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Abstract

Rett syndroméRTT) is a rare paediatric disorder of females that leads to lifelong cognitive,
motor, and respiratory impairmenin the vast majority of cases the disorder is causedkby
novomutations in the Xinked geneMECP2 There are currently no treatments, but genetic
studies in mice have shown that the disease is reversible, even after the onset of symptoms.
Since there remainsfandamental lack of knowledge about the downstream pathways
involved in gene function, cumétherapeutic efforts are focused on targeting the disease at
the gene level, mainly using viral based deliverivetp2gene productfkecent work in

mouse models has shown that exogenous deliverydtietype WT) copy of theMecp2

gene can lead togmificant improvements in RTlike symptoms, but significant challenges
remain, both in the delivery of gene constructs to target cells, and in maintaining gene

transcriptionwithin physiological tolerance.

The work in this thesis explores an alternathverapeutic approach, using newly developed
genome editing technologyhere were two major aims of this thesis. The first aim was to
examine the role of the peripheral tissues in the development of the RTT phenotype. In order
to develop correctly targetederapies it is crucial to know what tissues are most relevant to
disease development. It has been widely assumed that the major RTT symptoms can be
explained solely by an absence of MeCP2 from cells iméneous systenHowever, this

was based on moustudies in which only a few gross aspects of the disorder were examined.
In this thesisa newly created peripherahock-out (KO) mouse modeln whichMecp2
transcriptionis silenced irperipheral tissues but selectively reactivatethe cells of the

nervous system, was comprehensively phenotyped in order to determine the role of peripheral
MeCP2 in RTT. The second major aim of this thesistoakevelop a novel strategy for
Mecp2mutation repair, using recently developed genome editing tools. Baslkd msults

from the peripheral KO phenotyping, this strategy was designed to overcome the particular
challenges associated with genome editing imdreous systepand involved the insertion

of a therapeutic construct directly into a rasding region bthe Mecp2gene using TALEN

and CRISPR. This construct was designed to splice to upskieaplexons in order to

replace downstream mutated exons in the final mMRNA transcript.

To generate the peripheral KO model (stog), mice in whiclMecp2transcrption was
globally silenced by a crexcisable stop cassette (stppwere crossed with a nestime

mouse line to selectively reactivate gérascriptionin the nervous system. Southern blot



analysis of tissues showed reactivation in a large numbelsf(81.9%) in whole brain
samples. Reactivation was particularly high in the cerebellum which showed 96.4%
efficiency. Robust silencing was shown in peripheral tissues with only very small levels of
reactivation in liver (0.9%), spleen (0.5%), skeletalsgie (1.2%) and heart (7.4%). Higher
levels were seen in lung (14.3%) and kidney (24.4%) tissue. Peripheral KO mice did not
show the early death phenotype seen in global KO mice and showed only very subtle RTT
symptoms when examined using a wedtablisied RTT scoring system. These mice also did
not display any of the gait, balance, or respiratory dysfunction typical of RTT mouse models.
However, peripheral KO mice did show a reduction in activity levels and exercise capacity
across a number of tests.the operfield, spontaneous activity levels were significantly
reduced compared with WT (total distance move&&b23cm = 215SEMvs 4242cm + 167

in WT), on the accelerating rotat, latency to fall was significantly reduced (168 14.9 vs
243.5s +11.5 in WT) and on an inclined accelerating treadmill, the time lasted before
exhaustion was markedly reduced (8in + 1.6 vs 16.5nin+ 1.3 in WT). In addition,
peripheral KO mice also displayed the biomechanical abnormalities of bone seen in global
KO mice, including reduced cortical stiffness and hardness.

The genome editing mutation repair strategy developed in this thesis required@diman

target region free of repetitive sequence to be identified upstream of exons 3 and 4, where
most of the disa&se causing mutations occur. A suita®08bp region of unique sequence

was identified 1.6 0.7kb upstream of the beginning of exon 3. To design TALEN pairs
targeting this region, the Cornell University TALEN design tool was used to identify 100s of
possible TALEN pairs, which were tinefiltered based on best praei€ALEN design and

for the presence of unique restriction sites at the break site. Four pairs remained after filtering
and these were assembled using a two stage cloning process base@adeheGate

method. The efficiency of each pair was assessed using a restriction digest based assay and an
online tool (TIDE) which relied on the decomposition of Sanger sequencing traces. The
results showed a range of cutting efficiencies from 2.1% & CEALEN # 63) to 42.9% of

cells (TALEN # 333). A CRISPR design tool was used to generate CRISPR guide target
sequences. The four guides with the lowest predictethagét effects were selected,

synthesised as complementary oligonucleotides, and clgrstteam of a guide RNA

scaffold in a CRISPR guide expression plasmid. Cutting efficiency was assessed using TIDE,

and the results again showed a range of efficiencies from 60.4% (B52) to 22% (A65).



To assess if the best performing TALEN and CRISRR9 onstructs could successfully

target exogenous DNA into intron 2 of thkecp2gene, a repair construct was designed. This
contained WT sequence for exons 3 and Mletp2in a minigene format as well as

appropriate splice elements and an mCherry fluoresagrior easy detection. The repair
construct was synthesised and cloned into a mammalian expression plasmid, with flanking
regions, containing either TALEN or CRISPR target sites, inserted at either end of the
construct. For unknown reasons the repaistioict was toxic to bacterial cells when flanked

by the CRISPR target sites and this version could therefore not be used for transfection
experiments. The TALEN repair construct was transfected into cells along with TALEN pair
# 333 and successful Ergion was assessed using a P&ded assay. Results showed that

the repair construct was successfully inserted inteaoaling genomic DNA in the correct
location, and that a mutant version of the TALEN construct, designed to increase specificity,
led to an igrease in the levels of insertion in the correct orientation. To assess if this led to
the production of corrected protein, cells were examined for mCpeastgin expression

using flow cytometry. Results showed that there was no significant increasénarmpC
expression in transfected cells, suggesting the repair construct did not successfully splice to

upstreanMecp2exons

In summary, the results from this thesis show that RTT is primarily a disorder of the nervous
system, and that this should thereftwe the main target of new therapies. However, they also
show that an absence of MeCP2 from the peripheral tissues leads to a markedly reduced
exercise capacity, and is also likely to be the primary cause for the bone dysfunction seen in
RTT patients andhouse models. In this thesis, a novel therapeutic strategy for RTT was
developed using genome editing tools. A number of TALEN and CRISPR constructs were
designed that could successfully target specificeuming regions of thecp2gene, and

were showrto enable the insertion of an exogenous DNA repair construct into the genome.
However, further flow cytometry analysis showed that this did not lead to the expected
protein repair suggesting further work is required on the design of the repair construct to
enable splicing to endogenoMigcp2exons. Overall, the results show that genome editing

has a potential role in the treatment of genetic disorders like RTT, but that further work is

required to enable successful repair of disease causing mutations.
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Chapiler

General introduction

1.1 Overview

RettsyndromgRTT) is a rare paediatric disorder of females that leads to lifelong cognitive,
motor, and respiratory impairmefiiagberg, 2002; Neul et al., 2010) most casethe

disorder is caused l@e novamutations in the Xinked geneMECP2(Amir et al., 1999)

There are currdly no treatmentsbut genetic studies in mice have shown that the disease is
reversible, even after tlenset of symptom&uy et al., 2007; Robinson et al., 201lpre
recent work has shown that exogenous delivery of a WT copy ME@P2 genean lead to
significant improvements in RFlike symptomgGadalla et al., 2012; Garg et al., 2013t
significant challenges remaiboth in the delivery of gene construttdarget cellsand in
maintaining genéranscriptionwithin physiological tolerance. The work in this thesis
exploresan alternative therapeutic approach, using newly developed genome editing
technology such as CRISPR and TALH#Ist, a newly created muse model is used to
investigate the organs crucial to the development of the RTT phenotype. This information is
then used to develop a novel strategy for mutation repair, involving the insertion of a

therapeutic construct directly into a rooding regio of theMECP2gene.

1.2 Clinical manifestations of RTT

RTT is a relatively rare disorder, occurring in approximately 1 in 10,000 female live births
(Neul et al., 2010)Thesyndromsdfirst manifests as a developmental stagnation after 7 to 18
months, with a failure to meet social and motor milestones, as well as marked microcephaly
and growth delayHagberg et al., 1983; Hagberg, 200Phis is followed by a rapid

regression, with a loss of any previously acquired motor and communication skills, and the
replacement of purposeful hand movements with stereotypical behaviour such as clasping
(Neul et al., 2010)In addition, there is the appearance of apraxia and an ataxic gait
(Engerstrom, 1992)This regression is followed by a partial recovery and stationary phase
which can last from years to decadesagberg, 2002)During this phase some locomotor

ability is usually retiined and communication skills are partially restored. Seizures are

common during this period, but decrease in severity after 20 years (Btaffenburg eal.,
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2001) Finally, there is a late motor deterioration phase, characterised by a cessation of
ambulation, necessitating complete reliance on the use of a wheéthglirerg, 2002; Roze
et al., 2007)

A recent study has shown that 70% of patients survive to at least 45 years of age, suggesting
that survival into adulthood is commg@harquinio et al., 2015)0f the patients who had died,

the leading causef death was cardiorespiratory failure, often due to lung infections. Other
risk factors included low bodyweight and seizures. Autonomic dysfunction is common in
RTT, including respiratory and gastiatestinaldysfunction. Daytime breathing is

characteried by episodic hyperventilation, bredtblding and apnoeddulu et al., 2001)

which does not occur during sle@plaze et al., 1987; Marcus et al., 1994hile several

reports also escribe various digestive issues including swallowing dysfunction and Gl
dysmotility (Hagberg, 2002; Isaacs et al., 2003; Baikialet2014) A majority of RTT

patients also display a number of skeletal abnormalities including spinal deformities such as
scoliosis, which may require surgical correct{@olvin et al., 2003; Kerr et al., 2003)pther
abnormalities include hip deformations, easlyset osteoporosis, and a propensity to-low
impact fracturegGuidera et al., 1991; Zysman et al., 2006; Downs et al., 2008; Roende et al.,
2011) Over 80% of patients have sleep problems, including teeth grindingstimght

screaming and laughter, andytime nappingYounget al., 2007; Wong et al., 2015)

Studies also show a decrease in the proportion of sleept in the rapid eye movement stage
(Glaze et al., 1987ps well as an increase in slempset latency and the number of

awakenings per niglfMcArthur and Budden, 1998The communication impairments
associated with RTT make the assessment of recurrent and chronic pain in RTT difficult. A
recent study showed that a majority of patients experienced pain in theugreseek that

was both intense and lotasting(Barney et al., 2015)'he most common source was
gastrointestinal pain, followed by musculoskeletadl seizure related pain. In addition to

typical RTT, there are a number of recognised atypical forms in which some of the features

associated with the disease are either attenuated or more pron(Necket al., 2010)

1.3MECP2and RTT

Since RTT appeared to occur exclusively in females, it was hypothesised that the disorder
must be Xlinked dominant in origirfHagberg et al., 1983Yhis was confirmed in 1999,

when candidate region sequencimikéd RTT to mutations in the ghromosome gene
MECP2(Amir et al., 1999) Since then it has been shown thagr®5% of typical RTT
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patients hav&ECP2mutations(Neul et al., 2008)In the vast majority of cases these
mutations arele novo(Girard et al., 2001yvith agreater proportion occurring in the

germline of the fathefWan et al., 1999; Trappe et al., 2004% only female offspring

inherit the male copy of the éhromosome this partially explains the strong female bias for
the disorder. Rare cases of familial inher@acan occur due to skewing ofciromosome
inactivation in the mothdVillard et al., 2000; Hoffbuhr et al., 20Q3h these instances the
mutant allele is eferentially silenced during Xhromosome inactivation, leading to an
asymptomatic carrier mother capable of passing the mutation on to offspring. This is
responsible for the rare familial cases in which males inherit the mutant(&iléded et al.,
2000; Zeev et al., 2002pince mbes only have one copy of theckromosome, this leads to
extremely severe dysfunction due to a complete lack of functional protein in these patients.
Most cases present with infantile encephalopathy and patients die within two years of birth
(Villard etal., 2000; Trappe et al., 2001; Zeev et al., 2002; Moretti and Zoghbi,.2006)

The presence of aMECP2gene duplication in males presenting with intellectual disability
(Van Esch et al., 2005uggested that ovexpression of the gene alsadis to dysfunction.

Now known asMECP2duplicationsyndromethis leads to a spectrum of clinical features
including intellectual disability, autistic like communication impairment, recurrent infections,
gait problems, and seizur@géan Esch et al., 2005; Lugtenberg et al., 2009; Ramocki et al.,
2009) Again the disorder is more severe in males, who inherit the duplication from a carrier
mother(Van Esch et al., 2005)Vhile femaleswith highly skewed Xthromosome

inactivation of the mutant allele can be asymptomatic, those with lower skewing can present
with a range of psychiatric conditions including anxiety, depression, and compulsions
(Ramocki et al., 2009)

1.4AMECP2 structure and DNA binding

MeCP2is an abundant nuclear protein, first discovered through its binding affinity for DNA
at methylated cytosines in CpG dinucleotileswis etal., 1992) It is concentrated in
pericentromeric heterochromatin which contains a particularly high density of methylated
cytosines. It is a member of a familyraiclear proteins, all of which contain a met@pG
binding domain (MBD)YHendrich and Bird, 1998MECP2is expressed widely throughout
the body, with particularly high levels seen in the nervous syt@&ahbazian et al., 2002b;
Zhou et al., 2006; Song et al., 201%he gene contains four exons and has two common

splice variantsivieCP2 el andMeCP2 e2, which encode proteins that difGely at their N
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termini (Kriaucionis and Bird, 2004; Mnatzakanian et al., 200MCP2 el has a

translational starsitein exon 1 and excludes exon 2 from the final protein, WABEP2 e2
uses a start site within exonMeCP2 el is thought to be the most abant formin the

brain, where it accounts for over 90% of tavCP2(Kriaucionis and Bird, 2004;
Mnatzakanian et al., 2004; Dragich et al., 200 RHe importance of theleCP2 el isoform is
highlighted by the fact that wieilmutations in exon 1 have been discovered in RTT patients

no such mutations have been seen for ex(Wriatzakanian et al., 2004)

MeCP2containsa number of domains crucial for the function of the prot€igure 1.1). An
85 amino acid methyCpG binding domain (MBD) mediates bindingMéCP2to

methylated CpG&\an et al., 1993and is responsible for the asso@ativith highly
methylated heterochromat{Nan et al., 1996)The importance of the MBD for DNA binding
is made clear by the large scale redistribution of MeCP2 that occurs when the MBD is
mutatedBaubec et al., 2013As well as the known association with methylated CpG
dinucleotides, recent evidence suggests that Me¥e2binds with high affinityvith
methylated CpAChen et al., 2015; Gabel et,&015) Interestingly,CpA methylation is
commonin neuons(Lister et al., 2013; Guo et al., 201ah)d levels begin to rise at a similar
time-point as MeCP2 levelShahbazian et al., 2002b; Skene et al., 2080)ne evidence
indicates thathe MBD alsointeracts with Ehydroxymethylcytosine @@mC) containing DNA
in vitro (Mellén et al., 2012; Spruijt et al., 2013&)thoughother studies show that this is only
true for CpA methylated DNA but not CpGabel et al., 2015)

TRD
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Figure 1.17 MeCP2 functional domains

Diagram outlining the main functional regions of MECP2protein, including the methyl
CpG domain (MBD), three A‘hooks (HXIH3), transcriptional repression domain (TRD), and
the NCoRSMRT interaction domain (NID). Highlighted in red below the domains are RTT
causing missense mutations whichatipcluster in theviBD and NID (adapted fronfLyst

and Bird, 2015)

The protein also contains a 104 amino acid transcriptional repressor ddiR&ihthat
interacts with anumber of histone deacytelas¢JAC) containing cerepressor complexes
such as mSin3@an et al., 1998and NCoR/SMRTLyst et al., 2013)as well as
transcription factor YBXForlani et al., 2010)The association with NCoR/SMRT appears to



21

be partialarly crucial for MeCP2 mediated repression, and mutations in the TRD region that
interacts with this coepressor complex lead to a severe phenotype in mice, although it is

milder in human patienfd.yst et al., 2013)

Seveal recent studies have suggestieat not all DNA binding is mediated by the MBD,

with a number of regions outside the MBD capable of independently binding(BNésh et

al., 2010b) Several DNAbinding AT-hook motifs, have been discovered in the gene,

including a conswed AT-Hook 2 domain in the TRD that can bind DNA and influence the
structure of surrounding chromatBaker et al., 2013Mutations in this region strongly

influence the onset and symptom severity in male patients, and in mice leads to a reduction in
the binding of MeCP2 to DNA and a rapid onset phenotype and early death, similar to that
seen inMecp2null mice. More recently, missense mutations inlAdok domain 1 have been

associated with intellectual disability in ma[@sanciardi et al., 2015)

1.5MeCP2function

1.5.1 Repressor of methylated DNA

MeCP2was first characterised in 1992 by Bird and colleagues, and was described as a DNA
binding protein with an affinity for DNA containing meth@pG dinculeotide¢Lewis et al.,

1992) This affinity suggested thdtdeCP2may have a role as a repressor of gene

transcription due to the known link between methylation and gene sileriBing, 2002)

Later experiments in HelLa cell extrachowed thatleCP2 both in its native form and a
recombinant version, specifically caused transcriptional repression of genes with methylated
promoters but not of those with nomethylated promoterdNan et al., 1997)in addition, the
actual level of regession was found to be relatiedthe density of methylatiomhese

findings were confirmedn vivoin Drosophila with MeCP2causing transcriptional

repression of genes with densely methylated prom¢{ierdo, 1998) A series of deletion

mutants showed that this repressiaas dependent on the MBD of the protein. A possible
mechanism for repression was soon identified with the discovery of a transcriptional
repression domain (TRD) in the protein which interacted with a corepressor complex
composed of mSin3A, a transcriptibmepressor, and histone deacetylases (HD@GHes et

al., 1998; Nan et al., 1998DACs are commonly found in corepressor complexes and cause
compaction of chromatin structure leaglito gene silencin¢Delcuve et al., 2012)The

importance of HDACs foMeCP2mediated silencing was highlighted by the absence of



22

repression in the presence of HDAC inhibitors such as triatieA (Jones et al., 1998; Nan

et al., 1998)Another study showed that when drugs were used to remove methylation from
DNA it led to release dfleCP2 acetylation ohistones in th@romoter regions and a
reactivation of repressed ger(&$-Osta et al., 2002)T'he results from all of these studies
suggested a model wherellpeCP2could link the methylation state of a gene with control of
genetranscription through its interactions with corepressor complexes. Sinceathember

of other binding partners have been identified, including a number of corepressors like cSki
(Kokura et al., 2001and NCoR/SMRT(Lyst et al., 2013)The NCoR/SMRT ceaepressor
complex appears to have a particularly crucial role, and a recent study suggiess th
responsible foMeCP2mediated repressidibyst et al., 2013)Its importance is supported by
the fact that a number of RTdausing missense mutations in human patients are located in
the NCoR/SMRT binding region. When ookthe most common of these mutatiorassw
modelled inmice the micedeveloped a severe Rilike phenotype similar to KO models

(Guy et al., 2001; Lyst et al., 2013JeCP2also has a role in the control of mobile genetic
elements such as the retrowiliie L1 retrotransposons. In mice, transcriptend
retrotransposition of these L1 elements are increaskl@ap2KO mice(Muotri et al., 2010;
Skene et aJ.2010)Me CP2 binds to the methyl ated 5086UTR
relieved when methylation is removéddhis is also seen in neuronal progenitor cells derived
from RTT patient tissu@Muotri et al., 2010suggesting a crucial role fdfeCP2in the

control of mobile genetic elements and the maintenance of genome integrity.

1.5.2 Repressor or activator?

Since a number of studies pointedMeCP2as a mediator of gene silencing, itsa@aturally
assumed that absence of the protein would lead to large increasemiRNiAelevelsof its

target genes. However, initial gene expression studies failed to show any significant changes,
even in the most symptomatic of mideudor et al., 2002)Over the next few years, some

studies did show expression changes in a small number of genes, such as those involved in
the glucocadticoid stress respongBluber et al., 2005)r in genes coding faubunits of a
mitochondrial respiratory compldKriaucionis et al., 2006)ut these relatively minor

chmges coul dndt e x pdaagingphenbtype sean in&KTTepatiantsdThewi d e
picture became more complex when a number of {acgée gene expression studies

suggested thatontrary to previous evidendgleCP2had a role as a transcriptional aator

as well as of a repress@hahrour et al., 2008; Bebhachar et al., 2009)Ysing microarrays

gene expressioevels were examined Mecp2KO and overexpression models, focusing on
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either the hypothalamy&hahrour et al., 200®) cerebellunm{BenShachar et al., 2009)
Expression changes were seen in a large number of genes, although the amount of change
was relatively subtle. Surprisingly however, the results showed that over 80% of affected
genes appeared to be activated ratihan repressed dyeCP2 Further suppoffor thiscame
from the fact that ChIP analysis showddCP2was bound to several of the activated genes
and interacted with CREB, a wadhown activator of transcriptiofChahrour et al., 2008)

The role ofMeCP2as an activator dfanscriptionwas al® supported by a study examining
gene expression changes in an isogenic human embryonic stem cell model(af BITAl.,
2013b) In contrast to previous expression studies, results were normalised to cell number
rather than total RNA to account for global shiftéramscription levels that could be

masking the effects dfleCP2loss. Using this approach, a large scale reduction in
transcription and protein synthesis was observed in cells obtained from RTT patients,
suggesting that the primary roleECP2is as aractivator of transcription. However, it is

not clear from this study whether this a primary consequen@gke6P2loss or secondary to

the loss of cell health that results fréneCP2dysfunction.

1.5.3 Control of longgene expression

The brain is composed a large number of neuronal subtypes as well as large amounts of

glia, which have been shown to express low leveM@&tP2(Ballas et al., 2009)t is

perhaps therefore not surprising that large scale changes in gene expression were not detected
in initial whole-brain studies. A more recent study overcame this issue by analysing
expression changes in selectedroeal subtypes(Sugino et al., 2014)n this case, large

changes in gene expression were observed in KO mice. Interestingly, genesvetac
upregulated in the KO mice were strongly biased towards being long genes whereas this was
not the case for those that were downregulated. This was supported by another study which
also found an upregulation of long genes in the neurons of KO nuica @&tiprocal down
regulation in overexpression modé&abel et al., 2015)Jsing tissuespecific expression

analysis they also show that long genes are particularly associated with neuronal functions
and are disproportionately expressed in brains compared to other tissues. An exciting finding
in this study was that this repressis achieved by binding to methylated CA (mCA) sites, a
type of methylation that accumulates during synaptogenesis and is the most dominant form of
methylation in neuron@.ister et al., 2013)perhaps helping to explain the tiroeurse of

RTT development. The density of these sites increases as the gene length increases, thus
explaining the specific repression of these géGeadel et al., 2(). In contrast to the strong
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affinity binding for methylated CA sites, MeCP2 shows weak affinity for hydroxymethylated
CG (hmCQG) sites, the frequency of which increases significantly in neurons at the same time
as that of mCA. hmCG is particularly asgied with active genddellén et al., 2012; Lister

et al., 2013puggesting a model whereby geranscriptionlevels are determined hiye by

the relative density of these forms of methylation.

1.5.4 Global regulator of chromatin

Other studies suggest a role for MeCP2 as a global regulator of chromatin structure rather
than a genepgcific controller of transcriptiarMeCP2 is extremelgbundant in neurons with
levels approaching that of histones and while it roughly tracks the density of methylation it
also binds to nomethylated regionéSkene et al., 2010Even in the absencé methylated
DNA MeCP2 can form complexes with nucleosomes that lead to the compaction of
chromatin in a manner similar to HGeorgel et al., 2003Bothin vitro andin vivo studies
show that MeCP2 competes with histone H1 for binding éNes et al., 1997; Ghosh et al.,
2010a)and that H1 levels are almost doubled in neurons from KO {8icene et al., 2010)
suggesting that the competition between the two for binding sites may determine gene

transcriptionlevels.

1.6 Animal Models

1.6.1 RTT KO mouse models
After the link between mutations in tMECP2gene and RTT was discover@mir et al.,

1999) a number of KO mowsmodel were soon generated to enable further study of the
pathogenesis of the disord€hen et al., 2001; Guy et al., 2000ne of the first models

involved the deletion of all of exon 3 of the gd@den et al., 2001UJp until four weeks of

age male KO mice did not differ significantly from WT, but then began to display slightly
laboured breathing and subtle whboledy tremors. The phenotype continued to progress with
marked hypoactivity and weight loss, and most mice died bytalD weeks of age. This

early death mirrors the lethality seen in human males born with 9éC®2mutations,

although in terms of developmental time it is significantly delayed. Female heterozygous KO
mice, which were a mosaic T and KO cells duestrandom Xchromosome inactivation,
appeaed normal up until about founonths of age, after which they displayed hypoactivity,

ataxia, and gait problems. Again, the delayed onset mirrors the situation in female RTT
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patients, but as in the case with mates much later in terms of developmental time point,

as the mice are fully adult by this point.

Another KO model involved the deletion of both exons 3 and 4 of the(Ganeet al., 2001)
Similar to the previous model, male KO mice appeared normal for the-#rstegks before
developing a severe phenotype including hypoactivity, breathing irregularity, gait
abnormalities and hindlimb clasping, and died at arouh@ ®eeks. Surprisingly, while

mice showed severe weight loss on a C57BL/6 background the reversaewatdn crossed
to a 129 background, suggesting a modifier gene effect on the weight phenotype. Female
mice developed normally untit® months after which they began to display hindlimb
clasping and hypoactivity. While about half of the mice showing gtRfl-like symptoms

by nine months, including breathing dysfunction, many micendidshow any symptoms

even by ongear, suggesting a variable phenotype in females.

