD) (Nicolas, Kolb et al. 2006, Bruins, Bardin et al. 2008, AngoaPérez, Kane et al. 2013). Here, each mouse performed one task that lasted 30
minutes and number of buried marbles was counted after 5 minutes, 10 minutes,
20 minutes and 30 minutes.
Marbles were counted as buried if more than three quarters of their surface was
covered by bedding. Afterwards, I calculated the percentages of marbles buried
by each animal dividing the final values with the total of marbles placed in the
cage (twelve) and multiply the values by 100 (data are provided in Table 4.12).
Then, I plotted the data and performed statistical analysis using one-way ANOVA
and Bonferroni correction (Figure 4.7). Results showed that in females there were
highly significant differences between controls Tardbp+/+ and both mutant
Tardbp+/Q331K and TardbpQ331K/Q331K mice (P=0.0107).
On the other hand, males showed significant differences between Tardbp+/+ and
homozygous mutant TardbpQ331K/Q331K and between the performance of
heterozygous Tardbp+/Q331K and homozygous TardbpQ331K/Q331K. This is in
agreement with data from a different Q331K knockin strain that at 18-months of
age manifested reduced digging behavior in both homozygous and heterozygous
mice when compared with wildtype controls (White, Kim et al. 2018).
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Tardbp
+/+
MB (%)
75
75
58
83
83
67
75
33
75
75
Mean
SD

70
15

Females
Tardbp
Tardbp
+/Q331K Q331K/Q331K
MB (%)
MB (%)
8
50
50
25
75
42
67
75
17
58
25
25
50
42
17
42
25
67
58
50
43
24

44
17

Tardbp
+/+
MB (%)
75
83
67
67
75
58
50
75
42
75
66
13

Males
Tardbp
Tardbp
+/Q331K Q331K/Q331K
MB (%)
MB (%)
67
92
58
67
67
25
92
42
42
17
67
8
83
42
42
75
58
67
75
68
42
13
27

Table 4.12 Number of marbles buried recorded during Marble burying test. 12-months
old females and males Tardbp+/+, Tardbp+Q331K and TardbpQ331K/Q331K mice were
assessed. MB (%) represents the mean of marbles buried by each mouse multiplied by
100.

Figure 4.7 Marble buried (%) of 12-months old Tardbp+/Q331K, TardbpQ331K/Q331K and
Tardbp+/+ cohorts. Females, N=10 per genotype, showed significant differences between
wildtype and mutant mice (one-way ANOVA, P=0.0048). Males N=9 Tardbp+/+, N=11
Tardbp+/Q331K and N=8 TardbpQ331K/Q331K, showed significant differences between
wildtype and homozygous mutant and heterozygous with homozygous mutant (one-way
ANOVA, P=0.0107).
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Moreover, to evaluate the incidence of other variables in the outcome of the
marble burying test, I performed linear regression analysis adding the % of
marbles buried as dependent variable and sex, genotype and cage as
independent variables (Table 4.13).
Model Summaryb
Model
R
R Square
Adjusted R Square
Std. Error
1
.525a
0.275
0.235
0.191
Estimate
a. Predictors: (Constant), Cage, Genotype, Sex
b. Dependent Variable : Percentage_marbles
ANOVAa
Model
Sum of
df
Mean Square
F
Regression
0.752
3
0.251
6.839
1
Squares
Residual
1.980
54
0.037
Total
2.733
57
Coefficientsa
Unstandardized
Standardized

1

Model
(Constant)
Sex
Genotype
Cage

Coefficients
B
Std.
0.503
0.094
Error
0.224
0.101
-0.115
0.032
-0.022
0.013

Coefficients
Beta
0.515
-0.424
-0.402

t
5.321
2.212
-3.621
-1.723

Durbin-

2.346
Watson

Sig.
.001b

Sig.
< Sig.
0.001
0.031
0.001
0.091

Table 4.13 Linear regression analysis of marble burying test. R is the value of multiple
correlation between predictors and variable, R square define how much the predictors
influence the variable. Adjusted R square tells if the model used is ideal for the analysis.
Durbin-Watson value confirms the assumption of independent errors between the
variables (should be close to 2). df is degree of freedom; F is the f-statistic deriving from
the division between means squares values. The b coefficients (B) tells how much the
rotarod performance increases/decreases depending on the predictors and is statistically
significant if the p-value (Sig., red box) is smaller than 0.05. The standardise coefficient
(Beta) tells the impact of each independent variable on the change in rotarod
performance. The t is the value of the t-test of each comparison variable vs predictor.

Afterwards, linear regression showed that both sex and genotype have a
significant impact on the marble burying test score. It is interesting to observe
that sex seems to influence the outcome of this test, with both female
heterozygous and homozygous mutants performing worse than wildtype controls.
In fact, in the literature it often suggested that ovarian hormones could play a role
in general female cognitive behavior and this might be one possible reason
explaining the observed phenotype (Ter Horst, Wichmann et al. 2009, Hayes,
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Gavrilidis et al. 2012). Moreover, the analysis also showed a difference
approaching statistical significance for a home cage effect on the test which might
have influenced the number of marble burying buried, although this variable was
not significant. This could raise the possibility that social interaction accumulated
by the mouse inside the home cage, could potentially influence its behavior during
the test (Beery and Kaufer 2015).
4.7

Discussion

Since the first mouse model for SOD1-ALS was created in 1994 (Gurney 1997),
important progress has been made in terms of technologies for the development
of more faithful and reliable models able to reproduce human pathogenic features
(De Giorgio, Maduro et al. 2019). To date, the majority of mice available are
transgenics overexpressing the human protein due to the random insertion of
multiple copies of a mutant transgene within the mouse genome after its injection
into a fertilized egg (Cho, Haruyama et al. 2009).
These mouse models have been extremely useful for studying the late stage of
the disease, the potential effects of aggregates containing aberrant proteins
within the cytoplasm of motor neurons as well as models for the discovery of
potential therapies but there is still a lack of knowledge on the causes underlining
ALS (Picher-Martel, Valdmanis et al. 2016). For this reason, the field is now
heading towards the creation of mice carrying mutations in the endogenous gene
aiming to reproduce a more faithful model to study human ALS features.
Mouse models carrying pathogenic mutations, known to cause ALS in human
patients, in the endogenous mouse gene generally show a milder motor
phenotype than their transgenic counterpart does (models carrying the same
mutation but on a transgene) (De Giorgio, Maduro et al. 2019). For this reason,
they are not ideal for gaining information of the late stage of the disease, but due
to their longer lifespan allow the study of pre-symptomatic stage of the disease in
an age-dependent manner. This is particularly important when working with RNA
binding proteins, such as TDP-43, as overexpression of this protein, both wildtype
and mutant forms, cause toxicity to the cell (Swarup, Phaneuf et al. 2011,
Cannon, Yang et al. 2012).
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In this chapter, I analysed the motor phenotype, performing grip strength and
accelerating rotarod, and have also performed two tests, T-maze and marble
burying, to evaluate possible cognitive impairments in cohorts of 12-months old
TDP-43 mutant mice carrying the n.991C>A mutation in the endogenous Tardbp
gene. The described data have been collected from Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K mice cohorts within the same genetic background (C57BL/6J),
all age and sex matched. Moreover, a similar mouse model carrying the
TardbpQ331K mutation have been recently published by the Sreedharan’ lab and,
although the analyses described in their article have been performed only with
male mice. I am using their data as comparison for some of the data discussed
in this chapter together with other relevant comparisons with other Tardbp
endogenous mice available in the literature.
The first parameter assessed was the body weight change at different ages of all
mice belonging to the three genotypes, as weight loss is a feature observed in
human ALS patients (Mariosa, Kamel et al. 2015) as well as in other knockin and
transgenic mice carrying TDP-43 mutations (Xu, Zhang et al. 2011, Stribl,
Samara et al. 2014). Data showed a significant increase in body weight only in
females Tardbp+/Q331K and TardbpQ331K/Q331K, but no differences were observed in
male mice (Figure 4.1).
To explain these data, we considered two possible reasons. The first was related
with an increased intake of food caused by hyperphagia, an FTD feature
observed in human patients and in some ALS mouse models (Ahmed et al., 2017)
as well as in the Sreedharan Lab’s knockin TardbpQ331K mice (White, Kim et al.,
2018). The second explanation, more in line with our data, considers potential
sex-related differences into fat deposit within the body, also influenced by female
hormonal changes at advanced age (Stubbins, Najjar et al. 2012, Wend, Wend
et al. 2012).
In fact, BAC transgenic mouse models of Huntington disease also showed a
similar pattern, with an overall gain of body weight at 12-months that appeared
higher in females (35%) than in males (15%) (Mantovani, Gordon et al. 2016). In
addition, in transgenic mouse model of Alzheimer disease, the proportion of
185

weight gain was significantly higher in females than in males (Li, Feng et al.
2016). Therefore, these data together suggested a possible correlation between
sex, weight and neurodegeneration that should be further investigated.
Afterwards, we started assessing the motor phenotype and performed grip
strength test measuring muscle force of hindlimb and forelimb. Our data at 12month of age showed no differences between the three genotypes (Tardbp+/+,
Tardbp+/Q331K and TardbpQ331K/Q331K), both in females and males (Figure 4.2).
Moreover, statistical analysis showed that sex was not influencing the data
observed (Figure 4.3).
When combined muscle force data collected from 3 to 21 months of age, results
highlighted a significant increase in muscle force at 15-months of age in females
Tardbp+/Q331K but not in Tardbp+/+ and TardbpQ331K/Q331K. Moreover, no differences
were seen between male mutants and wildtype controls (Figure 4.4).
Nevertheless, the change observed at 15-months was probably due to some
problems arose during the grip strength test at this time point as we would have
expected a similar outcome in later time points of the Tardbp+/Q331K female mice
as well as some differences also in the TardbpQ331K/Q331K genotype.
Using 5-month and 18-23-month old mice White et al did not observe significant
evidence of muscle denervation or motor unit loss (White, Kim et al. 2018). On
the other hand, ENU-mutant mice carrying the C-terminal mutation M323K,
causing TDP-43 gain of function, showed an age-dependent decrease of muscle
force in homozygous mice (TardbpM323K/M323K), females and males, corroborated
by 38% reduction in strength of the TA muscle at 24-months, 15% reduction in
motor units and 28% reduction of motor neurons (Fratta, Sivakumar et al. 2018).
In addition, other homozygous knockin mutant mice, carrying the C-terminal TDP43 mutations G298S and M337V, showed mild denervation of the TA at 18months, which was lost in TardbpG298S/G298S at 24-months of age; the author
justified this result as consequence of incomplete penetrance of the mutant allele
(Ebstein, Yagudayeva et al. 2019). Hence, more extensive analysis should be
performed to further verify our grip strength data.
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Therefore, we are currently looking at other parameters such as muscle atrophy,
through histological analysis of the muscle fibers (with e.g. hematoxylin & eosin
or myosin ATPase staining), muscle denervation, by quantification of the
neuromuscular junctions (NMJs), through labelling of the post-synaptic
acetylcholine-receptor, and isolation of the skeletal muscle (tibialis anterior (TA)
or extensor digitorum longus (EDL)) to perform electrophysiology (Bonetto,
Andersson et al. 2015, Jones, Reich et al. 2016).
Undoubtedly, the presence of a motor phenotype in the ENU-mutant M323K
mouse model raises questions about why the knockin TDP-43 Q331K mouse
models, which carry a similar mutation on the Tardbp gene, do not show specific
signs of motor impairment. One explanation could be found in the genetic
background as all knockin mice described in this chapter are on a C57BL/6J
background. An important difference is that adult ENU-induced M323K mutants
were characterized on a mixed C57BL/6J-DBA/2J background, as the mutation
was embryonic lethal in homozygotes on a C57BL/6J background. Hence, we are
currently producing TDP-43 Q331K mice on a mixed (C57BL/6J-DBA/2J)
background to further investigate the differences between these two mutations
avoiding the potential variability caused by comparing different genetic
background. Another possibility could be that the M323K mutation confers a
more severe gain of function effect, at least at early-life stages, than the Q331K
mutation, which does not show embryonic lethality on a pure C57BL/6J
background. Note that we do not know the effect of the Q331K mutation on the
C57BL/6J-DBA/2J background.
Following the grip strength test, the next parameter assessed was motor
coordination, evaluated using the accelerating rotarod test. Data collected from
our 12-months old cohorts of WT and mutant mice, separating females from
males, did not show significant differences between the three genotypes (Figure
4.5). It was particularly important to separate data between females and males
as it has been already published that females perform better than males on this
test due to the difference in weight (Ashworth, Bardgett et al. 2015, Oliveira,
Grigoletto et al. 2015).
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Moreover, not only weight or sex could influence the accelerating rotarod test but
also the strain used, as it has been shown that C57BL/6J and 129 S6/SvEv
manifested opposite results when comparing males and females performing the
rotarod test (Kovacs and Pearce 2013).
After performing analysis of linear regression to evaluate if sex, weight, genotype
or cage influenced the outcome of the rotarod test in our experiments, we found
that only weight significantly influenced the results (Table 4.10). In fact, White et
al (2018) performed the accelerating rotarod test on wildtype and mutant Q331K
knockin mice from 6-months to 16-months, paying attention on using weightmatched mice to exclude the weight as possible variable influencing the data.
They also did not observe any significant difference suggesting that mutant
TardbpQ331K mice do not manifest the feature of motor coordination impairment
(White, Kim et al. 2018).
Moreover, also another knockin mouse model expressing human TARDBP cDNA
with A315T mutation from the endogenous Tardbp mouse promoter, did not show
reduced latency in the accelerating rotarod test as tested at 5- and 15-months of
age (Stribl, Samara et al. 2014). On the other hand, transgenic mice expressing
human TDP-43 Q331K manifested dose-dependent motor coordination
impairments, with very severe phenotype observed in double transgenics
expressing both mutant and wildtype human TDP-43. These data suggest that
overexpression of human TDP-43, rather than the TDP-43 Q331K mutation,
might had an effect on the rotarod test outcome (Arnold, Ling et al. 2013, Mitchell,
Constable et al. 2015).
Subsequently, to start evaluating potential cognitive dysfunctions we performed
two tests comparing the three genotypes Tardbp+/+, Tardbp+/Q331K and
TardbpQ331K/Q331K: one (T-maze test), to assess impairments in spatial and
working memory through spontaneous alternation, and the second (Marble
burying test), to measure possible differences in the rodent species-specific
digging behavior. Moreover, both T-maze and Marble burying tests involve the
use of the hippocampus and could be used to identify potential dysfunctions in
this region (Reisel, Bannerman et al. 2002, Deacon 2006).
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Human patients affected by frontotemporal dementia (FTD) show executive
dysfunctions together with atrophy of the frontal and temporal lobe, affecting also
the hippocampus (Rohrer 2012). Moreover, the hippocampus structure is
conserved among mammals (Allen and Fortin 2013). It has been published that
experimental rodents deprived of the hippocampus do not show the same
impairment in memory or learning observed in humans, maybe due to a different
approach to memorising between species (Clark and Squire 2013).
Data collected from our 12-months cohorts of TardbpQ331K knockin mice, females
and males, during T-maze test showed no significant differences between mutant
and control lines. The same result was observed in knockin mice endogenously
expressing TARDBPA315T cDNA, with no impairment in working memory apart
from a mild trend in mutant females (Stribl, Samara et al. 2014). This is in contrast
with what has been observed in transgenic lines expressing mutant human TDP43ΔNLS and TDP-43 M337V, both showing dose-dependent impairment in working
memory (Alfieri, Pino et al. 2014, Wang, Arakawa et al. 2017).
Other tests performed by White et al (2018) to assess cognitive impairments in
TardbpQ331K mice, such as 5-choice serial reaction time task (measuring frontal
and

