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Abstract

Telomeres are repetitive sequences located at the ends of human chromosomes.
During DNA replication, DNA polymerase is unable to fully replicate telomeric DNA
causing a progressive reduction in telomere length with each cell division. Consequently,
telomeres shorten with age and when telomere length reaches a critical length the cell
becomes dysfunctional or senescent. Increasing numbers of senescent cells results in
reduced organ function and telomere length has been associated with age-associated
diseases including cardiovascular disease and cancer. Telomere length is highly heritable
and genome-wide association studies have identified several loci that associate with
telomere length. Interestingly, two of these loci do not contain genes with known roles in
telomere maintenance.

In this study, CRISPR/Cas9 genome editing was used to knockout telomere length
associated genes in human induced pluripotent stem cells (hiPSCs) with the ultimate aim
of definitively linking a novel telomere length associated gene to telomere maintenance.
CRISPR/Cas9 was used to create hiPSCs with no telomerase activity by knocking out
TERT, which encodes the catalytic subunit of telomerase. Telomere length was
maintained in control iPSCs, but reduced by approximately 1% per day during extended
culture of TERT knockout hiPSCs. Flow cytometric analysis of mutant hiPSCs revealed
that they continued to express markers of pluripotency but had increased expression of a
differentiation marker. Next, CRISPR/Cas9 was used to generate mutations in the
candidate telomere maintenance genes ACYP2 and TSPYL6, however, no difference in
telomere length was observed after extended culture of hiPSCs carrying mutations in
either gene.

In conclusion, CRISPR/Cas9 genome editing was successfully used to generate
mutant hiPSCs for TERT, which resulted in telomere shortening and for two candidate
telomere maintenance genes, which had no effect on telomere length. Further analysis
will be required to determine which gene mediates the association with telomere length
at the ACYP2 locus.
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Chapter 1

Introduction



1.1 Introduction

Telomeres are nucleoprotein structures located at the end of chromosomes that
function to maintain the integrity and stability of genomic DNA. These structures
naturally shorten with each cell division causing telomere length to reduce with age.
Telomere length varies between individuals, is highly heritable and is associated with
age-related disease such as coronary artery disease (CAD) and cancer. Recent genome-
wide association studies (GWAS) have identified several loci that associate with telomere
length and implicated genes with no known role in telomere maintenance. This study aims

to identify the genes involved and their function in telomere biology.

1.1.1 Telomeres

Telomeres are specialized structures located at the extreme end of the eukaryotic
chromosomes and composed of repetitive DNA and various interacting proteins. The
telomeric nucleotide sequence comprises noncoding double-stranded Guanine (G) rich
repeats which extend several thousand base pairs (bp) and end in a 3’single stranded
overhang termed a G-tail (Serrano and Andres 2004) (Figure 1.1). The repeat sequence
varies in length from a few hundred base pairs in yeast to several kilo base pairs (kbp) in
vertebrates (Oeseburg et al. 2010). The mammalian telomeric repeat sequence is
TTAGGG and extends to 10-15kbp of double-stranded DNA with a G-tail of 150-200bp
(Meyne et al. 1989, Wright et al. 1997, Opresko and Shay 2016). The telomere is an
important structure because it preserves genomic stability and integrity by preventing
chromosomal fusion at the ends of the chromosomes. A protein complex called shelterin
masks the ends of telomeres and prevents them being recognized as double strand breaks
(DSBs) by the DNA repair machinery (di Fagagna et al. 2003, Szilard and Durocher
2006).



telomere

)

chromosome i;f
%

stranded

single stranded DNA

GGATTchATTGGGATTGGGATTG
G

LT Lo
GG GGG GGG

TTA TTA

Figure 1.1: Telomere Structure. Telomere is positioned at the end of chromosomes

and consists of TTAGGG repeats. Taken from Huzen et al. (2008).



During DNA replication, DNA polymerase is not able to replicate the 3 end of the
lagging strand (Greider and Blackburn 1987), this results in a shortening in telomere
length with each mitotic cycle and is termed “the end replication problem” (Olovnikov
1971). When telomere length reaches a critical limit, the cell is no longer able to divide
(Hayflick and Moorhead 1961) and the cells undergo replicative senescence (Dimri et al.
1995, Oeseburg et al. 2009, Shelton et al. 1999). The number of times a cell is able to
divide is therefore determined by its telomere length; a phenomenon called the “Hayflick
limit”. It is thought that the accumulation of senescent cells leads to age-related tissue
deterioration and disease features (Campisi 2001, Campisi et al. 2001, Stewart and
Weinberg 2006). For this reason, telomeres serve as a “molecular clock of biological

aging” (Shay and Wright 1996).

1.1.1.2 Telomere associated proteins

Telomerase is a protein/RNA complex that maintains telomere length, however, it is
not expressed in all cell types. During embryonic development telomerase is highly
expressed, particularly at the blastocyst stage of embryogenesis, while it is suppressed
after birth in most somatic cells (Wright et al. 1996). The expression of telomerase is high
in proliferative cells such as stem cells, progenitor cells, lymphocytes and skin
keratinocytes (Flores et al. 2006) as well as male germ cells (Kim et al. 1994, Shay and
Bacchetti 1997, Wright et al. 1996).

Telomerase has two primary components, the non-coding RNA TERC and the reverse
transcriptase TERT (Harrington et al. 1997, Kilian et al. 1997, Lingner et al. 1997,
Meyerson et al. 1997) (Figure 1.2). TERC is a 451 nucleotide non-coding RNA, which
contains the 11bp sequence CAAUCCCAAUC that acts as the template sequence for the
addition of TTAGGG DNA repeats to the G-Tail (Morin 1989). The TERT protein
contains four main functional domains, the telomere essential N-terminal domain (TEN),
the reverse transcriptase domain (RT), the telomerase RNA binding domain (TRBD) and
the C-terminal domain or C-terminal extension domain (CTE) (Zvereva et al. 2010,
Podlevsky and Chen 2012, Sandin and Rhodes 2014). The TEN domain binds RNA and
telomeric DNA and is responsible for addition of telomere repeats (Jacobs et al. 2006).

The RT domain is the central catalytic domain and consists of seven motifs, five of which
4



form the catalytic site while the other two bind incoming nucleotides (Lue 2004). The
CTE is essential for telomerase activity (Banik et al. 2002). Other components of
telomerase include Dyskerin, TCAB1, NOP10, NHP2, pontin/reptin and GARL1 proteins,
which are involved in telomerase biogenesis, stability and localisation (Fu and Collines
2007) (Figure 1.2).