1.6.2RTT knockin models

In addition to full KO models, a number of knerkmice, modding some of the most
common human RTT causing mutations, have been created. R168X is the most common
RTT causing nonsense mutation and the second most common disease causing mutation
overall. It is a truncating mutation that creates a premature stop dodastream of the

MBD but upstream of the TRD. KI male mice with this mutation show severe hypoactivity,
gait impairment, weight loss and breathing irregularity by about 6 weeks of age and die
between 1214 weeks of ag@Negener et al., 20143howing a similar patter tdec®-null

mice (Chen et al., 2001; Guy et al., 20010 contrast female mice showrydittle

phenotype, with onlyatarod defects at 9 months and some tremor and hindlimb clasping
detected. However, when this mutation wasdelled on a differeriackgrounestrain,

femde Kl mice showed reduced bodyweight and breathing abnormalities, highlighting the

effect of background strain on phenotype, at least in females.

About 10% of RTT cases are caused by mutations affecting amino acid T158, most
commonly altering it to a meitmine (T158M) or in some instances to an alanine (T158A).
T158 is located within the MBD and is thought to be crucial in stabilising this réidmet

al., 2008) When this mutation is modelled in KI mice, males develop a range of symptoms
including hypoactivity, breathing irregularity, motor dysttion, andmpaired cognition

from about fouweeks of ag€Goffin et al., 2012) The phenotype trajectory is milder than

that ofMecp2null mice(Guy et al., 2001but by about 24 weeks of age 75% of mice are
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dead. Females begin to devebbmnge of symptoms from about famonths of age as

determined by the widely used combined RTT scoring sy§Bam et al., 2007; Gadalla et

al.,, 2012; Robinson etal., 2012) al t hough they werenodot extensi
showed that the mutation lead to greatly decreased binding to methylated DNA, and by 90
daysthere was a 60% decrease in protein levels suggesting a strong decrease in protein

stability.

About 5% of RTT cases are due to the mutation R306C, which causes disruption in a
conserved region at the end of the TRD responsible for interacting with tHe/SK&T
corepressor complegkyst et al., 2013)When this mutation was modelled in mice, male Kl
mice showed a severe phenotype similar to that sededp2null mice, with roughly half of
mice being dead by 19 weeks of dbgst et al., 2013)This may explain the surprisingly
mild phenotype observed in mice engineered to be truncated at amino a¢ghd@Bazian
et al., 2002h)as the protein generated in these mice will still includedhicial
NCoR/SMRT interaction domain.

1.7 Reversibility

1.7.1 Global MeCP2 restoration

RTT was originally considered a prototypical neurodevelopmental disorder, whose known
genetic cause could help to identify a common pathophysiology in these digblelerand

Zoghbi, 2004; Percy and Lane, 200bhis suggested that RTT patients may have irreversible
dysfunction due to the absence of MeCP2 at a criticaktimdow. However, a number of

animal studies have since revealed that rather than being essential for development MeCP2 is
required for mature neuronal functiofMcGraw et al., 2011)and that restoration of gene
expressioneven after disease onset, can almost completely reverse syni@oynst al.,

2007; Robinson et al., 2012)

A landmark study by Guy and colleagues in 2007 investigated the reversibility of RTT using
a conditional KO model. This functional KO model was generated by insertingstojox
cassettéDragatsis and Zeitlin, 200into intron 2 of theMlecp2gene(Guy et al., 2007)To

enable conditional reactivation of gemanscription atransgeneontaining Cre recombinase
fused to a modi&d oestrogen receptor was combined withMieep2stop allele. This fusion

protein remained in the cytoplasm until activated by the oestrogen analogue Tamoxifen, after
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which it translocated to the nucleus leading teroesliated deletion of the stop casseThis
extremely elegant system allowed reactivatioMetp2transcriptionat any timepoint by
repeated injections oadmoxifen. Crucially the gene would be under the control of its own
promoter and at its endogenous location, leading to restoratrwrrofl function.

Phenotypically, this functional KO model was very similar to the previously described
Mecp2null mice(Chen et al., 2001; Guy et al., 200djth male KO mie developing

symptoms such as hypoactivity, irregular breathing, gait abnormalities, and clasping by 6
weeks of age, and dying by about 11 weeks. Female KO mice developed symptoms such as
abnormal gait, hypoactivity, irregular breathing and clasping betwde 12 months of age

but had a similar lifespan to WT. In contrast, male KO mice treated with Tamoxifen before
the onset of symptom did not develop any observable-IKEIsymptoms and had a similar
lifespan to WT. Surprisingly, even after the develepboff RTT symptoms, treatment with
Tamoxifen led to rescue of the RTT phenotype and a lifespan approaching that of WT.
Similarly, adult female KO mice treated with Tamoxifen after symptom development showed
almost complete phenotype reversal, inahgdestoration of attenuated lotgrm
potentiationevels to WT. High levels of reactivation was achieved in both males and
females after repeated injections of Tamoxifen, leadirexpoessiorof the gene in about

80% of cells. The very mild symptoms stibbgerved in some males could perhaps be
explained by the residual population of cells in which reactivation did not occur, or be due to
some aspect of the disorder that leads to permanent dysfunction. This important study showed
that the vast majority of }hRTT phenotype can be rescued by delayed activation of the gene

and suggested that the disorder did not lead to any irreparable damage.

The results of the previous study convincingly showed that the major aspects of the RTT
phenotype could be rescued lepactivation oMecp2 however phenotyping of the mice was
mostly based on observational scoring and it is possible that more subtle and pervasive
symptoms were not rescued. To investigate this, a later study carried out a comprehensive
phenotype analysisicluding brain morphology, breathing, and locomotor function
(Robinson et al., 2012Morphological analysis showed that untreated KO mice showed
reduced cortical and white matter tract thicksi@educed soma size, reduced dendritic
complexity and dendritic length, and a significant reduction in spine density. However, in
mice treated with Tamoxifen after symptom development, these deficits were rescued to
almost WT levels. A similar pattern waeen for a wide range of physiological and

behavioural phenotypes, with treatment leading to the rescue of respiratory function, balance
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and coordination, and muscle strength. However, some phenotypes did not reverse including
impaired performance dheforced swim tesand gait abnormalities. In this study

reactivation of genexpressiowas achieved in about 70% of cells with Tamoxifen

treatment. The failure of these motor defects to reverse after treatment could suggest a
particular sensitivity of motor function to absence of MeCP2 in the 30% of cells in which

geneexpressiowas not ractivated, or could indicate irreversible damage.

1.7.2 Brain region specifitMeCP2restoration

MeCP2is widely expressed throughout the body, vgibnificant levels of proteiseen in

heart, skeletal muscle, spleen, kidney, liver and lung tissue, licupenty high levels in the
postmitotic neurons of the nervous systé&ihahbaan et al., 2002a; Zhou et al., 2006; Song
et al., 2014)Severabtudies have shown that inactivatimilMecp2in thenervous system

only leads to a phenotype that is indistinguishable from mice in which the gene has been
deleted globally{Chen et al., 2001; Guy et al., 2004)iggesting that restorationgdne
expressionn thenervous systeranly should be sufficient to completely reverse the disease.
This is supportedyba study in whiciMecp2was selectively expressed in positotic

neurons under the control of the tau prom¢terkenhuis et al., 2004Rescued mice

showed a normalisation of bodyweight and lifespan, and activity levels indistinguishable
from WT. However, only these gross markers of disease were examined, and it is possible
that more subtle aspects betdisorder were not reversed. The effect of restiviBgP2
expressionn selected brain regions has also been examined usirgpeelific mouse

models. In malegranscriptionof an inducibleMecp2transgene under the control of the
CamKIll promoter led to robusgiroteinexpression in both the cortex and hippocampus
(AlvarezSaavedra et al., 20Q@reas thought to be involved in the RTT phenotype
(Kaufmann et al., 1997; Dani et al., 2005; Asaka et al., @& prisingly however, this was
not sufficient to prevent the onset of any of the RTT phenotype. Similarly, @tpgassion

was restricted to the cerebellum and striatum using the enolase promoter, no aspect of the
RTT phenotype was impacted up@varezSaavedra et al., 20Q7hese results suggest

that either these are not critical brain regions for the expression of the RTT phenotype, or
perhaps that the levels of gam@nscriptiondriven by these promoters does not adequatel
recapitulate the expression pattern seen under the endodéecp®promoter. Overall,

these results suggests that the lodgl@tp2from the brain plays a crucial role in the RTT
phenotype, however future studies should comprehensively examine thetéull of disease

reversal in brain specific rescues models.
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1.7.3 Glia and microglia reversal

Previous studies have shown that astrocytes with mutééegd2could have a nooell
autonomous negative impact on the function and morphology of surrouredingns(Ballas

et al., 2009; Maezawa et al., 20089 examine the role of astrocytes in RTT, a mouse model
was generated which enabled delayed activatidviemp2in astrocytes only, using a
tamoxifen inducible cre recombinase under the control dftinean astrocytic fibrillary

acidic protein (hGFAP) promotékioy et al., 2011)In KO mice, tamoxifen treatment led to

a partial restoration of activity levels, a normalisation of breathing, an increase in dendritic
complexity, and a dramatically increased lipas, with over 80% of mice still alive at 7.5
months. To further investigate this an astrocyte specific KO mice model was generated.
While mice showed normal activity levels, deitid complexity, andifespans, they did

display weight loss, hindlimb clagg and breathing irregularity, suggesting that some
aspects of the disorder are impacted by an abserMe@P2from glia, and that these cells

have to be considered when targeting any future therapies.

To further exanme the role of glia in RTT patholyy, a recent study investigated the effect

of restoring WT microglia to the brain of RTT KO mig®@erecki et al., 2012)To achieve

this, the brains of KO mice were irradiatedragtime of RTT symptom onséb destroy the
resident brain microglia population. Mice were injected Wwithe marrow extracted from

WT animals. Robust detection of a GFP reporter confirmed that this led to repopulation of the
brain with WT microglia. Males treated with WT bone marrow showed a significantly
increased lifespan (with some still alive at 48 wée#s well as a normalisation of
bodyweight, reduction in apnoeas and breathing irregularity, and improved activity levels
compared to mice treated with KO bone marrow. Improvements were also seen in female
mice, although improvements in breathing and mfitoction were very modest. This result
wassurprising and excitingparticularly as bone marrow transplantation is already a well
established technique, so a multisite effort was made to repli¢s¥@arg et al., 2015)

However, in contrast to the previous study, the results could not be replicated in any of the
three RTT models tested. Replacement of mutant microglia with WT did not lead to any
extension of lifespan or improvement in weighitnoeas, activity levels, or gait. This study
used much greater numbers aaddom assignment to treatment growgys] used mice from

the same colony as the previous report, as well as two other RTT models, in three
independent labs. In addition, when thesgd a cre line to specifically exprédscp2in

microglia developmentally there was no extension of lifespan and the phenotype was not
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improved suggesting that the presence of WT microglia does not in fact ameliorate the RTT

phenotype.

1.8 Genebased herapies

The proven reversibility and monogenic nature of R&ly et al., 2007Robinson et al.,
2012)makes it an attractive target for gene based therapies, particularly since the previously
described uncertainty over the functions and targets of MeCP2 makes it difficult to identify

any downstream pathways that could be modifiearmacologically.

1.81 Unsilencing the inactivated Xhromosome

In females, one copy of the ¢hromosome is randomly selected for silencing early in
develgpment during a process calledcKromosome inactivation (XCI). This is thought to
provide dosag compensation by preventing the overexpressionlaikeéd genes in females
compared to malgd.yon, 1989) For this reason, RTT patients will have a migtof cells,

with some expressing the WMECP2allele and some the mutant copy. One possible
approach to treating RTT would be to unsilence the inactivated chromosome in mutant cells,
thus restoring WT MeCP2 protein levafsthose cells.

Loss of functiormutations in the ubiquitin protein ligase E3BRE3A) gene causghe

severe neurological disorder AngelmaymdromgKishino et al., 1997)Disease causing

mutations occur in the materradlele because the gene is imprinted, with the paternal allele
being permanently silenced by epigenetic mechan{Ruosgeulle et al., 1997A recern

study showed thabpotecan, a topoisomerase Il inhibitor approved for use in the treatment of
certain cancers, could unsilence the paternal allele in a mouse model of Angelman, leading to
elevated levels dIBE3AMRNA (Huang et al., 2012)Vhile further work is needkto

examine the offarget effects on gene expression and @ efficacy, the demonstration

that a wellestablished and chronically tolerated drug can lead to unsilencing of a target gene
suggests that this kind of approach could be relevant for RTT.

XCl relies onXist, a noncoding RNA which coats the inactive chromosome and is essential
for both initiation and maintenance of silencii@thrin Plath et al., 2002)Xist KO mice do
not carry out XCl and show embryonic lethaliarahrens et al., 199,73uggeshg that XCI

is essential for viability, possibly due to a failure of dosage compensation. If correct,

stratgjies aimed at unsilencing theckromosome to restore MeCP2 levels would be



31

deleterious. However, a recent study employing an RNA screening gtideedgfied 13

genes which prevented XCI when theanscriptionwas blockedBhatnagar et al., 2014)
Remarkably, a KO mouse model of one of these genes, STC1, displayed moabno

phenotype, despite XCI not occurring in these mice. When gene expression was examined, no
upregulation of Xlinked gene expression was seen, suggesting the presence of other
compensatory measures. However, when the gene was silenced in mouse fiousbigs

ShRNA, there was a twimld increase imRNA levels suggesting either that switching off

the gene in mature animals leads to altered gene expression or that the compensatory effects
take time to develop. Overall, the study provides evidencenhetivating genes involved in

XCl, either pharmacologically or by gene therapy, could be a possible treatment strategy for
RTT, although confirmation in human derived cells is essential to determine its clinical

relevance.

1.8.2Gene herapy
Since re®ration of WTMecpZ2leads to a rescue of the RTT phenot{@eay et al., 2007)

one possible therapeutic strategy is to deliver exogenous WT copies of the gene to affected
cells using viral vectors. Recent studies have shoairtlie severity of the RTT phenotype is
determined by the proportion of cells egpsing WT copies d¥lecp2(Robinson et al.,

2012) and that brakwide proteinexpression is required for roldyshenotype reversal
(AlvarezSaavedra et al., 2007; Guy et al., 200 )addition, overexpression MECP2 as

seenin duplication patients as well as neuronal overexpression models, leads to a spectrum of
motor and cognitive impairmengsuikenhuis et al., 2004; Van Esch et al., 2005; Lugtenberg
et al., 2009; Ramocki et al., 2009hese studies suggest that effective ghaeapy

approaches will need to deliver WT copiesMECP2to a large proportion of cells

throughout the brain, and thaanscriptionlevels must be controlled to prevent toxicity. This

is particularly challenging in RTT because random XCI means thathieatlells already

express WT levels of proteiand are thus particularly vulnerable to overexpression toxicity
when transduced with an exogent@msgene

The earliest gene therapy study for RTT used adenovirus to target\edpPconstruct to

the stratum of KO male mic€osai et al., 2005)Symptomatic animals injected with the

virus showed a marked improvement in activity levels and motor coordination, showing as a
proof of principal that exogenous delivery of functional copy of the gene aoplact on the

phenotype. In a later study, lentivirus was used to targktemp2transgene to neurons in
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culture(Rastegar et al., 2009kading to a normalisation of dendritic arborisation. However,
Gadalla and colleagues carried out tstftomprehensive trial of gene therapy for RTT in a
KO mouse moddg|Gadalla et al., 2012As a delivery vector they used adeagsociated

virus serotype 9 (AAV9). AAV vectors have a number of advantages including wide tropism,
low immune response, stalitansgenexpression and the ability to target both dividing and
nontdividing cells(McCarty, 2008; Samulski and Muzyczka, 201#)t are limited by a

cloning capacity of < &b (Wu et al., 2010; Choi et al., 2014haking them unsuitable for
thepackaging of large constructs. The AAV9 serotype used in this study has a number of
particular advantages including high leveldrahsgen@xpression, a rapid onset, high

neuronal tropism, and the ability to cross the blood brain barrier, enablingal\delivery

(Foust et al., 2008; Zincarelli et al., 2008; Duque et al., 2@D¥dct brain injection of an
Mecp2construct, under the control of the chicken beta actin (CBA promoter), in neonatal
male KO mice led to an almost doubling of lifespan, from a medi@r8do 16.6 weeks,

with some mice surviving past 38 weeks. In addition, a number of phenotypes showed
significant improvement as compared to GFP injected control, including activity levels and
motor function. Transduction efficiencies ranged from ab&tiirbthe striatum to almost

40% in the hypothalamus. The markedly increased lifespan in some of the mice suggest that
even relatively low levels of transduction can have a significant impact on phenotype.
Symptomatic mice injected with tiMecp2constructhad a much more modest survival

benefit, but this was due to an extremely low transduction efficiency in the bré¥ (i

neurons).

Following on from this promising study, a later study tested a similar approach in a female
heterozygous KO mouse mod@arg et al., 2013)Again, AAV9 was used to deliver an
MecpZ2construct, this time under the controltbé endogenouslecp2promoter. In

comparison to the previous study, robust brain transduction was achieved after systemic
delivery, with efficiencies of 2@5% in the cortex, hippocampus, and brain stem.
Transduction efficiency in the cerebellum was mloster however, with only 7% of call
transducedKO micebefore injectiorboth showed a mild RTT phenotype as assessed by the
commonly used RTT scoring system. Mice were then assessed weekly over a period of 25
weeks. Mice that were injected with theec® construct showed a reversal of the phenotype
over this period, and were almost indistinguishable from WT at the end of the study. In
contrast, mice that were injected with control virus showed a steadily worsening phenotype

and by the end of the studyethshowed a severe RTT phenotype. This was confirmed in a
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seriesof behavioural tests which showed robust recovery in motor and cognitive function,

although again breathing appeared to be more resistant to reversal.

1.8.3 Problems associated with traditial gene therapy approaches

While gene therapy has shown promise in the treatment of RTT, there are several
disadvantages that could prevent it being a viable-teng option in human patients.
Transgenes delivered using AAV vectors are usually mairdaeean extrehromosomal
episome, rather than being integrated into the ger{@eeaueBudloo et al., 2008)This is
advantageous as it prevents the insertional mutagesesn with randomly integrating viral
vectors such as lentivirus, but it is unclear how long expression thtisgenevill be
maintained in this episomal stata a primate studytransgenenRNA was still detectedix
years after a single dose of AR{Bankiewicz et al., 2006 and in a recent clinical trial

using AAVS8 transgeneiRNA wasstill detectedafter two yeargNathwani et al., 2011)

While this suggests that relatively lotgym expression is achievable, it not currently known
if AAV delivery will be capable of achieving lifong transgene expression in humans,
which will be necessary for the treatment of RTraddition, repeated doses may not
possible without immune system silencing, as patients have been shown to develop an
immunological response aftinitial exposure to AA\particles(Mingozzi and High, 2013;
Corti et al., 2014)The lack of integration also means that the transgene will not be replicated
during cell division. In dividing cells such as glia, which have been showantribute to the
RTT phenotypédLioy et al., 2011)this means that the transgene will be quickly diluted in
the cell population.

Another crucial issue for RTT gene therapy approaches is the danger of overexpression
toxicity. As has been previously describddplication of theMECP2gene leads to a severe
neurological phenotyp@amocki et al., 20105ince roughly 50% of cells in RTT patients
express the WMECP2allele, any WT cells receiving a copy of thartsgene will
overexpres$MECP2 In addition, cells can receive multiple copies of the transgene thus
exacerbating the toxicity. This is particularly problematic when the virus is delivered
systemically, as the liver shows very high levels of transduetiointransgene ex@&on
afterintravenougnjection of AAV9 (Gadalla et al., 2012%ince liver cells normally express
MECP2at a very low leve(Shatbazian et al., 2002a; Zhou et al., 20083 large increase in
geneexpression could be detrimental. At present there is no way to discriminate between WT

and mutant cells with viral delivery vectors.
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1.9 Genome Editing

In the last few years a numbdrgenome editing tools have emerged that have greatly
enhanced our ability to make targeted sequence changes to the genome. These tools, such as
zing-fingered nucleasgdJrnov et al., 201Q)transcription activatelike effector nucleases
(TALENS) (Bogdanove and Voytas, 2011; Scharenberg et al., 2a8h8)clustered regularly
interspaced short palindromiepeat (CRISPRassociated nuclease CdsBu et al., 2014)

are all based on programable nucleases that allow targeted doghlanded DNA breaks to

be made at specific genomic locations. As the cell repairs these breaks various genetic
changes can be introduced into the genome. The major advantage of these tools over current
gene therpy strategies is that any changes made to the genome are permanent and thus
passed on to daughter cells. Genome editing has revolutionised our ability to quickly and
easily generate new animal mod@/¢ang et al., 2013nd to probe gene functigBwiech et

al., 2014)and has the potential to be a powerful therapeutic(Rexlez et al., 2008; Schwank

et al., 2013; Wang et al., 2014&) number of different programmable nucleases have been

developed to enable genome editing, each thieir own advantages and disadvantages.

1.9.1 Zincfinger nucleases (ZFN)

FOKI

—

FOKI

ZFNs are composed of a series of Zimgers (multicoloured circles) arranged in a modular
fashion to form an array which recogniseseguence of-A8 bp. DNA cleavage is dependent
on the dimerization of two Fokl nuclease domains (large blue circle) and is achieved by the
binding of two different ZFN monomers to targets on opposing DNA strands.

Figure 1.27 ZFN structure and function
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ZFNs were the first widely used genometiedj tool (Kim et al., 1996; Bibikova et al., 2001)
and have been used to modify genes in a wide array of organisms including bacteria, plants,
and mammals such as mice and flgsiov et al., 2010; PereRinera et al., 2002A ZFN is
composed of two domainEi@ure 1.2), a zincfinger proteindomain which is responsible for
DNA targeting, and a Fokl nuclease which cleaves OKin et al., 1996) Eachindividual
zinc-finger recognises a specifidd DNA sequence, and ZFNs are composed of a series of
zinc-fingers arranged in a modular fashion to recognise a sequend8ti{Wolfe et al.,

2000 p.200)DNA cleavage is dependent on the dimerization of two Fokl nuclease domains
(Bitinaite et al., 1998)This is achieved by the binding of two different ZFN monomers to
targets on opposing DNA strands, with-& Bp spacer regiobetween each monomer. The
requirement for dimerization enhances the specificity of ZFNs as it increases the length of the
target site thus greatly reducing-¢éirget activity. However, studies have shown that as well
as forming heterodimers, ZFNs utihgi the WT Fokl protein can also form homodigyer

leading to offtarget toxicity(Kelly Beumer et al., 2006)To overcome this, two mutant

variants of the Fokl nuclease have been generaganly function when they bind as a
heterodimer pair, greatly reducing the levels oftaffyet cleavag@Miller et al., 2007,

Szczepek et al., 200AVhile zinc finger domains for every possible 3bp sequence have been
engineeredMandell and Barbas, 2006; Kim et al., 200@E binding and cleavage efficiency

of ZFNs can be highly unpredictable, with some individual zinc fingers modules only binding
reliady in certain sequence contexarroll, 2012) resulting in an average of lgrone

functional pair being obtained for roughly every H0of genomic sequen¢kim et al.,

2009) In addition, the synthesis of reliable and functional ZFNs can be extremely
challenging. Relatively simple modular approaches have been devéiapedt al., 2010)

but suffer from a low success rgRamirez et al., 2008; Kim et al., 2008)ore robust

methods have subsequently been developed but these can be labour intensive and require
significant expertis€Maeder et al., 2008However, several studies have recently reported
methods to improve the ease and suscate of synthesiSander et al., 2011; Bhakta et al.,
2013)
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1.9.2 Transcription activatotike effector nucleases (TALEN)

.alding Domairﬂ

.@ding Domairﬂ

TALEN arms recognition sites are composed of a sequential array3% 8fino acid

repeats (multcoloured ellipses). DNA cleavage is dependent on the dimerization of two
Fokl nuclease domains (large purple circle) and is achieved by the binding of two differen
TALEN arms to targets on opposing DNA strands.

Figure 1.37 TALEN structure and function

Transcription activatelike effectors (TALES) are naturally occurring bacterial proteins from
the plant pathogedanthomonagBogdanove et al., 2010)hey contain a highly specific
DNA binding domain whih allows them to bind target sequences in the plant eeliéns

and alter gene transcription levelhis domain is composed of a sequential array €853
amino acid repeat$igure 1.3, each of which binds a single DNA ba&sch et al., 2009;
Moscou and Bogdanove, 2009he sequence of each repeat is almost identical except for
amino acids 12 and 13, known as the repaatble diresidue (RVD), which are variable and
determine the nucleotide specificity. Almost 20 different RVDs have been discovered but
only four of these are widely used, each targeting a different DNA @descou and
Bogdanove, 2009)rhe discovery of this simple recognition code led to the rapid adoption of
the TALE DNA bindingdomain as an alternative to the ziimoger motifs used in ZFNs
(Christian et al., 2010; Li et al., 2011W®ith the targeting domain being fused to the Fokl
enzyme to create a highly programmable TALE nucl€8a8&EN). TALENSs have since

been used to modify genes in a wide array of organisms including plants, viruses and
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mammalgJoung and Sander, 2013; Sun and Zhao, 2@&liBjilar to ZFNs, DNA cleavage
requires dimerization of two Fokl nuclease domé#ilmaing and Sander, 2013nd this is
achieved by the binding of two different TALEN arms to target sequences on opposing DNA
strands, with cleage occurring in a 1Bp spacer region between the two binding sites. The
simple DNA recognition code makes it easy to design TALENS targeted to almost any DNA
sequence giving themsagnificant advantage over ZBNparticularly if highly specific

targetirg is required. Howevehomology between the amino acid repeats can make the
synthesis of TALENSs challenging, due to recombination within ¢elitdkers et al., 2013)

To overcome this, methods based on the 0Gol d
which allow the rpid assembly of TALEN arm constructs in as little as a W€ekmak et

al., 2011)

1.9.3 CRISPRCas9

Guide RNA

Figure 1.47 CRISPR-Cas9 structure and function

In the CRISPRCas9 system a guide RNA (blue) binds to a specific sequence in the genome
(red) and guides the Cas9 nuclease protein (yellow) to the target site. The Cas9 enzyme then
generates a double strand break within the target region.