executive

functions), fixed

and

progressive-ration schedules and

spontaneous object recognition task (measuring declarative memory), showed
mild learning and attentional deficits as well as memory impairment in 6-12months old mutant mice (White, Kim et al., 2018).
All these data raise the doubt that the T-maze test might not be sensitive enough
to detect memory impairments in our TardbpQ331K mice at 12-months of age.
Increasing the delay between trials could help identifying potential impairments
caused by hippocampal lesions (Ainge, van der Meer et al. 2007). Therefore,
performing more tests, taking into account these factors, might help to observe
potential differences between our mutant and wildtype knockin mice.
Afterwards, we performed the marble burying test assessing innate digging
behavior (Thomas, Burant et al. 2009). The use of active compounds interfering
with some neurotransmitters such as serotonin, gamma aminobutyric (GABA) or
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noradrenaline influences the outcome of this test due to the involvement of the
hippocampus (Deacon 2006, Leszczynski 2011, Wolmarans, Stein et al. 2017).
In fact, the marble burying test has been often used for the behavioral
assessment of mice modelling obsessive-compulsive disorders (OCD), autism
spectrum disorders (ASD) but also in mice deficient of the serotonin
neurotransporter as well as in mice modelling Alzheimer’s disease (Angoa-Pérez,
Kane et al. 2013, Torres-Lista, Lopez-Pousa et al. 2015).
Our female data for this test showed significant differences between wildtype
Tardbp+/+ controls and both heterozygous Tardbp+/Q331K and homozygous
TardbpQ331K/Q331K mutants. On the other hand, the number of marbles buried by
males Tardbp+/+ and TardbpQ331K/+ was similar while the lowest score was
observed in the homozygous TardbpQ331K/Q331K mice (Figure 4.7). Moreover, the
same results were observed by White et al (2018) with the similar knockin Q331K
mouse models, showing low marble burying score in both heterozygous and
homozygous male mice at 18-months of age (White, Kim et al., 2018). Therefore,
there is the possibility that we would also observe the same differences in our
mutant male mice, both heterozygous and homozygous, at later time points (18, 24-months of age) which is why we are currently repeating this test in older
cohorts.
Nevertheless, we first thought that some other factor could play a role in the
differences observed between male and female mutant mice in marbles buried.
Therefore, we performed linear regression analysis to evaluate if sex, genotype
and cage were variables potentially influencing the outcome of the test. Statistical
analysis showed that both sex and genotypes were significantly influencing the
marble burying test, but also cage was almost significant suggesting that a
number of factors, apart from the mutation per se, were probably involved in the
final results (Table 4.13).
In fact, in the literature there are few examples describing that sex has an
influence on rodent’s performance during behavioral tests, including marble
burying test, and some people suggested it is due to the cyclic hormonal changes
(Schneider, Cohen et al. 2007, Laroche, Gasbarro et al. 2009, Aubrecht, Jenkins
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et al. 2015). Therefore, behavioral tests involving cognitive assessment should
be carefully planned to take into account the influence of sex and estrous cycle
in the data observed.
Moreover, the role of the home cage, although not significant in our regression
model, could also be important in the final score obtained during the marble
burying test as, for example, the number of mice within the same cage or the time
between the clean of the cage and the test might influence the final outcome of
the tests (Rasmussen, Miller et al. 2011, Beery and Kaufer 2015).
Important analysis required but missing in this chapter are pathological and
transcriptomic analysis. White et al (2018) performed these analyses on the
frontal cortex of homozygous TardbpQ331K/Q331K mice and observed increased
nuclear TDP-43, 14% increase in Tardbp expression, increase in Tardbp intron 7
retention together with alteration in Sort1 and Mapt splicing, both TDP-43 targets,
supporting the idea that these mice manifested impairments in TDP-43
autoregulation and mutant TDP-43 gain of function. Moreover, they also
observed phenotypic heterogeneity within two subgroups of homozygous
TardbpQ331K mice, which was confirmed by frontal cortical analysis showing
opposite changes in gene expression and splicing of some key genes (such as
Atxn2, Olig1 and Mbp) (White, Kim et al., 2018).
In addition, when Fratta et al (2018) performed splicing analysis on primary cells
from our Q331K knockin mice they also observed splicing alteration in Sort1,
Eif4h, Kcnip2, Ube3c, Pex16 and Pacrgl, confirming what previously observed by
White et al. (Fratta, Sivakumar et al. 2018). Moreover, analysis on MEFs from
homozygous TardbpQ331K mice revealed upregulation of mutant Tardbp
transcripts levels, although this was not observed at protein level (data not
showed). Furthermore, transcriptomic analysis of the ENU-mutant TardbpM323K
showed that this mutation causes TDP-43 gain of functions with following splicing
changes in several genes as well as the skipping of exons normally expressed in
genes regulated by TDP-43.
To conclude, in light of the results presented in this chapter, we could apply the
knowledge acquired from these endogenous Tardbp mouse models for
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performing an in-depth analysis on our humanised TARDBP mouse model. In
particular, we should investigate possible differences in the biochemistry of the
mouse and human proteins, especially in the capacity to aggregate. Moreover,
we must verify if human TDP-43 will be able to bind the mRNAs of those mouse
genes that require TDP-43 for their correct splicing, including its own 3’UTR. In
addition, introducing some of the pathogenic mutation presented in this chapter
in the human gene will be crucial to compare the phenotypes observed.
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5 Results - Mouse embryonic fibroblasts (MEFs) carrying
mutation in the endogenous Tardbp gene
Fibroblasts are a heterogeneous cell type originating from the mesenchyme and
found in the connective tissue (Qiu, Lai et al. 2016). This cell type is multipotent
and can be differentiated into a number of diverse cells to repopulate a tissue
(e.g. cartilage, fat or bone) (Yamamoto, Kishida et al. 2015, Wang, Arakawa et
al. 2017).
Moreover, fibroblasts are often used as feeder for culturing other cells due to their
capacity to secrete extracellular matrix factors (Ghetti, Topouzi et al. 2018).
Furthermore, because fibroblasts are easy to culture and have a rapid
proliferation rate, primary mouse embryonic fibroblasts (MEFs) are often used as
in vitro model, which enables us to perform a large number of experiments on the
effects caused by mutations in a mouse model (Garfield 2010). Over the years,
mouse embryonic fibroblasts have been a valid tool in the study of different
diseases such as cancer, neurodegenerative diseases and neuromuscular
diseases (Sanchez-Jimenez and Izquierdo 2013, Kerr, Gaude et al. 2016, Liu,
Peng et al. 2018).
For example, MEFs isolated from ~14.5-day embryos carrying mutations that are
lethal in homozygosis can be extremely useful for studying molecular changes
(e.g. changes in the splicing or in the protein), as well as potential mechanisms
involving the mutated proteins, which otherwise would not be accessible
(Howerton, Schlaepfer et al. 2008). In addition, working with MEFs allows us to
perform experiments on different biological replicates giving a rapid overview of
the potential variability between different individuals with same genotype and
genetic background (Ichida, Staats et al. 2018, Mendoza-Topaz, Nelson et al.
2018).
Another important aspect of working with MEFs is the possibility to immortalize
the cell lines, overcoming the limit of cellular senescence (Bhaumik, Scott et al.
2009). The most commonly used methods to immortalise cell lines are
spontaneous immortalisation, throughout a series of passages in an environment
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with controlled % of O2, and transformation with a plasmid overexpressing an
oncogene, such as the Simian Virus-40 (SV40) T antigen (Amand, Hanover et al.
2016). In this chapter, I will describe the generation of 21 immortalised MEF lines
of which three wildtype cell lines and then three heterozygous and homozygous
lines for three different mutants carrying mutations in the Tardbp gene
(TardbpQ331K, TardbpM323K and TardbpF210I), all within an identical genetic
background (C57BL/6J).
Moreover, I will discuss some preliminary data collected from two studies
performed using these immortalised MEFs lines: the first study aimed at
understanding the effects of TDP-43 mutations on the alternative splicing of
hnRNP A1, a protein regulated by TDP-43 while the second was performed to
verify potential differences in number and size of stress granules between
wildtype and TDP-43 mutant lines under oxidative-stress conditions.
Mouse models carrying the TardbpQ331K and TardbpM323K mutations in the low
complexity domain of the endogenous gene both show the feature of TDP-43
gain of splicing function, while mice TardbpF210I, carrying a mutation in the
RNA/DNA recognition motif 2, shows TDP-43 dose-dependent loss of function,
as observed with the CFTR minigene assay (Fratta, Sivakumar et al. 2018).
Therefore, mouse embryonic fibroblasts generated from these TDP-43 mutant
lines can give insight into molecular and cellular pathomechanisms caused by
opposite mutations in the Tardbp gene. Moreover, both TardbpM323K and
TardbpF210I mice homozygous for the mutations exhibit embryonic lethality on a
C57BL/6J congenic background; hence using MEFs can overcome this limitation
and give access to the study of these mutant lines (Fratta, Sivakumar et al. 2018).
Primary MEF cell lines which were immortalized and used in this chapter have
been provided by Dr Thomas Cunningham’s lab, from MRC Harwell, while
experimental work has been done under the supervision of Dr Agnieszka Ule and
in collaboration with the laboratory of Dr Pietro Fratta, at the UCL Institute of
Neurology.
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5.1

Immortalisation of wildtype and mutant mouse embryonic fibroblast
primary cell lines

For the immortalization of 21 MEF cell lines, both wildtype and mutants, I chose
to perform transfection with a plasmid containing Simian Virus-40 (SV40) T
antigen (2.1.7.3). This type of plasmid contains a portion of the SV40 genome
early region encoding the viral protein large T-antigen (large T-ag), which forms
complexes with p53 and pRb tumor suppressor proteins inducing continuous
proliferation of the host cell (Prasad and Rao 2005, Bocchetta, Eliasz et al. 2008).
In order to find the most suitable transfection protocol for our aim, I first performed
some pilot experiments testing two different methods: Lipofectamine®, using
lipid-based

transfection

reagents,

and

electroporation

using

AmaxaTM

Nucleofector® kit.
Primary cultures were thawed in a water bath at 37 °C and then placed in a 75
cm2 flask following one-week cell culture in complete medium as explained in
paragraph 2.2.8 before being transferred into a 6-well plate for immortalisation.
Mutants homozygous for the mutation F210I, required longer culturing to be ready
for immortalization (at least two-weeks) as their growing rate was lower than for
other TDP-43 mutants carrying gain of function mutations.
After testing different conditions, Lipofectamine® resulted to be the more suitable
for our purpose as it was much faster, as well as easily reproducible by multiple
operators, than AmaxaTM Nucleofector®. Afterwards, three biological replicates
for each genotype were prepared following the protocol explained in paragraph
2.2.8.
5.2

Western blot analysis to verify differences in hnRNP A1 alternative
splicing caused by TDP-43 mutations

Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) is another RNAbinding protein which together with TDP-43 participates in RNA metabolism and
is known to be implicated in the pathogenic processes leading to diseases such
as ALS, FTD and multisystem proteinopathy (MSP) (D'Ambrogio, Buratti et al.
2009, Purice and Taylor 2018). HNRNPA1 transcripts undergo alternative
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splicing with the generation of two different isoforms: hnRNP A1, the main isoform
(34 kDa), and hnRNP A1B, secondary isoform (38 kDa). The second isoform,
hnRNP A1B, derives from inclusion of an exon located between exon 7 and exon
8 (exon 7b) encoding for 52 supplementary amino acids in the low complexity
domain (LCD) which make the protein more prone to form aggregates than the
main isoform hnRNP A1 (Deshaies, Shkreta et al. 2018).
The generation of HNRNPA1 isoforms via alternative splicing is regulated by
nuclear TDP-43 and this has been confirmed by an increase towards the
production of hnRNP A1B in cells depleted of TDP-43 or expressing TDP-43 only
in the cytoplasm (Deshaies, Shkreta et al. 2018). In 2018, Deshaies et al
suggested that, in humans, the splice sites used by TDP-43 to induce alternative
splicing of hnRNP A1 are located in introns 7 and 8 of the pre-mRNA and that
TDP-43 loss of function (LOF) causes an increase in exon 7b inclusion (hnRNP
A1B isoform) (Deshaies, Shkreta et al., 2018).
On the other hand, Sivakumar et al proposed a different pattern, suggesting that
TDP-43 binds exon 8 and the 3’ UTR (exon 10) of hnRNP A1 in humans, while in
mouse it binds only the 3’ UTR (exon 10). Moreover, it also showed that TDP-43
LOF causes skipping of exon 7b (< hnRNP A1B isoform) while TDP-43 gain of
function (GOF) induces a dose-dependent increase in exon 7b inclusion (>
hnRNP A1B isoform) (Sivakumar, De Giorgio et al., 2018). Please refer to Figure
5.7 for an overview of the splicing variants and suggested splicing sites.
In order to investigate how Tardbp mutations, causing TDP-43 GOF and LOF,
influence the protein level of hnRNP A1 and hnRNP A1B, I performed western
blot

analysis

using

lysates

from

three

TDP-43

mutant

MEF

lines

(TardbpQ331K/Q331K, TardbpM323K/M323K and TardbpF210I/F210I) and a wildtype
Tardbp+/+ MEF line, all in technical replicates (Figure 5.1a, Figure 5.2a, Figure
5.3a). Protocols used are described in paragraph (2.2.11).
Afterwards, I quantified the proteins contained in each band, using the software
Image Lab, and performed statistical analysis of each blot separately. Looking at
the data in Figure 5.1b, hnRNP A1 (34 kDa) was differentially expressed between
Tardbp+/+ and mutant TardbpQ331K/Q331K lines, with a 1.6-fold change difference
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(p=0.0383). On the other hand, no significant differences have been observed in
the TardbpM323K/M323K mutants (Figure 5.2b). Moreover, in mutant TardbpF210I/F210I
MEFs, the intensity of the hnRNP A1 band appears lower than in Tardbp+/+
wildtypes (0.8-fold change) although this difference was not statistically
significant (p=0.1852; Figure 5.3b). In addition, the expression of hnRNP A1B (38
kDa) isoform in mutants TardbpQ331K/Q331K/TardbpM323K/M323K MEF lines showed
no significant differences compared to the Tardbp+/+ wildtype line, although in the
TardbpQ331K/Q331K mutants the fold change was almost the double (1.9-fold
change, p=0.0862) (Figure 5.1c and Figure 5.2c).
Western blot analysis of hnRNP A1B expression in mutants TardbpF210I/F210I were
not included because the band was too faint to be quantified by the software,
although the blot shows a trend towards exon exclusion in the homozygous
mutant (Figure 5.3a). One of the reasons why we would have expected
expression of hnRNP A1B in Tardbp+/+ but not in TardbpF210I/F210I cells is that the
TDP-43-F210I mutation reduces TDP-43 RNA binding capability, as found by
Fratta et al., and this could have an effect on hnRNP A1 alternative splicing.