Telomere lengthening is a step-wise process (Figure 1.3). During elongation, the 11bp
RNA template hybridizes with the extreme 3’ telomeric repeat and nucleotides are then
incorporated to complete the gap at the end of the RNA template. Consequently, a
complete telomeric repeat is synthesized and assembled within the catalytic domain of
TERT. Finally, the newly synthesized strand is translocated in a 3’ to 5’ direction
producing a new gap and allowing the cycle of synthesis to be repeated (Gomez et al.
2012).
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Figure 1.2: Schematic illustration of telomerase and its associated proteins.
Adapted from Gomez et al. (2012).
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Mutations in the TERT promoter reactivate telomerase expression in several types of
human cancer (Vinagre et al. 2013). Expression of telomerase leads to the
immortalization of cells, allowing them to escape replicative senescence (Bodnar et al.
1998, Ouellette et al. 2000, Ramirez et al. 2001, Yang et al. 1999). In addition, in the
absence of telomerase proliferative human cell lines and some tumors elongate their
telomeres using a mechanism called alternative lengthening of telomeres (ALT) (Bryan
et al. 1995, Bryan et al. 1997). This process involves homologous recombination (HR)

with DNA sequences being copied from telomere to telomere (Dunham et al. 2000) .

The shelterin protein complex consists of six core proteins and is required for the
protection, stabilization and regulation of telomeres (Figure 1.4). The shelterin subunits
Telomeric repeat binding factor 1 and 2 (TRF1, TRF2) directly bind TTAGGG repeats
and Protein protection of telomeres 1 (POT1) recognizes binds the G-tail (Figure 1.4 A).
TRF1 and TRF2 interact with POT1 via TRF1-interacting nuclear factor 2 (TIN2),
telomerase processivity factor (TPP1) and Repressor/activator site-binding protein
(RAP1) form the shelterin complex (O'Connor et al. 2006, Opresko and Shay 2016).
Together with the T-loop structure, the shelterin complex prevents the G-tail being
recognized as a double-strand break (DSB) and triggering the DNA damage response
(DDR) (di Fagagna et al. 2003, Opresko and Shay 2016). Shelterin causes the telomere
to fold in on itself to form a large loop structure, termed a telomeric loop (T-loop) (Figure
1.4 B) (Griffith et al. 1999, Doksani et al. 2013, Gomez et al. 2012). The G-tail inserting
is inserted between double-stranded telomeric DNA and disrupts the double—helix to form

the displacement loop (D-loop).

The shelterin complex is also involved in the regulation of telomere length. When
telomeres are too long, more shelterin complexes bind and act to inactivate telomerase
(de Lange 2005). When telomeres are short the shelterin complex becomes more relaxed

allowing telomerase to maintain the length of telomeres.
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Figure 1.4: Schematic representation of the telomere shelterin complex. Proteins:
TRF1, TRF2, POT1, Rapl, TIN2, and TPP1 are associated with telomere that leads to
stability of chromosome. This figure is taken from Denchi (2009).



Another complex called CST, which consists of three proteins, Conserved telomere
maintenance componenetl (CTC1), Suppressor of cdc thirteen homolog (STN1) and
Telomere length regulation protein TEN1 homolog (TEN1), is involved in telomere
protection and DNA metabolism (Miyake et al. 2009, Casteel et al. 2009, Surovtseva et
al. 2009, Nakaoka et al. 2012). CST inhibits telomerase activity by binding to POT1-
TPP1, stabilizing the shelterin complex and preventing binding of telomerase. (Wang et
al. 2007, Latrick, Cech 2010, Chen et al. 2012).

1.1.1.3 Variation in telomere length

Telomere length varies between individuals and declines with age. Telomere length
also differs between different organs of the same individual. Telomere length is similar
between organs in a newborn but decreases at different rates due to variation in tissue
renewal times leading to variable rates of telomere length attrition (Okuda et al 2002).
For instance, the renewal time of gastrointestinal tissue is rapid, while renewal of hepatic
and renal tissue is slow. Although the rate of attrition is different between the various
tissues, there is a correlation within an individual meaning that an individual with shorter
blood telomere length would also have shorter telomeres in other organs (Takubo et al
2002, Wilson et al. 2008, Daniali et al. 2013) (Figure 1.5). Telomere length from easily
accessible cell-types can therefore be used as a marker for the telomere length of an

individual.

A number of different factors affect telomere length, but a significant proportion is
due to genetic factors. Heritability of telomere length has been reported to be between 34
and 82% (Slagboom et al. 1994, Bischoff et al. 2005, Vasa-Nicotera et al. 2005). The
largest study to date involved a meta-analysis of almost 20,000 individuals and estimated
telomere length heritability at 70% with strong agreement between the contributing
studies (Broer et al 2013). The same study also identified a greater maternal than paternal
influence on telomere length and confirmed a positive association with paternal age
(Unryn et al. 2005, De Meyer et al. 2007, Kimura et al. 2008). The cause of the maternal
effect is not known, but might include X-linked effects, mitochondrial influences or
imprinting (Broer et al 2013).
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during human lifetime. This figure is taken from Daniali et al. (2013).
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Telomere length also varies between males and females, with telomere length longer
in women than in men, possibly a result of stimulation of telomerase by the hormone
estrogen (Okuda et al. 2002, Kyo et al. 1999). Moreover, Hunt et al. (2008) revealed
variation in telomere length between different ethnicities with African Americans having

longer telomeres than Caucasians.

Various lifestyle and environmental factors including, stress, obesity, smoking and
diet have been reported to affect telomere length. Previous studies have shown that shorter
telomere length is associated with risk factors such as stress, obesity, smoking and diet
(Epel et al. 2004, Song et al. 2010, McGrath et al. 2007, Morla et al. 2006, Cassidy et al
2010). However, the majority of these had relatively small sample size and require

investigation in larger datasets.

1.1.1.4 Telomere length and disease

Various monogenic and complex age-related diseases demonstrate the importance for
telomere length maintenance in health and disease. Importantly, the risk factors that affect
telomere length are the same as those that contribute to common age-related diseases,

suggesting a potential causal role for telomere length in these disorders.