Perhaps the mbpromising of all the genome editing tools to emerge is the {gdided
clustered, regularly interspaced, short palindromic repeat (CRISPR) type Il system, which is
likely to become the dominant tool of choice due to its efficiency, ease of synthesis, and

ability to target multiple targets simultaneou@rashant Mali et al., 2013; Sakuma et al.,
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2014) In bacteria, CRISPR along with its associated CRIaB$ciated (Cas) proteins

provides a form of adaptive immunity against invading viral D{SArek et al., 2008;

Philippe Horvath and Rodolphe Barrangou, 202020 bp fragment of the invading DNA,

called a protospacer, is inserted into the bacterial genome t@f@RISPR. These are then
transcribed and processed to produce a target specific CRISPR RNA (crRNA). Processing is
dependent on a targetdependentrans-activating crRNA (tracrRNA) which hybridises with

the crRNA(Deltcheva et al., 2011These hybridised RNAs then form a coexpWith the

Cas9 nucleas@Martin Jinek et al., 2012which is guided to a target DNA sequence by the

20 bp protospacer portion of tlkeRNA (Figure 1.4). This leads to cleavage of the target

DNA if the 20bp target sequence is directly adjacent to a short protospacer adjacent motif

( P A M}NGG i d@s canonical form, which is recognised by the Cas9 protein itself. After
the discovery othis simple DNA targeting system it was quickly realised that it could be
adapted for use as a powerful genome editing(iattin Jineket al., 2012) To simplify the
synthesis of custom target sequences a single guide RNA (sgRNA) was engineered that
combined the crRNA and tracrRNA into a single RNA ciena. The sgRNA is composed of
a20b p s e gue nenethaadetermihes thagét sequence andairpin structure at

t h eendtldat binds with Cas9. This gives the CRISPRR9 system a huge advantager

both TALENs and ZFN as changing DNA targets is as simple as replacing the 20

S e g uenc eenddnd dods@ot requmey complicated cloning or protein engineering.
The target sequence can be easily synthesised as complementary oligonucleotides and cloned
into a vector containing the rest of the sgRNA and the Cas9 protein in a single step. It is this
simplicity that haded to the rapid adoption of CRISREas9 technology, with over 2000
CRISPR papers published since 2013 alone. An additional advantage of this system is that
multiple guide sequences can be cloned into a single vector allowing parallel editing of
several arget sitegCong et al., 2013)This has been used to introduce mutations in up to five
different genes in rat, mouse, and zebrafish simultane@iebyet al., 2013; Li et al., 2013a;
Wang et al., 2013)

1.9.4 DNA repair pathways

Cells with double stranded breaks use two major pathways to repair damage. The choice of
pathway is determined by cell cycle state and the presence of a homologous DNA repair
template, such as a sister chromatid. Homologous recombination (HR) is a prpaise
pathway that uses a donor template to produce high fidelity repair. The HR pathway can be
utilised to introduce targeted sequence changes into the genome using an exogenous DNA
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template with homology for the DNA break sfi&ibikova et al., 2001; Krejci et al., 2012

this exogenous template is used during HR repair, any base changes in the temiate will
incorporated into the genome. This allows for precise genetic changes to be made, including
the repair of loss of function mutatiorfagure 1.5A). In contrast, the nehomologous end
joining (NHEJ) pathway does not require a template but can réedaréak by joining the

two broken ends together. This ugudtads to smaltieletions at the break site which can

lead to loss of gene functighieber, 2010) This ability to precisely disrupt gene function

has dramatically improved the eas®l @fficiency of generating animal models of disease
(Yang 2013; Wang et al., 2013)
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Figure 1.57 Repair strategies using alternative DNA repair pathways

Double stranded DNA breaks can be regdiusing two major repair pathways, homologous
recombination (HR) and nemomologous end joining (NHEJ), both of which can be utilised

for genome editingA) In cells in which the HR pathways is active, mutated bases (red) can
be replaced with WT basegréen) by recombination with an exogenously supplied repair
construct containing homology to the target regi&).l§ nondividing cells, a WT copy of

the mutated gene (green box) can be permanently ligated into a safe location in the genome
using the NHH repair pathway, leading to a restoration of gene function.

The NHEJ pathway is thought to be active throughout the cell cycle and is therefore suitable
for targeting both dividing and nedtividing cells(Rothkamm et al., 2003; Sharma, 2Q07)
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contrast, the HR pathway is mostly limited to dividing cells, due to the requirement for a
homologous repair template, and is not active in-puositic cells such as neuro(San

Filippo et al., 2008; Jeppesen et al., 20Thjs low level of HR makes precise genetic repair

in these cell type particularly challenging and is a major impediment to the use of this
technology for los®ff-function nervous system disorders like RTT. On possible solution is

to ligate a therapeutic transgene into a defined genomic locus, such as previouslyddentifie
Aisaf e hai(Fooel58; Moeéhle etal., 2007; Bael et al., 2015)These are sites

in the genome that can be disrupted without causing any detectable negative phenotype.
Several recent studies have shown that transgenes can be ligated into the genome using the
highly active NHEJ pathway, arthsbeen demonstrated using Z&N'ALENS, and
CRISPRCas9(Maresca et al., 2013; Nakade et al., 20T4)s has the advantage over
traditional gene therapy in that it allows permanent integration of the transgene without the
risk of insertional mutagenesis, but does not deal with the issue of overexpression toxicity in
cells already expressing the Wilete that is particularly pertinent to RTT. Novel strategies

are required to ensure cells only express one functional copy MEG&2gene.

1.9.5Ex vivogenome editing

Currently, the most promising genome editing strategies invedwe/o manipulation of

cells. In this strategy target cells are removed from the body, edited, and then transplanted
back into the host. The advantageerfvivotherapy is that much higher levels of editing can
be achieved due to the availability of a number of efficiartgfection systems including
electroporation, lipid reagents, and viral vectors. The potential of this approach has been
demonstrated for several disease including HIV and SE#dez et al., 2008; Genovese et

al., 2014) The strategy for HIV is based on the fact that people with mutations in the viral
co-receptorCCR5show very high resistance td\Hinfection (Liu et al., 1996) Individuals

with this mutation appear otherwise completely healthy suggesting that introducing this
mutation into the Icells of affected HIV patients could be an effective treatmertegya

This is supported by the fact that a patient receiving a bone marrow transplant from
individuals with thisSCCR5mutation showed undetectable levels of virus and a cessation of
the need for antiretroviral therafilitter et al., 2009)indeed, even 20 months after the
transplant viral levels remained undetectablec&finding immunologically matchedCR5
mutant donors is not practical for the majority of HIV patients, genome editing provides an
alternative approach. Several mlenical studies have shown that Z&Ban be used to induce
lossof-function mutationsn theCcr5 gene of HIV mouse mode{®erez et al., 2008; Holt et
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al., 2010; Maier et al., 201.3)Vhen these modified CD4 cells were transplanted back into
mice they led to a reduction in viral load and improved T cell counts. In addition,
successfully modified cells were positivelglected for due to their HIV resistance allowing
them to expand relative to unmodified cells. This strategy has now undergone several clinical
trials including a completed Phase I/l study (Clinicaltrials.gov NCT 01252641) which
assessed the safety antktability of the treatment. Promisingly, treatment led to a
significant increase in T cell counts and edited cells showed a survival advantage ever non
modified cells(Tebas et al., 20147 similar strategy has also been used for the correction of
mutations in theL2RG gene that cause the immunodeficiency disorder SX1Genovese

et al., 2014) Targethaematopoietic stem cefiom human donors were moditi using ZFN

and transplantechio mice. Modified cells were successfully engrafted and showed
multilineage differentiation. This suggests that this strategy could be appropriate for a wide
range of immunodeficiency disorders. However, whitevivopromising has great

therapeutic potdial for this type of disorder, it is mostly limited to diseases involving adult
stem cell populations, as it requires cells to survive outside the body and be amenable to
external manipulation and culturing, making it unsuitable for the majority of geneti

disorders.

1.9.6 In vivo genome editing

For diseases involving cells unsuitable éarvivoediting, or those involving multiple organs,

it is necessary to edit cells direcityvivo. Similar to traditional gene therapy, this usually
involves the deliery of genome editing constructs using viral vectors. This makeso

editing significantly more challenging tham vivoapproaches, as these viral vectors tend to

be inefficient compared to the more robestvivomethods such as electroporation. fas
reason, this approach has most successfully been demonstrated in diseases in which
significant therapeutic effects can be achieved with low levels of gene restoration, or where
edited cells have a significant survival advantage overeaited cellgLi et al., 2011a; Yin

et al., 2014)Patients wh severe haemophilia B have levels of clotting factor IX that are less
than 1% of normal. However, when levels are restored to only 5% of normal the disease
becomes a much milder form, suggesting that a small increase in factor IX can have a large
effect(High, 2002) In a recent study, the liver of a haemophilia B mouse model was targeted
with a factor 1X gene specific ZFN along with a repdonor template, using AAV@.i et al.,
2011a) This led to significant levels of ra construct insertion via the HR repair pathway,
with circulating levels of factor IX increased te/36 of normal, and this was sufficient for a
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normalisation of clotting times. In a more recent study, CRISRB9 was used to correct
mutations in thé-ah geneof a mouse model dfereditarytyrosinaemigYin et al., 2014)

This gene codes for the final enzyme in the tyrosine catabolic pathway, awd-fosstion

Fah mutations lead to the butdap of toxic metabolites and severe liver dam@paulk et al.,
2010) In vivodelivery of Cas9, sgRNA, and an ssDNA repair template to the liver, using
hydrodynamic injection, led to correction in about 1 in 250 ¢¥iis et al., 2014) Despite

the relaiive inefficiency of initial correction, when mouse livers from treated animals were
examined 33 days after treatméhére was a huge increase in the number of Ealls,
suggesting that corrected cells had a strong survival advantage comparectitietboells,
allowing them to expand quickly as a proportion of the population due to positive selection.
While these studies strongly suggest thativogenome editing is a viable strategy for
treating genetic disorders, these particular diseases hausetetitat make them easier to
target, including their origin in dividing cells of the liver, which is particularly amenable to
both viral and notviral targeting, and the requirement for only low levels of repair to achieve
significant disease reversal. fianding this approach to treat diseases involvingdiading

cells in organs such as the brain will present a much greater challenge.

1.9.7 Ofttarget effects

In order for genome editing to become a viable clinical strategy for severe neurological
disoders like RTT several challenges will have to be overcome, the most crucial of which is
specificity. Nuclease induced genetic changes are permanent and thereforetargeoff

editing, particularly those leading to oncogenic mutations, could have devastféé¢cts. As
previously dscribed, the specificity of ZF&Nwas greatly increased by the engineering of an
obligate heterodimer version of the Fokl nuclease which prevents the formation of unwanted
homodimers and subsequent-teffget cleavag@Miller et al., 2007; Szczeek et al., 2007)
However, in a recent study using a newly develapedtro analysis method, a ZFN pair
targetingCCR5, which has been developed as an HIV therapy, identified 3amgfét

cleavage sites, ten of which were shown to be actually reddithen these sites were
sequenced from ZFN transfected cultured human @ediganayak et al., 201.1Another

method, using the capture of integraedective lentiuwial vectors at NHEJ induced DSB
enabled an unbiased genome wide analysis abogfet cleavage and showed a number of
non-overlapping offtarget cleavages from the same ZFN pair eagame cell lin¢Gabriel et

al., 2011) Crucially, these sites were not identified by the commonly umssitico prediction
methods used to identify efarget activity, suggesting these do not have prediatiligy.
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In contrast, TALEN pairs targeting the same loci as a corresponding ZFN have been reported
to have greatly reduced effirget activity(Mussolino et al., 2011However, in a study

examining the oftarget effects of two TALEN pairs, 76 putative-tdfget sites were

identified usingn vitro selection, 16 of which showed dfirget cleavage in a TALEN

transfected human cell line when assessed bythigitughput sequencing@uilinger et al.,

2014) These sites were modified in 0-:23% of cells and were more prorait in TALENs

with more repeats, which they suggest was due to excess binding energy. When they reduced
this binding energy using amino acid substitution they showed a tenfold decreasergeiff
effects. Interestinglyin vivo editing in mouse embryassing TALENS appears to show

almost no offtarget effects, with several different studies reporting ndasffet cleavage in
predicted offtarget sitegPanda et al., 2013; Sung et al., 2013)is is likely due to the fact

that in mouse embryos TALENS are delivered as short acting RNA molecules, whereas
highly expressing and stable plasmid DNA $&d in cell lines. This suggeshat offtarget
cleavage could be greatly reduced through the use ofattomt nucleases and

modifications to reduce excess binding energy.

Initial studies characterising the d#rget activity of CRISPRCas9 showethat a large
number of SgRNA showed high levels of-tdfget activity, with guides containing
mismatches of up toBp capable of causing effirget cleavage in a human cell lif@radick

et al., 2013; Fu et al., 2013h some cases, offirget activity ocarred at levels exceeding
those of ortarget activity. This suggested that CRISERs9 could be highly nespecific

and that the offarget activity varied depeing on the particular sequenigeing targeted.
Other studies reported more modesttaffyet dfects, but showed that specificity decreased
with highly active guides and with increasing concentrations of sgRNA: (E&s0et al.,

2013; Pattanayak et al., 2013)p try and reduce this effirget activity several strategies
have been developed inding the use of truncated guidequences and modifications to the
Cas9 enzyméFu et al., 2014; Shen et al., 201A)recent study has shown that reducing the
length of the complementary sgRNA region te18/nt can reduce offarget cleavage by
more than 5000old, without a substantial reduction in-target activity(Fu et al., 2014)
They hypothesised that by reducing the sgRDIMAInt er f ace, nu-erndeoti des
would not compensate for mismatchestaier sites along the interface. To further increase
specificity a modified nickase version of Cas9 has been engineered that converts it to a
singlestrand DNA cleaving enzym(&hen et al., 2014)n order to induce a double strand

break, a pair of nickase sgRN2as9 constructs must generate two single stand nicksyclosel
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adjacent to one another. The requirement for two different cas9 constructs to bind closely to
one another greatly reduces-tdfget cleavage. In support of the effectiveness of these
strategies, newly developed, highly sensitive, and unbiased methibsisigunext generation
sequencing have shown that the use of truncated guides leads to substantially reduced off
target effects, and that the use of nickase variants can effectively eliminate whafénte

target cleavage activitffFrock et al., 2015; Wang et al., 20,18)ggesting that with careful

guide degin and the use of suitable Cas9 variants, CRISB89 can enable highly precise
genome editing.

1.9.8 In vivo delivery
Similar to gene therapy, the most promising method of delivery for genome editing tools is

via viral vectors, in particular AAVHowever, one major challenge for this approaches th
limited packaging capacity ¢fiese vector/Vu et al., 201Q)In addition to delivering a
programmable nuclease, precise modification also rexphieedelivery of a repair construct

to act as a template for homologous mediated reppBNMs are relatively small and both arms
of a ZFN pair can fit comfortably inside a single AAV vector. However, TALENSs are
significantly larger and each arm will need to be packaged inside a separate vector. This
means that multiple plasmids will have to béwed simultaneously to cells, significantly
reducing the likely number of successfully edited cells. In the most commonly used GRISPR
Cas9 system, derived from tB&reptococcus pyogendke Cas9 coding sequence alone is >
4 kb, and when combined witin average sized promoter and pdbfaylation signal would
exceedb.3kb of DNA (Fine et al., 2015)greater than the 4 packaging limit of AAV

(Wu et al., 201Q)Functional constructs can be produced containing minimal promoter and
polyadenylation sequencéSwiech et al., 2014)ut this puts severe limits on the choice of
regulatory units and still requires the delivery of a second viral vector containing the sgRNA.
One alternative is ians-splice approach, in which the coding sequence of Cas9 is split
across two vectors, with the two fragments being expressed separately in the cell and then
spliced together to form a functional protéiine et al., 2015)Howevae, this is at the

expense of a threfeld decrease in activity. More promising is the use of an alternative
version of Cas9 from another bacterial $pecA very recent study has shown that Cas9 from
Staphylococcus aureusmore than kb shorter than that froi&taphylococcupyogeneshut

is dill capable of achieving higlevels of cleavagéRan et al., 2015)n addition, the sgRNA
and Cas9 sequence can be combined in a sé\evector, allowing for high efficiency

transduction and editing.
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As previously described, otfirget activity can be reduced by the use of sactihg

nucleases, such as delivery of components in the form of RNA, rather than ttertang
proteinexpression provided by viral vectqRanda et al., 2013; Sung et al., 20IX)e
approach is timit transgenéranscriptionusingan inducible system such as doxycycline
(Dow et al., 2015)However, a moretaactive approach would be to deliver skHored

MRNA or protein productéKormann et al., 2012Zuris et al., 2015)which would allow

much greater control over dosage. As yet, no plausible alternative to viral vectors has been
developed for robust brain deliverygwiever a recent study has shathie potential of
exosomes, endogenously derivedmaesicles that can transport both RNA and proteins
(AlvarezErviti et al., 2011) When these particles were fused with a newmecific peptide
they were capable of producimgdespread delivery of an sSiRNA molecule in the brain. This
technology has the potential to replace viral vectors as the delivery method of choice and

would greatly reduce the toxicity produced by-tffget cleavage.

1.10Aims

The overall aim of thishesis was to develop novel therapeutic strategies for the treatment of
RTT based on conditional KO mouse models of the disorder which suggest that the disease is
reversible even after the onset of symptd@sy et al., 2007; Robinson et al., 2012)d

recent gene therapy studies demonstrating that significant phenotypeiseschievable

using viratbased delivery of WT copies of the gene to KO ni@adalla et al.2012; Garg et

al., 2013) In order to achieve the most effective therapeutic outcomes any therapies must be
targeted to the moselevant tissues. With this mind, the first part of this thesis focuses on

the comprehensive phenotypiafja novel mousenodel in whichMecp2is selectively

expressed in neurons and glia. This allows any peripheral contributions to the RTT phenotype
to be identified and enable appropriately targeted therapies to be developed. The second part
of the thesis focuses on the development of genormiagthols for repairing RTT causing
mutations. These novel tools allow targeted changes to be made to the genomic DNA
sequence and could help overcome some of the challenges associated with traditional gene
therapy approaches such as overexpression tyx=ied dilution of the transgene in dividing

cells. In this thesis, a novel strategy was employed to ligatéeap2repair construct into

the noncoding regions of thMecp2gene in a mouse cell Bnand these cells were then

extensively examined for edence of successful editing. It is hoped that these proof of
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principle experiments will aid in the development of alternative therapeutic approaches for
RTT.
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Chap?2er

Material and Methods

2.1 Mousemodel

2.1.1 Generation o& peripheral KOmouse mode

A functionally null (KO) mouse, in whicMecp2is silenced by a stop cassette targeted to the
MecpZ2locus(Guy et al., 2007) wascrossed with a nesticre line(Tronche et al., 1999p
generatO per i pher al k n o c ticth Mecp®is qelBcKvely reactivated i n
within neurons and glia of the nervous syst&tale mice were used in all the experiments
carried out in this thesis, ameere kindly donagd by Professor dvian Brid (The University

of Edinburgh.

2.1.2Maintenance of mouse colonies

All mice were housed with their littermates and maintained on a 12 hour light/dark cycle,
with access to food and watad libitum Experiments were carried out in accordance with
the European Communities Council Directivé/@9/EEC) and a project licence with local
ethical approval under the UK Animals (Scientific Procedures) Act (1986).

2.2 Mouse phenotyping and bhavioural analysis

2.2.1 Weight measurement and phenotypic severity scoring

Each week all mice were weighadd scored for symptoms using an observational scoring
system developed specifically for ReyindromgGuy et al., 2001)Mice were scored for

each of six symptoms (tremor, breathing, Hiimab clasping, gait, mobility, and overall
general condition) related to the Rett phenotype and were gs@ore of either O (absent),
(present), or 2 (severdhdividual symptom scores were then aggregated to give an overall

symptom score. Scoring was carried out blind to genotype.

2.2.2 Nest building

Home cage nest quality was assessed using a previously described scoringrégsseet

al., 2008) Mice were individually caged overnight and supplied with@ shredded
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biodegradable paper strips as a nesting material, distributed evenly over cage floor. Next
morning nest quality was assessed usingeagdoint scoring system, which rated nests based

on the formation of a central nest hollow with surrounding w&iig. 2.1). The lowest score

of zero was given if the nesting material was undisturbed, asayns of interaction or
manipulation were seeifthe maximum score of five was given when the mouse had
constructed a fully formed nest, with walls completely enclosing a central hdligw2(2).

In order to assign a score, the lowest point of the nest was identified and §tgredi(

with an adlitional 0.25 being added to the score for each quarter of the nest that had a higher

wall. Scoring was carried out by two indeplemt scorers blind to genotype.

Lower nest wall: =75%, Score 3
Score =

: 3.25
Raised nest wall: =25%, Score 4

Figure 2.17 Nesting scoring gstem

Top and side view demonstrating how scores vasesggned for the assessment of nesting
behaviour. Scores were determined by the shape and height of the walls surrounding a central
hollow, with each quarter of the nest conttibg individually to the scoré&aken from Hess

et al., 2008).
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Score View [rom above View from side

rJ

Figure 2.27 Example rests

Top and side view images of example nests and their corrdspy score¢taken from Hess
et al., 2008).
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2.2.3 Wholebody plethysmography

Respiratory function was assessed in conscious and unrestrained mice using whole body
plethysmographyEMMS, Bordon, U.K.). Mice were placed inside a Plexiglas chamber and

left for 20 minutes to become adapted to the environment, after which their breathing was
monitored for 30 minutes. A continuous bias airflow supply allowed the animal to be kept in
the dhamber for extended periods of time. Pressure changes caused by alterations in the
temperature and humidity of the air as it en
by a pressure transducer. This analogue signal was amplified and convertigited a

display by the custom software to produce a waveform representing the breathing pattern of
the animal. The waveform was then exported and analysed using pClamp 10.2 (Molecular
Devices inc., California, USA). Respiratory waveforms were analysddefpuency,

frequency variability and the presence of apnoeas (expiratory pauses lasting longer than three

respiratory cycles).

2.2.4 Open field

Locomotor function and exploratory behaviour was investigated using arfiefuetest.

Mice were placed in theentre of a 6@m diameter circular arena and allowed to explore

freely for 10 minutes. Experimenters left the room during testing sessions to prevent
distraction of the mice. The arena was imaged with an overhead digital camera and the mouse
was detectednd tracked by background subtraction using Ethovision 3.1 tracking software
(Noldus Inc, Leesburg, VA). This produced a digital track that was then analysed by the
software and a number of movement related parameters including total distance moved and
rearing were calculated. The test was carried out on two consecutive days and the mean result

calculated.

2.2.5 Gait analysis

Gait analysis was carried out using the DigiGait imaging system (Mouse Specifics, Boston,
MA). Digital videos were captured of thentral surface of the mice as they ran at 15cm/s on
a transparent motorised treadmill. To ensure mice remained within the viewing field of the
camera they were contained within an cpettomed Plexiglas chamber, with adjustable
bumpers at either end tocmnmodate different sized mice. Videos captured by the camera
were analysed with the supplied proprietary DigiGait software which produced values for a

large number of gait characteristics.
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2.2.6 Balance beam

Mice were tested for balance and coordinatigrmbalysing the time taken to traverse a 50
cm span of a two inclined wooden beams¢fi, 5cm). Three trials on each beam were
carried out on two consecutive days and the results averaged. Animals that had not crossed

the beam within one minute were givilhe maximum score of 60 seconds.

2.2.7 Bone biomechanical tests

Biomechanical testing of tibia and miehardness testing of polished femur was conducted

as described previous(itamal et al., 2015)Briefly, tibial shafts from each comparison

group were scanned by miecoo mput ed t omography (SKYSCANE117
Bruker, Belgum) before being subjected to three point bending to test cortical bone. The tests
were performed using a Zwick/Roell z2.0 testing machine (Leominster, UK) with a 100 N

load cell with tibias placed between supports at 8 mm separation and load applieadatgth

of 0.1 mm &t until fracture occurred. Data were analysed to determine values of stiffness,
ultimate load and Young's modul(l{samal et al., 2015)The material properties of bone

were assessed by miemdentation hardness test performed on transverse distahafd

sections of polished femur. Micttwardness testing was pemnfted using a WilsonWolport
Micro-Vickers 401MVA machine (UK), with an applied load of 25 g for 10®sds Each

sample was tested at seven points and the Vickers pyramid hardness number (HV) calculated.

2.2.8 Rotarod

Motor learning and cadination wasexamined using a fiveane acceleratingtarod (Ugo

Basile, Italy). During testing mice were placed on a rod which gradually accelerated from 1
to 45rpm over a period of five minutes. Mice were scored for how long they remained on the
rod without fallingor passively rotating. Three trials each on two consecutive days were

carried out and the mean score of all trials was calculated for each mouse.