Figure 5.1 a) hnRNP A1 and hnRNP A1B expression in wildtype Tardbp +/+ and mutants
TardbpQ331K/Q331K MEFs. Significant differences observed in hnRNP A1 (b) but not in
hnRNP A1B (c) expression between TardbpQ331K/Q331K and Tardbp+/+ (unpaired t-test with
Welch’s correction, p=0.0383 and p=0.0862 respectively). hnRNP A1 data were
normalised using B-actin as loading control while hnRNP A1B have been normalised
using the hnRNP A1 band.
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Figure 5.2 a) hnRNP A1 and hnRNP A1B expression in wildtype Tardbp +/+ and mutants
TardbpM323K/M323K MEFs. No significant differences found in hnRNP A1 (b) and hnRNP
A1B (c) expression between TardbpM323K/M323K and Tardbp+/+ (unpaired t-test with Welch’s
correction, p=0.9438 and p=0.9438 respectively). hnRNP A1 data were normalised using
B-actin as loading control while hnRNP A1B have been normalised using the hnRNP A1
band.

Figure 5.3 a) Western blot analysis of hnRNP A1 and hnRNP A1B expression in wildtype
Tardbp+/+ and mutants TardbF210I/F210I MEFs. b) no significant differences observed in
hnRNP A1 expression between the two groups (unpaired t-test with Welch’s correction,
p=0.1852). Data were normalised using B-actin as loading control.
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Our western blot data from TardbpQ331K/Q331K MEFs confirm what observed in
previous RNA-seq analysis, although we would have expected to observe the
same pattern of hnRNP A1/hnRNP A1B expression also in TardbpM323K/M323K
mutants.
Another important aspect observed in these data is a mild but significant increase
in hnRNP A1 main isoform expression in TardbpQ331K/Q331K mutants. Deshaies
and colleagues showed that depletion of TDP-43 from the nucleus, using siRNA,
causes an increase of both hnRNP A1 and hnRNP A1B expression in the
cytoplasm suggesting a role of TDP-43 in regulating the HNRNPA1 promoter
activity (Deshaies, Shkreta et al. 2018). Hence, it is unclear why our results are
so different from Deshaies et al and further investigations should be performed.
The data presented here leads us to propose that mutations in TDP-43 could
have an effect on the alternative splicing of hnRNP A1 (1.9-fold change in
TardbpQ331K/Q331K compared to Tardbp+/+) although in our experiments this was
not sufficiently evident to be significant. Therefore, both gain and loss of function
Tardbp mutations, may be influencing the expression of the main isoform of
hnRNP A1, with an increase of 1.6-fold change in TardbpQ331K/Q331K and a
potential but not significant decrease in TardbpF210/F210I (0.8-fold change).
To improve our results, these experiments should be repeated using the new
MEFs lines generated as biological replicates, both for wildtype and TDP-43
mutant lines. Unfortunately, this was not possible within the time available for
completing this PhD but all the immortalised MEF lines are now available for the
lab and can be used for further analysis on the role of TDP-43 in the
expression/splicing of hnRNP A1.
5.2.1 Stress granules induced by oxidative stress after treatment with
sodium arsenite
The next experiment performed with our immortalised TDP-43 mutant MEF lines
was focused on verifying the effect of TDP-43 mutations on the number and size
of stress granules formed after exposure to sodium arsenite. Stress granules are
irregular-shaped aggregations of untranslated mRNAs and RNA-binding proteins
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produced by eukaryotic cells under different stress conditions (Anderson and
Kedersha 2008, Protter and Parker 2016). Their formation has been observed in
plants, protozoa, yeast, worms and fruit flies (Strome and Wood 1982, Thomas,
Loschi et al. 2011, Gutierrez-Beltran 2015).
These structures can reversibly aggregate and disaggregate in response to
different conditions such as oxidative and osmotic stress or heat shock
(Mahboubi and Stochaj 2017). Moreover, other type of granules, such as
neuronal granules shuttling mRNA towards synapses, nuclear stress bodies and
granules containing maternal RNA in oocytes observed in fruit flies, share similar
structure with stress granules although have different function (Brangwynne,
Eckmann et al. 2009, Biamonti and Vourc'h 2010, Han, Kato et al. 2012).
Under stress conditions, mRNA translation is interrupted and translating factors
together with RNA-binding proteins associated to mRNAs through their RNA
binding domain, are sequestered inside SGs (Jain, Wheeler et al. 2016, Protter
and Parker 2016). SG are formed by various proteins such as G3BP1 and TIA-1,
commonly found in these structures, but also FMRP, FUS and hnRNP A1 have
been found (Dolzhanskaya, Merz et al. 2006, Buchan, Yoon et al. 2011,
Yamaguchi and Kitajo 2012, Aulas, Caron et al. 2015).
In neurodegenerative disorders, such as Alzheimer’s disease, ALS and
frontotemporal dementia, the transitory stage of SG may be compromised
(Mahboubi and Stochaj 2017). Moreover, several proteins known to be causative
of these diseases, such as FUS, hnRNP A1, TAU and TDP-43, have been found
inside SGs (Bentmann, Haass et al. 2013, Vanderweyde, Apicco et al. 2016).
In a recent publication from the Cleveland laboratory, it has been suggested that
TDP-43 may normally forms liquid droplets inside the nucleus and that under
stress condition, TDP-43 forms cytoplasmic condensed structures, which are
independent from stress granules, where it sequesters also other proteins
involved in the nucleocytoplasmic transport. Moreover, when stress conditions
are prolonged, these structures become solid and more protein are sequestered
compromising several cellular mechanisms and causing motor neuron death
(Gasset-Rosa, Lu et al. 2019).
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Furthermore, Zhang et al also suggested that TDP-43, as well as FUS and TIA1, do not contribute to stress granules assembly (Zhang, Fan et al. 2019). For the
following experiments, MEFs carrying mutations causing TDP-43 gain of function
(TardbpQ331K and TardbpM323K) have been used to verify potential differences in
size and number of stress granules when compared with wildtype MEFs lines
under oxidative stress conditions.
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5.2.1.1 Dose-dependent toxicity observed in MEFs after exposure to different
concentration of sodium arsenite
In order to induce oxidative stress in mutant TardbpM323K/M323K and control
Tardbp+/+ MEFs, and then to compare the difference in number and size of stress
granules between the two lines, I had to first determine what concentration of
sodium arsenite was ideal for the experiment. Treatment with sodium arsenite
causes oxidative stress, due to accumulation of reactive oxygen species (ROS)
inside the cell, and dysfunctions in DNA repair with deleterious consequences for
the cells such as autophagy, apoptosis and mutations (Zhu, Yao et al. 2014).
Moreover, after treatment with different concentrations of sodium arsenite,
several cell types show changes in morphology and shrinkage of the cell body
(Namgung and Xia 2000, Peraza, Cromey et al. 2006, Riedmann, Ma et al. 2015).
To start the toxicity test, I prepared two 12-well plates, with two wells per
genotype for each condition to be tested, and treated the immortalised mutant
and control MEFs with 0 mM, 0.25 mM, 0.5 mM and 1 mM of sodium arsenite for
1 hour at 37°C. Afterwards, I carried out immunohistochemistry using Phalloidin
staining, to mark the cell body, and DAPI, to identify the nuclei. Then I incubated
the coverslips with an antibody for fragile X mental retardation protein (FMRP),
which co-localises with stress granules, to confirm that cells underwent oxidative
stress.
Following acquisition of the images with a fluorescent microscope, I observed
that concentrations of sodium arsenite higher than 0.25 mM resulted to be toxic
for both TardbpM323K/M323K and Tardbp+/+ cell lines causing atrophy of the cell body
(0.5 mM) and eventually death with the highest concentration (1 mM) (Figure 5.4).
Therefore, the ideal concentration to be used for the following experiments was
0.25 mM. Moreover, the survival rate at different concentrations of sodium
arsenite was similar between mutants TardbpM323K/M323K and controls Tardbp+/+
although the morphology of the cell body seemed more affected in the mutant
MEF lines and this could be explained with a worsening of the effects caused by
the mutation per se after exposure to sodium arsenite.
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Figure 5.4 Oxidative stress induced in MEFs. Wildtype Tardbp+/+ and mutant
TardbpM323K/M323K MEFs treated for 1 hour with different concentrations of sodium arsenite
(0 mM, 0.25 mM, 0.5 mM and 1 mM) show toxicity with concentration higher than 0.25
mM. Phalloidin staining is marked in red and defines the cell body, DAPI staining was
used for the nuclei is in blue and FMRP, a protein found inside stress granules, is in
green.Treatment with 0.25 mM of sodium arsenite to evaluate changes in size and

number of stress granules between wildtype and TDP-43 mutant MEFs
Once the ideal concentration of sodium arsenite was determined, I had to set up
a new cell culture and treat three MEF lines carrying the gain of function TDP-43
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Q331K mutation and three control wildtype MEF lines, all biological replicates.
For each biological replicate, I prepared 24-well plates and performed three
technical replicates with 10,000 cells per well. Afterwards, I treated cells with 0.25
mM of sodium arsenite for 1 hour and then performed immunocytochemistry
using phalloidin, to stain the cell body, DAPI, to mark the nuclei, and FMRP for
determining number and size of the stress granules after oxidative stress
condition. Unfortunately, one of the Tardbp+/+ control lines was not included in the
final analysis due to high variability observed in the technical replicates; thus,
data from only two control lines have been used. Mean of the data from both
TardbpQ331K/Q331K mutant and Tardbp+/+ control lines are provided in Table 5.1.
Statistical

analysis

of

the

stress

granules

area

measured

for

both

TardbpQ331K/Q331K mutant and Tardbp+/+ showed no differences (p=0.7928), with
mutant and control lines having equivalent size. On the other hand, analysis of
the number of stress granules per cell between mutant and control MEF lines
gave variable results with no difference observed although analyses were
affected by the high variability of SG per cell counted, particularly in the control
Tardbp+/+ MEFs.

Name
Tardbp +/+

Q331K

Tardbp

Average area SG
(µm2)
57.51

SD

Number SG

SD

8.92

23.40

4.48

47.03

8.34

5.20

1.04

48.65

6.06

12.72

1.23

57.13

8.23

22.53

7.24

57.04

5.86

21.36

15.62

Table 5.1 Data on area and number of stress granules per cells collected from wildtype
Tardbp+/+ and mutant TardbpQ221K/Q331K after treatment with 0.25 mM sodium arsenite for
1 hour. Each row represents the mean of two/three coverslips per sample and three
biological replicates have been used for each genotype. SG means stress granules and
SD is the standard deviation between replicates.
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Figure 5.5 Area of stress granules per cell in wildtype Tardbp +/+ and mutant
TardbpQ331K/Q331K. No significant differences observed (unpaired t-test with Welch’s
correction; p=0.7928).

Figure 5.6 Number of stress granules per cell in wildtype Tardbp+/+ and mutant
TardbpQ331K/Q331K. No significant differences observed (unpaired t-test with Welch’s
correction; p=0.7175).