1.1.1.4.1 Dyskeratosis Congenita

Dyskeratosis congenita is a severe inherited disorder caused by an increased rate in
telomere shortening. The clinical abnormalities of this disease include mucosal
leukoplakia, abnormal skin pigmentation, and nail dystrophy (Dokal 2000). In addition,
symptoms indicative of premature aging such as, pulmonary disease, dental
abnormalities, alopecia and esophagostenosis are also commonly present (Carroll, Ly
2009). The disease is caused by inheritance of many mutations in genes involving in
telomere length such as X-linked recessive mutation in DKC1 or autosomal dominant
mutation in TERT, TERC, RTEI1 and TINF2, and even the inheritance of the autosomal
recessive mutations in TERT, RTEL1, CTC1, NOP10, NHP2, or WRAP53 (Walne et al.
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2007, Vulliamy et al. 2008, Keller et al. 2012, Nelson and Bertuch 2012, Walne et al.
2013a, Walne et al. 2013b, Ballew et al. 2013, Le Guen et al. 2013).

1.1.1.4.2 Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis is a severe and progressive disease that eventually leads
to pulmonary failure. Around 8-15% of the idiopathic pulmonary fibrosis individuals
have a documented family history with mutations in telomerase components TERT and
TERC (Armanios et al. 2007, Tsakiri et al. 2007). A recent GWAS for pulmonary fibrosis
identified seven new loci including the telomere maintenance gene OBFC (Fingerlin et
al. 2013).

1.1.1.4.3 Cancer

Telomere shortening plays an important role in mediating tumor suppression by
causing cells that have been through many cell divisions and have critically short
telomeres to enter replicative senescence (Shay 2010). In the absence of appropriate
check-points cancer cells bypass replicative senescence and can proliferate indefinitely.
A high percentage of cells do this by extending their telomere length through the
reactivation of telomerase or through the ALT pathway (Guines and Rudolph 2013, Shay,
Bacchetti 1997). Both longer and shorter telomere length has been found to correlate with
different cancers. Longer telomere length is associated with cancers including breast,
lung cancer, hepatocellular carcinoma and renal cell carcinoma (Han et al. 2008, Svenson
et al. 2008, Gramatges et al. 2010, Shen et al. 2011, Liu et al. 2011, Lan et al. 2009,
Svenson et al. 2009, Rode et al. 2016). Cells with longer telomeres have the capacity to
go through more cell divisions than cells with short telomeres meaning they have more
time to accumulate potential cancer causing mutations. Other studies found that the
shorter telomere length has been linked to cancers of kidney, lung, prostate, bladder,
breast, neck and head (Wu et al. 2003, Shen et al. 2009, Ma et al. 2011).

13



1.1.1.4.4 Telomere length and cardiovascular disease

Coronary artery disease (CAD), the leading cause of infirmity and death worldwide
(Wang et al. 2016), is an age-related disease caused by atherosclerosis. Multiple studies
have shown that aging is a key risk factor of atherosclerosis, the underlying cause of CAD
(Grundy et al. 1999, Kiechl, Willeit 1999). In addition, telomere length was shorter in
atherosclerosis lesions of the human abdominal aorta than in non-atherosclerotic portions
(Chang and Harley 1995, Aviv et al. 2001, Okuda et al. 2000). Samani et al. (2001)
reported the first CAD case-control study to investigate telomere length, found a
significant association between shorter telomeres and CAD risk. In the prospective
WOSCOPS study, Brouilette et al (2008) found that individuals in the tertile with the
shortest telomere length had a 44% increased risk of CAD over a 5 and half-year follow-
up period compared to those in the tertile with the longest telomere length. More recently,
Codd et al (2013) found evidence of a causal link between shorter telomere length and
increased risk of CAD using a genetic risk score incorporating common genetic variants
that associate with telomere length.

1.1.1.5 Identification of novel genetic loci controlling telomere length

1.1.1.5.1 Genome-wide association studies

Genome-wide association studies (GWAS) are designed to discover common variants
related to traits or diseases (Figure 1.6) (Musunuru, Kathiresan 2010, Smith et al. 20009,
Hindorff et al. 2009, Barrett et al. 2008). To identify the genetic variants that contribute
to a disease or trait GWAS employ either a case-control or population-based study design
and genotype thousands of single-nucleotide polymorphisms (SNPs) in many individuals.
After genotyping, a linear regression analysis is performed for a quantitative trait (such
as telomere length) and a logistic regression or chi squared analysis is carried out for a
discrete trait (such as CAD) to test the association of each SNP. Because of the large
number of tests performed, genome-wide significance is set to the Bonferroni corrected
threshold of P<5x10® (Bush and Moore 2012). The first large-scale GWAS was
published in 2007 by the Wellcome Trust Case Control Consortium (WTCCC) (Zeggini
et al. 2007) and involved the comparison of 2,000 individuals for seven different complex
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diseases with a shared set of 3,000 controls. In the last decade hundreds of additional
GWAS have been performed to identify the genetic contribution to a variety of other

diseases and traits.
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Figure 1.6: The genome-wide association study. (A) A population-based study design
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for a quantitative trait (left) and a case-control study design for a disease discrete trait
(right). SNPs from each individual are genotyped using a high-density microarray and
(B) association between SNPs and phenotype of interest is tested. (C) A representative
Manhattan plot showing a single association signal on chromosome 11 reaching genome

wide significance (P<5x107®). Taken from Hegele (2010).
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1.1.1.5.2 Genome-wide association studies of telomere length

The first GWAS to identify a genome-wide significant association with telomere
length was reported by Codd et al. (2010). The study involved the measurement of mean
leukocyte telomere length in 2,917 individuals with follow-up replication in 9,492
subjects and identified a locus on chromosome 3 close to TERC. The effect of each allele
corresponds to a reduction in telomere length about 75bp, equivalent to around 3 years of
age-related telomere-length attrition. Subsequently, Levy et al. (2010) reported a locus
on chromosome 10 containing OBFCL1, which encodes a component of the CST complex
and is involved in the replication and capping of telomeres (Palm and de Lange 2008,
Miyake et al. 2009). In the largest study to date, Codd et al. (2013) identified seven loci

associated with telomere length (Figure 1.7).

Five of the loci identified by Codd et al contain strong candidate genes involved in
telomere biology (TERC, TERT, OBFC1, RTEL1, and NAF1). As described previously,
TERT and TERC are the main components of telomerase and OBFC1 is a member of the
CST complex (Miyake et al. 2009, Palm and de Lange 2008). RTEL1 encodes a DNA
helicase that contributes to the elongation and maintenance of telomeres (Wang and Meier
2004, Egan and Collins 2012, Miyake et al. 2009, Ding et al. 2004, Barber et al. 2008).
NAF1 is a protein required for maturation of H/ACA small nuclear RNAs, which includes
TERC (Egan and Collins 2012). Interestingly, the two other loci found to associate with
telomere length, ACYP2 and ZNF208, do not contain genes with known role in telomere

biology.