2.2.9 Exercise tolerance

The exercise capacity of mice was investigated using an accelerating elevated treadmill
(Kemi et al., 2004)An electrified grid at the base of the treadmill, providing a mild electric
shock when stood upon, acted as a deterrent to prevent mice stopping for motivational
reasons, in order to ensure true exercise capacity was measured. Miggaged on the
treadmill at an initial speed of Xn/s and the speed was increased byn& every two

minutes until the animals was no longer able to cope with the speed and passively allowed
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itself to be shocked on the grid without returning to thadnaill. At this point the trial was

terminated and the time the mouse had lasted on the treadmill was noted.

2.2.10 Blood biochemistry

Animals were euthanised by G{@halation and arterial blood samples acquired via terminal
cardiac puncture. Samples wepgckly transferred to lithium heparcopated polypropylene
tubes, to prevent clotting, and transported to a clinical pathology lab for biochemical analysis.

2.3 General molecular lology

2.3.1 Reagents

Table 2.17 General molecular biology reagents

Reagent Supplier Catalogue #
Maxima hotstart green PCR master mix 2X Life Technologies K1061
Phusion high fidelity DNA polymerase New England Biolabs M0530S
Gel loading dye, purple (6X) New England Biolabs B7024S
Quick ligation kit New England Biolabs M2200S
Quick-Load 100 bp Ladder New England Biolabs N0647S
Quick-Load 1 KB Ladder New England Biolabs N0468S
Deoxynucleotide (dNTP) solution mix New England Biolabs N0447S
Subcloning efficiency DH5U cells Life Technologies 18265-017
QiaQuick PCR purification kit Qiagen 28104
QiaPrep spin miniprep kit Qiagen 27104
QiaQuick gel extraction kit Qiagen 28704
Plasmid plus maxi kit Qiagen 12963
PureLink genomic DNA mini kit Life Technologies K1820-00
Ethidium bromide solution 10 mg/mL Sigma-Aldrich E1510-10ML
Ampicillin sodium salt Sigma-Aldrich A0166-5G
Kanamycin sulfate Life Technologies 11815-024
Spectinomycin dihydrochloride Sigma-Aldrich S26447-100MG
Chloramphenicol Sigma-Aldrich C0378
Tissue culture flask 75 cm vented Corning 430641
Tissue culture centrifuge tube (15 ml) Corning 430790
2.0 ml Feel the Seal cryo-vial tubes Alpha Labs LW3534
C-Chip disposable haemocytometer Labtech DHC-NO1
Trypan blue solution 0.4% Sigma-Aldrich T8154
0.2 ml PCR tube, domed cap Starlab 11402-4300
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2.3.2 Solutions

Table 2.21 General molecular biology solutions

Solution Composition

45 mM Tris base
0.5 x TBE Running Buffer pH 8.3 45 mM Boric ccid
1 mM EDTA

3% (w/v) Bacto-tryptone
1% (w/v) Bacto-yeast extract

Luria-Bertani (LB) medium 1% (wiv) NaCl

2.3.3 Protocols

2.3.3.1 PCR primereakign

Primers were designed using PrimerQubtpé://eu.idtdna.com/Primerguest/Home/Ingdex

an online tool for identifying suitable primers withigizen target region. Optimum
annealing temperature was set to®®@ith a minimum and maximum of 55 and 65
respectively. Optimum primer length was set tdp2with a minimum and maximum of 17
and 30bp respetively. If DNA generated by PCRas requird for further downstream
cloning, appropriate resttici on s i t es wendsof @rvardcadd réverset h e

primers.

2.3.3.2 Polymerase chaieaction (PCR)

For standard reactions Maxima hotstart green mastevas used. In experiments in which
theamplified DNA was required for furdr downstream cloning, Phusion high fidelity
polymerase was used. Reactions weraupan 0.2ml thin-walled tubes with components as
described inrable 2.3 & 2.4 Reactiongvere run on a thermocycleAgplied Biosystera®
Veriti® 96-well fast thermal gcler) and annealing temperature and extension time were
adjusted based on primer properties and the length of DNA fragment to be amphfidel (
2.5). Amplified DNA was purified from the PCR mixture using QIAquick PCRipcation

kit (Qiagen, USA) according to the manufact u

of elution buffer.


https://eu.idtdna.com/Primerquest/Home/Index

54

Table 2.3- Components of typical Maxima hotstart green PCR

Component Concentration
HotStart green PCR master mix 1X
Forward primer 0.4 uM
Reverse primer 0.4 uM
Template DNA 10 ng (plasmid) or 25 ng (genomic)
Water Make up to 50 pl

Table 2.4- Components of aypical Phusion high fidelity PCR

Component Concentration
5X Phusion HF buffer 1X
10mM dNTPs 0.2 mM
Forward primer 0.4 uM
Reverse primer 0.4 uM
Template DNA 10 ng (Plasmid) or 25 ng (Genomic)
Water Make up to 50 pl

Table 2.51 Thermocycling conditions for standard PCR

Maxima hotstart Phusion
Step Temp. °C Time Temp. °C Time Cycles
Initial .
. 95 4 min 98 30 sec 1
denaturation
Denaturation 95 30 sec 98 10 sec

55-65 (primer 55-65 (primer

Annealing 30 sec 20 sec

dependent) dependent) 35
Extension 72 1 min/kb 72 30 sec/kb
Final extension 72 10 min 72 10 min 1
Hold 4 b 4 b

2.3.3.3 Measurement of DNA concentration

The concentration of DNA samples was measured by UV absorbanceran2&inga

Nanodrop 1000 (Thermo Fisher Scientific, USA). A blank measurement was first made using
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Qiagen elution bufferA 1 ul DNA sample was then loaded and measured. DNA purity was
calculated using the ratio of 26@n/280nm absorbance with a ratio of 1.2.2 considered as

an acceptable purity level.

2.3.3.4 Restriction digest

Restriction digests were used to generate sticky ends for ligations and to check for successful
DNA insetions in cloning reactions. Reactions were prepared imORCR tubes and
incubated from 2 hoursovernight in a thermocycler set to’@7 Table 2.6shows

components of a typical reaction.

Table 2.6- Components of a typical restrictioniglest

Component Concentration
Cut Smart buffer (10X) 1X
DNA 1 ug
Restriction enzyme 1 10 units
Restriction enzyme 2 10 units
Water Make up to 25 pl

2.3.3.5 Agarose gel electrophoresis and gdfaetion

DNA samples were separated by size using agarostegiophoresis. Agarose solution was
prepared at concentrations varying frord%, depending on the size of fragments, in 0.5x
TBE. The solution was heated until all the agarose had dissolved and then allowed to cool.
Ethidium bromide DNA stain was theaded to a final concentration of 2A§/ml, and the
solution was poured into a gel tray to set for 45 minutes. DNA samples were mixed with
1/5th volume of gel loading dye and added to the wells. For PCR samgle$ $ample was
loaded, and for digestdaNA 25 ul of sample was loaded. In addition, 150aig molecular
weight ladder was also loaded onto each gel to allow band size to be determined by
comparison against bands of known size. Voltage was set betw&eh Y20V depending

on the size of thgel. Gels were imaged using a UV transilluminator {M-40, Upland,

USA) and pictures were taken with a digital camera (PC1192, Canon, Japan). If DNA was
required for further use, the appropriate band was excised using a scalpel aad frorifi
agarosaising QIAquick gel extractionikt ( Qi agen, USA), according

instructions. DNA was eluted in 301 of elution buffer.
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2.3.3.6 Ligation

DNA ligase was used to join together DNA inserts and vector backbones during cloning.
Insert and veadr were first digested with the same restriction enzymes to produce compatible
sticky ends. A 3:1 insert:vector molar ratio was used at all tifeeseach reactiorbO ng of
digested vector was usatbng with an amount of insert DNA calculated by thenfola:

desired insert/vector molar ratio x mass of vector (ng) x ratio of insert to vector lengths
Components of a typical ligation reaction are shownhahle 2.7 Reactions were gently

mixed and left at room temperature for half an hour after whichwieeg either used directly

for bacterial transformation or stored-20'C for future use.

Table 2.7- Components of aypical ligation reaction

Component Amount
Vector DNA 50 ng
Insert DNA Varies with size of insert
Quick ligase buffer (2X) nou
Quick ligase enzyme 2000 units
Water Make up to 20 pl

2.3.3.7 Bacterialtansformation

Subcl oning efficiency DHS5{80Cfredzdr and thasveden icee mo v e d
Either 2.5ul of a ligation reaction or 10ng of plasmid DNA was added to the aetianixed
very gently by stirring with the pipette tip. Cells were incubated on ice for 30 minutes and
then heashocked at 4Z for 20 seconds. Clelwere then cooled on ice for twiwinutes, and
950ul of LB was added to the cells, before being transtketo a shaking incubator, set to
37'C and 200pm, for one hour. For plasmid amplifications, 20®f this cell mixture was
spread on an agar plate, containing appropriate antibiotics, using a sterile spreader. For
ligation reactions, the cell suspensisas concentrated before ptagi Cells were centrifuged
for two minutes at 10,000 to pellet the bacteria, 8Q0 of the supernatant was removed, and
the pellet resuspended. All of the ~2Q4) cell suspension was then spread on the agar plate.
Plates wee incubated upside down overnight in aBihcubator. The next morning plates

were wrapped in Parafilm and stored in a refrigerator.
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2.3.3.8 Colony PCR

Colony PCR was used to identify successful ligation reactions directly from colonies growing
on an agaplate. Colonies were picked from agar plates with ai2@ipette tip. After

picking, the tip was rubbed along the bottom of a PCR tube to prav&aplate for the

PCR The rest of the colony was pipetted intmBof LB containing appropria antibiotic.
Standard Maxima hotstartegen PCR component$dble 2.3 were added to the PCR tube

along with appropriate primers and the reaction was run on a thermocycler using standard
PCR conditionsTable 2.5. PCR products were resolved an agaroseejjto identify those

which had the correct insert. Positive clones were thertsitilred overnight in a 3¢

shaking incubator for plasmid extraction the next day.

2.3.3.9 Plasmiddgolation

Plasmid DNA was isolated from successfully transformed bactailal by miniprep. Single
bacterial colonies were picked, using a sterile @0fipette tip, and cultured overnight in 3
ml of LB (with appropriate antibiotic) in a shaking incubator set {€2nhd 200rpm. Next
morning, the bacterial culture was centgéd at 13,000 for threeminutes to pellet bacteria.
Plasmid DNA was then isdked from pellets using QlAprep spin minipreip (Qiagen, USA)

foll owing the manufacturer &d iorfsterl wdti ioonn .ufib

2.3.3.10 Sequencing

DNA inserts from cloning reactions were checked for correct orientation and absence of
mutations by Sanger sequencing. Sequencing primers flanking the insert were designed using
PrimerQuest (see 2.3.3.1). For larger inserts, internal primers were also désignedre

complete sequence coverage. Sequencing reactions were carried out by Source Bioscience
UK. For each sequencing reaction 5@pof DNA and 16pmol of primer was required.

Sequence traces were analysed using SnapGene software (GSL Biotech LDC, USA

2.3.3.11 Genomic DNAx&action

Adherent culturd cells were trypsinised usingypsin EDTA 0.25% and centrifuged for 5

minutes at 25@. The supernatant was removed and the pellet was resuspendedquiro200

DPBS. Genomic DNA was theextracted usinthe PureLink genomic DNA miniik

according to the manufactur er 6 slofmenonicoc ol . E x

elution buffer.



2.4 Cell aulture

2.4.1 Reagents

Table 2.8- Cell culture reagents
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Reagent Supplier Catalogue #
Trypsin-EDTA 0.25% solution Sigma-Aldrich T4049-100 ml
Dul beccods phosaglineéBRS) buf f e Life Technologies 14190-144
Trypan blue 0.4% solution Sigma-Aldrich T8154

Filter unit 500 ml 0.22 um polyethersulfone Merck Millipore SCGPUO5RE
GlutaMAX supplement Life Technologies 35050-038
Penicillin-streptomycin 10K units / ml Life Technologies 15140-122
Newborn calf serum, New Zealand origin Life Technologies 16010-159
Advanced Dul beccod sdiumdrd2 f i Life Technologies 12634-010
Dul beomoadds i ed editangl eds m Sigma-Aldrich 41965-039
Foetal bovine serum heat inactivated Life Technologies 1018-157
Dimethyl sulfoxide Sigma-Aldrich 472301-100 ml

2.4.2 Cell culture media

Table 2.9- Composition of cell culture radia

Media Reagent Concentration

Advanced Dul becc o =diumdrd2 93%

P19 Growth (500 ml) GlutaMAX supplement 1%
Penicillin-streptomycin 10K units / ml 1%

Newborn calf serum, New Zealand origin 5%

Dul beccobds modediim ed eagl 39%

Freezing (250 ml) Foetal bovine serum heat inactivated 50%
Penicillin-streptomycin 10K units / ml 1%

Dimethyl sulfoxide 10%
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2.4.3 Cell naintenance

2.4.3.1 Liquid rtrogen recovery

Vials of P19 cells (kind gift from Katherine West lab) were stored-teng inliquid

nitrogen. When required for experiments, cells were removed from storage and transferred to
the lab on dry ice. They were quickly thawed for three minutes inGv@ater bath and then
transferred into a 76m? cell culture flask containing 1@l of preewarmed P19 growth

medium Table 2.9. The flask was incubated at '87or four hours to allow the cells to

attach, after which the growth media was removed and replaced withdfGresh media.

2.4.3.2 Cell ounting

To determine cell density f@lating and transfection reactions, cells were counted using a
disposable haemocytometer. A @0sample was taken from the cell suspension and mixed
with 20 ul of 0.4% Trypan lue Solution A 10 ul sampleof this mixture was added to each
chamber of thedemocytometer, and cells were counted using a light microscope with a 10x
objective. Cell counts were made for five squares in each chamber and the mean result

calculated. To calculate density per ml of cell suspension the following formula was used:
Mean cell count x dilution factor x 10,000

The dilution factor was two as the cell suspensvas diluted 1:1 with Tryparide. Each
square counted had a volume of I0@nd counts were therefore multiplied by 10,000 to

produce a value per ml.

2.4.3.3 Cell pssage

In order to keep the cells in the lphase of growth and to prevent cell death, cells were
passaged when #&D% confluent. For passaging, growth medium was removed and cells
were washed gently in 1@l of DPBS. To detach the cellsypd of trypsinsolutionwas

added and the flask was returnedhe incubator for three minutes, a®idl of serum
containing growth medium wasddedn order toinactivate the trypsinCells were pipetted

up and down gently using a ifl pipette, to prevent clumpingnd thenl ml of this cell
suspension was added torm0of prewarmed growth media in a fresh @B¥ culture flask

and the flask waseturned to the incubator.
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2.4.3.4 Freezing cells for loAgrm forage

For longterm storage, cells were kept in freezingdia [Table 2.9 in liquid nitrogen. Cells

chosen for storage had been passaged as few times as possible. Growth medium was removed
and the cells were washed gently with DPBS. Cells were then detached with trypsin, and
growth medium was added itmactivate the enzyme. Cell density was first measured using a
haemocytometer, and then cells were pelleted by centrifugation agI60five minutes at

room temperature. The supernatant was removed and the pailejpended in freezing

medium to a desity of 2 million cells per ml. The cell suspension was then added to

cryovials, 1ml per vial, and transferred quickly on dry ice to liquid nitrogen storage

2.4.4 Neontansfection

Cells were transfected with DNA plasmids bgaroporation using the Ma transfection
system (Life Technol ogi es, USA) according to
trypsinised and counted. For a-d2ll plate, 200,000 cells per well were required. The
appropriate amount of cell suspension was added tavd fidicon tube and the cells were
pelleted by centrifugation at 1%for five minutes at room temperature. The supernatant was
removed and the pellet-saispended in the appropriate amount of buffer Ru{J&r

200,000 cells). For each well, p0of cell supension was mixed with 50@) of each

plasmid to be transfected, and then taken up into the Neon pipette tip. The pipette tip was
inserted into a Neon tube containingnBof electrolyte buffer E, and the start button was
pressed on the neon device to bethie electroporation. Once the process was complete, the
pipette was removed from the Neon tube and the cells were pipetted into a welhivel 12
plate containing fresh growth media without any antibiotics. The plate was mixed gently and
then returnedo the incubator for 48 hours before being used for genomic DNA extraction or

flow cytometry analysis.



2.5 TALEN construction

2.5.1 Reagents

Table 2.10- Reagents specific for TALENanstruction
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Reagent Supplier Catalogue #
T4 DNA ligase New England Biolabs M0202S
Bsal New England Biolabs R0535S
Esp3l Life Technologies FD0454
Plasmid-Safe ATP-dependent DNase Cambio E3101K
ATP (10 mM) New England Biolabs 9804S
X-Gal Life Technologies 15520-018
Isopropyl-b-D-thiogalactoside (IPTG i 1 M) Roche Applied Science 10724815001
2.5.2 Primers

Table 2.11i Primersusedfor TALEN pair constructionand testing

Primer Sequen®@e 0650
pCR8_F1 TTGATGCCTGGCAGTTCCCT
pCR8_R1 CGAACCGAACAGGCTTATGT
SeqTALEN_5-1 CATCGCGCAATGCACTGAC
TAL_R2 GGCGACGAGGTGGTCGTTGG
Mecp2_Int2_For TCTAGCTGCACAACCTTCCA
Mecp2_Int_Rev GCTGCCTAGGGTTCCAGTAT

2.5.3 Vectors

Table 2.12- Vectors sed for TALENpair construction

Vector Name Source
TALEN golden gate RVD plasmid kit Addgene Kit #1000000024
pFUS_A Addgene Kit #1000000024
pFUS_B Addgene Kit #1000000024
pLR vectors Addgene Kit #1000000024
pTALv2_FokIWT Adam West lab
pTALv3-FokI-ELDS Adam West lab

pTALV3-FokI-KKRS Adam West lab
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2.5.4 Protocols

TALEN constucts were assembled using the goldate gloning metho(Engler et al.,

2008, 2009) This allowed multiple plasmids to be combined in a defined order. Since

TALEN construction involves mixing multiple plasmids together, a picking sheet was used to
prevent confusion and errors. TALEN length varied fror2QRVDs in length. Assembling

this number of fragments together in one step would be inefficient sostéyw@rocess was

used(Cermak et al., 2011Five days were required for full TALEN assembly.
Day 1

The first 10 RVDs were assembled in vector pFUS_A and the rem&Mbg were

assembled in pFUS_B. During assembly RVD inserts replace the lac Z sequence in the
plasmid which allows for blue/white screeniriad. 2.3. Appropriate RVDs were picked for
each position in the TALEN DNA binding domain. For example, if posiioa was RVD NI

then plasmid pNI1 was added to the tube. If position three was RVD HD then plasmid pHD3
was added. This ensured that the RVDs had the correct overhangs after digestion to allow
them to be assembled in the correct order. The RVDs were mikethe appropriate

enzymes and pFUS vector as descrilfable 2.13)in a 0.2ml PCR tube. Both digestion

and ligation occur within the same reaction.

Table 2.13- Components of TALEN golden gate # gaction

Component Concentration
Appropriate RVDs depending on TALEN sequence 150 ng of each
pFUS_A or pFUS_B 150 ng
Bsal 10 units
T4 DNA Ligase 1200 units
10X T4 DNA Ligase Buffer 1X

Water Make up to 20 pl
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Bsal (1263

\ |CAP binding site|

\ - Bsal (sss)

Figure 2.47 pFUS plasmid map

Plasmid map showing the generic features of théSgplasmid used to assemble R¥YDn
day 1. ThelacA) s e g u e n ¢ egalaciogidass. Difyestion wWith Bsal during RVD
assembly removed this sequence, leading to colourless cells, allowing for screening of
successful cloning. The plasmid also contains ¢lsestance gene for the spectinomycin
antibiotic and an origin of replication (ori).

When all the components were assembled they were transferred to a tlebenaay the

following programme was run:

(5 minutes @ 37C + 10 minutes @ 1&) x 10
5 minutes @ 50C
5 minutes @ 80C

In orderto destroy unligated liree DNA fragments, incomplete producend linearised
vector, 1 pl of 10mM ATP and 1ul of PlasmidSafe nuclease wakenadded to the tubes
and smples wee incubated at 3 for 1 hour.DH5Ucellswere then transformed wighpl
of each reetion, and 200ul of the transformation mix was spread onrdg/ml

spectinomycin agar plates containingid®f 20 mg/ml X-gal and 7Qul of 0.1 M IPTG. This
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allowedblue/white screening of successful reactjamish empty vectorproducing blue

colonies and vectors with inserts producing white colonies.
Day 2

Three white colonies were picked from each plate and checked for successful RVD insertion
by colony PCR usingtandard PCR components and thermocycler conditiong &de 2.3

& 2.5). Primers pCR8_F1 and pCR8_R1 were used for the reaatithnan annealing
temperature of 5& and an extension time of 1 minute 45 seconds. Clones which had a PCR
product of the corect size wereultured overnight in 8l of LB containing 5amg/ml

spectinomycin.
Day 3

Overnight bacterial cultures were pelleted by centrifugation at 18,0@Qthree minutes
and plasmid DNA was extracted by miniprep. As an additional ¢ipéecgmidDNA was sent
for overnight &nger sequencing to confirm R¢vere inserted in the correct order and

without mutations.

To combine the two pFUS plasmids into the final full length TALEN consteusécond
golden @te reaction was carried out. pFUSand pRJS B were combined with a plasmid
containing the final RVDand a pTAL destination vectaroding for the Fokl nucleasalong

with appropriate enzyme3éble 2.14.

Table 2.14- Components of TALEN golden gate # action

Component Amount
pFUSA 150 ng
pFUSB 150 ng

Appropriate pLR vector (last RVD) 150 ng
Destination vector 75 ng
Esp3l 10 units

T4 DNA ligase 800 Units

10X T4 ligation buffer 1X

Water Make up to 20 JI
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There are five vectors coding for the final RVD, one for each of thebgsible RVDs in a
TALEN sequence. The destination pTAL plasrtfih. 2.4 chosen depended on whether the
WT or obligate heterodimer mutant version of Fokl nuclease was required.

pTAL_FokI
6831 bp

| Esp3I (1890}

Figure 2.37 pTAL_Fokl plasmid map

Plasmid map showing the features & fimal destination pTAL_Fokl plasmid. The final
RVD assembly was cloned between the sequences coding for the TALE praézmihal

(NT) and Gterminal (CT), usinges@I, and replaced the chloramphenicol resistance gene
(Chlor) and the ccdb gene (ccdbheccdbgene is lethal in standaHl coli cells and was

used to select against products without an RVD insert. Downstream of the CT is the Fokl
nuclease sequence (Fokl), the bovine growth hormone (bGH) poly(A) signal to terminate
transcription, the ampitin (Amp) resistance gene, and a bacterial origin oficapion (ori).
TALEN transcriptionwas driven by the cytomegalovirus (CMV) promoter.
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Reactions were seip in a 0.2nl PCR tubetransferred to a thermocycjemnd the following

programme was run:

(5 minutes @ 37C + 10 minutes @ 1&) x 5
15 minutes @ 37TC
5 minutes @ 80C

DH5Ucompetent cellsvere then transformed wihul of this reaction producandthen

plated on 50ng/ml ampidlin platescontainingX-gal and IPTG (see above).
Day 4

Two white colonies from each bacterial plate were picketth\ai200ul pipette tip and

culturedovernight in 3ml of LB containing 5ng/ml ampicillin.
Day 5

Bacterial cultures were pelleted bgntrifugation at 13,008 for three minutes and plasmid
DNA was isolated by miniprep. DNA concentration was measured by Nanaard®00ng

of each plasmid wadigested with Sacl and Xhahd checked for correct sized inserts by
agarose gel electrophoresPlasmids with correct digestion products were sent for Sanger
sequencing using sequencing primers SeqTALENahd TAL_R2 which confirmedRVDs

were inserted in the corteorder and without mutations.
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2.6 Cloning of CRISPRCas9 constructs

2.6.1Reagents
Table 2.15- Reagents gecific for cloning of CRISPRCas9 constructs

Reagent Supplier Catalogue #
FastDigest Bpil Life Technologies FD1014
FastAP thermosensitive alkaline phosphatase Life Technologies EF0654
T4 polynucleotide kinase (PNK) New England Biolabs M0236S
2.6.2 Primers
Table 2.16- Primers fa cloning target sequencito guide expression plasmid
Primer Sequence5 & 3 6
In2_7SK_g3LAGAF CCTCGCACTGCCCCTCTGAGCTAC
In2_7SK_g3LA64R AAACGTAGCTCAGAGGGGCAGTGC
In2_hH1_g3RB86F TCCCACTGTGTCGCACTACAG
In2_hH1_g3RB86R AAACCTGTAGTGCGACACAGT
In2_hH1_g2LAB5F TCCCAAGTAGCAGCTGCCTAT
In2_hH1_g2LAB5R AAACATAGGCAGCTGCTACTT
In2_7SK_g2RB52F CCTCGTCTGGCCTGTAGCTCAGA
In2_7SK_g2RB52R AAACTCTGAGCTACAGGCCAGAC
T7F TAATACGACTCACTATAGG

2.6.3Vectors
Table 2.177 Plasmidvectors used for CRISPRoaistruction

Vector Name Source

phH1-gRNA-1-2 Adam West lab

h7SK-gRNA-2-2 Adam West lab
pAC84-pCR8-dCas9 Addgene # 48218

pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) Addgene # 42335
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2.6.4 Protocol

Foreach CRISPR guide, a Bp guide sequence was synthesised as two complementary
oligonucleotidesTable 2.1, annealed together, and then cloned into single guide

expression plasmids cut with BifFlable 2.17.
Design of digonucleotides

Some RNAPolymerase Il promoters require a specific nucleotide to start transcription. The
human 7SK promoteh{SK) requires a G base to initiate RNA transcription, therefore
guides beginning with a G base were cloned into h7SK_gRNA. Gheatgsning with an A

base were cloned into hH1-RNA plasmid. Guides beginning with T or C base had an extra
G base added at the start of the guide sequence and were cloned into h7SK_gRNA. Extr
bases wer e a¢mded oligooucldptidesaappropriate to make daitab

overhangs for insertion into Bbsl cut guide expression plasmatsd 2.18.