The data presented in this paragraph is preliminary, as these experiments have
been performed only once due to limited time available at the end of this PhD and
the high variability observed between biological replicates of the control Tardbp+/+
lines strongly suggests that experiments should be repeated, ideally using
different control lines. One of the aims of this work was to optimise a final
complete protocol for studying oxidative stress using our immortalised MEF lines,
which included a defined concentration of sodium arsenite for the treatment (0.25
mM), the correct time of incubation of the immortalised MEFs inside the 24-well
plate before the sodium arsenite treatment (6 hours) as well as the correct
amount of cells per well required for obtaining an ideal distribution of cell per
coverslip for the imaging (10,000 cells/coverslip).
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5.3

Discussion

The use of mouse embryonic fibroblasts as cellular model for acquiring data on
the cause of several diseases has proved to be particularly useful when working
with mutations causing embryonic lethality (Howerton, Schlaepfer et al. 2008,
Sanchez-Jimenez and Izquierdo 2013, Kerr, Gaude et al. 2016). In fact, MEFs
allow to perform different set of experiments using biological replicates, with
identical genetic background and genotype, while reducing the number of mice
required (Ichida, Staats et al. 2018, Mendoza-Topaz, Nelson et al. 2018). In this
chapter, I described the preparation of a complete set of immortalised MEFs lines
carrying three different mutations in the Tardbp gene (TardbpQ331K, TardbpM323K
and TardbpF210).
These cells have been used to acquire preliminary data on the correlation
between TDP-43 mutations and alternative splicing of a partner protein, hnRNP
A1, and to start understanding how mutant TDP-43 influence the size and number
of stress granules under oxidative stress condition. Mouse models used to
prepare the primary culture of our TDP-43 mutant MEFs have been described by
Fratta et al as endogenous models of TDP-43 gain of splicing function
(TardbpQ331K, TardbpM323K) and loss of function (TardbpF210) (Fratta, Sivakumar
et al. 2018). One of the three homozygous mutant MEF lines generated for the
TardbpQ331K/Q331K, TardbpM323K/M323K and TardbpF210I/F210I mutants, together with a
Tardbp+/+ control line, have been used to perform western blot analysis and
investigate the effects of TDP-43 mutation on the alternative splicing of the
heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1).
HnRNP A1 is an RNA binding protein belonging to the hnRNPs family, that
together with TDP-43 contributes to RNA processing and maturation and is
known to be causative of a number of diseases, such as ALS and FTD, when
mutated (D'Ambrogio, Buratti et al. 2009, Purice and Taylor 2018). Moreover, it
is known that hnRNP A1 competes with serine and arginine-rich proteins (SR) for
the affinity to binding splice site and has an exon silencing role (Mauger, Lin et
al. 2008). Despite the biological role of hnRNP A1B is still under investigation,
using thioflavin T incorporation assay it has been found that this isoform is more
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prone to aggregate and to cause toxicity than the main isoform, due to its longer
LCD domain. This was confirmed by in-vitro analysis showing that cytoplasmic
aggregates formed after hnRNP A1B expression are comparable in number,
although bigger in size, with what observed in cell expressing mutant hnRNP
A1D262V (Deshaies, Shkreta et al. 2018).
The alternative splicing of hnRNP A1 is regulated by TDP-43, which binds the
pre-mRNA controlling the inclusion/exclusion of exon 7b (Sivakumar, De Giorgio
et al. 2018). Moreover, Deshaies et al suggested that the splice sites used by
TDP-43 are located in intron 7 and intron 8 and that TDP-43 inhibits the use of
the distal 5’ splice site of exon 7b (Deshaies, Shkreta et al. 2018).
On the other hand, Sivakumar et al, after analysis of RNA seq data, suggested
that TDP-43 can bind within exon 8 (human) and the 3’ UTR of HNRNPA1
mRNAs (human and mouse) (Sivakumar, De Giorgio et al. 2018). Thus, further
studies are required to confirm these hypotheses. A diagram of the splicing
variants with suggested splicing sites used by TDP-43 is provided in Figure 5.7.
After normalising the bands of hnRNP A1 and hnRNP A1B, our preliminary data
showed that the TardbpQ331K/Q331K mutation induces an increase in the expression
of hnRNP A1 main isoform (34 kDa) while the TardbpF210I/F210I mutation causes a
slight but not significant decrease of its expression. Moreover, expression of
hnRNP A1B isoform (38 kDa) in TardbpQ331K/Q331K was also higher, although not
significant, than in Tardbp+/+.
On the other hand, no differences were observed in TardbpM323K/M323K MEFs,
which was surprising considering that the TardbpQ331K and TardbpM323K mutations
are equivalent and both lay within the C-terminal LCD of the protein. In fact, RNA
seq analysis published by Sivakumar et al showed a dose-dependent increase in
exon 7b inclusion in both TardbpQ331K and TardbpM323K suggesting that mutations
in LCD of TDP-43 affect its capacity to bind and regulate the splicing of
HNRNPA1 transcripts (Sivakumar, De Giorgio et al. 2018).
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Figure 5.7 HNRNPA1/Hnrnpa1 splicing variants and suggested splicing sites used by
TDP-43. In human, exons are in green while in mouse are yellow; introns are in black
and UTRs in white. Red lines indicate the TDP-43 binding sites and exons involved are
nominated. NMD means nonsense mediated decay, a mechanism of surveillance which
eliminates mRNA transcripts containing premature stop codons. Diagrams adapted from
(Deshaies, Shkreta et al. 2018, Sivakumar, De Giorgio et al. 2018).
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The increase in hnRNP A1B (although not significant) observed in our data
collected from TardbpQ331K/Q331K MEFs are in agreement with what observed by
Sivakumar et al, suggesting that mutations causing TDP-43 gain of splicing
function could shift the splicing of hnRNP A1 mRNA towards an increased
inclusion of exon 7b. Repeating these experiments using our set of TardbpQ331K
MEFs lines as biological replicates, would reinforce this statement and provide
more faithful biochemical data to be added to the published RNA seq data
analysis.
Furthermore, the significantly high expression of the main hnRNP A1 isoform
seen in homozygous TardbpQ331K MEFs focuses our attention on a possible
secondary effect caused by this mutation. Deshaies et al found that TDP-43
negatively regulates the expression of HNRNPA1 by binding its promoter region;
In fact, depletion of nuclear TDP-43 from Hela cells increased cytoplasmic
expression of both isoforms of hnRNP A1 (Deshaies, Shkreta et al. 2018).
Despite our data differing from what observed by Deshaies et al, our experiments
together with Sivakumar et al have been performed on tissues (frontal cortex and
spinal cord) and MEFs lines from wildtype and mutant mice while their data was
collected from HeLa cells, thus possible differences could be cellular type-specific
or lay within human and mouse TDP-43 biochemistry. Moreover, we did not divide
the cellular lysate in different fractions and could not define if the increase in
hnRNP A1/hnRNP A1B expression that we observe in TardbpQ331K/Q331K mutants
is within the nucleus or the cytoplasm.
Nevertheless, all these experiments should be repeated using biological
replicates to strengthen our data and further investigations are required to better
understand the mechanism by which TDP-43 regulates hnRNP A1 expression in
order to confirm these hypotheses.
Afterwards, we investigated the effect of the TardbpQ331K mutation on the size and
number of stress granules produced by MEFs under sodium arsenite-induced
oxidative stress. Stress granules are an assemblage of RNA binding proteins and
mRNAs, generated by eukaryotic cells as defensive mechanism after exposure
to different type of stress (oxidative stress, heath shock or osmotic stress)
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(Anderson and Kedersha 2008, Protter and Parker 2016, Mahboubi and Stochaj
2017). RNA binding proteins with a C-terminal low complexity domain (LCD),
such as TDP-43, FUS and hnRNPs, are thought to be involved in the generation
of these stress granules by binding RNAs and other proteins within these
structures (Kato and Nakamura 2012). Moreover, stress granules undergo a
transition from liquid to solid state and it has been shown that mutations in the
LCD of FUS and hnRNP A1 can change the dynamics of the SGs accelerating
their polymerisation (Murakami, Qamar et al. 2015, Patel, Lee et al. 2015, Mateju,
Franzmann et al. 2017).
It has been observed that, under oxidative stress condition, TDP-43 co-localised
with SGs markers such as TIA-1, eIF3 and G3BP due to an association with such
proteins, direct (through C-terminal) or mediated by mRNA (with RRM1) , and this
mechanism is enhanced by ALS causative mutations in the C-terminal glycinerich domain (G294A, A315T, Q331K) (Liu-Yesucevitz, Lin et al. 2014). Moreover,
depletion of TDP-43 causes downregulation of G3BP1 and upregulation of TIA-1
with impairments in the secondary SGs aggregation, which is regulated by
G3BP1, thus suggesting a correlation between TDP-43 and G3BP1 (Aulas,
Caron et al. 2015).
In addition, experiments performed on primary motor neurons from E13.5
transgenic mice expressing mutant (M337V) human TDP-43 from the Rosa26
locus, showed an increase in cytoplasmic mislocalisation of mutant TDP-43 but
also reduction in number and size of stress granules suggesting that mutations
in TDP-43 could interfere with the assembly of these structures (Gordon, Dafinca
et al. 2018). However, data collected from our TardbpQ331K/Q331K mutant MEF lines
did not show significant differences in number and size of stress granules when
compared with the Tardbp+/+ control lines. Moreover, high variability has been
observed in the number of SGs per cell in Tardbp+/+ control lines, with a mean of
23 in one cell line and a mean of 5 in the other. Thus, it would be ideal to perform
this experiment using different control lines to verify if the inconsistency of the
data observed is due to a normal variability between wildtype MEFs generated
from different animals or was caused by some technical problems.
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Moreover, unpublished data collected by Dr Abraham Acevedo-Arozena and Dr
Jose Brito-Armas using immortalised MEFs generated from the same mouse
model used for our experiments, showed a different outcome. Homozygous
TardbpQ331K/Q331K and Tardbp+/+ MEFs have been treated with different stressors,
including sodium arsenite, and then immunostained for the protein G3BP-1, to
identify and count the stress granules produced, and for TDP-43, to assess TDP43 nuclear exit and co-localization with stress granules. Ras-GTPase-activating
protein (SH3 domain) binding protein 1 (G3BP-1) is a protein that together with
TDP-43 plays a pivotal role in the formation of stress granules (Reineke and Lloyd
2015, Scholte, Tas et al. 2015). Analysis showed significant differences in the
number of SGs per cells, with mutant TardbpQ331K/Q331K MEFs having more SGs
per cells than control Tardbp+/+ lines.
Moreover, the overall size of the stress granules did not show differences
between mutant and control MEF lines but TardbpQ331K/Q331K MEFs had a higher
number of stress granules larger than 2 µm2 in comparison with control MEFs.
Thus, data suggest that TardbpQ331K mutation affects how cells react to oxidative
stress and might favour the recruitment of more RNA binding proteins and RNAs
into the SGs with consequent increment in their number and size.
These results open a debate on what could be the causes of such different
outcomes between these experiments. It is undeniable that the high variability
observed in our control Tardbp+/+ lines significantly influenced the statistical
analysis on the number of SG and this can only be verified repeating the
experiment with different MEFs. In our data, we did not observe a difference in
the size of the SGs either between mutant and control lines and on this regard
the use of a higher concentration of sodium arsenite (0.5 mM instead of 0.25 mM
used in our experiments) together with a longer time of treatment (12 hours
instead of 1 hour), may well have influenced the size of the SGs.
Moreover, we used FMRP as marker to identify stress granules while Dr
Acevedo-Arozena’s laboratory chose G3BP-1, which might be more suitable for
this type of analysis. It would be interesting to repeat our experiment following
the same protocol used by Dr Acevedo-Arozena’s laboratory to verify potential
211

differences in the results and identify the most effective parameters for our
analysis. The data presented in this chapter provide a preliminary overview of the
possible consequences of Tardbp mutations in the splicing of other proteins
normally regulated by TDP-43 as well as in the stress response activated by cells
exposed to oxidative stress condition, giving space to different hypothesis that
should be further investigated.
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6 Final discussion and conclusions
The work presented in this thesis focussed on the generation of a novel knockin
humanised TDP-43 mouse model of amyotrophic lateral sclerosis and on
investigating the potential pathological consequences caused by mutations
introduced in the mouse Tardbp gene, both in vivo and in vitro.
TDP-43 is an RNA binding protein (RBP) in which mutations are causative of ~5%
of fALS and ~2% of sALS (Ingre, Roos et al. 2015, Moujalled, Grubman et al.
2017). Cytoplasmic inclusions containing TDP-43 pathologically define both ALS
and FTD/FTLD cases (Feneberg, Gray et al. 2018) and are also observed in other
neurodegenerative disorders such as Alzheimer’s disease, Parkinson and
Huntington disease (Wang, Wang et al. 2016). Furthermore, TDP-43 inclusions
have been found in one of the most common forms of old-age dementia called
limbic-predominant age-related TDP-43 encephalopathy (LATE) (Nelson,
Dickson et al. 2019). Hence, neurodegenerative disorders sharing the
pathological hallmark of TDP-43 tau-negative and ubiquitin-positive cytoplasmic
aggregates have been defined with the term TDP-43 proteinopathies (Cohen,
Lee et al. 2011).
When I started this PhD project, scientists in the field were trying to understand if
the effect of TDP-43 on neurodegeneration was due to a gain or a loss of protein
function. TDP-43 accumulation in cytoplasmic aggregates causes gain of protein
function while depletion of TDP-43 from the nucleus induces loss of function.
Therefore,