16



30
-
3
21

-log1o(pP)

T I T T T T 1 | L i |
1 2; 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20212
Chromosome

Figure 1.7: Manhattan plot of the seven loci associated with telomere length. The X
axis shows chromosome location for the 2,362,330 SNPs that were tested. Y axis shows
significance (-log10(P value)) of association. The dotted line indicates a genome-wide
level of significance of P = 5x1078. The red plots refer to associated loci. Taken from
Codd et al. (2013)

17



The ZNF208 locus is located on chromosome 19 and contains a cluster of genes which
encode zinc finger proteins involved in various cellular and developmental differentiation
processes (Pieler and Bellefroid 1994, Eichler et al. 1998). The ACYP2 gene is located on
chromosome 2 and encodes the enzyme Acylphosphatase-2 that stimulates the hydrolysis
reaction of carboxyl-phosphate bond of acyl phosphates (Modesti et al., 1993). Within
intron 3 of ACYP2 there is an additional gene called Testis Specific Y like 6 (TSPYL6), a
member of the TSPY like gene superfamily. There have been no studies into TSPYL6
protein function, but the TSPYL6 protein contains a nucleosome assembly protein (NAP)
domain. Proteins that contain NAP domains are histone chaperones and can function as
regulators of gene expression, cell division and chromatin remodelling (Rodriguez et al.,
1997, Carlson et al., 1998).

As the ACYP2 loci and ZNF208 telomere length loci do not contain genes known to
be involved in telomere length. Therefore, a better understanding of the genes involved
in telomere length maintenance can be achieved by investigating these loci. As GWAS
do not identify the causal gene we decided to develop a functional screen that would allow
the identification of genes required for telomere length maintenance. The screen involves
the knockout of candidate genes in human induced pluripotent stem cells (hiPSCs), which
express telomerase and maintain telomere length using CRISPR/Cas9 mediated genome
editing. Subsequent measurement of telomere length in knockout cell lines would

demonstrate whether a gene is required for telomere length maintenance.

1.1.2 Genome editing

Genome editing is a type of genetic engineering in which a specific target site in the
DNA sequence of a cell line or organism is altered by either deletion, insertion or
replacement using an engineered nuclease. In the past few years, there has been enormous
interest in the newly emerging genome editing technologies that allow the manipulation
of specific genes in many organisms, including humans, and has a range of applications
in industry, agriculture and therapeutics. In addition, genome editing can be applied as a
research tool to target specific genes or introduce single disease or trait associated

sequence variants.
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1.1.2.1 Genome editing with engineered nucleases.

Genome editing relies on the targeting of engineered nucleases to specific DNA
sequences where they induce a double strand break (DSB) (Figure 1.8) (Cathomen and
Joung 2008, Carroll 2008, Urnov et al. 2010). Cells employ two mechanisms to repair
DSBs; high-precision homologous recombination (HR) and error-prone non-homologous
end joining (NHEJ) (Lieber 1999, Huertas 2010, Carbery et al. 2010). Genome editing
technologies exploit these mechanisms to allow the introduction of genetic alterations at
specific sites in the genome (Sun et al. 2012, Perez-Pinera et al. 2012). HR, through
homology directed repair (HDR), can mediate substitution between the endogenous
targeted genomic region and an exogenous DNA fragment, which carries site-specific
sequence differences resulting in precise genetic alterations. NHEJ produces imprecise
changes such as small deletions or insertions, which can result in gene disruption by

introducing frame-shift mutations (Sun and Zhao 2013) (Figure 1.8).

19



Nuclease-induced
double-strand break

Y\

1]
c
2 Donor
[}
° L template
(]
w  —
c
0 N
5 m
B | —— e —— HDR
c —
B L]

Variable length —

indels l |

Precise insertion or
modification

Figure 1.8: Nuclease-induced genome editing. Genome editing relies on the site-
specific induction of double strand breaks (DSBs) induced by an engineered nuclease. A
DSB can be repaired by either of two pathways: non-homologous end joining (NHEJ) or
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There are three main types of engineered nuclease; Zinc finger nucleases (ZFNs),
which first emerged in the late 1990s, Transcription activator-like effector nucleases
(TALENS), which appeared in 2011 and the most recent, and perhaps most interesting
discovery the Clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9

system.

1.1.2.1.1: Zing-Finger nucleases

ZFNs are artificial enzymes which consist of a non-specific type Il endonuclease Fokl
DNA cleavage domain fused with a series of zinc finger polypeptides (Bibikova et al.
2003, Miller et al.1985, Porteus and Baltimore 2003). The zinc-finger domains supply the
ZFN with the ability to bind a specific DNA sequences. Each zinc-finger domain, which
are approximately 30 amino acids in length and contain a tandem array of Cys2-His2
fingers, is able to recognize 3 DNA base pairs (Beerli and Barbas 2002, Miller et al. 1985,
Wolfe et al. 2000). Typically, arrays of 3-6 zinc-finger domains are linked together to
produce a DNA-binding domain with specificity to 9-18 base pairs (Carlson et al. 2012).
To produce DSBs, two endonucleases Fok | domains are required, therefore the ZFNs are
utilized in pairs and are designed to bind to each side of the specific target DNA sequence
(Handel et al. 2009, Urnov et al. 2010) (Figure 1.9).

ZFNs allowed several different species that had not previously been amenable to
genetic manipulation to be targeted and provoked interest in utilizing these tools for gene
therapy (Zou et al. 2009, Hockemeyer et al. 2011, Soldner et al. 2011). As well as in
human cells (Moehle et al. 2007, Zou et al. 2009), ZFNs have been successful utilized in
Zebrafish (Doyon et al. 2008, Meng et al. 2008), mice (Carbery et al. 2010), rats (Geurts
et al. 2009, Mashimo et al. 2010), rabbits (Flisikowska et al. 2011) and pigs (Whyte et al.
2011, Hauschild et al. 2011). However, ZFNs are both expensive and technically
demanding to design and produce. Ramirez et al. (2008) reported difficulties in designing
ZFNs that target desired sites due to the limitations in the modular structure of ZF
domains. Moreover, undesired mutations and chromosome aberrations can be caused by
off-target DSB induction by ZFNs (Pattanayak et al. 2011, Radecke et al. 2010).
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1.1.2.1.2 Transcription Activator-Like Effector Nucleases