Table 2.18- Overhang design for guide sequence oligonucleotides

Expression Oligo Overhang Protospacer Overhan
Plasmid 9 (+1 base) (17-20 bases) g
Forward 5 0CCTCG (N) bases
T BRI Reverse 3¢ (N) bases complement CAAA-5 6
Forward 5-dCCCA (N) bases
hH1_gRNA Reverse 34 (N) complement CAAA-5 6

Oligo annealing

Single stranded forward and reverse complementary oligonucleotides were annealed together
and phosphorylateidr cloning into the expression plasmid. This formed a double stranded
DNA molecule with overhangs matching those of the appropriate expression plasmid cut with
Bbsl. Oligonucleotides were mixed with the appropriate enzyme and buffers ima PCR

tube(Table 2.19, and annealed in a thermocycler using the following conditions:
30 minutes @ 37C

5 minutes @ 95C and then ramp down to 25C at 5'C /min
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Table 2.191 Components of oligo annealing reaction

Component Concentration
Oligonucleotide 1 100 uM
Oligonucleotide 2 100 uM

10X T4 ligation buffer 1X
T4 PNK 5 units
ddH20 Make up to 20 pl

Digestion of expression fasmid

1 g of appropriate single guide expression plasmid was digested with Bbsl REmh 0.2
PCR tube Table 2.20 and incubated ithermocycler at 3T for two hours. Digestion
products were then separated by DNA agarose electrophoresis, and the cut vector band was

excied and purified using QIAquick gel extractioi (see 2.3.3.5).

Table 2.20- Components of guide expression plashaigest

Component Concentration
Guide expression plasmid leg
FastDigest Bbsl 10 units
Fast alkaline phosphatase (AP) 1 unit
10X FastDigest buffer 1X
ddH20 Make up to 20 pl

Cloning of annealed oligonucleotides and expressiorgsmid

To clone theannealed guide sequence into the expression plasmid, a ligation reaction was
setup in a 1.5ml Eppendorf tubeTable 2.2 and incubated at room temperature for 10
mi nut es . werddh transfdrmed with 216 of this reaction, and the cells were

spread on 5éng/ml ampicillin plates.



70

Table 2.21- Components of ligation reaction for annealed oligos and expression plasmid

Component Concentration / Amount
Bbsl digested plasmid 50 ng
Annealed oligonucleotides 40 nM
2X Quick ligation buffer 1X
Quick ligase enzyme 2000 units
ddH20 Make up to 11 pl

2.7MecpZ2repair and GFP reporter constructs

2.7.1 Primers

Table 2.22- Primers fa cloning and detecting genomic insertion

Primer Sequence5 & 3 6
Genomic_FOR AGAGGCCTGCATTCTTAACTAC
Genomic_REV TTGGGTCACATGGGTCTTTAC

c1 GACTCGAGCTTTACATAGAGCG
C2 TCCCACAACGAGGACTACA
TALEN_KI_FOR CGGAAGGCCGTCAAGG
TALEN_KI_REV CCAGTCTGGCCTGTAGCTC
CRISPR_KI_FOR CCAGAGGTCTCACATGCTGTG
CRISPR_KI_REV GGTACCCACTTTCACAGAGAG
HBB_Ex3_SA FOR CTAGACTGACCTCTTCTCTTCCTCCCACAGGG
HBB_Ex3_SA REV AATTCCCTGTGGGAGGAAGAGAAGAGGTCAGT
T7F TAATACGACTCACTATAGGG

2.7.2 Vectors

Table 2.231 Plasmidvectorsfor repair construct cloning and flow cytometry analysis

Vector Name Source
PENTR-1A Addgene #17398

Cellectis_4829 Cellectis (France)

p-CMV-mCherry Joe Mountford lab

pLenti-PGK-GFP Kind donation Kamal Gadalla
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2.8 TIDE analysis of cutting dficiency

An online tool called Tracking of indekedomposition (TIDEhttp://tide.nki.nlj was used to

guantify cutting efficiency of TALEN and CRISPR constructs. Genomic DNA was extracted
from cells transfected with constructs, as well as from untransfected controls, and PCR
amplified using primerm_Mecp2_Int2_FoandMm_Mecp2_Int2_ReWCR products

were then sent for Sanger sequence analysis. Sequence traces from control and transfected
samples were uploaded onto the TIDE software, the TALEN or CRISPR target sequence was
inputted and the software then automatically caliad cutting efficiency and characterised

indel composition.

2.91mageJ band intensity measurement

ImageJ software (NIH, USA) was used to measure the band intensity of PCR products on
agarose gel s. | mages fil es we wasusedteselecdanand t
area around the first gel band. This was marked as the first band by pressing CTRL + 1. The
mouse cursor was used to drag the box to the next band which was then selected by pressing
CTRL + 2. The box was dragged to each band inanchthe bands selected each time by

pressing CTRL + 2. When the final band was selected CTRL + 3 was pressed, which

displayed histograms representing the intensity of each selected band. For each histogram, the
Adraw | ined butt onrawmacsossshe histogranefam wherd theacurlei ne d
begins to drop until where it |l evels out aga
and an area inside the histogram was clicked using the left mouse button. This selected area

then became highlightedynel | ow and an intensity value app
window. This process was repeated for each histogram until intensity values for all the

selected bands was acquired.


http://tide.nki.nl/
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Figure 2.47 ImageJ band intensity measurement

The intensity of DNA bands caarose gels were measured usimagieJ(A) Bands to be
measured were selected using thembéredect angul a
rectangles)(B) Histograms, representing the intensity of each band, were generated and the
straight line tool wa used to enclose the area of the peak. This enclosed area (inside yellow

Il ines) was then selected usi

ng the Amagi c wa
This measurement allowed the relative density of the peaks to be compared. (Diagram taken
from (http://www.di.ug.edu.au/spargimagejblpts
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2.10Flow cytometry

Cells expressing GFP or mCherry were detected, and fluorescence levels quantified, by flow
cytometry. To prepare cells for analysis, cells wgypsinised with 0.25%rypsin lution,
centrifuged at 150 for 5 minutes, and then resuspended in PBS. For initial neon
optimisation experiments (see Chapter 4), GFP fluorescence was detecteabhsmg88

nm laser and 530/3@M emission filter on an Attune acoustic focusigtpmeter (Aptied
Biosystems, USA). For knoek detection(see Chapter %, fluorescence wadetected using

a MACSQuant VYB flow gtometer (Miltenyibiotec, Germany). GFP was detected using
blue 488nm laser with 525/5@m filter and mCherry was detected usawyellow 561nm

laser with 615/2(m filter. Enough cell solution was analysed until 30,000 viable cells were
detected. To detect viable cells, a gate was drawn to exclude events with low forward and
high side scatter. To eliminate false positive fluoresceneztien, background fluorescence
levels in cells was determined using untransfected control cells. Data was analysed using
FlowJo software (FlowJo, LLC, USA).
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Chapter 3

Nervous systemspecific reactivation of Mecp2
reveals peripheral phenotypes of Rettsyndrome

3.1 Introduction

MeCR2 is expressed in most tissusf the body. An early studfEhahbazian et al., 2002a)
guantifyingMeCP2 protein levels using western blot, showed particulaig evels in the

brain, lungs, and spleen, with moderate levels in the heart and kidney and barely detectable
levels in the stomach, small intestine and liverother study(Zhou et al., 2006)again using
western blot, showellleCP2 present in all tissues looked at including testis, thymus,
pancreas, and with higher levels in the small intestine than seen in the previous study. A more
recent studySong et al., 2014omprehensivglinvestigated tissue steady state protein
levelsof MeCP2 proteinusing immunostaining on tissue cryosections. In total they
characterised 60 different cell types from 16 different tisdue€ P2 proteinexpression was
seen in the vast majority of cell types with high levels seen in brain, spleen, heart, skeletal
muscle and, in contrast to earlier studies, livdthough there ardisagreements on the

levels in particular tissues, it is clear from theselies thatMleCR2 is expressed in a wide

range of tissues throughout the body.

Despite being an almost ubiquitously expressed protein, several studies have shown that mice
in whichMecp2is deleted onlyrom thenervous systerare indistinguishable fromice in

which Mecp2has been deleted globalighen et al., 2001; Guy et al., 200Wice in which

exons 3 and 4 dflecp2weredeleted specificallyn neurons and gliasing nestircre

mediated excisio{Guy et al., 20013howed hypoactivity, almmmal gait, low weight and the

early lethality seen in global KO mice. Similariyijce in which exon 3 wadeleted in

neurons and glié€Chen et al., 20013howed the reduced brain weight and early lethality seen

in mice in which the exon was deleted globally.

Results from thesdwdies would suggest théte RTT phenotype can be attributedhe
absence dfunctionalMeCP2 from the neuronsral glia only. Howevein both casesa
comprehensivehenotyping was not carried out, with only certain aspects of the phenotype

examined such as gait, brain size, badyight, and early lethality. In addition, the early
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lethality of these mice means that any subtler phenotypes, or those that take longer to
develop, could be masked in these animdiste receninimalstudies have identified a
number of novel phenotypes including cardiovascular abnormalifeCauley et al., 2011,
Panighini et al., 2013Jung phenotypefDe Felice et al., 2010pone and skeletal muscle
abnormalitef O6 Connor et al ., 2009; Candalteredet al
cholesterol msynthesigBuchovecky et al., 2013; Segatto et al., 20&Hich potentially

have a peripheral component

3.2 Aims

The overall aim of the work in this chapter was to comprehensively phenotype anadeel
RTT mousanodel in whichMecp2was selectively expressednieurons and gliaf the CNS
and PNSbut silenced in all other celfppes,in orderto investigate the peripheral
contribution to the major RT-Tike phenotypes, as well &8 more receny identified and less
well-studiedaspects of the disorder. The objectives of this chapter were to:

(1) To quantify MeCP2 levels inthe novel mouse model, bothperipheral ad neuronal

tissuedn order to assess the validity of the model

(2) To determinethe effect ofnervous systerspecificexpressiorof MeCP2 on suvival,
weight and grosRTT-like symptoms

(3) To carry outanextensive battery of behavioural, functional, and structural tests to

identify novelperipheral phenotypes
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3.3Validation of the peripheral KO mouse nodel

A Exon 3 Exon 4
—1 | WT
EcoRI Neol |
Ncol
h 3.2kb g
rme{H | Stoply
EcoRl |
Ncol Ncol
< 5.1 kb g
Cre (driven by
@ nestin promoter)
—>{ | Stop-cre
EcoRl I
Ncol
B 4.3 kb i
B
B Mecp2
WT Stop/y Stop-cre

Figure 3.17 Creation of peripheral KO mouse adel

Summary othemouse models used in thEgudy. A) A global KO mouseMecp2st©Py

(referred to astep/y) wascreated by insertion @Neo-stop cassettenio intron 2 ofthe
Mecp2gene Mec® wasspecifically reactivated inervous systeraellsin peripheral KO

mice Mecp2°Pere¥ (referred b asstopcre) by excision of stop cassette in nestin expressing
cells.Digeston with EcoR and Ncol produces different sized products in the three models
which can be detected by Southern bB). lllustration ofthe MeCP2 proteinexpression
pattern inmouse models, showing presence (bhfdyleCF2 in nervous systerandabsence
(grey)from rest of body in stepre mice.
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In order toinvestigate the rolefa@entral versus peripherlle CP2 proteinexpression in RT;T

a tissuespecific KOmouse model (stopre) was gaeratedccompared to a global KO model
(stoply), in which gen&ranscriptions silenced by the insertion of a stop cassetteiitton

2 of the gendGuy et al, 2007) Fig. 3.1-:A), as well as WT miceThe stop cassette can be
excised using creecombinase, allowing gemenscriptionto be reactivatedlo generate a
peripheral KO model, stop/y mice veecrossed with mice thakpressed cre under the
controlof the nesn promoter. In this lineMecp® is selectively activated in nestexpressing
cells of the CN&nd PNSincluding neurons and glia, and remains silenced in all other cell
types(Fig. 3.1-B).

To confirm thatMeCP2expression was indeed limited to cells of tieevous system

Southern blot analysis of a panel of tissues was condbgtBd. Jacky Guy, Edinburgh
University (Fig. 3.2. Genomic DNA was extracted from tissues and digested with EcoRI and
Ncol. Southern ldts were then probed with affment coveringhe coding region of exon 4.
Distinct band sizes are produced depending on whether cells have WT MeCP2 expression
(3.2kb), astop cassettpresen{5.1kb), or a stop cassette excised by cre mediated
recombingion (4.3kb; Fig. 3.1-A). The resultsshowed that in stepre micethe stop casstet

had been successfully excigadall brain tissue examineds evidenced by the presence of
4.3kb bands on the bloF{g. 3.2A). Very faint bands at 5Hib in forebrain and

midbrain/hind brain samples indicate a small proportion of cells in whektop cassette

was notremoved. In contrast, when peripheral tissue was analysed, examples from lung and
kidney tissuareshown Fig. 3.2A), strong bands &.1kb wereseen, indcatingthe

presence athe stop cassette. Faint bands atkdb.&hdicate a small proportion of cells in

which stop cassetteas been excisetivhen band intensities were quantifiesing ImageJ

(Fig. 3.2B), recombination frequency walown to be extremely high in the brain, with
91.9% efficiency in whole brain samples. Recombination was particularly high in the
cerebellum which showed 96.4% efficiency. Robust silencing was shown in peripheral
tissues with only very small levels of meubination in liver (0.9%), spleen (0.5%), skeletal
muscle (1.2%) and heart (7.4%/digherrecombinatiorievels wereseen in lung (14.3%) and
kidney (24.4%) tissuél.o confirm the results seen in theuiwernblot, tissue sections were
preparecand immunadbelled with antiMeCP2 antibody Fig. 3.3).Results showed strong
staining in brainstem as expected, amdimal staining in skeletal muscle and lung. Staining
in cardiactissue was slightly higher than expected from Southern blot data, but the reasons

for this were not clear.
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Figure 3.27 Southern blot analysis reveals tissue specMecpZ2reactivation

Silencing in peripheral tissues confirmed by southerndilogstriction digested genomic
DNA. (A) Representative blofsom genomic DNA extracted from various tissueslA
extracts probed with fragment coveritigg codingregion of exon 4 othe Mecp2gene. Black
arrows indicate location of expected 3 bands: WT KB)2 gop-cassette (5.kb), excised
stop cassette (4K®). (B) Plot ofmeanrecombination frequency S.Din stopcre mice ( =
2-4 mice as determined by band intensity on Southern b{@{srk carried out by Dr. Jacky
GuyT1 Edinburgh University)
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Figure 3.37 Immunoblots confirm robust peripheral silenog

Representative bright field images from stwp tissue sections showing akteCP2
peroxidase labelled nuclei (brown)issues shown are (i) skeletal muscle (ii) cardiac muscle
(i) lung and (iv)brainstemArrows indicatenuclei expressing MeCP2 ireppheral tissue.
Scale bar is 2Qm. (Images taken by Dr. Noha Bahieylasgow University)



80

3.4 Absence of early lethality in peripheral KO mice

Previous studiesdve shown that global KO dlec® expressionn male miceusing a stop
cassette, leads early lethality(Guy et al., 2007; Robinsaet al., 2012)Similarly, in this
study,stop/y mice showed decreased survival (median survival = 150 days) compared to both
WT and stogcre animals < 0.00% Fig. 3.4). In contrast, stogre animals did not show this

early lethality, with all mice swiving until the end of the study.

100 Ol —
< &
- 4 Stop-cre .
g - Stop/y
= 50-
-
-
(/p)
0

0 10 20 30 40 50
Weeks

Figure 3.41 Normal survival in peripheral KO mice

Mice were monitored for early lethality. Results show percentage survival of WT (blue
circle), stopcre (green square) and stop/y (red triangle). Mieeemonitorel overthe

course ofa 52 week studyStop/y mice showed significantly decreased sahgompared to
bothWT and stopcre(p < 0.00% KruskatWa | | i s t e spost hacandlysi®. Wi N6 s
= 17); stopcre (n = 7); stoply (n = 85* p< 0.001.
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3.5Absence of RTTFlike symptoms inperipheral KO mice

To determine iperipheral KOmice developed any of the symptoms commonly associated
with RTT mouse models, mice were monitored over a period of 52 weefofs

symptoms of the disorder using a weditablishedeverityscoring systeniGuy et al., 2007,
Daniel T. Lioy et al., 2011; Gadalla et al., 2018)stop/y micesymptoms became oveat

10 weeks of age and incredsaver time until deathHg. 3.5. At the time of behavioural
testing (15 weekd-ig. 3.7-3.12 stop/y mce differed from both WT and stape (p < 0.001)
but dop-cre mice did ot differ from WT. However, when mice were scored at 52 weeks
stopcre mice had developedme mild RTHike symptoms mostly related to hypoactivity,
that were not seen in WT mi¢aggregate score: WT = 0+30.015; stopcre = 1.5 0.3;p <
0.0Q1).

o WIT
**x < Stop-cre
=+ Stop/y

Aggregate score
o N -Ilh- h o0 O

|
10 20 30 32
Age (Weeks)

Figure 3.57 Mild RTT-like symptoms displayed by stope mice

Mice were scored weekly for RHike symptoms. Results show mean composite store
SEM of WT (blue circle), stopre (green square) and stop/y (red triangle). Mieee scored
for the first 30 weeks and then again at 52 we€ksups were compared usikguskak
Wallist e st a npdst Hdanalgssas 15 weeks and Marwhitney U at 52 weekdVT
(n = 17); stopcre (n = 7); stoply (n = 8** p< 0.001
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3.6 Peripheral KO mice show reduced bodyweight

To assessdilyweightchanges, animals were weighed weeaklgr the course of the study.
Analysis oftheresultsrevealed ndlifference betweethe genotypest time of behavioural
testing (15 weeksput by oneyearstop-cremice showed a decreased bodyweight compared
to WT mice (Fig 2C; mean bodyweight: WT = 38.5 £ 4&pp-Cre= 33 + 2.3 gp < 0.05).

a 40' l L
£ 304 !!!i i_
k=) ([ L
g @ WT
20 4 Stop-cre
E =& Stop/y
10

. { T B
10 20 30 52
Age (Weeks)

Figur-®e8r@@ased bodyweimihde in peripheral KO

Pl ot nghdwedy ht changes ovVve Restitbshomeeanur se of t h
bodyweightt SEM of WT (blue circle), stogre (green square) and stop/y (red triangle).

Also indicated is the timpoint of behavioural testing ({Mice were weighedor the first 30

weeks and then again at 52 wedRsoups were compared usiogeway ANOVA with

T u k eppsh lrwa@nalysis at 15 weeksandtwoa i | ed St ud-testdtB2wveedsn pai r e d
WT (n = 17); stopcre (n = 7); stop/ly (n = 8¥p < 0.05
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3.7 Peripheral KO mice showno changes in blood biochemistry

In addition to gross symptonand bodyweight, micerdm each genotype weralso
examined for routine bloothiochemistry(Table 3.). Blood serum measures showed
modest changes in arall number of markers in the stopfroupcompared to WT
However, there were no significant differences betwesp-creand WT samples across all

measures

Tabl eBl30.0ld biochemistry results
aSlytéeS 5 { P9 da
2 ¢ { 0 DOINS

{2RAdzY o0YY2f«kf MpM®PT § Mpo®dn §p Mpo®dPm 5
t20FaaAidzy 6YY?2 T OHMDHH Tdyo § ydno 5
{ 2 RAdzYY L) @ilA2a A HMPH D B Hndyc § My ®Ty §
/| Kt 2NARS oYY2f MMOPD B Madp®n B My dm §
/
t
l
/

I £f OAdzY o6YY2f K H®PNy & H®Pnd 5 HPNny B/
K2aLKFGiS ovYY?2 HdPcn 5 HPDp 5 0 Pymd gy
NBI oYY2fkfo MADTH B Mady B Hndc 5
NBIFGAYAYS 0dzy ondp 5 oMm®Ppp B NMDPHH §
/| K2t SAaGSNRE oY 0oPHC B odcp b oPnmM §
¢CNA3If @OSNRRS 6 H®Ppo 5 HdPpn 5 HPHA §
C20k€ A BUAYRY K O HPpT 5 ndpp 5 odmn §
' K2l 6] kf o Hnpdd 5 HOT B H HOGT PN 5
F{¢ o6, kfo MHT ®0 § Mcn B pPp HAM®PT p
F'[¢e o) kfto nnoTod § nndcTtT 5 Mpo B T
DD¢ 6! kto b2d RSGS b2d RSGS b2d RSO
C2ONRBOGEAY 063kt po®cn & pcdnd B py>dmm 5
l'fodzYAYy o3kfo HpPpPT b 5 OMPHT 00 B M(d
Df 20dzf Ay o3kf o Ho®dPycCc ¢ HNn Py H § Hp®PmMM §
lfodzYAyYldh2od MPHpP B MPHT § MPOH B
I NI SNRAF {40 1B2RR ol mp 6SS1a F2NI oA2O0OKEYAO!I €
{8d DNRdzLJA ¢ SNBE @3 LI MR | dSA8EEG - IKERCE & B NP dzLJ
aAT Sa GSNBTONGS I wwirm>dh g (i ik @
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3.8 Peripheral KO mice show mild kidney pathology

Mice were also examined for histopathological changes across a large panel of tissues and
organs Table 3.2. Tissue sections were H&E stained and examined, blind to genotype, by a
qualified veterinary pathologist. Thisstopathological evaluation revealed no gross

structural ohistopathologicathanges for the majority of tissues examined. Howeéweney
sections from stopre and stop/ynice revealed mild to moderate vacuolatiomenal tubule
epithelium potentially hdicative of lipid accumulation. Moderate to diffuse vacuolation was

also observed in liver but this was seen sporadically and across all genotypes.

Table 3.2.Histopathological screening results

Wild Type Stopcre Stoply

1 2 3 1 2 3 1 2 3
Heart X X X X X X X X X
Lungs X X X X X X X X X
Liver X X I | X X I I X
Salivary Glands X X X X X X X X X
Mandibular Nodes X X X X X X X X X
Gl System X X X X X X X X X
Pancreas X X X X X X X X X
Kidneys X X X ~ ~ ~ ~ X ~~
Adrenal Gland X X X X X X X X X
Spleen X X X X X X X X X
Skin Dorsal X X X X X X X X X
Skin Inguinal X X X X X X X X X
Thymus X X X X X X X X X
Mesenteric Nodes X X X X X X X X X
Femur & Knee Joint X X X X X X X X X
Sternum X X X X X X X X X
Cranium X X X X X X X X X
Brain X X X X X X X X X
Tail X X X X X X X X X
l 39 aGFrAYySR (AaadzS aSouAizya F2N 2NHIFya f
OKIy3aSa o0& | GSHGSNAYIFINE LI GK2f23Aa00 o |
FylFrtfteaaAaa I N AYRAOIFIGSR dzaAy3 (Se o0St2060
: b2 3INRaa 2F KAad2LI GK2f23A0Ff OKIlIy3Sa
[ a2RSN)IGS (G2 RATFTTFdAzaS O2F NES Oed2L)XIFavYao
~+SNE YAfR QI O0d2tliA2y Ay (GKS NByI f 0 dzo dzt
~~a2RSNIGS QI O0d2tl A2y Ay GKS NByYI f 0 dzo dzt
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3.9 Peripheral KO mice show mildhypoactivity

Decreased spontaaus activity is a commonly observigéiture seen in RTT mouse models
(Shahbazian et al., 2002b; Goffin et al., 2012; Lyst et al., 2Qh3)rder to assesxtivity
levels, micewere monitored whilst ambulating freely in an ogied arenaBoth stopcre
and stopy miceshowed aeduction inthetotal distance moved during theaflicompared to
WT mice(distance moved in 10 mins; WT = 4242 + 168fgpcre = 3523 £ 215; stoply =
2963 £ 230 cmp < 0.05;Fig 3.7-A). The reduction was more pronounced in stop/y mice
compared to stepre mice. Both stogre and stop/y mice also showed a reduction in the
number of rearing instancé®garded as a measure of exploratalgdviour) compared to
WT mice, although again thifference was more moderate in stop micecompared to
stop/y(rearing instances per session; WT = 35.00 + 3.5:atep 22.36 + 2.9; stoply =
15.00 + 2.2p < 0.05;Fig 3.7-B).
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Figure 3.77 Peripheral KO miceshow reduced activity levels

Spontaneous activity levels were assessed using thefiefietest. Results shovA(] total
distance moved during the session aBdnumber of rearing events per session. Results
displayed as mearaluex SEM. Number of anima per group displayed in results columns.
Mice tested between 1¥6 weeks of agégsroups were compared using emay ANOVA

wi t h Tposteogdnparisons'p < 0.05, **p < 0.001.No significant difference
between stojere and stop/y mice.
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3.10Peripheral KO mice construct normal nests

A number of factors may influence performance in the open field including motivational and
cognitive factors, motor function and anxiety. In an attempt to discriminate between these
factors, mice were scorddr their nestbuilding behaviour, a test that can reveal braide
deficits,including motor defectéDeacon, 2006)in agreement with previous studies of
Mecp2null mice (Moretti et al., 2005)stop/ymice showed a profound reduction in Rest
building behaviour compared to WTFi§. 3.8 neding score; WT =4 + 0.4; stere = 4.1 +

0.25; stop/y 0.9 £ 0.15p < 0.001). In contrasstopcremice did not differ from Win

their ability to construct complex nest structufies 0.05)
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Figure 3.87 Peripheral KOmicewerecapable ofconstructing high quality nests

Nesting behaviour was assessed usifigeapoint scoring systenResults show mean
nesting score SEM. The rumber of animals per groupdisplayed irtheresults columns.
Mice weretested between 116 weeks of age. Groups were compared usingx@ye
ANOV A wi t h posthdacemparsons. **p < 0.001
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3.11Peripheral KO mice do not show RTFlike gait defects

Gait abnormalities are a characteristic feature of RTT mouse models and form part of the
observational scoring system described previously.derdo comprehensively examine gait
mice were assesseding a elevated treadmilbased system. A previous study utilising this
approach has shown stop/y mice to develop a number of gait disturbances that increase in
severity as the disease progreds#ween four and ten weeks of a@gadalla et al., 2014)

To acquiredata forthis test, nce must be capable of moderate runningqids) on the
treadmillfor several second# was found that at the time of testing in this current study (14
16 weeks of age), the majority of symptomatic stop/y mice (8 of 10) weapahte of
performing to dterion (Fig. 3.9A). As a result, only WT and stegre mice could be

compared using this teSi/hen tested, stepre mice showed no significant differences from
WT across a wide range of gait parameters, including stride frequeigcyd(3-B) and
stancewidth (Fig 3.9-C).
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Figure 3.97 Majority of stop/y mice incapable of performing on treadmill test

Mice were tested for their ability to run on a motorised treadmill at a speedcoi/$0
Results showA) Proportion of mice capable of running on treatimill for at least two
secondsK) stance width andd) stride frequency. Fd8 and C results areneanvalue+
SEM and groups were compared using unpattegttNo significant difference seen
between/T and stopcre mice Number of animals per groupdisplayed irtheresults
columns. Miceweretested between 116 weeks of aget Mice werenot tested athey
coul dnét meet performance criteria.
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3.12Peripheral KO mice show normal performance on

balance beam

To further assess locomotor abilibalancevas assessed in th@ceusinganinclined beam.
Mice were tested using either a medium widthr{ir) or a more challenging narrow width
(5 mm) beamCompared to WT and stegye mice, stop/y micgshoweda signifcant increase
in the time taken to traverse both the med{@hmm; WT = 1.9 + 0.25stopcre = 2.5 +
0.44; stop/y= 9.1 £ 4 sp< 0.05 Fig. 3.18A) and narrow beartb mm; WT =3.7 £ 0.3 s;
stopcre = 4.6 + 0.8 s; stopsy20.6 £ 7.2 sp< 0. 0% Fig. 3.10-B). In contrast, stofgre mice
did not differ significantly from WT animals on either beam.