both

gain

and

loss

of

TDP-43

could

potentially

cause

neurodegeneration (Butti and Patten 2018).
Expression of mutant TDP-43 in C.elegans and Drosophila motor neurons
showed formation of cytoplasmic aggregates, reduced motility and neuronal
death while depletion of TDP-43 affected locomotion and lifespan (Feiguin,
Godena et al. 2009, Li, Ray et al. 2010, Diaper, Adachi et al. 2013, Vaccaro and
Parker 2013). Moreover, impaired motor coordination, motor neuron loss and
reduced survival caused by TDP-43 gain of function as well as embryonal lethality
and dramatic body fat loss caused by TDP-43 knockout have also been observed
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in zebrafish and mouse models (Chiang, Ling et al. 2010, Stallings, Puttaparthi
et al. 2010, Iguchi, Katsuno et al. 2013).
In addition, in vitro TDP-43 models of yeast, mouse primary neurons but also
human iPSCs showed the link between TDP-43 mutations and impairments in
stress granules dynamics, a defence mechanism activated by cells under stress,
mitochondrial disturbance, involved in cellular metabolism, autophagy, required
for clearance of aberrant proteins, as well as protein synthesis (Bose, Huang et
al. 2011, Wang, Li et al. 2013, Liu-Yesucevitz, Lin et al. 2014, Stoica, De Vos et
al. 2014, Soo, Halloran et al. 2015, Russo, Scardigli et al. 2017).
Hence, all these evidences strongly suggest that TDP-43 is a key protein for
maintaining normal neuronal function and is also required for the survival of an
organism, thus a balance in its level of expression is fundamental.
Genetically modified mice are among the most used models for investigating the
pathological mechanisms involved in TDP-43-ALS, with ~30 different mouse
models created so far (De Giorgio, Maduro et al. 2019), and although these have
given us insight into pathomechanisms, clearly we still do not understand the
relationship between TDP-43, wildtype and mutant, and motor neuron cell death.
To date, most of the TDP-43 mouse models available are transgenic animals
expressing human TDP-43 from exogenous plasmids containing TARDBP cDNA,
which have been useful in the study of end-stage disease features, such as
cytoplasmic inclusions (Picher-Martel, Valdmanis et al. 2016). However, firstly,
studying end-stage features does not tell us about how disease starts; secondly,
TDP-43, as other RBPs, is exquisitely dosage-sensitive with a tight mechanism
of autoregulation controlling the expression of the endogenous Tardbp/TARDBP
gene (Budini and Buratti 2011).
In fact, overexpression of the TARDBP gene in these models leads to cytoplasmic
accumulation of the protein and cell toxicity, with plenty of examples of aggressive
disease phenotypes arising in mice from TDP-43 overexpression, such as an
unexpected gut phenotype, caused by mouse prion promoter (mPrp)-driven
overexpression of hTDP-43 in NOS-neurons of the myenteric plexus and their
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consequent degeneration, nuclear loss of TDP-43 or motor neuron degeneration
in models expressing only wildtype human TDP-43 (Igaz, Kwong et al. 2011,
Arnold, Ling et al. 2013, Mitchell, Constable et al. 2015).
Hence, the generation of new TDP-43 mouse models is now gradually shifting
towards knockin mice carrying mutations in the endogenous Tardbp gene with
the aim to express the mutant protein at endogenous levels. Knockin mice
overcome the problems of overexpression and unexpected mutation caused by
random insertion of transgenes within the mouse genome, thus they are
particularly suitable for working with genes with tight control of the expression
such as TARDBP (TDP-43) but also C9orf72 (C9orf72) and FUS (Fused in
Sarcoma) (De Giorgio, Maduro et al. 2019).
All currently available TDP-43 knockins with Tardbp point mutations do not show
evidence of cytoplasmic inclusions, which is an important hallmark found in ALS
patients, suggesting that other pathomechanisms leading to the formation of such
structures might not be recapitulated in these mice. Nevertheless, these
endogenous mouse models are giving an invaluable contribution to the field
providing important information regarding the role of TDP-43, for example, in
highlighting the alternative splicing of other proteins in motor neurons as well as
in early embryonic tissues. In fact, one of the main focuses in the ALS-TDP-43
field is on the role of altered mRNA metabolism and maturation caused by TDP43 mutations in the development of ALS and FTD (Butti and Patten 2018, Fratta,
Sivakumar et al. 2018, Neelagandan, Gonnella et al. 2019).
TDP-43 loss of function leads to reduced RNA binding capacity and impairment
in the splicing of other proteins, as observed in ENU mutant TardbpF210I but also
in TDP-43 antisense oligonucleotide knockdown (TDP-43-ASO-KO) and shRNA
knockdown models (Tardbp-shRNA). On the other hand, TDP-43 gain of function
can cause changes in alternative splicing of proteins regulated by TDP-43,
dysfunction in TDP-43 autoregulation, mild motor neuron loss, motor impairment
and potential FTD features, as found in TardbpM323K and TardbpQ331K mice
(Fratta, Sivakumar et al. 2018, White, Kim et al. 2018).
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In particular, the balance of alternative splicing normally regulated by TDP-43 is
compromised in the presence of mutations causing loss or gain of protein
function. Despite between mice carrying C-terminal mutations and loss of
function models the great majority of cassette exons are included/excluded in
opposite directions, the splicing events observed in loss and gain of function are
unique. In fact, when there is loss of function, TDP-43 fails to repress the
exclusion of exons generally not included in the mature mRNA (cryptic exons),
while when mutations causing gain of function are introduced, exons that are
generally included in the final mRNA are instead skipped (skiptic exons).
Therefore, mice expressing mutant TDP-43 at endogenous level allow us to study
the pathological effects of either gain and loss of protein function, depending on
the mutation introduced in the Tardbp gene, while transgenic mice model both
features of gain and loss of TDP-43 functions, which are not related to the
mutation per se but are due to the transgene overexpression.
Despite the huge amount of information collected working with knockins
endogenously expressing mutant TDP-43, all ALS mouse models available are
still missing some important aspects typical of ALS disease. For example, in
humans, there are different sites of onset of the disease ranging from bulbar to
upper or lower limbs, while in mouse models, where this has been studied, the
disease generally starts in the lower limbs. In a study using transgenic SOD1G93A mice is has been observed that the orolingual motor function was affected
after ~100 days while the first sign of impairment was in forelimbs and hind limbs
(Smittkamp, Brown et al. 2008).
Clearly there is a need to improve our modelling of the role of TDP-43 in ALS,
and there are differences between the human disease and the mouse models.
We could speculate that these differences may arise from biochemical
differences between the mouse and human proteins or they could be related with
regulatory elements/mechanisms specific to mouse/human genome. For this
reason, the generation of a TDP-43 humanised mouse model might help
answering such questions. The strong advantage of working with genomically
humanised mice is having an endogenous, controlled expression of the gene of
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interest while maintaining the genomic and biochemical characteristics of the
human gene and protein. In fact, they can be particularly useful for testing drug
therapies (Elgundi, Reslan et al. 2017, Schoch and Miller 2017).
There are different strategies to humanise a mouse gene that range from
changing single base pairs or amino acids to replacing entire exons, genes of
even chromosomes (Zhu, Nair et al. 2019). Changing a single base pair allows
us to verify how changes in a specific amino acid affect the functionality of a
specific protein. This has been done with the APP knockin mice where
substitution of 6 base pairs resulted in 5 amino acids changes, 3 of which
corresponding to the differences between human and mouse Aβ and 2 causing
a familial AD mutation, with an increase of the humanised APP protein expression
by 2-fold (Reaume, Howland et al. 1996).
Moreover, it is possible to mimic human-specific mutation by humanising only
part of the gene. In the case of FUS Delta14 knockin mice, exon 15 has been
replaced with the human sequence and an exon 14-skipping splicing acceptor
variant was introduced inside exon 14 to reproduce the frameshift mutation
causing ALS observed in patients (Devoy, Kalmar et al. 2017). This has produced
an excellent model of progressive FUS-ALS in heterozygous animals. In addition,
sometimes the replacement of an entire gene with its human orthologue is
required to obtain a more faithful model for therapeutic development. A good
example could be the knockin mice in which human APOE has been inserted
replacing the mouse Apoe gene (Knouff, Hinsdale et al. 1999).
Most of the humanised genes have been created modifying part of the coding
sequence and creating a chimeric mouse: human protein, also because deciding
to replace the entire mouse gene with the human counterpart require to carefully
plan what portion of human DNA flanking the gene of interest should be replaced
in order to obtain the ideal model for the study (Zhu, Nair et al. 2019). Moreover,
when modifying the genomic DNA of the mouse it is important to be aware of the
possible consequences as unexpected effects could arise such as the mosaicism
observed in Tc1 mice (which carry an entire human chromosome, and model
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trisomy 21) stochastically losing the human chromosome from some cells
(O'Doherty, Ruf et al. 2005).
The mouse and the human proteins arising from orthologous genes generally
maintain the same function, with a slightly different level of expression, although
the number of splice isoforms per gene in the mouse (~2.4) is lower than in
humans (~3.4) and this is important when studying the effect of a mutation on a
complex disease such as ALS where changes in alternative splicing of several
genes have been observed (Lee and Rio 2015).
In fact, according to the GRCh38.p12 Ensembl assembly, human TARDBP
annotated transcripts are 32, with 31 protein coding and 1 retained intron
(corresponding to intron 3), and 7 processed transcripts (not having an open
reading frame (ORF)). On the other hand, on Ensembl GRCm38.p6, mouse
Tardbp has 30 splicing variants of which 29 protein coding and 1 retained intron
(corresponding to intron 1). Moreover, despite the two genes are highly
conserved in the exonic regions they show significant differences in the intronic
regions sequence suggesting the presence of possible species-specific
regulatory elements (see Figure 7.11, Figure 7.12, Figure 7.13, Figure 7.14,
Figure 7.15 in the Appendix).
Another important difference observed between the mouse Tardbp and human
TARDBP genes lies in the patterns of transposable elements within the introns
(Figure 6.1). In human TARDBP, the majority of transposable elements belong to
the SINE Alu family apart from a LINE of the LC family in intron 1 and a two
TcMAR-Tigger DNA repeats in intron 4. Moreover, TcMAR-Tigger DNA repeat
are particularly interesting as brain-specific noncoding RNAs could originate from
these regions (Francescatto, Vitezic et al. 2014). On the other hand, in mouse
Tardbp most of the transposable elements found within introns are SINES of the
B1, B2 and B4 family but there also a (CAAAA) n repeat in intron 2, LTR of the
ERVL family inside intron 2 and a DNA repeat of the hAT-Charlie family in intron
3. In particular, ERVL LTRs are involved in gene expression during zygote
development and, potentially, in evolution on new genes (Franke, Ganesh et al.
2017).
218

Figure 6.1 Overview of the pattern of transposable elements between mouse and human
Tardbp/TARDBP. The main transcript of both human and mouse protein is in black, in
blue are some of the alternative transcripts. Transposable elements (SINES, LINES,
LTR, DNA) are indicated with grey boxes of different intensity. The term ‘Simple’
indicates regions with repetitive sequence. Images adapted from UCSC database.

These differences are particularly important as transposable elements have
regulatory roles within the genome, with some of them being human specific. For
example, in the FKTN gene, an SVA retrovirus within the 3’ UTR of the gene was
causes Fukuyama muscular dystrophy. This same SVA was fundamental to
reproduce the human disorder in a mouse model, as it was required to induce
alternative 3’ splicing events causing reduced protein expression (TaniguchiIkeda, Kobayashi et al. 2011).
Moreover, it has been observed that TDP-43 targets different types of
transposable elements (SINES, LINES and LTRs) within the human genome,
with overexpression of these elements when TDP-43 functions are impaired, and
that this link is reduced in FTD patients (Li, Jin et al. 2012). Moreover, in a
Drosophila model expressing human TDP-43 it has been shown that TDP-43
pathology was linked to the activation of a retrotransposon of the gypsy ERV
family (Krug, Chatterjee et al. 2017). Therefore, transposable elements
introduced together with the human gene within the mouse genome could also
act in cis on other mouse genes causing potential impairments or changes in the
expression.
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For this reason, we have to carefully consider any possibility before designing a
strategy and always be aware that despite the planning, unexpected outcome
could always arise. Therefore, humanised mice might be able to better model the
differences laying within the human and the mouse splicing pattern and this could
help understanding why we do not see the phenotype expected in some mice
with human ALS mutations in the endogenous mouse gene, such as the Tardbp
Q331K animals (De Giorgio, Maduro et al. 2019, Zhu, Nair et al. 2019).
For our humanised mouse, we decided to replace the mouse Tardbp gene from
the ATG in exon 2 to the stop codon at the end of exon 6, including all the introns,
and maintaining the mouse 5’ and 3’ UTRs. When humanising an entire gene, it
is important to evaluate the advantages and disadvantages of including genomic
regions flanking the gene of interest. The immediate advantage of using the
human promoter, for example, would be to maintain the normal expression of the
human gene including potential regulatory elements, such as enhancers, that
might have a pivotal role in the correct gene function. For example, in Tc1 mice
it has been observed that mouse transcription factors are able to bind and
regulate the human gene, although the gene expression level was comparable to
the mouse orthologues not to the human genes (Deveson, Brunck et al. 2018).
Nevertheless, one important disadvantage of introducing the human promoter
rather than using the endogenous mouse one is that annotated sequences could
not be sufficiently detailed to reliably identify the complete sequence of the
promotor region, thus incurring in the risk that part of it will not be included in the
humanisation causing impairment in the correct gene expression. This is because
a functional definition of most promotors has not yet been carried out.
Moreover, in our project, the Tardbp gene in the mouse genome is located on the
forward strain of chromosome 4 and its 3’ UTR overlaps with the 3’ UTR of
another gene on the reverse strain, Masp2 (Figure 3.3). For this reason, we
decided to follow a more conservative strategy maintaining the mouse 3’ UTR as
this region in the Tardbp/TARDBP genes is fundamental for the correct
autoregulation of TDP-43 and for the alternative splicing of the mRNA.
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The mechanisms of alternative splicing, the TDP-43 binding region (TDPBR)
involved in TDP-43 autoregulation and the splicing machinery are extremely
conserved between human and mouse (Avendano-Vazquez, Dhir et al. 2012).
Furthermore, when the Robertson laboratory generated a conditional knockout
mouse deprived of exon 2 and exon 3 (containing the two possible start codons)
they first realised that in the offspring there were no homozygous mice, and then
confirmed that their gene targeting strategy affected the expression of the
following gene, Masp2, compromising its function and causing embryonic lethality
in homozygosis (Dib, Xiao et al. 2014). Therefore, we are conscious that some
unexpected effects could arise from our strategy.
In Figure 6.2 a comparison between human TARDBP and mouse Tardbp is
provided. Moreover, an alignment showing differences between human and
mouse 5’ and 3’ UTR are provided in Table 7.9 and Table 7.10 of the Appendix.

Figure 6.2 Gene structure of human TARDBP and mouse Tardbp. The structure of the
two genes is extremely conserved with 6 exons and 5 introns although mouse Tardbp
shows differences in the size of intron 5 and 3’ UTR. Exons are indicated in red (human)
and blue (mouse), introns are black lines and UTRs are the white boxes.