TALENSs, which are of bacterial origin, emerged after ZFNs and are an alternative
method for producing targeted DSBs (Carlson et al. 2012). Like ZFNs, TALENSs
incorporate the Fok | nuclease as the DNA cleavage domain with a targetable DNA
binding domain (Sun and Zhao 2013). The genes encoding Transcription Activator- like
Effector (TALE) proteins are found in the plant pathogen Xanthomonas, which releases
TALEs into plant cells in order to prepare a suitable environment for the invading
pathogen (Boch and Bonas 2010). TALEs consist of a series of 34 amino acid tandem
repeats. Two amino acids termed repeat variable disresidues (RVDs) at the center of each
repeat are variable and this variability controls base pair recognition. For example, NI
(asparagine, isoleucine) recognizes adenine, HD (histidine, aspartic acid) recognizes
cytosine, NG (asparagine, glycine) recognizes thymine, and NN (asparagine, asparagine)
recognizes guanine and adenine (Boch et al. 2009, Moscou and Bogdanove 2009) (Figure
1.10). The final repeat contains only 20 amino acids and is called a “half- repeat” (Sun
and Zhao 2013, Benetos et al. 2004).

Unlike ZFNs, TALENS can be easily and rapidly designed to target almost any DNA
sequence. In addition, they cause fewer off-target effects and have reduced cytotoxicity
compared with ZFNs (Ding et al. 2013, Mussolino et al. 2011).
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Figure 1.10: Transcription activator like effector nucleases. TALENSs consist of two
parts; a non-specific cleavage Fok | cleavage domain (orange arrow) and a DNA binding
domain consisting of a series of 34 amino acid repeats. Repeat variable di-residues
(RVDs) (shown in red) is variable and responsible for specific recognition of the target
DNA base-pair. This figure is adapted from Carlson et al. (2012).
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1.1.2.1.3 The CRISPR/Cas9 system

Shortly before the start of this project a CRISPR/Cas9 system was reported as a more
affordable and easier to use genome editing tools (Mali et al. 2013, Cong et al. 2013).
There has been an enormous amount of scientific interest in this system over the past 4

years and CRISPR/Cas9 targeting has been performed in wide range of different species.

CRISPRs were originally identified in Escherichia coli in 1987 and characterized as a
rare sequence element consisting of a sequence of 29 nucleotide repeats separated by 32
nucleotides ‘spacer’ sequences, however, the functional relevance of these repeats
remained obscure for many years (Ishino et al. 1987). Over a period of 24 years a
combination of, bioinformatic, genetic and functional studies revealed that CRISPR is
part of a prokaryotic adaptive immune system, which utilizes RNA to target and damage
parasites (Al-Attar et al. 2011, Deveau et al. 2010, Makarova et al. 2011). Previously, it
was thought that adaptive immunity only occurred in eukaryotes (Wiedenheft et al. 2012).
The mechanism of CRISPR adaptive immunity in bacteria involves the integration of a
short sequence of foreign nucleic acid (e.g viral genomic DNA) into the host genome at
one end of a CRISPR repeat (Figure 1.11) (Andersson and Banfield 2008, Barrangou et
al. 2007, Garneau et al. 2010). These foreign protospacer sequences NOW serve as memory

for the same invaders during the next infection.
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Figure 1.11: The CRISPR/Cas system in the bacterial adaptive immune system. 1.
On the left of the figure; foreign DNA from invading pathogens is incorporated into the
CRISPR locus. 2. The CRISPR array is expressed as pre-crRNA, processed into crRNA
before complexing with Cas9. 3. On the right of the figure; the CRISPR/Cas9 complex
cleaves the DNA of invading pathogens. The figure is adapted from Wiedenheft et al.

(2012).
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The CRISPR repeat is transcribed to pre-crRNA before being processed into short
CRISPR-derived RNAs (crRNA) (Wiedenheft et al. 2012) containing 20 nucleotide
sequence complementary to the foreign DNA immediately followed by a trinucleotide
sequence called the protospacer adjacent motif (PAM), such as 5-NGG-3 (where N is any
nucleotide) (Ran et al. 2013b). Each crRNA complexes with the Cas9 endonuclease,
which cleaves the foreign DNA (Hwang et al. 2013).

In the bacterial system, the Cas9 protein complexes with both the crRNA and a trans-
activating crRNA (tracrRNA) (Jinek et al. 2012) (Figure 1.12, A). Jinek et al (2012)
combined these RNAs to produce a single-chain chimeric RNA called a single-guide-
RNA (sgRNA) and programmable sgRNA/Cas9 complex (Figure 1.12, B). This
approach with a sgRNA and Cas9 protein has been used in subsequent genome editing

applications.
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Figure 1.12: Natural and engineered CRISPR-Cas9 systems. (A) Natural
CRISPR/Cas9 system involves the integration of “protospacer* foreign DNA sequence
within the CRISPR repeats producing crRNA containing the “protospacer”. A trans
activating CRISPR RNA (tracRNA) hybridizes with the crRNA forming an RNA
complex that can associate with Cas9 nuclease and cleave the target DNA. (B) The
engineered CRISPR/Cas9 system involves using crRNA, consisting of a sequence
designed to target a specific DNA sequence, fused with part of the tracrRNA to produce
a single-guide RNA (sgRNA). The sgRNA associates with Cas9 and cleaves the target

DNA. This figure is updated from Jinek et al. (2012).
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After the first publication showing that Cas9 can be directed to cleave DNA in a site-
specific manner (Jinek et al. 2012) there have been many papers reporting efficient
CRISPR/Cas9 mediated genome editing in a variety of cells and organisms. The first
studies demonstrated that Cas9 could be directed to target endogenous genes in bacteria
(Jiang et al. 2013), human cancer cell lines and human pluripotent stem cells (Mali et al.
2013, Cong et al. 2013, Jinek et al. 2012, Cho et al. 2013) as well as in whole organisms
such as zebrafish (Hwang et al. 2013). Within one year the CRISPR/Cas9 system had
been utilized to alter the genomes of yeast (DiCarlo et al. 2013), tobacco (Li et al. 2013,
Nekrasov et al. 2013), thale cress (Li et al. 2013), rice (Shan et al. 2013, Xie, Yang 2013),
wheat (Shan et al. 2013), sorghum (Jiang et al. 2013b), mice (Wang et al. 2013, Shen et
al. 2013), rats (Li et al. 2013), rabbits (Yang et al. 2014), frogs (Nakayama et al. 2013),
fruit flies (Yu et al. 2013, Bassett et al. 2013), and roundworms (Friedland et al. 2013).