A Medium beam B Small beam
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Figure 3.101 Peripheral KO animals do not show impairment on balance beams

Mice were testd for balance using an inclinedlance beam test. Results show time taken to
traverse aA) medium or B) narrow width beam. Data shows mea8EM. Number of

animals per groups displayed in results columns. Mice tested betweeh@lweeks of age.
Groups were compared using enmay ANOV A wi t h po$tindocempéarsonstp <

0.05, **p < 0.001.
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3.13Reduced otarod performance in peripheral KO mice

A more challenging test of balance and coordination isatagod test. Again, stop/y mice
showeda significantly reduced performancempared to both WT and stape mice fatency

to fall; WT = 243.5 + 11.5; stepre = 168 * 14.9; stopAy 91.5 + 16.1 sp < 0.00% Fig.

3.11). However, stogcre mice also showed a significantly reduced performance in
comparison to WT migelthough thigeduction was more moderate than that for stop/y

mice Although the otarod is mostly commonly used to test balance and coordination, it also
sensiive to endurance fatigu@his is becaustherod accelerates over timand

consequently thionger the mouse lasts without falling, the more energetically demanding

the task becomes
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Figure 3.11i Peripheral KO mice show reduceatarod performance

Mice wer tested using an acceleratingarod. Results show mean latency to£a88EM.
Numberof animals per group displayed in results columns. Mice tested betwekhvideks
of age. Groups were compared using-aney A NOV A wipbtshhodompagsgns.s
*** 0 < 0.001.
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3.14Peripheral KO mice show reduced exercise capacity

To investigate iktop-cre mice were indeed prone to exercise fatigue, they were tested on an
accelerating inclined treadm{iNarkar et al., 2008)To ensure that mice performed to their
genuine cpacity, an electricgrid was placeat the bottom of the treadmill. Thgrid
administered a mild electric shock to the paws of mice who attempted to come off the
treadmill. Although mild, this aversive stimulus motivated mice to carry out running on the
treadmill until fatigued. This helped to remove motivational confounding &c&top/y mice
showed a profoundly reduced capacity for exercise compared to WT andet@mpmals

(time lastedWT = 16.5 + 1.3; stojure = 8.7 £ 1.6; stop/y 0.5 £ 0.2 minp < 0.00% Fig.

3.12. Interestingly, stofcre mice also showed marked impaémh, with an average

reduction of 46% in time lasted on the treadmill compared to WT ¢pie€.001) These
results, in ombination with those from the@tarod test suggest a significant impairment in

exercise capability in peripheral KO mice.
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Figure 3.121 Reduced exercise capacity in peripheral KO mice

Exercise capacity was assessed using an elevated, accelerating treadmill. Results show mean
time lasted on the treadm#l SEM. Number of animals per group displayed in results

columns. Mice tested bebgn 1416 weeks of age. Groups compared usingwag

ANOVA wi t hposThodkoepadsens. **H < 0.001.
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3.15Absence of RTTlike breathing phenotype inperipheral KO
mice

Respiratorydysfunction, including breath holding and apnoeas hiallanarkfeatureof RTT

in human patientéElian and Rudolf, 1991; Marcus et al., 1994; Weldsger et al., 2006)
and isalsoseen inMlec2 KO mouse modeléviemari et al., 2005; Ogier et al., 2007,
Stettner et al., 2007While these abnormalities are typically attributed siudbed
aubnomic functionMeCR2 is highly abundant in lung tissue and pulmonary lesiang
beenobserved irbothRTT patients and mouse modé¢BBe Felice et al., 2010Yhis suggests
that absence dfeCP2 from lung tissue could contribute tbe respiratory phenotyp€o
investigate this further, we usptethysmography to assds®athing in our mice.
Respiratory tracedHg. 3.13-A) were analysed fdreathing frequency anégularity, as

well as forapnoeas. There was mlifference in breathing frequency between the three
genotypesKig. 3.13B). Stopcre mice showed a very regular breathing patteeat CV%

= 26 2; Fig 3.13-C) that did not diffefrom WT (meanCV% =26 + 1). In contrast, stop/y
miceshowed a highly irregular breathing patteme@nCV% = 65 + 9) compared tdoth

WT and stopcre mice(p < 0.001) A similar pattern was seen whigaces were examined for
the presence of apnoeas. Both WT and-stepmice showed very little occurrence of
apnoeas duringsting (apnoea number: WT =$iopcre = 7+ 4.61/ hr), while stop/y
animals showed an extremely high incidence of such evamisda number: 504 123.7/

hr) that differed significantly from both WT and stope mice(p < 0.001) In addition to this
functional testingwe also looked for the presence of pulmonary lesionsgltissue biopsies
were taken (threper genotype) and sent to a veterinary pathologist for comprehensive
histopathological examination. However, no abnormalities or pathological signs were seen in

anyof the genotypesi@ble 3.2.
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Figure 3.131 Absence of respiratory dysfunction iperipheral KO mice

Respiratory function assessasing wholebody plethysmography. Results shoi (
representative respiratory traces from each genpfBpdaseline breathing frequend¢g)
breathing frequency variabilityp) apnoea frequencyrrows indcate occurrence of apnoeas
in stop/y mice. Results f@, C & D show mearx SEM. Number of animals per group
displayed in results columns. Mice tested betweemh@lweeks of age. Groups compared
usingoneway ANOVA wiposhhodomparspns.$*p < 0.001.
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3.16 Evidence ofmuscle pathology inperipheral KO mice

Having assessed some of the core phenotypes that define RPhepafrtissusystems that

have been previously shown to be altered in REfe then examinedecent reportsuggest

altered morphology of skeletal muscleMiecp2KO mice including reducefibre diameter

(Conti et al., 2015)Histological examination of gastrocnemius muscle showed a similar

pattern of reduced fibre cross sectional arestop/ymice compared to WT and stape (p <

0.05:Fig. 3.14A&C). Sections were also stained for collagen and revealed evidence of

fibrosis insomestop-cre and stop/ynice (Fig. 3.14 B&D), although the overall increased

proportion of tissue section area shogvpicrosirius red staining did not achieve statistical
significance from WT = 0.08 WT vs stofere p = 0.07 WT vs stoply
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3.17Peripheral KO mice show RTT-like bone phenotypes

RTT patients show a number of skeletal anomalies including spinal deformity, osteopenia,
osteoporosis, and an increased vulnerability toilopact fracturegKeret et al., 1988;

Guidera et al., 1991; Leonard et al., 1999; Zysman et al., 2006; Downs et al., 2008; Percy et
al., 2010) Studies in RTT KO mouse models have shown structural amutidmal defects in
bone tissu¢ O6 Connor et al ., ,RuDsih& thesK studiaslusee globa |
KO models it was not clear whether the defects were central or peripheral in origin. To
answer this question we carried out biomechanical testing on long bone s&upttmnal
assessmemf the maximum force that the tibial bones could resi¢ealedhat both stogre
and st@-y mice showed seduced ultimate loadompared to WT micéltimate load WT =
15.83 £ 0.56stopcre = 13.93 + 0.85stop/y= 12.22+ 0.67N; p < 0.05 Fig. 3.15A). A

similar pattern was seen whebia stiffnessvas assessed using a thpsent bending test

with stop/y and stogre mice showing significantiyeduced stiffness (tibia stiffnesa/T =

97.1 £ 4.0stopcre73.31 + 4.1 stop/ly=72.9 £ 6.4 N mm; p < 0.0% Fig. 3.15B). Further
biomaterial testingevealed the sanpattern in femurwith areduction in cortical bone
hardness in both stegre and stop/ynice compared to WTcortical hardnessNT = 64.7 +
3.4;stopcre=47.0 £4.1, stop/y= 36.3 + 4. HV; p< 0.05 Fig. 3.15C). Across all these

tests stogcre mice did not differ significantly from stopdyice.

2
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Figure 3.151 Peripheral KO mice show RT-Tike bone phenotype

The bhomechanical properties of bom@asassessed using functional tests. Results sAQw (

tibia ultimate loadB) tibia stiffness C) corticalbone hardness femur. Results displayed as

mean valuee SEM. Number of animals per group displayed in results columns. Mice tested
between 1416 weels of age. Groups compared usingenay A NOVA wipbsh Tukey:
hoccomparisons. pj < 0.05, **p < 0.01,*** p < 0.001.(Tests carried out by Dr. Bushra

Kamali Glasgow University).



97

3.18Discussion

Recent studies hawshown that gene based therapiesdediver significant therapeutic
benefits in RTT mouse moddfGadalla et al., 2012; Garg et al., 2018) order to be as
effective as possible it is crucial that therapies are targeted to the correct location. It is widely
assumed that the RTT phenotype is due solely to an abseMe&C&® from the brainThis

is surprising sinc&eCRP2 is thought to bevidely expressed throughout thedy, including
high levels of proteiin postmitotic cells of the heart and lun{Shahbazian et al., 2002b;
Song et al., 2014)While it is clear that absence MeCP2 from the braironly, leads to a
severe phenotype, including tearly death seen in male KO mjtkese studies have not
carried out a vigorous phenotyping aralé relied on gross markers of disease such as
reduced brain size and weight |¢&hen et al., 2001; Guy et al., 2001; Giacometti et al.,
2007) Thus the presence or absentenore subtle phenotypes has not been
comprehensively examined. In addition, Heyeregphenotype trajectorgnd very early death
seen in these modetseans thaphenotyps which take longer to develop will not be
detectedIn order to systematically imstigate the role dfleCP2 outsidethe nervous system
and to identify peripheral contuitions to the RTT phenotypa,novel mouse modelas
generatedr. Jacky Guy;The Universityof Edinburgh, in whichMecp2is selectively
expressedh neurons and glia of the CNfid PNS$but silenced in peripheral tissjand an
extensive phenotyping of male mice was carried Ratults from this phenotypingveaéd
that the majority of the RT-like phenotype can indeed be attributed to a lossraftional
MeCP2in the brain but that an absence MieCP2from peripheral tissues leattsa

martkedly reduced exercise capacity and defective bone properties

The crucial role of the nervous systenRTT is shown by théack of overt RTHike

symptomsn peripheral KOmice.There is a&omplete absence of the early lethality seen in
maleglobalKO mice(Chen et al., 2001; Guy et al., 200Thisis in agreenent with a

previous study that showekat deletion oMecp2from the nervous system only leads to
reduced survival similar to that seen in global KO m@emparing mice sing the wel
establisled observational scoring system revealedgtgtcre mice are almost
indistinguishable from WT mice, although a mild hypoatst can sometimes be detected
Thisis also observable when handing the stop mice, as thegppeamuch morepassive

and less active than WWhile no difference iflodyweight was observed in the first 30
weeks of the study, after which all stop/y mice had died, when mice were weighed again at

12 months thes was a significant difference
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Further detailed phenotyping revealed thtaeo major aspects of the RAike phenotype

such as breathing abnormaliti@gier et al., 2007; Voituron et al., 2009; Ramirez et al.,

2013) and balance and gait disturban¢®antos et al., 2010; Robinson et al., 2012; Gadalla
et al., 2014were not detected in peripheral KO mitrethis study we rigorously assessed

gait using a treadmibased approach. A wide range of parameters were assessed atre stop
animals didnhot differ from WT in any of these. Previowsrk has shown that pronounced

gait defects can be detected using this treadmill system and these defects become more severe
as the overall phenotype progresses over (Bslalla et al., 2014)ndeed, at the relatively

late timepoint used in this study our global KO mice were not even capabkinag

assessed using this test as they were incapable of running on the treadmill. With regards to
breathingRTT mouse models typically show highly disturbed breathing patterns, including
irregular breathing frequency, interspersed with periods of @pnd&ch are also seen in

human RTT patienté/iemari et al., 2005; Neul et al., 2010hese disturbances can be
rescued by global reactivation Miecp2expressionn mice(Robinson et al., 2012nd are
therefore a viable therapeutic targethumber of studies report disordered GABAergic and
serotoninergic control of brain respiratory netkgas the major cause of the disrupted
breathing and apnoeas that characterise RTT in both patients and mouse(Yhenheld et

al., 2005; Abdala et al., 2010; Chao et al., 2010; Voituron andr¢Ji2011) However, one
study(Bissonnette and Knopp, 2006as reported global KO dflecp2to cause increased
incidences of apnoea in response to hypoxia induced hyperventilation, an effect that was not
seen in nervous systespecific KO mice. Whilst such findings may suggest amemronal
element foMeCR2 in respiratory function, in the current study we did not specifically assess
the response of mice to hypoxia. Instaamtjer baseline conditions, we observed a complete
rescue of apn@es and episodic breathing in stogmice cafirming that these characteristic
RTT-like features, at least under resting conditions, aeetaumervous system dysfunction
Previous reports in human patients have also suggested that globaM&pffleads to the
presence of pulmamy lesiongDe Felice et al., 2010as detected by CT imaging. This was
supported by a study in mice, whichogled the presence of diffuse inflammatory infiltrates

in about half of thévlecp2KO mice examinedDe Felice et al., 2014)Ve investigated this

in our mice to see if thiwas due to absence e CP2 from lung tissuepr a secondary
consequencef nervous systerdysfunction In contrast tadhese previous reports, no
histopathological changegere seein any of our mouse models, including the global KO
stop/y mice.One reason for this could be that the stop/y mouse model is less severe than the
null modelused in the previous studRobinson et al., 2012; De Felice et al., 2014)
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addition only 50% of mice in the previous study showed the phenotype suggesting that this is

a variable phenotype, possibly secondary to other dysfunction

The results of the histopathological and blood serum biochemical screens shaivibre

were fewdifferences between genotypes confirming a lack of widespread and ovest tiss
pathology as a result MeCRP2 deficiency in peripheral tissues. The vast majarftprgans
showed no signs of gross structural or pathological changes with the exception of the kidney
where there was some evidenceulifularepitheliumvacuolation in both stepre and stopl/y

mice, a feature often associated with lipid accumulatiordgsatdered lipid regulation

(Sastre et al., 2013;hou et al., 2015)Previous observations Mecp2KO mice

(Buchovecky et al., 2013nd in RTT patient§Segatto et al., 2014ave suggested that the
absence oMeCF2 leads to altered cholesterol biosynthesis and an increase in serum
cholesterol levels. There was no significant difference observed in serum cholestiso
between genotypes in the current study. However, altered cholesterol metabolism is not seen
in all lines ofMecp2KO mice(Buchovecky et al., 2013With hypomorphic KOmouse lines

not showing this phenotype. Previousriwasing the stop/y mouse lifRobinson et al.,

2012)has shown that the moulsee is also hypomorphic, with backgroumdeCF2 levels ~

2-4% of WT being expresseavhich may explain the may explain the lack of a cholesterol

phenotype in our mice

A particularly robust finding in this study was the marked reduction in exercise capacity and
vulnerabiity to fatigue displayed by peripheral K&himals. Whilst levels of spoaheous

activity in the open fi@l test was only moderately reduced in comparison to WT, when
animals were challenged by more intensive tasks (such as the elevated treadmill) the deficit
was more pronounced, with an almost 50% decrease in performance compared to WT mice.
This wadless tha the deficit seen in stopfyice but nevertheless suggests an exercise

fatigue phenotype that may be agrtonsequence of periphekdCP2 deficiency. Inertia

and reluctance to movement is widely reporteflecp2KO mice(Guy et al., 2007and

could explain the fatigue phenotype. However, the use of aversive stimulation on the exercise
treadmill is designed to negate against such confounding motivational diffebsteesn

mice. The exact cause of the exercise fatigue is therefore difficult to assess. We consider it
unlikely to bedue to any overt cararespiratory dysfunction as stapedid not differ from

WT when assessed for a range of carglimta not showndnd respiratory measures.

However, thesparameters were only tested under baseline conditions and it is possible that

future studies assessing cardiac and respiratory responses under exercise conditions may
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uncover periphetavleCP2-mediated pherngpeswhich could contribute to the observed

fatigue phenotype.

Previousreportshave showraltered mitochondrial ultrastructure and impaired mitochondrial
function in skeletal muscle biopsies fr&T T patients and itMecp2KO mice(Gold et al.,
2014) More recently, atudy in mice demonstrated structural alterations in muscle fibre
cross sectional area globalMecp2KO mice,but this effect was not seen whiglecp2was
selectively deleted in muscle tiss{@onti et al., 2015)The results othis studyagree with
thesefindings and suggest that gestructural abnormalities disrupted nervous system
function or aberrant skeletal innervation. We also looked for evidence of disorganisation and
fibrosis in muscle tissue sections from mice in the current study by staining for collagen.
While there was alear trend towards increased collagepatgtion in some mice in both
stopcre and stop/gohorts but this did not reach statistical significance. While some
individual mice showed-8 x average WT levels, others showed much lower levels,

suggesting thissinot a consistent phenotype, and may be secondary to other factors.

It has been shown previously that global absend#ed@P2 in mice leads to impairments in

the structural and biomechanical properties of bone, and that these defects can lekhgverse
global reactivation oMecp2expressior{Hess et al., 2008; Goffin et al., 201Zhis agrees

with studies that show boradnormalities, such as early osteoporosis and a vulnerability to
low-energy fractures, in RTT patier(tSuidera et al 1991; Zysman et al., 2006; Downs et

al., 2008) However, it was not possible to determine from these studies whetheinthaeyp
cause of these defects wdige to central or peripheral absenc®@CP2. Results from this
study suggest thitis theabsence from peripheral tissue thatrisnary cause of the
dysfunction, as both stegre and stop/y mice show similar levelsdg&function.This is
important as it suggests traaty therapies targeting this aspect of the RTT phenotype will

need to be tgetedoutside thenervous system

A criticism that could be levelled at the approach taken in this study is that, because 100%
cremediatedreactivation was not achieved in the brain, some of the moderate phenotypes
detected could be due to the effectief small amount afervous systeroells not expressing
functionalMeCP2 Recombination levels achieved in this study were extremely Wwigin

~90% of cells from wholérain samples showing successful reactivatitmwever, pevious
studies in whiciMecp2expressiorwas reactivated globally, using a tamoxHae strategy,

achievednly 60-70% recombination in theervous syster(Robinson et al., 2012; Kamal et
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al., 2015) Despite this lower efficiency, funomal testing of these animals revealed a
reversal of thenajority ofdefects seen in KO animalacluding full reversal ofnotor

defects and bone abnormalitiés addition, in this studthe overtly brairspecific measures
such as balance and innate rimstding behaviour in stopre mice were indistinguishable
from WT measuresd/Vhile nestin expressn is mostly confined tthe nervous system
expression has been detected in other organs, including ladd@gancreagDelacour et al.,
2004; Sclafanet al., 2006; Bertelli et al., 2007 this studyarelatively highlevel of
recombination in the kidneys, and above background levels in theviargobservedOther
tissues such as the heart, liver and skeletal muscle showed very little neg@mnlshowing
thatMecp2expressiorwas very effectiely silenced in these tissud$ie combination of
extremely high brain recombination levels coupled with robust peripheral silencing suggests
that this is a valid model for examining the peripheral oution to the RTT phenotype, and
supports thénterpretation that defects in phenotypes seen in thecséomice are a

consequence of the absenc®&CP2 in peripheral tissues.

Overall, theresultsfrom this chapteshow that the majority of the RTT photype $ due to
loss of functionaMeCRP2 from the brainand that this should be the major focus for targeting
therapies. However, the results also suggest that a subset of phenotypes may be peripheral in

origin and benefit from systemtceatments.
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Chapder

Design and synthesis of CRISPR and TALEN
constructs for targeting non-coding regions of
Mecp2

4.1 Introduction

As discussed in Chapter udies in mouse models of RTT have shown that the major
symptoms of the disorder can be reversed, a¥ten the onset of symptoniGuy et al.,

2007; Pobinson et al., 2012 his suggests that novel therapies designed to replace or repair
thedysfunctionaMecp2genecould be a p&ntial treatmentWork in the previous chapter

and other studiegChen et al., 2001; Guy et al., 200gs shown that it is the absence of
functional MeCP2 from cells of the nervous system that is the cause of the majority of the
RTT phenotype. This, combined withetfact that posmitotic neurons have particularly high
levels of MeCPZShahbazian et al., 2002&)dicates that neurons should be the main target
of any therapies. Since there is currently a lack of uta@isg of the downstream targets of
MeCP2, the most attractive therapeutic strategy is to target the disorder at the gene level
(Gadalla et al., 2011)

New genome editing technologies developed in the last few years enable targeted DNA
changes to be ma@ghang et al., 2011; Cong et al., 201&)d their potential as therapeuti
tools has been demonstrated in seveadies(Perez et al., 2008; Schwank et al., 2013;
Wang et al., 2014a; Yin et al., 201¥8)ost studies using these tools for therapy seek to repair
disease causing mutations, or confer protective mutatweprecise homologous
recombination based editirf§erez et al., 2008; Schwank et al., 2013; Yin et al., 2014)
TALEN or CRISPR constructs are used to make targeted cuts near mutated DNA, and during
the repair proess mutated DNA is replaced by WT DNA supplied by an exogenous repair
template. However, thiepairpathway is not activen postmitotic cellssuch as neurons

(San Filippo et al., 2008; Jeppesen et al., 2001¢ predominamnepairpathway in these

cells is norhomogous end joining (NHEJ), a repair mechanghich usually leads to
mutagenic changes due to small insertions or deletioaeker, 2010) Therefore, targeting

mut ated exonic DNA directly in neurons would
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coding sequence. This is particulapippblematic inthe RTT female mosaic brain, as
mutagenic changes in cells expressing WT copies of the gene would lead to further

exacerbation of the disease.

A recent study by Maresca and colleagues suggests an alternative approach that may be more
suitable for treating the nervous systéMaresca et al., 2013The study showetthat lage

DNA fragments can be insert@tto precise genomiotations using TALENsand that this
insertion is dependenh the NHEJ pathway that predominates iarnas. The DNA to be
inserted is flanked by the same TALHding sequence as the genomic DNA target region,
and delivered as an exogenous plasmid akatiythe TALEN armcoding constructs. Both

the insert and genomic DNA are cut by the TALENr, and the insert catihenbe captured

at the genomic break site, leading to incorporation of the sequence into theegartbm

intended locationModified versions of the Fokl nuclease have been generated that only cut
DNA when the two different TALEN arms of a pair function as a heterodimer, compared to
the WT version in which two of the same arm can function as a homo(viaral

Szczepek et al., 2007; Yannick Doyon et al., 20T@gse obligate heterodimédesd to

reduced offtarget effects and toxicity compared to the WT version of the protein, although at
the expense of reduced activity levélgaresca and colleagues designed a strategy to exploit
these obligate heterodimer mutants andure thaDNA insertionoccursin the correct

orientation By careful design of the targeting sites on the exogenous plasmid, insertion in the
correct orientation can preventeatting by the TALEN pair but not when it is inserted in the
reverse orientation. As of yet tieeis no equivalent CRISRPBas9 system for biasing

insertion in the correct orientation, and it is therefore not clear if CRIS&® based

targeting is similarly capable of generating a significant amount of correct insertion.