In the worst case scenario that the UTRs will not be functional (e.g. the mouse
promoter does not express the human gene at the correct level, or the human
TDP-43 fails to bind the mouse 3’ UTR compromising the autoregulation), we will
be able to go back to any targeting construct created during this project and make
all the required modification, possibly using CRISPR, to obtain the expected
model. To date, we have a potential positively humanised mESC clone and are
currently planning to perform several screenings in order to confirm the correct
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replacement of one of the two mouse Tardbp. We will perform western blot
analysis using primary antibodies species-specific for human, to confirm that the
human TDP-43 protein is produced. In parallel, we will design probes and perform
qPCR to confirm correct expression of the mouse and human genes and to
compare the levels of expression between the mouse and human transcripts. We
will also amplify and sequence various regions of the gene including the human:
mouse boundaries. If the outcome of these screenings will be positive, then we
will proceed with microinjection into blastocysts embryos to generate the chimeric
mouse.
During this PhD we have also performed some behavioural tests on mice carrying
the Q331K mutation in the endogenous Tardbp gene. After assessing motor
performance and cognitive impairment, we realised that these mice did not show
any motor deficit, as showed by grip strength and rotarod tests. On the other
hand, we did observe significant impairment in the marble burying test, a speciesspecific behavioural test, possibly connected with dysfunctions of the
hippocampus.
An interesting result observed when assessing the female cohort of our Q331K
female was an unexpected significant increase in body weight in aged mice, not
observed in males. It would be interesting to further evaluate this data by
measuring the food intake, trying diets with different caloric level, verifying if
maybe mutation in TDP-43 affected the expression of genes involved in obesity,
performing immunohistochemistry of the frontal cortex to determine potential
signs of dementia (e.g. frontal lobe atrophy, neuronal loss and gliosis) and also
measuring the hormonal changes at different ages.
Moreover, we will also perform histopathological analysis of spinal cord and
lumbrical muscles from our homozygous mutant TardbpQ331K mice to evaluate
potential motor neurons and neuromuscular junction’s loss indicating the
presence of a motor phenotype not observed during the behavioural assessment.
In knockin TardbpM337V and TardbpG298S mice the presence of muscle denervation
has been observed at 2.5 years (Ebstein, Yagudayeva et al. 2019), thus there is
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the possibility that also our TardbpQ331K mice will show an age-dependent motor
phenotype.
The phenotyping of this mouse model has been particularly informative also in
determining a specific pipeline of tests and experiments that we will apply to our
humanised mice. However, we want to stress that it is not possible at this stage
to predict what phenotype our humanised mouse will have. Our aim is to obtain
a model to study the activity of human TDP-43 within a biological context as well
as the consequences caused by mutation in TARDBP found in human patients.
We are particularly interested in the phenotype that will arise from the wildtype
humanised mouse, which will be critical for identifying species-specific
differences between mouse and human proteins/genes and will also allow to
study potential changes in gene expression induced by human-specific regulatory
elements laying within the intronic regions. We are planning to phenotype in
parallel both the wildtype mouse and we will introduce the Q331K human ALS
mutation in order to compare the phenotype observed in our knockin mouse
TardbpQ331K with the potential effects caused by human mutant TARDBPQ331K.
Moreover in the future it would be interesting to introduce also other known
mutations such as G294V, causing increase aggregation of TDP-43, A315T,
causing toxicity in the CNS and enhancing TDP-43 mislocalisation with
consequent formation of cytoplasmic fibrils, and M337V, causing proteasome
impairment, increased interaction with FUS/TLS and formation of cytoplasmic
inclusions (Buratti 2015). Despite all these mutations have shown similar
phenotypes both in vitro and in vivo, introducing them in our humanised mouse
would allow to study the broad effects caused by C-terminal mutations within the
human gene and maybe it will help to better understand the connection between
TDP-43 mutation and the disease features observed in different animal models.
In addition, by having a mouse model expressing both human and mouse protein,
we will be able to evaluate potential differences between the two species. For
example, in transgenic mice it has been observed that human SOD1 has more
aggregation propensity than the mouse protein (Seetharaman et al., 2010). So
far, for TDP-43 we did not observe this at the protein level but differences in
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mRNA binding sites between mouse and human, such as between SORT1/Sort1
or HNRNPA1/Hnrnpa1, have been observed. Hence, having the human TDP-43
protein could potentially influence the splicing of other genes within the model,
although in our humanised mouse, all TDP-43 binding sites will be mouse, except
for those within TARDBP exons and introns.
Once and if our mouse model will successfully reproduce features of TDP-43
proteinopathies and ALS, the same approach could be applied to other known
proteins causative of ALS and FTD but also to other neurodegenerative diseases,
in order to faithfully mimic the human pathological scenario in the mouse and be
able to use such models for testing new clinical approaches and therapies.
Moreover, being ALS a complex disease involving different cell types and districts
of the body, a future possibility could be to also humanise different genes
belonging to the same pathway in order to better understand the involvement of
other factors to the development of this devastating disease as well as identify
potential biomarkers that could help diagnosing the disease at an early stage.
A big effort has been made so far in trying to understand ALS, but some important
key questions are still unresolved. For example, ALS has different onsets (from
bulbar to one-limb) but the reason why it affects specifically motor neurons, while
spares ocular motor neurons, is still unknown (Nijssen, Comley et al. 2017).
Moreover, we do not know how the disease starts and why most of the cases are
sporadic (Martin, Al Khleifat et al. 2017). Furthermore, it needs to be elucidated
why the incidence of ALS is higher in male than in females and why the mean
age of onset in sALS is later than in fALS cases (McCombe and Henderson 2010,
Mehta, Jones et al. 2019).
While it is extremely challenging to faithfully reproduce the complete scenario of
human ALS clinical and pathological features in a mouse model, humans and
mice share numerous similarities, both at genomic and protein level, and we hope
that generating refined mouse models and making them available to the scientific
community, would help answering these questions.
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7 Appendices
7.1

Appendix 1 Humanising the mouse Tardbp gene project
BAC clone RP11Name
829B14
A_1
A_2
BO_1
BO_2
BO_3
BO_4
FOR_A
Gap_for1
Gap_rev1
Gap_for2
H_3_bis
H_5
H_6
H_7
H_7bis
H_9
H_9bis
H_10
H_12
H_14
H_15
H_20
H_23
H_25
HU1
HU3
HU4
HU5
HU8
HU9
HU10
HU11
HU14
L_1
L_2
L_3
L_4
L_5
L_6
L_7
L_8

Sequence
TTATCTCCCCAGGCTGGAC
GGGCGACAGAGTGAGACTG
ACTCGGGGTTTTTAGTATGCTG
ATCTCCCCTCTCTGCAACCT
GTTGCAGAGAGGGGAGATTG
GGCACCTGTAATCCCAGCTA
GTGCAATGGCTCACACCTG
TCAGGCTCGGTGCAATG
CGGTGTCTCGCTCTGCTG
GGACATGGTGGCTCACATC
TCAGTGTATGAGAGGTGTCC
GAAGTTCAAGACCACCCTA
TTACAGATGTGAGCCACCAT
CAGAGCGAGACACCGTC
ATCTCCCCTTCTCTTCTAAAT
CTTGGAAATCACTGAATTTG
GAAATCACTGAATTTGCACC
ACGAGCAGAAACCTTTTAGA
CTTCATGCAACAGTAGGATT
CTCTAGAGCCTGACTGACAG
TGAAAGTAATGTCACAGCGAC
CTGGCTAACACGGTGAAAC
TAGCTCACTACACCCTAGAAC
TATCCAATGCCGAACCTAAG
CAGTGTATGAGAGGTGTCCG
CAGGAGTTTGAGATGAGCC
GCGACCTCAGCTTAAAGTAATC
ATGGTGGCTCACATCTGTAA
ACCAGAAAAGCACCTCAGAC
CTTGGCAAGAAGTGATGTTT
CTATTCTTGTGCCTCAGCCT
TGGCTCACACCTGTATTCC
AGATGCTGGGATTACAGGTG
TGGGGAAATCTGGTGTATGT
TGATGTAACACCAAAAGGAC
TATGGAAACTGGGGATTGTA
CAGCACACTACTTCAAAATGC
TGAGATCAGGAGTTTGAGATG
ACCCCGAGTTTACATTATCA
CGAAACTCCGTCTCAAAAC
GTTTCACCATGTTGGCTAG

Forward (F) / Reverse
F
(R)
R
F
R
F
R
F
F
R
F
F
F
R
F
F
F
F
R
R
R
F
R
F
F
F
F
R
F
F
R
F
R
F
F
R
F
R
F
R
F
R
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L_9
L_10
L_12
L_13
L_14
L_16F
L_16R
L_17
L_18
L_20
L_23
L_25
L_26R
L_26F
L_35
L_40
L_42
L_48
L_53
L_FOR1
L_FOR2
L_REV1
P3_1
P3_2
P3_3
P3_5
P3_6
P3_8
REV_A
RP11-7F
RP11-8F
RP11-10F
RP11-12F
RP11-16F
RP11-19R
RP11-19F
RP11-21R
RP11-23R
TARDBP_Hu_15
TARDBP_Hu_17
TARDBP_Hu_18
TARDBP_Hu_24
TARDBP_Hu_25
TARDBP_Hu_26
TARDBP_Hu_27

TGAGACAGTCTCACTCTGTCG
GACATGGTGGCTCACATC
TCACAAGGTCAGGAGTTCA
TAGACGAAGTCTCGCCCT
GAGTTTGAGGCTGCAGTGT
GACTCAAGTCGTCCTTCCTC
GAAGCATCTGTCTCATCCAT
ATCACTGAATTTGCACCAG
TGATGTTTGCTCTAGAGGACA
TGGCGAACATATCCAGAC
CTTAAGCCTTCATGCAACAG
AGAGATGGGGTTTCATCATG
GCTAAGATCCATGGATGAGA
TCGAGGTTCTGGTCTTATCC
CAGTCATGTATCACATGGCA
TGACCTCAAGTGATCCACC
AGCCAAGATGAGCCTTTG
AGGCTGGTGGAACACAGT
AATTTGAATTCCCACCATTC
ACTTCGATTGCATCAAACAG
CAGCCACAATCTTGTTACCT
GAGATCATGCCACTGCACT
GTGCAATCTCAGCTCACTGC
AGACCATCCTGGCTAACACG
CAACACGCCTGGCTAATTTT
GCCACGATGATGAAATTGTG
CAAAATCATTCGCCTTGGAT
TCCCAAATGCCACATACTGA
GGCGACAGAGTGAGACTG
AGACGGCGTTTCACCATCTT
CTGGACATGGTGGCTCACAT
AACATGCAGAGGGAGCCAAA
AAGGAATTCTGCATGCCCCA
CATGCCCCAGATGCT
AACACTACCTCCTACATCTA
TAGATGTAGGAGGTAGTGTT
AATATTCAGCATGCACTAAGG
CTAGACAACACAGGGAGAC
ATCCTGTTGTGGTGGCTCAT
AAGTTTTAAGCCACTGCATCC
CCCCTTTGAATGACCAGTCT
TTGGGGATGAAGACATCCAT
CCTGTGGTCCCAGCTACTCT
CATGGGCAATGTTCAAGAGA
ATGGGTTCAAGCGATTGTCT

F
R
F
R
F
F
R
F
R
F
R
R
R
F
F
F
F
F
R
F
F
R
F
R
F
F
R
R
R
F
F
F
F
F
R
F
R
R
F
F
R
R
F
R
F

Table 7.1 Primers used for the sequencing of human TARDBP inside BAC clone RP11829B14.
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HA-FRT-PGK/gb2-Neo-FRT-HA Long Range PCR
Forward

ACCCTATGTTATTGCCTTTGATATTGTAAAATCCTACTGTTGCATGAA
GGCTATAGGGCTCGAGGAAGTTC

Reverse

CCATTAGTTTAATATATAAAGAAAAGCTATTGTCACCTACTTCCCTTA
AGCGCGAAGTTCCTATTCTCTAGAAAG

Table 7.2 Primers to add 50 bp homology arms to the FRT-PGK/gb2-Neo-FRT selection
cassette.

HA-FRT-PGK/gb2-Neo-FRT-HA
Name
Sequence
Forward (F) / Reverse (R)
S_5
CGTCCTGCAGTTCATTCA
F
S_8
CAGAGGCCACTTGTGTAGC
R
S_15
CTATCGCCTTCTTGACGAGT
F
S_14
TGAATGAACTGCAGGACG
R
FRT_F CGCGAAGTTCCTATTCTCTAGAAAG
R
FRT_R
CTATAGGGCTCGAGGAAGTTC
F
Table 7.3 Primers to sequence PCR product of HA-FRT-PGK/gb2-Neo-FRT selection
cassette and to sequence FRT-PGK/gb2-FRT within human TARDBP intron 3.

B6Ng01-103M13 – homology arms pMA_subclone_arms vector
Name

Sequence

Forward (F) / Reverse (R)

Tardbp_ms_21 GAGGGGGAGGGAAGTACAAG

F

Tardbp_ms_23

CATCATGATCTCCCAAATGGA

F

Tardbp_ms_24

TGGGTGAAAGTGAACTGCTG

R

Tardbp_ms_26

GGGAACCAAATCAGGCTTTT

R

Tardbp_ms_51

TAACCATGGCCAGCAATACA

F

Tardbp_ms_53

GTTTCTTTTGCCATCCCTGA

F

Tardbp_ms_54

ATCTTGTTGCGGATGGTTGT

R

Tardbp_ms_56

CAGACCTTTCCGAGGATGAG

R

Table 7.4 Primers to sequence pMA mouse homology arms from the BAC DNA.
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Name
H_12
L_40
L_REV1
S_5
S_14
Tardbp_Hu_15
Tardbp_ms_23
Tardbp_ms_24
Tardbp_ms_53
Tardbp_ms_54

pMA_TARDBP intermediate construct
Sequence
Forward (F) / Reverse (R)
CTTCATGCAACAGTAGGATT
R
TGACCTCAAGTGATCCACC
F
GAGATCATGCCACTGCACT
R
CGTCCTGCAGTTCATTCA
F
CTATCGCCTTCTTGACGAGT
R
ATCCTGTTGTGGTGGCTCAT
R
CCAAGGCGAATGATTTTGTT
R
TTGGGGATGAAGACATCCAT
F
GTTTCTTTTGCCATCCCTGA
R
ATCTTGTTGCGGATGGTTGT
F

Table 7.5 Primers used to sequence pMA_TARDBP intermediate construct.

5’/3’ Tardbp/TARDBP boundaries and selection cassette - 1st BAC
recombineering attempt
Name
FRT_F
H_11
H_25
L_2
L_4
L_22
L_40
Rev 3
S_5
S_14
Tardbp_ms_19
Tardbp_ms_21
Tardbp_ms_56
Tardbp_ms_58

Sequence
CGCGAAGTTCCTATTCTCTAGAAAG
CTGACCTCAAGTGATCCAC
TATCCAATGCCGAACCTAAG
TGATGTAACACCAAAAGGAC
CAGCACACTACTTCAAAATGC
ACCTCAAGTGATCCACCTGC
TGACCTCAAGTGATCCACC
TCAGGAGACATTCTGCCAC
CGTCCTGCAGTTCATTCA
TGAATGAACTGCAGGACG
GGCTGCAAAACAAAGACACA
GAGGGGGAGGGAAGTACAAG
CAGACCTTTCCGAGGATGAG
GTGCTTCCTCCTTGTGCTTC

Forward (F) / Reverse
R
(R)
F
F
R
R
F
F
R
F
R
R
R
F
F

Table 7.6 Primers tested to perform PCR products and sequencing of 5' and 3'
boundaries Tardbp/TARDBP and selection cassette after first attempt to humanised
mouse BAC
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PCR products and sequencing 5’/3’ Tardbp/TARDBP boundaries and selection
cassette
Name

Sequence

Forward (F) / Reverse
(R)

FRT_F

CGCGAAGTTCCTATTCTCTAGAAAG

R

H_25

TATCCAATGCCGAACCTAAG

F

L_22

ACCTCAAGTGATCCACCTGC

F

L_40

TGACCTCAAGTGATCCACC

F

Rev 3

TCAGGAGACATTCTGCCAC

R

S_5

CGTCCTGCAGTTCATTCAG

F

S_14

CTGAATGAACTGCAGGACGA

R

Tardbp_ms_19

GGCTGCAAAACAAAGACACA

R

Tardbp_ms_58

GTGCTTCCTCCTTGTGCTTC

F

Table 7.7 Primers used to perform PCR products and sequencing of 5' and 3' boundaries
Tardbp/TARDBP and selection cassette after second attempt to humanised mouse BAC.