CRISPR/Cas9 mediated genome editing has been reported to have many advantages
over ZFNs and TALENs with the main benefit being ease of design. The Cas9 nuclease
can be directed to any target site consisting of 20 nucleotides followed by a PAM simply
by changing the first 20 nucleotides of the sgRNA to match the target DNA sequence,
and similar or higher targeting efficiency and the capacity to facilitate diverse types of
genome editing (Cong et al. 2013, Mali et al. 2013, Hou et al. 2013, Jinek et al. 2013, Ran
et al. 2013b, Sander and Joung 2014). CRISPR/Cas9 had been used to stimulate the
NHEJ-mediated introduction of insertion and mutation mutations as well as to induce HR
with both single-stranded oligonucleotide donor templates and double-stranded plasmid
donors. This CRISPR/Cas9 system also enabled the parallel induction of DSBs at
multiple target sites; a unique advantage of this platform relative to ZFNs and TALENSs
(Cong et al. 2013, Xiao et al. 2013, Horii et al. 2013).

Regarding improvements in the technology, there has also been a lot of effort to
improve the efficiency of this technology. One method has involved the identification of
Cas9 alternatives, such as homologues from other bacterial species and the directed
mutagenesis of Cas9 itself. An example Cpfl (CRISPR from Prevotella and Fracisellal)
isan RNA-guided nuclease characterized by Zetsche et al (2015), mediates efficient DNA
cleavage with distinct advantages over Cas9. Cpfl does not require tracrRNA and causes

a 4-5 nucleotide 5’ overhang, which contributes to improve HR efficiency. In addition,
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the sgRNA uses a T-rich rather than G-rich PAM, therefore, expanding the number of

targetable sites in a genome (Zetsche et al. 2015).

1.1.2.1.3.1 CRISPR/Cas9 off-target effects

A major concern with the CRISPR/Cas9 system is the potential for off-target effects
(Fu et al. 2013, Cho et al. 2014, Kim et al. 2015) which can disrupt gene function and
cause genome instability and therefore influence research and therapeutic applications.
There are several different methods that can be used for detection. The most basic method
is to use Sanger sequencing to screen computationally predicted off-target sites (i.e. the
regions of the genome that share some homology to the sgRNA target sequence), but this
has the potential to be time-consuming and miss unexpected off-target mutations. This
can be overcome using deep sequencing techniques such as whole-exome sequencing,
which will detect the off-target effects most likely to produce a phenotype and whole
genome sequencing (WGS), which can detect all induced changes (Fu et al. 2014, Smith
et al. 2014, Veres et al. 2014, Kim et al. 2015). There are also examples of targeted deep
sequencing methods which rely on tagging CRISPR/Cas9 induced DSBs. For example,
Wang et al. (2015) used integrase-defective lentiviral vectors (IDLVS) to detect off-target
DSBs. In this technique, IDLVs integrate at CRISPR/Cas9 induced DSBs. The integration

sites can be amplified by PCR and integration sites mapped by deep sequencing.

Because of the potential functional consequences of off-target effects there have
been major efforts to develop methods to minimising off-target CRISPR/Cas9 activity.
The primary method of reducing off-target effects is through better SRNA design as a
result of an improved understanding of CRISPR targeting. Many sgRNA design tools (see
below) predict possible off-target effects and as most CRISPR/Cas9 applications allow
flexibility in sgRNA guide selection, therefore, the sgRNAs with the lowest off-target
predictions can be selected for experiments. Good experimental practice can also help
control for off-target effects. By using multiple targeted clones, which are unlikely to all
contain the same off-target mutations, or multiple sgRNAs, which are unlikely to induce
the same off-target changes, the functional consequence of any effects can be controlled.

Screening of targeted lines also allows clones carrying unwanted changes to be identified
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and an informed decision made as to whether each clone is suitable for down-stream
investigation. Methods for reducing the frequency of off-target induction include using a
Cas9 “nickase”, which has a mutation that results in single-strand rather than DSBs being
induced. This allows a strategy where two offset SgRNAs are used and therefore increases
specificity by reducing off-target homology (Ran et al. 2013a). Adding two extra guanine
(G) nucleotides at the 5° end of the sgRNA has also been reported to reduce off-target
effects (Cho et al. 2014) and truncated sgRNAs have also been shown to decrease the
number off-targets (Fu et al. 2014). Furthermore, a catalytically dead Cas9 (dcas9)-Fokl
fusion, which works as a dimer requiring two sgRNA was shown to dramatically increase
targeting specificity (Gullinger et al. 2014, Tsai et al. 2014). In addition, transfection of
purified recombinant Cas9 protein and sgRNA ribonucleoproteins (RGENS) induced site-
specific mutations at frequencies up to 79% with reduced off-target induction compared
to plasmid transfection (Kim et al. 2014). Finally, Kleinstiver et al. (2016) recently
created a high fidelity Streptococcus Pyogenes Cas9 (SpCas9-HF1) by mutagenesis.

1.1.2.1.3.1.1 sgRNA design

There are several non-commercial CRISPR sgRNA design resources available (Table
1.1). These web tools can be used to predict potential CRISPR target and design sgRNAs
in a user-given sequence or in reference genomes. These tools also provide off-target and
activity prediction to allow the best sgRNAs to be selected. In addition, numerous
biotechnology companies also host sgRNA design tools or have libraries of pre-designed
sgRNAs. It should be noted that the sgRNASs used in this study (described in Chapter 4
and 5) were designed and generated by Horizon Discovery Ltd (Cambridge, UK) using
an in-house design method prior to their launch of CRISPR/Cas9 products. To the best
our knowledge, the only design tools available at the time were the MIT and Broad hosted

tools.
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Design tool Web adress
Deskgen https://www.deskgen.com/landing/
MIT http://crispr.mit.edu:8079
Broad https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design
GeneArt http://www.thermofisher.com/uk/en/home/life-science/genome-
editing/geneart-crispr/geneart-crispr-search-and-design-tool.html
ChopChop http://chopchop.cbu.uib.no/
CCTop http://crispr.cos.uni-heidelberg.de

OFF-Spotter

https://cm.jefferson.edu/Off-Spotter/

GT-Scan http://gt-scan.csiro.au
CRISPRseek http://www.bioconductor.org/packages/release/bioc/html/CRISPRsee
k.html
crispr grna https://www.atum.bio/eCommerce/cas9/input
CRISPR RNA http://dharmacon.gelifesciences.com/gene-editing/crispr-rna-
Configurator configurator/

Cas-OFFinder

http://www.rgenome.net/cas-offinder/

Benchling

https://benchling.com/crispr

CRISPRdirect

http://crispr.dbcls.jp

Breaking Cas

http://bioinfogp.cnb.csic.es/tools/breakingcas/

SYNTHEGO

https://design.synthego.com/

Table 1.1: sgRNA design web tools.