RTT-causing mutations occur all three coding exons of the major bresaform ofMeCP2

but the most common disease causing mutations are clustered in the portions of exon 3 and
exon 4 that code for thmethytbinding (MBD) and transcriptional repressor (TRD) domains

of the protén (https://www.retsyndromeorg/research/rettbasdreplacing the protein coding
sequences of exon 3 and 4 in mutant cells with exogenously delivered WT copies is an

attractive therapeutic strategyitable for a wide ramgof disease causing mutations.
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To investigate if this could be achieved using genome editing tools, a novel strategy was
developed to ligatereMecp2repair construct, containing a WT copy of the protein coding
region of exon 3 and 4, upstream of the endogenous sequence of thes&\&tkotine use of
appropriate splice sites, this repair construct will be spliced to exon 1 of the gene during
MRNA processing. A transcriptional terminator will stop transcription at the ethe adpair
constructsequencgethus excluding the endogenaesons 3 and 4 from tHemal MRNA
transcript. If successful this will lead to the restoration of the WT coding sequence and the
production of functional protein. The major advantage of this strategy over traditional gene
therapy approaches is that gen@s@iption levels remaiander the control of the
endogenous promoter, and thus maintains normal spatial, temporal, arithtjuant

regulation

In this chapter the design, synthesis, and functional assaying of TALEN and CRESPR
corstructs, capablefdargetingappropriate noitoding regions of th®lecp2gene, is
described. In the next chapter, the most effective TALEN and CR{S#R constructs will
then be assessed for their ability to successfully targetesmp2repair castruct into the

target rgion.

4.2 Aims

Theoverallaim of the work presented in this chapter was to develop genome editing tools
capable of making targeted DNA breaks in a-goding region of thdlecp2gene.These
tools will then be used to investigate the therapeutic strategies described in chapter 5. The

objectives for this chapter were to:

(1) Identify an intronic target regiosuitable for insertion dflecp2repair construct

(2) Design and synthesise TALEN a@RISPR constructs that will target genomic DNA

in the identified region

(3) Assay cutting efficiency of all constructs to determine most effective constructs for
future work
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4.2 ldentification of suitable target region for repair construct

insertion

The repair strategy employed here relies on inserting a DNA repair construct into a specific
norntcoding region of thdlecp2gene. Since the majority of RTT causing mutations are in
exons 3 and 4 of the gerf@d. 4.1A) the intronic region upstream of thesens was

targeted. Intron 2 dlecp2is extremely large (~6Kb) and contais a large fractioof

repetitive DNA unsuitable for TALEN and CRISPR targeting, as it would lead to multiple
sites being targeted. To locate a suitable target region in thos,inlre University of

California, Santa Cruz Genome Browslettifs://genome.ucsc.eduin combination with the

repeat masker tooh{tp://www.repeatmasker.ongivas used to identify areas of the intron
free of repative DNA sequencesdAn ~ 900bp region of unique sequence was identified 1.6
T 0.7kb upstream of exon &ig. 4.1B).


https://genome.ucsc.edu/
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4.3 Design of TALEN pairs
The Cornell University TALEN design todhitps://talent.cac.cornell.edu/node/add/tajen

was used to identify 100s of TAN pairings that could target sequences in the previously
identified target regionsgee 4.2 The software parameters were set to only identify TALENs
whose cutting efficiency would be easy to assay, by limiting the results to those in which a
unique resiction enzyme (RE) was found in the spacer region between the binding sites of
the two TALEN arms of a pair. In the absence of a homologous template, cells will mostly
repair TALENinduced doublestranded DNA breaks using the mutagenic NHEJ repair
pathway.This leads to small insertions and deletions at the break site. Any RE recognition
sites overlapping this area will therefore be destroyed during the repair process. This can be
detected by PCR amplification of the target region followed by RE digedtitve ®CR

product, known as a restriction fragment length variations (RFLV) assay.

Results from the software were exported to an Excel spreadsheet and furthered filtered to
identify the pairingshat could be assayed using R&vailable in our lab. Lastlgandidates

were filtered to only include deigns with bp or 16bp spacer regions between TALEN
recognition sites, and TALENSs with large ratios of purine bases, as studies have found that
these properties confer highest performance Igilter et al., 2011; Mussolino et al.,

2014) After filtering there were four TALEN pairings remaining for use in our target region
(Fig. 4.2. PCR primers flankinghe target region were then designed to enable selective

amplificationof the region for RFLV analysis.


https://tale-nt.cac.cornell.edu/node/add/talen
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TALEN 63L TALEN 63R,
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| < I
TGTAATGAAAATTATTTTATGCCTTGGTTGTTAGATTTTCTAGAAGGTGTTCCTTTGCTCATATAGTTTATATTTGATGGTGGTTAAAATATTTAAGAATACAAGTGA
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GAATTCCAAAGCCAGCCTGCCTTGTTACTCTAGTAGTTTTCTCAAACTCAAGTTCAGAATCAGGGGAGCAGCCCTGGTGTTCAAAAGGGGCCTGTGAAGTTATATGCA

40 360 380 400 420
| | I | |

CATGATGGGTACCTGTTGGCCTTTGTTTTGCCAGCTTTGCTGGTGAGTATCCCCTTCTTTTCTTCTGTCACTGAGAGCTTCTGAATAAGCCAGTCTGAAGATTGAACT

\TALEN 333L
TALEN 276L TALEN 276R
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GTGAACAGACCACAGGCTTCCAGATGCACATCATAGCCCTAACCTAATTCTTCTCTTAGTTTTAGACCAATAGGCAGCTGCTACTTCTTTCCAAACCTTCCTTAGTCT
TALEN 333L TALEN 333R
560 600 620 640

| | | |
GGCCTGTAGCTCAGAGGGGCAGTGCAGTGTGACCAGATTCTAGTCAGAGAAAGGCTCACTGTGTCGCACTACAGTGGTAATTAAAAGCATCCAAGACAGGCTTTGAAC

TALEN 416L TALEN 416R
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CCTAAAGTACATGAAGGAACCCCAAAAAAGAACCAAAACCCATAGAAGGAGGCTATTTCTGTCTACAAGAAAGAATAGGCAGGTGTCCTTGGATATGGTAGTTGCTAA
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TTAGGGTTTTTTGGGGGGGAGTAATATCTTGTGGTAAAGACCCATGTGACCCAAGATACCTTTTTTCTCATACTGGAACCCTAGGCAGC

Figure 4.27 DNA target sequence of selected TALEN pairings

DNA sequence is intron 2 target region previously identified. Pink arrows at eitheh@nd

the sequence of primers designed to PCR amplify the target region. Remaining coloured
arrows show the target sequence of the four TALEN pairings that remained after filtering of
the initial candidate list. Each pairing consists of a left and righetiag arm.

4.4 TALEN synthesis

In this study we used the TALEN assembly method developed by Voytas and colleagues
(Cermak et al., 2011yhich utilises the golderate method of clonin@Engler et al., 2008,
2009) This cloning method usegae 1IS restriction enzymes. These enzymes cleave DNA
outsideof their recognition site leading to the creation of uniqlbp #verhangs, which are
determined by the sequence surrounding the recognition site. Using this method, multiple

fragments of DNA can be ligated together in a precise order in a single reaction.

TALEN assembly is a twgtage process. The first stage involves the assembly of DNA

targeting repeat modules into ordered arr&yg.(4.3AB).
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Figure 4.37 Cloning strategy for TALEN arm synthesis

Flow diagram outlining steps involved in cloning eaatividual TALEN arm. A) Plasmids
containing repeat modules and pFUS backbone plasmids were digested with Bsal and ligated
together to form intermediate array plasmi@ Intermediate array plasmids and pTAL
backbone plasmid were then digested withIEsmnd ligated together to forr(C) final

TALEN arm construct. Removal of LacZ coding sequence (blue box) during cloning allowed
blue/white screening. Final RVD array was cloned between the sequence fotetimeimal

(TAL-N 6 )  daemndnal CTAL-C 6 ) hedlALE fprotein. Coloured boxes withbé

sequences indicate the overhangs created by Bsal or Esp3l digestion. Plasmids contained
antibiotic resistance genes (white box) for spectinomycin, tetracycline, or ampicillin.
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The four TALEN pairddentified by the design software had target sites ranging from 17 to
20bp. Since the efficiency of Golden Gate Cloning decreases as the number of DNA
fragments increases, the TALE repeat modules were first assembled into two intermediate
arrays, each cgaining a maximum of ten repeats. The first intermediate array (pFUS_A)
always contained ten repeats and the number in the second (pFUS_B) varied depending on

the length of recognition sequence for each arm.

In total, eight individual TALEN arms had t@ synthesised, a left and right arm for each of

the four TALEN pairs. For each arm, the appropriate repeat module plasmids along with a
pFUS_A or pFUS_B destination plasmid were put together in a single reaction tube, digested
with Bsal, and fragments weligated together to form the intermediate arrays. Reactions

were transformed into DHcells and plated on spectinomyainntaining agar plates.

Correct assembly involved removal of the LacZ sequence from pFUS_A and pFUS_B
plasmids, allowing blue/white sgening of cells. White colonies were picked, cultured
overnight, and plasmid DNA was extracted by rprep. To confirm correct assembly,

plasmid DNA was digested with Aflll and Xbal, to cut out the array of fused repeat modules,
and digest products weseparated by agarose gel electrophoresis. Correct array fragments
were sized ~60p + 100bp for each repeat module in the array. Digestion products from all
reactions, except one, showed the expected band sizes, confirming correct assembly of the
intermedate arraysKig. 4.4). TAL-B333L was a failed digestion. A correct sized fragment

was confirmed on repeat digestion. To confirm that all repeats were assembled in the correct
order and without mutations, sequencing primers were designed (pCR8_F1 andRACR8_
flanking the region containing the repeat array. All pFUS_A and pFUS_B plasmids were then
sent, along with sequencing primers, for Sanger sequence analysis. Sequencing results

confirmed that all arrays were correclgsembled and free of mutations.
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Figure 4.471 Restriction digest confirmation of correct array assembly

Plasmid DNA was digested with Aflll and Xbal and separated by agarose gel electrophoresis.
The large fragment in each lane is vector backbone. The smaller friaigraeepeat array

whose size varies depending on the number of repeats. Expected sizes: Ml drfdys =

1060bp (10 repeats); TAIB276, TAL-B416R, TAL-63 = 960bp (9 repeats); TAIB333 =

860bp (8 repeats); TAIB416L = 660bp (6 repeats). Numbers algolvands indicate number

of repeats for each arm. Ladder was NEBBLQuick.

In the second stage of the assembly prodegs 4.3B-C) pFUS_A and pFUS_B plasmids

for each TALEN arm were combined into a pl as
regions dthe TALE protein as well as the Fokl nuclease sequence. In this study two versions

of the Fokl nuclease were used. As well as the WT version, a modified version was used in

which the Fokl nuclease has been modified to ensure that DNA cutting only at@ims

left arm and right arm come together to form a heterodimer. In order to compare cutting

efficiency between these two versions, all 8 TALEN arms were assembled into two different
plasmid backbones, containing either the WT (pTALv2_FokIWT) or thgataiheterodimer

mutant Fokl pTALv3-FokI-ELDS for left arm and pTALv3FokI-KKRS for the right arm).
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For each arm, the appropriate pFUS_A and$FB array plasmids from stage omere

mixed in a single tube along with a backbone plasmid containing ¥iffieor obligate
heterodimer Fokl. Plasmids were digested with Esp3Il and the fragments ligated together to
form the final TALEN armsTable 4.1).

Table 4.17 RVD sequence and Fokl type for individual TALEN arms

Arm name Pair Target Sequence Fokl type
pTAL-WT276L WT
TTCTTCTCTTAGTTTTAGACC X
pTAL-Het276L 76 Obligate het.
pTAL-WT276R WT
TAAGGAAGGTTTGGAAAGAAG .
pTAL-Het276R Obligate het.
pTAL-WT333L WT
TCTGGCCTGTAGCTCAGAGG X
pTAL-Het333L 333 Obligate het.
pTAL-WT333R WT
TTTCTCTGACTAGAATCTGG i
pTAL-Het333R Obligate het.
pTAL-WT416L WT
TATTTCTGTCTACAAGAA i
pTAL-Het416L i Obligate het.
pTAL-WT416R WT
TAGCAACTACCATATCCAAGG .
pTAL-Het416R Obligate het.
pTAL-WT63L WT
TTTATGCCTTGGTTGTTAGAT .
pPTAL-Het63L - Obligate het.
pTAL-WT63R WT
TATAAACTATATGAGCAAAGG .
pTAL-Het63R Obligate het.

Reactions were transformed into ¢ells and plated on ampicillin containing agar plates.
Blue/white screening was again used to identify correct clones and white colonies were
picked, cultured overnight, and plasmid DNA extracted byimiap. To confirm correct
assembly, plasmid DNA waigested with Sacl and Xhol to cut out the full array of fused
repeat modules, and digest products were separated by agarose gel electrophoresis. Correct
array fragment band sizes were ~&p0+ 100bp for each repeat module in the array.

Digestions from b 16 reactions showed the expected product, confirming correct assembly

of final TALEN arm constructsHig. 4.6). A representative final TALEN construct plasmid

map is shown iffrig. 4.7.
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Figure 4.6- Restriction digast confirmation of correct finalTALEN arm assenbly

Plasmid DNA was digested with Xhol and Said cut out full array of fused repeat modules
and restriction fragments were separated by agarose gel electrophoresis. Large fragment in
each lane is vector backbone. Smaller fragment is reypesy, size varies depending on the
number of repeats. Expected sizes: pTA16, pTAL416R and pTAI63 = 2960bp (20

repeats); TAE333 = 296(p (19 repeats); TAA16L = 2760bp (17 repeats). Ladder was

NEB 1KB Quick.
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Figure 4.717 Representative plsmid map of final TALEN construct

Plasmid map showing standard features of a final TALEN arm consIraciscriptions

driven by a cytomegalovirus (CMV) promoter. A simian virus 40 nuclear localisation signal
(SV40 NLS) ensures TALEN protein is targetedhe nucleus. The DNA binding domain is
cloned between the-dminal (TAL NT) and @&erminal (TAL CT) of the TALE protein, and
the sequence for the Fokl nuclease is directly downstream of the TAL CT. Transcription is
terminated by the bovine growth hasre (bGH) poly (A) signal. The ampicillin resistance
gene (AmpR) allows for antibiotic selection of the plasmid and the bacterial origin of
replication (ori) enables replication of the plasmid in bacterial hosts.

4.5 Optimisation of electroporation parameters

To test the ability of our TALENSs to make targeted DNA cuts we tested them on P19 cells, a
well-establisheanaleembryonic carcinoma cell lindcBurney and Rogers, 1982h order

to cut DNA, plasmids codg for both TALEN arms of a pair needed to be present in the

same cell. To achieve as high a transfection efficiency as possible we used the Neon
electroporation device, which has been shown to achieve high levels of transfection in

multiple mouse cell lias(Abolhassani et al., 2010; Hsu and Meng, 2010)

Optimum Neon parameters such as pulse voltage (v), pidise (ms), and pulse number

have tobeempirically determined for each individual cell line. Recommended settings
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specific for P19 cells, as well as those for mouse embryonic stem cells (MESCs) were
obtained fom the Life Technologies Neonelsite

(http://lwww.lifetechnologies.com/uk/en/home/lieience/cell

culture/transfection/transfectienselectionmisc/neortransfectiorsystem/neoiprotocols
cell-line-data.htmTable 4.7).

Table 4.2 Electroporation @mrametersused for g@timisation

Pulse voltage Pulse width Pulse
Recommended cell type
V) (ms) number
P19 1275 30 1
Mouse embryonic stem
1400 10 3
cells (MESC)

To determine if either of these settings produced high transfection efficiency in P19 cells a
GFP reporter plasmid was us@pLenti-PGK-GFP). Since cells need to be transfected with
two different TALEN arm plasmids for cutting, this reporter was transfected along with a
single TALEN arm, in order to ensure the settings were optimal for a double plasmid
transfection. For eadansfection 400,000 cells were electroporated with a totalgf af

DNA, 2 ug of each plasmid, using either P19 or mESC settings. Transfected cells were then

plated into a well in a-@vell dishes and incubated for 48 hours.

Transfection efficiency waassessed using an Attune flow cytometer (Life Technologies,
USA). Forward and sidscatter plots from untransfedt®19 cells were used to create gates

to identify the population of live cells (R2), and a further gate was set to identify cells within
thislive population that expressed GFP above the background levels seen in control cells
(R4). Cells in this second population were those successfully transfected with the GFP
reporter plasmid. Cells transfected using the recommended P19 cell settings hafcc8if8o
identified as live and 59.5% of these live cells identified as GFP positive. In comparison cells
transfected with mESC settings had 60% of cells identified as live and 83.7% of these live
cells identified as GFP positivEig. 4.8. As the mESC g&ngs produced lower cell death

and extremely high transfection efficiency we used these settings for all subsequent P19

transfections.


http://www.lifetechnologies.com/uk/en/home/life-science/cell-culture/transfection/transfection---selection-misc/neon-transfection-system/neon-protocols-cell-line-data.html
http://www.lifetechnologies.com/uk/en/home/life-science/cell-culture/transfection/transfection---selection-misc/neon-transfection-system/neon-protocols-cell-line-data.html
http://www.lifetechnologies.com/uk/en/home/life-science/cell-culture/transfection/transfection---selection-misc/neon-transfection-system/neon-protocols-cell-line-data.html
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Figure 4.87 Optimisation of Neon electroporation parameters

GFP protein leveland cell death for eitheAj P19(1275(v), 30(ms), onpulse) or B)
mouseembryonic stem cell (ESC; 1400(\L0(ms), 3pulses) recommended settings were
assayed using Attune Flow Cytometry. Gates were drawn to identify both live and GFP
positive (+ve) cells. Left panels show histogram of forward scatter-@&)S@rsus side

scatter (SSE\) used to identify livecells (purple rhombus). The percentage of cells gated as
live is shown in each panel. Right panels show histogram plotting GFP fluorescence intensity

versus percent of max (a normalised representation of the number of events) in the live
population. Resustfrom WT (dark purple) and transfected cells (light purple) are shown

superimposed over each other. The percentage of GFP positive cells (green shaded area) are

shown in each panel.
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4.6 Testing TALEN cutting dficiency

Once optimal transfection cditions were determined, all 4 TALEN pairs were assessed for

their ability to make targeted double stranded breaks as outlirkegl. i4.9

1.
Culture Mouse P19 cells until confluent
'- 2.
Transfect cells with TALEN pairs using Neon Ei
electroporation device e
3.
After 48 hours extract genomic DNA from cells
4.
PCR amplify TALEN target region using flanking
primers
5.

Assess cutting efficiency by RFLV or TIDE
analysis

Figure 4.97 Outline of procedure for testing cutting efficiency of TALEN pairs
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P19 cells were cultured anidein transfected with TALEN pair plasmids. After 48 hours,
genomic DNA was extracted from these cells and the TALEN target region was amplified
using intron 2 specific primers (Mrivlecp2 In2_Forl and Mm_Mcp2_In2_RevIable

2.11). This PCR product was thesed to quantify cutting efficiency for each TALEN pair,
using the RFLV assay described previouSiyall insertions and deletions, introduced during
NHEJ repair of DNA breaks, lead to destruction of the unique RE recognition site contained
in the spacer ggon between the two TALEN arm binding sites. For each TALEN pair
transfection, the PCR product was digested with the appropriate RE, and the resulting
digestion fragments were separated via agarose gel electrophbrgst10. Successful

cutting was mdicated by the appearance of unique bands in digestion products from DNA
extracted from TALEN pair transfected cells, compared to DNA from untransfected controls.

The intensity of these unique bands gave an indication of the efficiency of cutting.

Succeshul cutting with TALEN pair # 276, leads to destruction of a Pvull RE recognition
site, and the appearance of a new band abp5ih the agarose gel. Results from the RFLV
assay Fig. 4.10A) showed that no band of this size was present, either with Therw
mutant version of Fokl, indicating that no cutting had occurred. Cutting with TALEN pair #
416 leads to the appearance of a new band avp5RFLV resultsKig. 4.10B) showed

faint bands of this size on the gel, with a stronger intensity band ToFoKI. Cutting with
TALEN pair # 333 leads to the appearance of a new band dpd94 contrast to results
from the previous two pairs, results from this RFIE#( 4.16C) showed the presence of
very intense bands of this size, indicating efficientiogtby this TALEN pair. Cutting with
TALEN pair # 63 leads to the appearance of a new band diB88FLV results for this pair
(Fig, 4.10D) showedno evidence of cutting.
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Figure 4.107 Agarose gel of RFLP digestion products

Gel image of digestioproducts of RFLV assay from cells transfected Wlth TALEN #276

(B) TALEN #416 C) TALEN #333 or TALEN #63 as indicated. For each TALEN pair

either the WT or the obligate heterodimer mutant (Het) version of the Fokl nuclease was
used. Each digestion pract was run alongside uncut samples of the same PCR product. In
addition cut and uncut products from cells not transfected with any TALEN pairs are shown.
Black arrows indicate the size of unique band expected in cut samples successfully cut with
TALENSs. Black circle highlights intense bands of expected size in digested samples from
TALEN #333 transfected cells, indicating high cutting efficiency in this pair.
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Although RFLV analysis allows the relative cutting efficiency of different TALEN pairs to
be assssed, it is limited by the fact that it relies on a suitable RE recognition site to be
directly overlapping the TALEN cut site, otherwise it may not be sensitive to very small
insertions or deletions that do not disturb the recognition site. In additroayinot always
be possible to find a suitable unique recognition site anywhere within the spacer region.
Recently, a new method for quantifying cutting events has been devéRnpednan et al.,
2014) This method, calleddcking indels by ecomposition (TIDE), relies on Sanger
sequencing of the PCptoducts from transfected and rwansfected cells. The resulting

sequencing traces are then analysed using an online softwarettp@ditide.nki.nlj. Since
repair of TALEN induced DNA breaks is error prone, PCRIpats from TALEN

transfected cells are a heterogeneous mixture of indels, leading to a composite sequence
trace. The TIDE tool decomposes this composite trace via multivariateagative linear
modelling, and uses the control sequence from untransfeattbls to model the type and
proportion of indels. This enables both the cutting efficiency of TALENs or CRISPRs, and

the nature of the indels produced, to be determined.

To tests this new tool, genomic DNA was extracted from each of the TALEN pajrasells

well as from untransfected control cells, and the intron 2 target region was PCR amplified
using flanking primers (MmMecp2 In2_Forl and Mm_Mcp2_In2_Revl). These PCR
products were then sent for Sanger sequencing and the resulting sequence tresexs analy
using the TIDE toolKig. 4.17). Results of TIDE analysis were in agreement with those from
the RFLV assays. For WT Fokl versions, TALEN #333 showed the highest cutting efficiency
(42.9%) and #416 the second highest (19.6%). TALEN #276 and #63 stmwedtting

(8% and 2.1% respectively). As expected, use of the mutant obligate heterodimer Fokl
nuclease led to reduced cutting efficiency with TALEN #333 reduced to 20.8% and #416
dramatically reduced to 2.9%. Since TIDE analysis proved to be quickjtgtiae, and was

in agreement with the results from the RFLV assays, it was used instead of the RFLV assay
for the subsequent CRISPR Easxperiments descridén this chapter.


http://tide.nki.nl/
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Figure 4.111 TIDE analysis of TALEN pair # 333 cutting efficiency

Cutting efficiency of TALEN pairs was quantified using TIDE analy@9.Sequence traces
from untransfected (top trace) and WT TALEN # 333 transfected (bottom trace) P19 cells.
Dashed black line indicates the expected break site. Breakdown of sequemneeHzef
expected cut site in WT TALEN # 333 indicates the presence of small deletions in the
genomic sequence introduced after the repair of TAEddiated DNA break)

Visualization of aberrant sequence signetweencontrol (black) and transfected sale
(green). Also shown is expected cut site (blue dashed (QeRepresentative image of WT
pair # 333 indel spectrum and total cutting efficiency %. Goodness of fit assesséd by R
calculation. Thd>-value associated with the estimated abundance of each indel was
calculated using &test of the varianeeovariance matric of the standard err¢i. Graphs

of estimated cutting efficiency for TALEN pairs as determined by the software. Results show
meant SBM of two replicates.

4.7 Design of CRISPRCas9 onstructs

Results from the initial TALEN experiments showed that TALEN pairs could be designed to
efficiently induce targeted doubstranded DNA breaks in tiidecp2target region.

However, the TALEN pias were very time consuming to synthesise, and cutting was
extremely variable between the different pairs. To determine if the CB#SP system could

be used to more efficiently target the same region, a set of CRTaB®single guide

constructs was syiesised and assayed. Since TALEN pair #333 showed much greater
cutting efficiency than the other three pairs, we focused our CR(SR designs on the

small region surrounding the #333 target site. A CRISPR desigrhttyel/Acrispr.mit.edy

was used to generate CRISPR guide target sequences. This tool has the advantage of
identifying likely off-target binding sites, and to score potential guides by the inverse
likelihood of offtarget binding. The higher the scottee lower the predicted offirget levels
by the software. The top four scoring single guide target sequences were séigcted (
4.12).


http://crispr.mit.edu/
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Mm_Mecp2_InZ2_FOR1
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Figure 4.121 DNA target sequence of selected TALEN pairings

DNA sequence of intron 2 target region. Pink arrotasither end show the sequence of PCR
primers designed to amplify the target region. Remaining coloured arrows show the target
sequence of the four top scoring CRISPR guides. Red underlined sequence shows the target
sequence for the arms of TALEN pair #333
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4.8 Synthesis of CRISPR gides

The selected guide target sequences were then synthesised as two complementary
oligonucleotides, annealed together, and cloned upstream of the gRNA scaffold in a CRISPR

guide expression plasmi#if. 4.13.