PCR products and sequencing 5’/3’ Tardbp/TARDBP boundaries and selection
cassette
Name

Sequence

Forward (F) / Reverse (R)

EL_2

AGGAGAATGGCATGAACC

R

EL_21

CAGTTGGGGTATGATGGG

F

FRT_F

CGCGAAGTTCCTATTCTCTAGAAAG

R

FRT_R

CTATAGGGCTCGAGGAAGTTC

F

H_11

CTGACCTCAAGTGATCCAC

F

HU2

AACATACACCAGATTTCCCC

R

S_5

CGTCCTGCAGTTCATTCAG

F

S_14

CTGAATGAACTGCAGGACGA

R

SC_F

GACCAAGCGACGTCTGAGAG

R

SC_R

GAATGTGTGCGAGGCCAGAG

F

Tardbp_ms_23

CATCATGATCTCCCAAATGGA

R

Tardbp_ms_54

ATCTTGTTGCGGATGGTTGT

F

Table 7.8 Primer pairs used to perform PCR product of final humanised BAC construct
after linearisation.
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Figure 7.1 Larger view of Figure 3.8 Cryptic exons within intron 2. Exon 3 from splicing variant TARDBP-005 (empty box) and nonsense mediated
decay TARDBP-006 (brown box) are marked by the black circle (Source from ENSEMBL database).
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Figure 7.2 Larger view of Figure 3.10 TARDBP gene overview. Starting from the top: TARDBP splicing variants (main variant marked in black
with name aligned in black), regulatory activity pattern showing intense purple-blue shades in the promoter position and changing from yellow to
pink or light blue depending on the regulatory activity observed in each specific region of the gene (e.g. acetylation or methylation), pattern of
SINES, LINES and Alu regions shown in different shades of grey, multiple alignment in purple/pink showing which regions of the gene are
evolutionary conserved between 100 species and, at the bottom, a zoomed picture of the region targeted to inse rt the selection cassette with a
red circle in the exact site of insertion. A zoomed version of this figure is provided in the Appendix. Source UCSC database.
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Figure 7.3 Larger view of Figure 3.26 PacBio NGS of the insert of mouse BAC clone B6Ng01-103M13. Alignment between PacBio sequencing
reads with mouse chromosome 4 (C57BL/6J) confirmed position of the BAC clone insert within mouse chromosome 4 (empty box with black
outline on the right top of the figure). Red circle shows the approximate position of mouse Tardbp within the sequencing. Blue line is the coverage
of reads. On the bottom, a diagram of mouse chromosome 4, taken from ENSEMBL database, shows position of the region included in the BAC
clone insert within the chromosome (empty box with red outline, as reference for our results. Figure partly created with Geneious version 9.1,
Biomatters. A larger view is provided in Figure 7.3 of the Appendix.
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Figure 7.4 Alignment of PacBio sequencing reads from mouse BAC with WT B6Ng01-103m13 reference map. Blue line is the coverage of reads,
genes are blue thick lines with names, black line is intergenic DNA, genes structures are indicated by yellow box/lines. Please refer to Figure 7.6
and Figure 7.7 for more details on the potential mutations observed in the Tardbp gene.
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Figure 7.5 Larger view to Figure 3.27 Extract from alignment of PacBio sequencing reads with WT mouse BAC reference map, Gm572. Alignment
over the gene Gm572 shows a single point mutation found after analysis of the PacBio sequencing from WT mouse BAC B6Ng01-103M13. The
SNP corresponds to a substitution of a T with a C. Blue thick line on top of the yellow sequence is the Gm572 gene. Blue line on top of the gene
is the coverage of reads. In yellow is showed the gene structure with exons and introns. Bigger view is provided in Figure 7.5 Figure 7.3 of the
Appendix.
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Figure 7.6 Larger view of Figure 3.28 Extract from alignment of PacBio sequencing reads with WT mouse BAC reference map, Tardbp. Alignment
over the Tardbp gene shows 30 potential SNPs (numbered). Blue thick lines on top of the yellow sequences are the Tardbp and Masp2 genes.
Blue line on top of the genes is the coverage of reads. In yellow is showed the gene structure with exons and introns. Bigger view and more
details are provided in Figure 7.6 and Figure 7.7 of the Appendix.
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Figure 7.7 Detailed view of sequencing reads aligning with the potential 30 SNPs found in the Tardbp gene alignment. Starting from the top, the
consensus shows that alignment matches with the B6NG01-103M13 reference map (coloured sequence) apart from the bp marked by a red
circle; below there is a draw of the portion of the Tardbp gene (blue thick line with name) together with yellow boxes/lines representing a view of
the gene structure showed in each figure. All the sequences on the bottom are sequencing reads aligning with the region and nucleotides marked
in blue indicate that they do not match to the reference.
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Figure 7.8 Larger view of Figure 3.42. Alignment between PacBio sequencing reads from the humanised BAC construct and the reference map
of the humanised BAC. Figure shows a perfect alignment confirming correct humanisation of the humanised BAC construct. No major mutation,
deletions or structural variation have been found. Blue line represents the coverage of sequencing reads (consensus).
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Figure 7.9 SNPs found in TARDBP intron 2, intron 3 and intron 4 after PacBio sequencing and alignment with humanised BAC construct reference
map. All the SNPs observed have been already annotated at the beginning of this project after Sanger sequencing. Starting from the top, the
consensus shows that alignment matches with the humanised BAC construct reference map (coloured sequence) apart from one bp (red circle);
above there is the coverage of sequencing reads (blue) and below there is a draw of the portion of the Tardbp/TARDBP genes showed in each
figure (blue thick line with name). All the sequences on the bottom are sequencing reads aligning with the region and nucleotides marked in blue
indicate that they do not match with most of the sequencing reads aligning that region.
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Figure 7.10 Larger view of Figure 3.45. Humanised BAC clone B6Ng01-103M13 linearised for targeting mouse embryonic stem cells (mESCs)
and position of the homing endonuclease PI-SceI. Starting from the top, TARDBP insert with FRT-PGK/gb2-Neo-FRT inside intron 3 (human
exons in red, mouse gDNA in light blue); diagram of the BAC clone B6Ng01-103M13 insert (genes in light blue, backbone in green and PI-SceI
homing endonuclease cutting site in purple).
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7.2

Appendix 2 Final discussions

Alignment human TARDBP/mouse Tardbp 5’ UTR
CLUSTAL format alignment by MAFFT (v7.427)
human aaaccatctgctacgttacgtggggggaggtcagctcctatacagccacacttttttcaa
mouse -----atctaccgcgttacgtagggggactcggaaggccgagtggccgttctgtccttca
****.*..********.******

. ..

*.. ...***.. ** *..*. *

human tct-tcagcttttcaggcctaggtcctggttttattttagctttcagagcttctctgtag
mouse tctgtcagtttttcagacccagctgttttcattgttgcgtttctttacttttttctatac
*** ****.*******.**.** * .*

. **.** .. .*.*. .

.**.***.**

human gcttgaatttccaggaggcagcccgagtccctggggagagggtcatcgtggctctcgtcg
mouse gccgaagagcctgctagcatccgagcctctgggaggagagagcgcctgtggcttccctcg
**. .*.

.*..

**

*

*

**.

*.******.*.

..******..* ***

human gtgccttccacctctggacaggcaaccggtgggagaggacgccggtgggcggggggagga
mouse gagagcgcccctcctgca-gggaagccagtgggagaggccgaaggcgggcgagggcggga
* *

. ** *..*** * .** *.**.********** **

**.*****.*** .***

human ggcggccctagcgccattttgtgggagcgaagcggtggctgggctgcgcttgggtccgtc
mouse ggcggccctagcgccattttgtgggcacggagcggtagcgcggctgttgtcggattcctt
************************* .**.******.**

*****.

*.**.*.* *.

human gctgcttcggtgtccctgtcgggcttcccagcagcggcctagcgggaa--aagtaaaag
mouse cccgtctgtgcttcctccttgtgcttcctagcagtggcctagcggagatttaagcaaag
*.*..*

*. ***.. *.* ******.*****.**********..*

*.

****

Table 7.9 Alignment between 5’ URTs of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)
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Alignment human TARDBP/mouse Tardbp 3’ UTR
CLUSTAL format alignment by MAFFT (v7.427)
human acagtgggg--------------------ttgtggttggttggtatagaatggtgggaat
mouse gtggtggggggtggttagtaggttggttattaggttaggtagatttagaatggtggg-at
...******

**. * * *** *.* ************ **

human tcaaatttttctaaactcatggtaagtatattgtaaaatacatatgtactaagaattttc
mouse tcaaatttttctaaactcatggtaagtatattgtaaaatacatatgtactaaaa--tttt
****************************************************.*

***.

human aaaattggtttgttcagtgtggagtatattcagcagtatttttgacatttttctttagaa
mouse cagattggtttgttcagtgtggagtatattcagcagtatttttgacatttttctttagaa
*.*********************************************************
human aaa-----ggaagagctaaaggaattttataagttttgttacatgaaaggttgaaatatt
mouse aaaaagaggggaaagctaaatgaattttataagttttgttatataaagggttaaaatact
***

**.*.******* ********************.**.**.****.*****.*

human gagtggttgaaagtgaactgctgtttgcctgattggtaaaccaacacactacaattgata
mouse gagtgggtgaaagtgaactgctgtttgcctaattggtaaacca--acactacaattgatc
****** ***********************.************

**************

human tcaaaaggtttctcctgtaatattttatccctggacttgtcaagtgaattctttgcatgt
mouse tcagaaggtttct-ctgtaatattctatcattgaaattgttaa-tgaattctttgcatgt
***.********* **********.**** .**.* ****.** ****************
human tcaaaacggaaaccattgattagaactacattctttaccccttgttttaatttgaacccc
mouse tcagagtagaaaccattggttagaactacattcttttctccttattttaatttgaatccc
***.*...**********.***************** *.****.************.***
human accatatggatttttttccttaagaaaatctccttttaggagatcatggtgtcacagtgt
mouse accctatgaa-ttttttccttaggaaaatctccatttgggagatcatgatgtcatggtgt
*** ****.* ***********.********** ***.**********.*****..****
human ttggttcttttgttttgttttttaacacttgtctcccctcatacacaaaagtacaatatg
mouse ttgattcttttggttttgtttttaacacttgtcttccttcatatacgaaagtacaatatg
***.******** ***

****************.**.*****.**.*************

human aagccttcatttaatctctgcagttcatctcatttcaaatgtttatggaagaagcacttc
mouse aagccttcatttaatctctgcagttcatctcatttcaaatgtttatggaagaagcacttc
************************************************************
human attgaaagtagtgctgtaaatattctgccataggaata---ctgtctacatgctttctca
mouse attgaaagtagtgctgtaaatattctgccataggaatacttctgtctacatgctttctca
**************************************

*******************
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human ttcaagaattcgtcatcacgcatcacaggccgcgtctttgacggtgggtgtcccattttt
mouse tccaagaattcgtcatcacgctgcacaggctgcgtctttgacggtgggtgttccattttt
*.*******************

*******.********************.********

human atccgctactctttatttcatggagtcgtatcaacgctatgaacgcaaggctgtgatatg
mouse atccgctactctttatttcatggagtcgtatcaacgctatgaacgcaaggctgtgatatg
************************************************************
human gaaccagaaggctgtctgaacttttgaaaccttgtgtgggattgatggtggtgccgaggc
mouse gaaccagaaggctgtttgaacttttgaaaccttgtgtgggattgatggtggtgccgaggc
***************.********************************************
human atgaaaggctagtatgagcgagaaaaggagagagcgcgtgcagagacttggtggtgcata
mouse atgaaaggctagtatgagcgagaaaag--gagagcgcgtgcagagacttggtggtggaaa
***************************

*************************** * *

human atggatattttttaacttggcgagatgtgtctctcaatcctgtggctttggtgagagagt
mouse atggatattttttaacttggagagatgtgtcactcaatcctgtggctttggtgagagagt
******************** ********** ****************************
human gtgcagagagcaatgatagcaaataatgtacgaatgttttttgcattcaaaggacatcca
mouse gtgcagagagcaatgatagcaaataacgtacgaatgttttaca---tcaaaggacatcca
**************************.************* ..

**************

human catctgttggaagacttttaagtgagtttttgttcttagataacccacattagatgaatg
mouse catcagttggaagactttgag------ttttgttcttaggaaacccactttagttgaatg
**** ************* *.

************. ******* **** ******

human tgttaagtgaaatgatacttgtactccccctacccctttgtcaactgctgtgaatgctgt
mouse tgttaagtgaa---atacttgtacttccctc-cccctctgtcaactgctgtgaatgctgt
***********

***********.***.. *****.**********************

human atggtgtgtgttctcttctgttactgatatgtaagtgtggcaatgtgaactgaagctgat
mouse atggtgtgtgttctcctctgttactgatctggaagtgtgggaacgtgaactgaagctgat
***************.************ ** ******** **.****************
human gggctgagaacatggactgagcttgtggtgtgctttgcaggaggactt-gaagcagagtt
mouse gggctgcgaacatggactgagcttgtggtgtgctttgcaggagaacttggaagcagagtt
****** ************************************.**** ***********
human caccagtgagctcaggtgtctcaaagaagggtggaagttctaatgtctgttagctaccca
mouse caccagtgagctcaggtgtctcaaagaagggtggaagttctcatgtctgttagctattca
***************************************** **************..**
human taagaatgctgtttgctgcagttctgtgtcctgtgcttggatgc-tttttataagagttg
mouse taagaatgctgtttgctgcagttctgtgtcctgtgcttggatgcttttttataagagttg
******************************************** ***************
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human tcattgttggaaattcttaaataaaactgatttaaataatatgtgtctttgttttgcagc
mouse tcattgttggaaattcttaaataaaactgatttaaataatatgtgtctttgttttgcagc
************************************************************
human cctgaatgcaaagaattcatagcagttaattccccttttttgacccttttgagatggaac
mouse cctgaatgcaaagaattcatagcagttaattcccc-tttttgacccttttgagatggaac
*********************************** ************************
human tttcataaagtttcttggcagtagtttattttgcttcaaataaacttatttgaaaagttg
mouse tttcataaagtttcttggcagtagtttattttgcttcaaataaacttatttgaaaagttg
************************************************************
human tctcaagtcaaatggattcatcacctgtcatgcattgacacctgatacccagacttaatt
mouse tctcaagtcaaatggattcatcacctgtcatgcattgacacctgatacccagacttaatt
************************************************************
human ggtatttgttcttgcattggccaaagtgaaaattttttttt--ttcttttgaaatctagt
mouse gctatttgttcttgcattgtccaaagtgaaagtttttctttggtttgtttttaatttagt
* ***************** ***********.*****.***

**. ***

***.****

human tttgaataagtctgggtgaccgcacctaaaatggtaagcag-taccctccggctttttct
mouse ttttcttaagtctgggtgaccgcacctaaaatggtaagcagttaccctctggcttgttct
***

*********************************** *******.***** ****

human tagtgcctctgtgcatttgggtgatgttctatttacatggcctgtgtaaatctccattgg
mouse gagtgcctctgtgcatt----tgattttctatttacatg--ctgtataaatctccactgg
****************

**** *************

****.**********.***

human gaagtcatgccttctaaaaagattcttatttgggggagtgggcaaaatgttgattatttt
mouse ggaatcatgccttctaaaaatattt--------gggagagggcaaaa---gagttgattt
*.*.**************** ***.