32



https://www.deskgen.com/landing/
http://crispr.mit.edu:8079/
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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https://cm.jefferson.edu/Off-Spotter/
http://gt-scan.csiro.au/
http://www.bioconductor.org/packages/release/bioc/html/CRISPRseek.html
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https://www.atum.bio/eCommerce/cas9/input
http://dharmacon.gelifesciences.com/gene-editing/crispr-rna-configurator/
http://dharmacon.gelifesciences.com/gene-editing/crispr-rna-configurator/
http://www.rgenome.net/cas-offinder/
https://benchling.com/crispr
http://crispr.dbcls.jp/
http://bioinfogp.cnb.csic.es/tools/breakingcas/
https://design.synthego.com/

1.1.2.1.3.2 Molecular assessment of telomeres

1.1.2.1.3.2.1 Telomere length measurement

There are various methods that have been employed to measure the telomere length and
these can be classified into three categories; 1) terminal restriction fragment (TRF),
whichto measures the average length and length distribution of telomeres in a sample, 2)
fluorescent in situ hybridization (FISH) techniques such as Q-FISH and Flow-FISH,
which are utilized to examine variation in telomere length between chromosomes and
cells and 3) quantitative polymerase chain reaction (QPCR)-based techniques such as
monochrome multiplex quantitative polymerase chain reaction (MM@PCR) and absolute
telomere length quantitative polymerase chain reaction (aTLqPCR) that measures
telomeric DNA relative to a single copy gene DNA. In general, these methods use
primers or nucleic acid probes to probe the telomeric repeat sequence and each technique

has certain advantages and disadvantages properties (Table 1.2).
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Technique

Methodology

Advantages

Disadvantages

References

Exploits specific restriction enzymes that digest

A “Gold standard” technique used

Requires large amount of DNA.

(Allshire et al. 1989,

TRF genomic DNA but cannot digest telomeric | as areference when comparing the | Subtelomeric polymorphisms can | Harley et al. 1990,
repeats. This treatment results in long undigested | advantages and drawbacks of |impact the data. Kimura et al. 2010,
telomeres and shorter genomic fragments. The | alternative telomere length assays. | Measures mean telomere length, | Aubert et al. 2012)
products can be resolved depending on size by | Does not require specialized |but does not provide readings for
the agarose gel electrophoresis and the telomere | equipment. individual telomeres, short
fragments identified using labelled telomere telomeres or ends lacking a
oligonucleotide probes in gel-hybridization or telomere.
southern blotting. Labour intensive
Measures telomere length in fixed cells in | Provides a high resolution | Measures mean telomere lengthin | (Landsdorp et al.

Q-FISH metaphase or interphase using a synthetic | measurement of a single telomere. | fluorescent relative units | 1996, Krejci and
peptide nucleic acid (PNA) probe (CCCAT)s | Measures the telomere lengths in | compared to a standard | Koch 1998, Aubert et
hybridized with nonspecific DNA stain such as 4', | individual cells. (centromeric) value. al. 2012, Vera and
6-diamidino-2-phenylindole (DAPI) or propidium | Can identify variation in individual | Requires  dividing cells for | Blasco 2012, Artandi
idodide for visualization. telomeres, identify signal free ends, | metaphase chromosomes. et al. 2000, Goldman

end-to-end telomeres and provide |Highly technical and labour | etal. 2008, Canela et
a mean telomere length |intensive. al. 2007)
measurement. Requires a speciialised fluorescent

microscope.

34




An adaptation of the Q-FISH technique which | Measures the mean telomere | Measures mean telomere lengthin | (Hultdin et al. 1998,
F-FISH assesses the telomere lengths of cells in | lengths of specific cells. fluorescent relative units. Alter et al. 2007,
suspension by flow cytometry technology to | Can provide cell type specific |Does not provide reading of | Samassekou et al.
guantify mean fluorescence. information if combined with other | individual short telomeres or ends | 2010, Aubert et al.
labels. lacking a telomere. 2012)
Potential for automation. Highly technical and labour
intensive.
Requires flow cytometer.
Telomeric repeats are amplified over 20-40 | Only requires a small amount of | Measures mean telomere length | (Ding and Cantor
gPCR cycles and quantified using a fluorophore such as | DNA. and does not provide a reading of | 2004, Cawthon et al.
(MMgPCR, | SYBR green., Telomere length is then | Less labour intensive. individual telomeres, short | 2009, Cawthon
aTLgPCR) | determined by dividing the quantity of telomeric | Relatively low cost. telomeres or ends lacking a | 2009, O’Callaghan

repeats (T) to the quantity of a single copy gene
(S) to give the T/S ratio. By using a standard
curve of known telomere lengths, it can provide a
measurement of absolute telomere length rather

than relative telomere length.

telomere.

Some variation among replicate
estimates.

Does not provide an absolute
kilobase length estimate unless
coupled with a standard.

Requires gPCR equipment.

and Fenech 2011,
Cunningham et al.
2013, Koppelstaetter
etal. 2005, Aviv et al.
2011)

Table 1:2 Advantages and disadvantages of the different methods used to measure telomere length. The table is adapted from Montpetit et al. (2014)
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1.1.2.1.3.2.2 Telomerase activity

As described earlier, telomere length is largely regulated by telomerase and there are
several ways in which telomerase activity can be assessed. The most basic method to
assess telomerase is to analyse the expression of the core telomerase components TERC
and TERT at the RNA or protein level. Other techniques, which directly examine
telomerase activity have been used since the first description of telomerase. In 1985 Carol
Greider and Elizabeth Blackburn demonstrated the presence of a “telomere terminal
transferase” in protozoan extracts using a telomere elongation activity assay (Greider and
Blackburn 1985). Four years later, using a modified version of the same assay, Gregg
Morin proved thattelomerase is present in human cells (Morin 1989). In this assay,
telomeric sequences are elongated in vitro by telomerase reverse transcription present in
cell lysates using a telomeric repeat oligonucleotide primer and radiolabelled nucleotides.
The products of this reaction are then separated by polyacrylamide gel electrophoresis
and compared with positive bands by autoradiography. Although this method is reliable
for detection of telomerase activity, it is time consuming, requires a large amount of
sample and is technically complex. Kim et al. (1994) developed this technique to establish
the telomeric repeat amplification protocol (TRAP) in which the telomeric repeat is added
by telomerase to a non-telomeric substrate primer followed by amplification by PCR and
this technique is now widely used to assess telomerase activity with different
modifications (Zhou and Xing 2012, Gobourdes et al. 2004, Kong et al. 2007, Xiao et al.
2010, Wang et al. 2017, Zhang et al. 2017).