H1 Bbsl g Bbsl o scaffold
Expression Plasmid

Ampicillin

, Vector digested
with Bbsl
Target Sequence

[ 1
Expression Plasmid PSS 0000.0.0.0.00.0.9.0.0.0.0004
) 9.0.0.0.0.0.0.0.0.0.0.0.0000000(clolc]
‘ Ligate

Annealed Oligos
gRNA

Ampicillin

H1 Target Seq. | scaffold
Expression Plasmid
Ampicillin

Figure 4.131 Outline of cloning strategy of guide sequence into expression plasmid

Guide target sequences were synthesised as complementary oligonucleotides, annealed

together, and ligated into a Bbsl cut expression plasmid upstream of tracrRNA sizaffold

form the guide RNA (gRNA). Extrabases(gelv and pur pl ejdendev@d@r e added
oligonucleotides to create matching overhangs to Bbsl cut pla$naidscriptionof the

gRNA was driven by the RNA polymerase IIl promoter human H1 (green arrow). The

plasmid also contained the ampicillin resistance gene (white box).
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Transcriptionof the guide is driven by an RNA polymerase Il promoter. Oligonucleotides
were synthesised so that when annealed they would have overhangs cemguigno those
generatedby Bbd digestion of the expression plasmid. This allowed easy cloning of the
guide sequence into the plasntiliccessful cloning of guide sequences was confirmed by
Sanger sequence analydtsy( 4.14.
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Figure 4.141 Sequence confirmation of guide seguce cloning into expression plasmid

Shows extract of sequence traces from expression plasmids confirming successful cloning of
CRISPR guide target sequencas A64 (B) A65 (C) B52 D) B86, upstream of the gRNA
tracrRNA scaffold. Guide target sequenchighlighted 20bp section. For each guide the
nucleotide sequence extracted from sequencing traces (bottom two strands) is compared
against the expected final nucleotide sequence (top two strands). All expression plasmids
showed an exact match betweentthie, confirming successful cloning. Chromatograms are
shown below sequence data.
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4.9 Testing of CRISPR cutting #iciency

Cutting efficiency for each of the four selected guides was tested by a process similar to that
described previously for TALENS$-{g 4.9). Successful cutting requires a cell to be
transfected with the guide plasmid as well as a separate plasmid expressing the Cas9 nuclease

(Fig 4.15.

pWT-Cas9-GFP

Sv40 NLS

Figure 4.1517 Map of Cas9 expressing plasmid

Plasmid map showing features of the Cas9 expression plabrarcriptionof WT Cas9

and EGFP was driven by tleMV ear |l 'y enhancer pronoterdk en b act
Thoseaasigna virus 2A peptide (T2A) sequence between the Cas9 and GFP sequence caused
theribosome to skip the synthesis of the peptide bond at-tieen@nus of the 2A peptide,

leading to cleavage of the downstream GFP peplide SV40 nuclear localisation signal

(NLS) ensured that the Cas9 nuclease was targeted to its site of actionuol#us.nOther

features include a bacterial origin of replication (ori) and the spectinomycin antibiotic

resistance gene (SmR).
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This Cas9expressing plasmid also expresses GFP, under the control of the same CAG
promoter that driveganscriptionof the Ca8 gene, enabling transfection efficiency to be

easily assessed. The T2A sequence inserted between Cas9 and EGFP allowed the proteins to
be expressed as two separate peptides, which prevented the potential detrimental effects of

GFP on Cas9 function thatwd occur if they were made as a fusion protein.

For each CRISPR guide to be tested, P19 cells were transfected with equimolar amount of
guide and Cas9 plasmids and incubated for 48 hours. Genomic DNA was extracted and the
target region was PCR amplifieising flanking primers (MnMecp2 In2_Forl and
Mm_Mcp2_In2_Revl). The PCR product was then sent for Sanger sequence analysis and the

resulting sequencing traces were used to quantify cutting efficiency using TIDE analysis

TIDE analysis resultsHg. 4.1 showed that all CRISPR guides were capable of significant
cutting, with some guides showing extremely high efficiency. Guides B52 and B86 showed
the highest efficiency (60.4% and 46.8% respectively) and both performed better than the
best performing TALE pair. Guides A64 and A65 showed lower efficiency (34.5% and
22% respectively) but these still performed better than the other three TALEN pairs.
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Figure 4.161 Cutting efficiency of CRISPR guides

Graph summarising the cutting efficiency of the topr selected CRISPR guides as
determined by TIDE analysiResults show meanSEM of two replicates.
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4.10 Discussion

Ligation of a repair construct into n@oding regions of th®lecp2gene represents a novel
therapeutic strategy for RTT. In order &st the potential of this approach, TALEN and
CRISPRCas9 constructs capable of targeting-coding regions oMecp2are required.

Since the majority of RTT causing mutations are located in the protein coding regions of
exons 3 and 4, replacing these mns could provide an attractive single therapeutic
strategy for a majority of patients. Attention was therefore focused on the large intron
upstream of these exons. In this chapter, a number of CRC3BR constructs targeted at

this intron were degned synthesised, and testf their ability to induce doublstrand

DNA breaks. The results showed that several TALEN and CRISPR designs were capable of

making targeted breaks at a high level of efficiency.

In order to find a suitable target region, tlegsence oMecp2intron 2 was examined using

the genome browser tool. It was important to avoid regions with a high density of repetitive
DNA, as it is essential that the TALEN or CRISERS9 constructs have a unique target site.

On examination, the introtontained large stretches of highly repetitive DNA, but a suitable
region of roughly kb was identified slightly upstream of endogenous exon 3. Genome

browser data also showed that there was a number of single nucleotide polymorphisms

known in this regia, which could affect the design of the TALEN and CRISPR target
sequences, but sequence analysis on genomic DNA extracted from the P19 cells to be used in
these experiments confirmed that the sequence in this region matched the reference sequence.
Overallthese results suggested that this stretch of DNA would be a suitable target region for

insertion of the repair construct.

One disadvantage of using TALEN constructs is that they are much more difficult to
synthesise than CRISPR. This is because the DNérrdomain is composed of an array

of repeating protein domairiBoch et al., 2009; Moscou and Bogdanove, 2008¢

different repeat domains differ by only two amino acids meaning that the coding sequence is
highly repetitive, and unsuitable for DNA syntheddeng et al., 2012; Mak et al., 2018)

this study, a Golden Gate cloning approach was used based on a previously published method
(Cermak et al., 2011Yhis allowed a large numbers of repetitive DN&gments to be

ligated efficiently in a single reaction. The number of repeats in the four TALEN pairs

designed for this study ranged from18. As this was too many to ligate together in one

reaction they were synthesised as two intermediate fragnvlids were then ligated
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together into a final expression plasmid. Using this strategy, it is possible to efficiently
synthesise TALEN arm plasmids in as short as five days. However, in this study 16 different
TALEN arms were required and the cloning toaasgicantly longer, mainly due to several
reactions failing during the first attempt. There was also an initial expense with this approach,
as it required purchasing a kit containing over 80 different plasmids, as well as various
different enzymes. In adn, it was necessary to make high quality plasmid preps of all the
plasmids in the kit to make them suitable for use in the protocol, which took a significant
amount of time. In contrast to the mestep process required for TALEN constructs,
CRISPRCas9 constructs can be cloned very easily and quickly. Target sequences were
simply synthesised as two complementary oligonucleotides, annealed together, and cloned
into an expression plasmid, and could be generated in as little as three days at lifl@ost.
offered a huge advantage over TALEN in terms of cost, time, and simplicity of design and

synthesis.

Once the TALEN and CRISRRas9 constructs had been synthesised they were tested for
cutting efficiency in P19 cells. Although neurons will be themadte target cell, they are

more difficult to culture and to transfect with plasmids, usually requiring the use of viral
vectors for high level transfectigkarra and Dahm, 2010)Since this study involved the

testing of 8 differat TALEN constructs as well as fo@RISPR constructs, it was not

feasible to do the initial screening assay in neurons. For both TALEN and CRISPR
approaches, successful cutting reliecaarell receiving copies of two different plasmids.

Using standard transfection methods this would have led to low numbers of cells being
transfected, making it difficult to assay the different constructs quickly and effectively. In
contrast, the Neon el@oporation device enabled very high rates of transfection in P19 cells.
Using optimised parameters, transfection rates of over 80% were achieved, providing a robust
screening platform for identifying the most effective TALEN and CRISPR constructs. One
disadvantage to this approach was the cost of transfections, approximately £5 per well. This

was due to the expense of the neon pipette tips which are not reusable.

Initially, cutting efficiency was measured using a restriction digest based approach.ssertio
and deletions introduced during NHEJ repair of DNA breaks led to destruction of restriction
enzyme recognition sequences in TALEN and CRISPR target sites. PCR amplification across
the target region, and digestion of the resulting product with the apdepestriction

enzyme, generated digestion fragments which could be separated on an agarose gel. The
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appearance of a unique band in transfected cells compared with untransfected cells was an
indication that cutting had occurred. However, this approadmskveral disadvantages. First,

it relied on finding a unique restriction site within the TALEN or CRISPR target site. To
ensure that these sites were present, the initial TALEN designs in this study were filtered for
the presence of a unique restrictgite in the target region. Whilst this ensured the TALENs
were suitable for restriction analysis, it meant that potentially more efficient TALENs may
have been discarded as they didndt meet this
restrictian enzyme needed to be purchased for each TALEN or CRGG#R construct.

Third, it was time consuming to carry out the restriction digests and run the agarose gels.
Recently, an alternative approach, called TIDE analysis, has been developed, which enables
the cutting efficiency of TALEN and CRISPR constructs to be quickly and easily assessed
(Brinkman et al., 2014)n this approach PCR products spanning the target region are sent for

sequence analysis, and specialised softwdte:{/tide.nki.nlj uses the sequentraces

produced to calculate cutting efficiency. Crucially, this method is quantitative and does not

rely on there being a unique restriction enzyme site located in the target region, so it was
suitable for all TALEN and CRISPR constructs. In additionaswalso cheaper and required

less hands on bendime. To validate the approach for use in this study, TALEN constructs

were first assessed using the standard restriction digest method and then then assessed using
TIDE analysis. The TIDE results shed/thesame pattern as thoserfidhe restriction digest
method, showing that this new method is suitable for the assessment of cutting efficiency.

Since the TIDE approach was cheaper and quicker, it was used for all future constructs.

When assessed by both region digest and TIDE analysis, the cutting efficiency of the
different TALEN pairs varied dramatically, suggesting that the ability of TALENS to cut is
heavily dependent on the particular sequence targeted. Two of the pairs (# 63 and # 276)
showed extmmely low cutting efficiency, while a third (# 416) showed only moderate
activity. However, TALEN # 333 did show robust cutting. One important question to be
answered answer in this study was the effect on cutting efficiency of using the obligate
heterodime mutant version of the Fokl nuclease instead of the WT version. This mutated
version is designed to increase the specificity of targeting, by ensuring that cutting only
occurs when a left and right arm dimerise to form a heterodimer, in comparisonewthrth
version which is also capable of forming homodin{&tghal Szczepek et al., 2007; Yannick
Doyon et al., 2010)This forced heterodimerisation is also a crucial feature in ensuring that

the repair construct is ligated into the genome in the correct orienfi&tayesca et al.,


http://tide.nki.nl/
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2013) In contrast, WT Fokl nuclease is capable of forming homodimers as well as
heterodimers. This can lead to-tdifget cutting and substantial toxic{tgelly Beumer et al.,
2006) However, this increased specificity comes at the expense of a substantial reduction in
cutting efficiency in the mutated version, although recent modifications have improved
efficiency significantly(Yannick Doyon et al., 2010)n this study, the use of the obliga
heterodimer Fokl mutant led to a large decrease in cutting efficiency. For example, the best
performing TALEN (#333) showed a ~50% decrease in efficiency compared to the WT
version, and other pairs showed an even greater fall in efficiency. Howesgeare#dds to be
weighed against the substantial increase in specificity which will be crucial when thinking

about therapies, as well as the potential for controlling the orientation of the insertion.

CRISPR technology, which was only developed in theféagtyeargMartin Jinek et al.,

2012) is becoming the genome editing tool of choice due to a combination of low cost, high
efficiency and easy synthegRrashant Mali et al., 2013; Sakuma et al., 20¥dhis study,

all four of the CRISPR guides designed led to robutting. The best performing guide,

B52, led to over 60% of cells being cut in the target region. This figure is in fact likely to
underestimate the actual efficiency, as not all cells will have been successfully transfected
with both plasmids, suggestitigat CRISPR is capable of achieving extremely high cutting
efficiency. It also suggest that when targeting the same region CRI&B&Rconstructs will

lead to substantially higher levels of cutting than TALENS, perhaps indicating that they are
less affectd by the particular sequence that they are targeting. However, despite this
advantage in efficiency, there is as yet no equivalent of the obligate heterodimer mutant for
the Cas9 enzyme. This means that there is no way to bias insertion towards the correct
orientation, and that insert will be vulnerable tecudting and excision. This will be explored

in the next chapter.

The work in this chapter has shown that specificoating regions of thecp2gene can

be successfully targeted by both TALEN arRISPR constructs and that robust cutting can
be achieved. The best performing TALEN (#333) and CRISPR (B52 and B86) constructs
achieved particularly high efficiency and were therefore used for the work described in the

next chapter.
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Chapher

Targeting a repair constructsinto intron 2 of
the Mecp2gene

5.1 Introduction

While genome editing tools show great promise in tackling human diggetseank et al.,

2013; Mussolino et al., 2014; Wang et al., 2014a, 2014b; Smith et al., #dphave so far

not been utilised in the treatment of nervous system disorders. As described previously (see
section4.1), RTT presents many challenges for this type of approach, the most significant of
which is the low levels of activity in neurons of the precise homologous recombination (HR)
repair pathwaySan Filippo et al., 2008; Jeppesen et al., 20I1¢ reliance on the

mutagenic nothomologous end joining (NHEJ) pathway in these cells means that any
attempts to directly modify mutations in coding regions of the gene is likely to lead to further

damage rather than repair.

To overcome this issue, a novel strategy to repair RTT causing mutations was developed
based on the approach of Maresca and collegie®sca et al., 2013)vho showed that
exogenous DNA could be efficiently inserted into the genome at TALEN induced DNA
break sites. Builaig on this insight we designed Blecp2repair construct that could be

ligated into norcoding regions of thiMecp2gene to replace downstream mutated DIRAy(
5.1).In this approach, WT copies bfecp2exons 3 and 4, the site of the vast majority of

RTT causing mutations, are ligated into intron 2 of the gene, upstream of the equivalent
endogenous exons. By including suitable splice acceptor sites and transcription terminators
these inserted exons shdwplice to upstream exons and replace the downstream endogenous
exons in the final transcript. If successful, this approach would provide a single strategy for
the repair of most RTT causing mutations. To be successful the cepatruct must contain

the -§plice acceptor elements necessary for splicing to upstream exons 1 and 2. These
include an almost invariant AG dinucleotide sequence at thefahd intron, known as the

3 Bplice acceptor site, and an upstrdaianch pointhat includes an adenifmase(Black,

2003; Faustino and Cooper, 200B) vertebrates, the branch point sequence is partially
conserved and is located-50 bp upstream of thg -@plice sitg(Green, 1991; Gao et al.,

2008)
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Figure 5.17 Outline of intron 2 repair $rategy

Summary diagram outlining the genome editing repair strategy for RTT. To aid clarity
components are not drawn to scéfe) Mecp2gene diagram showing exons (yellow boxes)

and introns (black horizontal lines) antesof most common RTT causing mutations (red
areas). White arrowhead indicates TALEN and CRISPR target site for repair construct
insertion (B) Diagram of the basic components of the repair const@riMecp2gene

diagram after successful insertion epair construct into the target site. Splice signal (blue
box) will cause exon 2 to splice to the beginning of the repair construct (black diagonal lines)
and transcription stop signal (purple box) will prevent endogenous downstream exons being
included infinal transcript. D) Final protein encoded by endogenous exons 1 and 2 and
coding region of repair construct, including WT copies of exons 3 and 4.
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The importance of the branghint is illustrated by a study that showed that mutations in this
region led to a dramatic reduction in splicing efficier{®eed and Maniatis, 1988

addition, vertebrate genes often contain €2Q0p polypyrimidine tracthat is located

b et we e splide bite and@ the branch point (Ruskin 1988). This sugtiestthe last 50

bp of intron 2 should contain all the elements necessary for splicing of the repair construct to

upstream exons.

The ligation repair approach has two major obstacles that prevent efficient insertion of a
repair construct. First, if therientation of the repair construct cannot be controlled then 50%
of the insertions will be in the reverse orientation. Second, since ligation of the insert into the
genome can reconstitute the TALEN or CRISPR binding sites, the insert could be repeatedly
cut back out and rkgated, leading to DNA loss. To overcome these obstacles, Maresca and
colleagues developed a TALEN based strategy that would promote insertion in the correct
orientation and prevent the knockidrepair construct from being retargefed cutting.

Crucial to this strategy was the use of the obligate heterodimer version of the Fokl nuclease,
which only functions when a left arm and right arm come together to form a @tosal
Szczepek et al., 2007; Yannick Doyon et al., 20k@yorks by inverting the TALEN arm
recognition sites in the repair construct, such that they dhe iopposite orientation from the
genomic target site$-(g. 5.2A&B ). This means that when the repair construct is ligated into
the genome in the correct orientation, the original TALEN target sites are not reconstituted
and the insert is not vulneralitere-cutting Fig 5.2C). In comparison, when insertion is in

the reverse orientation, the TALEN target sites are reconstituted and caoubéroen the

genome Fig. 5.2D). This combination strongly biases insertion in the correct orientation. As

of yet, no comparable strategy has been developed for CRGE3R mediated insertion.
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Genomic Target Site
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Figure 5.21 Strategy for ensuring correctly orientated insertion of the repair construct

Summary diagram outlining the modified TALEN approach for biasing inseofithe repair
construct in the correct orientatiq\) PartialMecp2gene diagram showing TALEN arm

target sites (blue arrow = left arm, white arrow = right arm) upstream of exon 3 (yellow box).
(B) Inverted TALEN target sites flank either end of theaie construct (yellow box)C)

Insertion of the repair construct in the correct orientation leads téeftvarm target sites at

t heendbaml t wo r i ght -amd.niheseiconmbisaticmg willtndt lee cli By

obligate heterodimer Fok({D) Insetion in reverse orientation leads to left and right arm

target sites at either end, leaving the insert vulnerable to bemg by Fokl nuclease.
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5.2 Aims
The results from the previous chapt€hépter 4) showed that several TALEN and CRISPR

Cas9 constructs were capable of selectively targeting and cutting a specific rdgiecpaf
intron 2. In this chapter, these constructs were then tested for their ability to mediate the
insertion of arMecpZ2repair @nstruct upstream of exons 3 and 4 of the gene. The objectives

of this chapter were to:

(1) To design and synthesise iecp2repair construct capable of repairing

mutations in exons 3 and 4 of the gene

(2) To test the ability of TALEN and CRISPRas9 constructs developedGhapter

4 to mediate insertion of the repair construct into the genome

(3) To assess if the insertedrgiruct is capable of producing repaiddCP2protein
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5.3 Design of the rpair construct
To assess if the best performing TALEN and CRISRR9 constructs (s€&hapter 4) could

successfully target exogenous DNA into intron 2 ofNMezp2gene, a repair construct was
designedKig. 5.3.

TALEN 333 or TALEN 333 or
CRISPR B52 CRISPR B52
& B86 Target Site & B86 Target Site
Splice T2A 1st Part
Acceptor of 3UTR

Figure 5.37 Components of the MecpZpair construct

Detailed diagram showing the components ofMleep2repair construct (components are

drawn to scale). The construct contained WT copies of exons 3 andetp®(yellow

boxes) and was flanked at either end by TALEN or CRISPR targe{lsitesn boxes).

Upstream of the exons was the lastpQof intron 2 oMecp2contairg t bsplice &icceptor
elements of intron 2 (green box). Thoseaasignairus 2A sequence (T2Ablue box) was

inserted between exon 4 and mCherry (red box). Downstwéame mCherry sequence was

the first 33bp of theMecp23 6 UTR (pi nk box) the endogenous
of theMecp2gene, with surrounding sequence (grey box).

This constructontained WT sequence for exons 3 and Metp2in a minigenedrmat. If
successfully integrated intdecp2intron 2, these WT exons would replace the endogenous
versions, and thus any RI¢ausing mutations in these regions would be bypassed. The
coding sequence of mCherry fluorescent protein was then cloned downsfrégese exons

to enable easy detection of protein expression from the repair construct after insertion. Since
it was not clear if directly fusing a reporter to the MeCP2 protein would perturb normal
function, aThoseaasignairus 2A (T2A) sequence wasserted betweeklecp2exon 4 and

the mCherry sequence. This sequence leads to ribosomal skipping during protein synthesis
(Daniels et al., 20149nd enables mCherry to be synthesised as a separate protein, but still
under the control of the sarvecp2promoter and thus expressed at the same levels as the
MecpZ2transcript. The last 50p of Mecp2intron 2 was cloned directly upstream of exon 3.

As described previously, this region was predicted to contain all of the elements necessary for

splicing to upstream exori&reen, 1991; Gao et al., 2008) At -ehdrokthe 8odistruct was

(
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the sequence for the distal part of Mecp23 6 UT R, i ncl ud latogsighahe pol y a
necessary for terminating transcription and preventing downstream exons from being
included in the finaMecp2transcript. This was crucial, as the mCherry sequence contained a
stop codon, which would be recognised as aberrant by the nomsedsged decay system if

the transcript contained further downstream eX@ieng et al., 2007Yhis would lead to

MRNA degradation angrevent protein expression. Finally, to enable the repair construct to
be cut simultaneously with the genomic target DNA, the construct was flanked at either end
with target sites for either TALEN # 333 or CRISPR B52 and B86, the best performing
construcs as described in the previous chapter. Crucially, the construct did not contain a
mammalian promoter or an-frame start codon. This ensured that the protein coding regions
of the repair construct could only be expressed if the construct was ligatéueiggenome,

and corretty spliced to endogenous exons.

5.4 Synthesis of the repair construct

Since the repair construct contained multiple different components, it was decided to get the
construct commercially synthesised (GeneArt, Life Technologies)cdimgruct was

delivered as a plasmid in the pMRQ GeneArt backbone and contained the repair construct
sequence as well as the elements necessary for replication and antibiotic selection, but did not
include a mammalian promoter sequerfeg.(5.4). Initially, it was hoped that this plasmid

could be used directly to test for TALEN mediated insertion. However, large scale plasmid
DNA preps produced extremely low yields, suggesting that the insert was toxic when
expressed in bacteria. Examination of the mpldssequence showed that it contained the
promoter from the T7 bacteriophage, which is capable of drivingthagiscription ratem E.

coli cells. In order to prepare a suitable yield of high quality plasmid DNA, primers were
designed to PCR amplify threpair construct for subsequent cloning into an alternative
plasmid, which did not have a bacterial promoter.
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Intron 2 GeneArt Knock-in
5182 bp

Figure 5.47 Map of GeneArt Mecp2 repairanstruct

MecpZ2repair plasmid synthesised by GeneArt (Life Technologies). Repair construct
sequencépurple box) was flanked at either end by target sites for TALEN #333 (grey boxes)
in pMA-RQ abckbone. Green arrows show primers for PCR amplification of construct for
downstream cloning. Col_E1 origin (orange arrow) is a bacterial origin of replicaiion a
antibiotic selection was via the ampicillin resistance gene (Aimp&low arrow). The T7
promoter (white arrow) was upstream of the repair construct.

5.5 Cloning of TALEN repair construct

The commercially synthesised repair construct was desigrelftanked by target sites for
TALEN # 333. PCR primers TALEN_KI_FOR and TALEN_KI_REV, containing Sall and
Notl primer tails respectively, were used to amplify the entire repair construct sequence, for
subsequent cloning into plasmid pENIR (Fig. 5.95. This plasmid was chosen as it
contained no bacterial promoter, and in addition strong transcriptional terminators were
present upstream of the repair construct insertion site, ensuring that there was no residual

transcription due to the upstream kanamywimoter, thus preventing any bacterial toxicity.
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TALEN Knock-in Construct
5150 bp

(3357) Notl

Figure 5.57 Map ofthe final TALEN repair gasmid

Final TALEN repair plasmid. Shows main components of the TALEN construct (previously
described) cloned between Sall and Notl restriction sites. Plasplidation was enabled by
bacterial origin of replication (ofi yellow arrow). Bacterial selection was via the kanamycin
resistance gene (KariRgreen arrow)E. coli rrnb transcriptional terminators T1 and T2
(white boxes) ensured that there was no gemkndtranscriptionof the repair construct.

To identify successfully cloned plasmids, several bacterial colonies were picked and cultured
overnight. Plasmid DNA was then extracted by rpirep, digested with Sall and Notl, and

the products separated Agarose gel electrophoresis, to identify any positive cldfigs (

5.6). Four of the five clones tested showed the correct issgrand this was confirmed by
sequence analysis. A large scale plasmid DNA prep of one of the successful clones produced
a high yield of higkhquality DNA, consistent with the previous poor yield being due to

bacterial toxicity.































