***** ********

..**. ***

human ctaatgctttgtagcaaagcatatcaattgaaaagggaatatcagcaccttcctagtttg
mouse ctaatgctttgtagcagagcatatcaatgggaaagaaggt-taagcacctttct-gtttg
****************.*********** *.****....* * ********.** *****
human ggatttgaaaagtggaattaattgcagtagggataaagtagaagaaaccacaaattatct
mouse ggatttgaaaagtggaattaattgcaatagggatgaagtagaagaaaccaagaa--acca
**************************.*******.*************** .**

*.*

human tgtgcctgaaatccattaagaggcc----tgatagctttaagaat---tagggtgggttg
mouse tgtgcctgaaatacattaagaagcctgattgatagctttaagaactagtagggtgggttg
************ ********.***

***************.

************

human tct---gtctggaagtgttaagtggaatgggc-tttgtcctccaggaggtgggggaatgt
mouse tcttacctgtggcagtcttaagtgaggtaggcttttgccctcctgaatgtggggg----***

* *** *** *******...*.*** ****.***** *.* *******
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human ggtaacattgaatacagttgaataaaatcgcttacaaaactcacactctcacaatgcatt
mouse -------ttatgtagtgatgaatatgctcacaaaatcagattagactgt--caatgcatt
**. .**

* ****** . **.*

*

*. *.* *** *

*********

human gttaagtatgtaaaagcaataacattgattctctgttgtactttt-ttgtaactaattct
mouse gtta---atgtaaaagcaataatac--attgattattgtacttttcctgtaactactgag
****

***************.*.

***

.*.********** .******** *

human gtgagagttgagctcattttctagttggaagaatgtgatatttgttgtgttggtag-ttt
mouse accggag--gcgctccttttctaactggaagaatgggacagtttttgtgttggtagtttt
.. .***

* **** *******..********** **.* ** ************ ***

human acctaatgcccttacctaattagattatgataaataggtttgtcattttgcaagttacamouse tcctaatgcccttacctaaatagattatgataaataggtttgtcattttgcaagttgcgt
****************** ************************************.*.
human ----taaacatttatcaatgaagtcatccttt--agacttgtaatcgccacattgtttca
mouse gttttaaaattttat----------atccgttagagacttgttatgaacacattgtttca
****

*****

**** **

******** ** . ************

human ttattcagtttcctctgtaaagggatcttgagttgttttaattttttttttctgcatctg
mouse ttatacagtatcctctgtaaaaggatcgtgagttattgtaagtttttttctctgcatcta
**** **** ***********.***** ******.** *** *******.*********.
human aatctgcatgatttccaaaccctgtaccatctgaattttgcattttagcac---ttgcac
mouse accctgcatgatttccaaaccctgtg-catctgaattttgcattttagcactgtttgcac
* .**********************. ************************

******

human tattactcagcagcagtaacatggtaacacttaaaatggtactcggggacctccaaagac
mouse tgttactcagcagcagtaacatggtaaca-ttaaaatggttttcggggacctccaaagac
*.*************************** ********** .******************
human taaactgacaagccttcaaggagcccaggggtaagttaacttgtcaacggcatgg-ttta
mouse gg--------------ccaggagtcctggggtaagtt-acttgtcaatggcatggttttg
* *****.** ********** *********.******* ***.
human atcccttctttacacttgtgtaaatttcagttactggtcatagaaggctttcaatgttga
mouse atcccttttttacacttgttaaag----acttactggtcatagaagtctttcagtgttga
*******.***********

**.

* **************** ******.******

human gtggccttttattaacatgtttatggtactgcatagatacgggtatttattttaccctaa
mouse tcagcctt---ttaacatgtttatgg-atgacatagctgtagttagttacttgccgtaaa
..*****

*************** *. .***** *...* ** ***.**

* . **

human gaagattttgaagtttaaaagtacttaaactatttggcaaagatttgtttttaaaaatct
mouse tgaggttttagaa-----------ataaactacttggcaaagatttggttttgaaagtct
.**.****..*.

*******.************** ****.***.***
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human atttggtcaatctaaatgcattcattct--------------aaaaaattttttgaac-mouse ggtc-----atcaaaacgcgttcattccttagaaataatgaagaacaactctttgaacca
. *.

*** ***.**.*******.

.** **.*.*******

human cagataaataaaatttttttttgacacc-acagtttagtgtctggagtcttactggaaaa
mouse cagttgaataaaaggttttcttgccaccaacagtttagtgtctggagtcttactggaaga
*** *.*******

****.*** **** *****************************.*

human acacgatttctttttatatgtgatatacagatgctggaaagtta---------------mouse aaaaaaaattctatatcatg------acaatgctagaaaagttaaggtgacttatgtggg
* * .*

*..* *

.***

***.

. *.*******

human ----------------------cctttaaaaattgagtctctaaagaaa--------mouse aagatgcaatatagcattttcatcctttaaaatttgagtctccaggtgggtgtggtggcc
********* *********.*.. ...
human -----------------------------------------------------------mouse catgcttttaatcccagaattggtgtaaatgagttgtaggccagctatttccccatcttg

human ----------------------aaagaaaataataaaaattgagtct------------mouse aggcaccctgtcttgccttgttggaagagccagttaaaatcaaacatgacctttaaggtc
..*..*. .*.* *****..*.. *
human ----------------------------------------------------------ca
mouse agcatcttagcagaagagcagtttatttcaggataacttactgtttttgatacataagca
**
human agaagttgtacttcata--------------------------------tgcacaagaga
mouse aatgactgtaccttgtacagttacggttgacttccctgagcccaacgctcacctaagaaa
*. ...*****.*..**

..* .****.*

human aatgag--------gccaagactcacagtaagcttttacatggaatggt----------mouse agtgggctgggtatagtgaaacacctgttaaggtttt---tggaatgatttgctaaattg
*.**.*

. ..*.** * .. **** ****

*******.*

human -----------------------------------------------------------mouse cccttgtaaagggtaaaatgctgtttcgtgttctttttatctgacaatttggtgaatctg

human ----------------------------------aacttttagttagactga-------mouse gtagaacatgcctatatcccaatattctggaatggacttggtgttaatttaatagctgat
.****

****. .*.*

Human -----------------------------------------------------------mouse ctaatgtgaaggtcacacacctgctttccgcttaccttccaaaaggtattctggaaccac
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human -----------------------------------------------aaaacttgaatgt
mouse tcagaagttactcagaaagtaagagcactttctgagctcattaagaccaaatctacacac
***..*. *...
human tagctattaaaacctttt----------aggaaggaatagccagctaaaaccaaatgagmouse tagacacaacaagccctttgttggccagaaatggaaacagccagtataaaataagtagat
*** .*. * ** *..**

*.. .*.**.******.

*** .**.*...

human ---------------------------------------------------atttttaaa
mouse tgtagggaatcaaatacaacttgttttttctgtgttgggggttggccaagcactgttaaa
*.* *****
human gttaaatcagcacttaagttg--------------------------------------mouse cacaaatcaaagctgatattggcaagtgtttggacctgtaacaatctcacctgctctgat
.******. .** * .***
human -----------------------------------------------------------mouse tttggggtaggctgtcattcttaggtttgttactaagcttcccaggtacttggcgatatg

human ------------------------------------------tgtccttagt-------mouse aggaacaatgattggacgatgcaaattagaaattacttattatgttctcaatccagggaa
***.**.*.*
human -----------------------------------------------------aggaaaa
mouse tatagttgatgacttttgtgtagaccccatactggtctgccgccccacaattaatggaac
* *.**
human agtaggaagtta-----------------------------------------------mouse cccaggaaactattcctcccacaaaccatcgctgtgtctcattatctagaaacactaatg
.*****..**
Human ----------------------------------actactccgtaatccaagagataatg
mouse cccccccactgtcacctctgcagctgtccttgccaccagtctctaagccagcacagagca
**.* **. *** ***. * * *...
human tgt--------------------------------------------------------mouse tgttagcgcttactcttactcctggatagagcttttcatacacggcggtacatttttggt
***
human -----------------------------------------------------------mouse ggtcagcaattggtatgtccacaaacattaggtttctagcaagaagccccttctgggtta

human ---------------------------------------------------------mouse acccccagccagccacagttccagtgaagtctgttctcattaaggatgcagcttcttttc
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human ----------aacagtaagaatgattttg------------ttgttgttgagtatgagca
mouse gcggtaggcaaacaggcatgatgcttccgttgattgtgactttgttcttgagtttaatca
*****

* .*** **..*

***** ****** *.* **

human aagtagc-------------------ccctaagtg---------tgtattagggtt---mouse atgctatatcattgtcaaaaccagcaccgtgagtgtagccttcatgtataaagatttcct
* *. ..

** *.****

***** *.*.**

Human ----ctgtacttaactgttgtgtgatgtgtgctt-------------------------mouse cgggccaggcttgagtgtaatgaggtgagagccttttgaggatgcccattcggatgttca
*.. .***.* *** .** *.** * **.*
human --------------------------------------------------------ttgt
mouse gggaggacgctgccattcttttctcatatacagcatgagcggctgttaggacccaattgt
****
human taggcatcactgtgcc-------------------------------------------mouse catgtataagtgcacctgctgctgctgtagtttgacccagcaacaagacttgccaaggaa
.* *.** * **..**
human -----------------------------------------------------------mouse agtcaccaggctttgcaggctgccctccaactatgcgtcctcctatagtgtgtgtggaca

human ------------------------caagtattt---------------------catgtt
mouse gcccacaaactgagggataaaaaacaagtatttaatgccctacaaattgataggcatcct
*********

*** .*

human cattgtaaagaggaaaaatacagatttctctataatgtcaccacttatttctaa-----mouse ccctgttgagtgaggctatttaagtttttgtttagcctgctcacctccttgtaaagatca
* .*** .** *...

** .*..***.* * **.. *

.***.* .** ***

human -----------------------------------------------------------mouse gtaagagatctcagagattgttttgctgaaagagaacagcatgagggagtctggacagga
human -----------------------------------------------------------mouse cttgtgtgcaggaggacatgacactacttagaggccaaagacaaccccctcaccacaccc
human -----tgccacttttcatcttgt--------------------ggaaa-----------mouse tgagctgcttgtttttctctttttgggctctctgggaattctgggaaagcaggaactatg
***.

****. **** *

*****

human --------------tgccatgttttgattcagtcttctgaatttgaacatt--------mouse atttacaaagtttctgttgtctttaaatgtaagactctaaattacaatgttgcagcaata
**...* *** .** .*.

.***.****

**..**
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Human ---------------attca------ggttatttccaattgctgg--------gaatatc
mouse gccaaagtgcttctggttcaaaaattggtaattttggtctggtggagccctccaaacact
.****

*** ****. . .** ***

.**.*..

human cttactgct--------------------------------------------------mouse tttaccgttctttgcaaactgagggctcaggaatgcaacacatgttctttattgtggttg
.****.*.*
human -----------------------------------------------------------mouse tgcactttgattaaaacttggaagccgcatgtcagccaaatacaaggctagaaaactaat
human -----------------------------------------------------------mouse ttaaaccagctaacacgggggtaatgagtgtattattacctttcaattaaaaaaaaagca

human -----------------------------------------------------------mouse ctctcaactgttgttggagccaattctggtaaagaaatttaagtactattaaaaggcaaa

human ---------------------------------aaaataaattcttag-----cattgga
mouse ttgcattaatgtttaaaaatcttgatgtcgttgaaaacaattgcttagggaaataatgaa
****.** * *****

.* **.*

human attgctaggtcaaagattatgcatgcttttt------------------aagggcttttg
mouse gttattagctttggggtttaatagcatttttacagagaagaaaagtaacaagagttcttg
.**..*** *. ..*.**

..*

*****

***.*.*.***

human -----aaatgtattgccagtctg------------------------------------mouse gttataaatgtataaacggtttgagataatttaagaaatcatttaattttttatgcttgc
******** . *.**.**
human -----------------------------------------------------------mouse ctagttataaggtcaaaaacaatcaagtgcatgatgcacctagcttccgtgtggaagggg

human ---------------------------------------------------tggcctgcc
mouse aaatgtgagcacactgttgggaaacactaagctccagcctcagccaagtgctgagctttc
**. ** .*
human accctccctgaacatgcctggtct-----------------------------------mouse tgcctccccagccagaccctgcctattgtctgccagctactctgtcagctatgaatctct
******... ** .**. *.**
human ----tgcttaaaatgtattgccaa----atagtccttgggaagtttatgtt--------mouse tttataaatggcgtccattaccaggctcacaaaccggggggagtttttctcctttggagc
*.

*.. .* .***.***.

*.*. **

***.***** * *.
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Human ------------------------------------------gtctttaacaatgtgaaa
mouse tcgtccagaatccatcagcctcacacacatatttacctgcaagtcattggaaaagcaaaa
*** **.. ** *..***
human tagtactactattcacgttcctt--ttgtctgacaatttgataa---------------mouse atgtttagctgtagttgtcatttgcttgaataaccccttgaaaaatgttgattcttgagc
** . .**.*

.**. .**

***

*.**

.**** **

human ---------------------gtgaataattgtatcccaccattctgta----------mouse atctgtggtggggagaggtgtgtgaataaccattttacatgatttcataaataggtgtct
********...* *. **. ***...**
human --------gtattggtttttaacatggaaatttt-------------------------mouse gcattaccatgtttgcttgcaaagtggaaaccttttagatgtgtaacttgaatatgtatc
.*.** *.** .** .******..**
human ---------------------------------------agtcaa--------------mouse aagatctcaagtgcttaatgataaggttttgacttgttaaattaaaccatttggaatata
*.*.**
human ---ta
mouse ttgtg
*.

Table 7.10 Alignment between 3’ URTs of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)
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Figure 7.11 Alignment between intron 1 of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)

266

267

268

269

Figure 7.12 Alignment between intron 2 of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)

270

271

Figure 7.13 Alignment between intron 3 of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)

272

273

Figure 7.14 Alignment between intron 4 of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)

274

275

Figure 7.15 Alignment between intron 5 of human TARDBP and mouse Tardbp. Stars
represent areas of homology while dots indicate different base pairs between mouse and
human. Dash show where there is no sequence to align. Alignment performed using
MAFFT online tool (v. 7.427)
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