1.1.3 Human pluripotent stem cells

Pluripotent cells are able to differentiate into any of the cell-types within a body. There
are two types of pluripotent stem cells (PSCs); embryonic stem cells (ESCs), which are
isolated from embryos (Thomson et al. 1998, Reubinoff et al. 2000, Adaikalakoteswari et
al. 2005) and induced pluripotent stem cells (iPSCs), which are produced by
reprogramming somatic cells using transcription factors (Takahashi and Yamanaka 2006,
Takahashi et al. 2007).
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Telomeres are elongated during reprogramming of mouse and human somatic cells
into iPSCs due to the upregulation in levels of telomerase and both ESCs and iPSCs
maintain their telomere length over extended culture (Marion et al. 2009, Yehezkel et al.
2011, Mathew et al. 2010, Suhr et al. 2009). Therefore, telomere length can be considered
a marker of pluripotency. Because of these reasons, human induced pluripotent stem cells
(hiPSCs) make an ideal cell model for the investigation of genes associated with telomere
length. Moreover, the emergence of genome editing technologies, which allow the
manipulation of genes in hiPSCs, provides the experimental tools to investigate the

requirement of specific genes on telomere maintenance and hiPSC phenotype.

1.1.3.1 Discovery of iPSCs

The discovery of iPSCs was the culmination of numerous findings over 60 years of
research. In 1962, Dr Gurdon produced normal tadpoles by delivering nuclei from
differentiated intestinal epithelium cells of other tadpoles into unfertilized eggs and
therefore demonstrating that the intestinal cell nuclei contain all of the genetic
information necessary for all somatic cells (Gurdon, 1962). More than 30 years later, the
first animal cloned from an adult cell, Dolly the sheep, was generated by somatic cloning
and showed that the oocyte contains factors that can induce somatic nuclei to control the
development of an entire organism (Wilmut et al. 1997). Five years later, Tada and
colleagues developed an experimental system for the nuclear reprogramming of somatic
cells in vitro by fusing adult thymocytes with ESCs, demonstrating that ESCs have the
capacity to reprogram somatic cells (Tada et al. 2001). Each of the studies outlined above
achieved reprogramming via nuclear transfer. Over the same time-period other groups
were investigating transcription factors as mediators of reprogramming. In 1987, by
overexpressing the transcription factor Antp*, Schneuwly and colleagues were able to
cause Drosophila to develop legs in place of antennae (Schneuwly et al. 1987). In the
same year, Davis and his group transfected mouse fibroblasts with myoblast cDNA
causing conversion of the fibroblasts into stable myoblasts (Davis at el. 1987). These
results led to the concept of “master regulators”, which are transcription factors with the
ability to induce a particular lineage (Yamanaka 2012). The convergence of these strands
of research with mouse ESCs and human ESC culture (Evan and Kaufman 1981, Martin
1981, Thomson et al 1998) led to the discovery of iPSCs (Takahashi and Yamanaka 2006,
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Takahashi et al. 2007). In 2006, Takahashi and Yamanaka, reported the generation of
IPSCs from mouse embryonic and adult fibroblasts by introducing transcription factors
such as Oct3/4, Sox2, c-Myc, and KIf4 involved in the maintenance of ESC pluripotency
under ESC culture conditions (Takahashi and Yamanaka 2006). The resulting cells
showed the same growth properties and morphology of ESCs, expressed ESC marker
genes and had the ability to form all three germ layers. The following year the same group
reported the reprograming of human dermal fibroblasts into hiPSCs (Takahashi et al.
2007).

1.1.3.2 Generation of iPSCs

The first iPSCs were generated by viral reprogramming and used retrovirus (Takahashi
and Yamanaka 2006) or lentivirus (Sommer et al. 2009) to introduce the four transcription
factors. However, a major disadvantage of these viral delivery methods is that they might
insert randomly in the genome with unpredictable consequences. Moreover, it has been
found the use of exogenous oncogenes for reprogramming, such as c-Myc, may increase
tumorigenic risk and alternative approaches might be need to be use for clinical
applications (Okita et al. 2007, Tong et al. 2011). Because of this, a number of technical
modifications have been investigated to generate iPSCs using non-integrative methods
including episomal vectors (Yu et al. 2009), piggy Bac transposons (Woltjen et al. 2009),
sendai viral vectors (Fusaki et al. 2009), plasmid vectors (Okita et al. 2010) and a
minicircle vector system (Jia et al. 2010) (Table 1.3). However, further optimization of
these previous approaches is needed in order to improve reprogramming efficiency and

ensure safety for clinical applications.
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Programming Example Advantages Disadvantages Programming References
method efficiency
%
Viral methods | Lentivirus Transduction of both dividing | Genomic integration (risk of | 0.1-1.5 (Somers et al. 2010,
and nondividing cells insertional mutagenesis). Takahashi and
Lack of silencing in pluripotent Yamanaka 2006,
state Brambrink et al. 2008,
Retrovirus Silenced in pluripotent cells Genomic integration (risk of Blelloch et al. 2007, Yu
insertional mutagenesis). et al. 2007)
Transduction of only dividing
cells
Adenovirus No genomic integration Low efficiency. Requires | 0.0001-0.001 (Stadtfeld et al. 2008,
further validation. Zhou and Freed 2009)
Sendai virus Need culture high temperature | 0.1 (Fusaki et al. 2009, Ban
and long time to remove the et al. 2011, Seki et al.
virus from reprogramed cells 2010)
Non-viral MRNA transfection Footprint-free. Labour intensive. 1.4-4.4 (Warren et al. 2010)
methods Technically straightforward Requires validation in other
cell types.
mMiRNA Low efficiency. Need more | 0.002 (Miyoshi et al. 2011)

infection/transfection

studies
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Piggy Bac

Minicircle vector

Episomal plasmid

Low efficiency. Requires | 0.02-0.05 (Kaji et al. 2009,

further validation. Woltjen et al. 2009, Mali
et al. 2010)

Low efficiency. Only | 0.005 (Narsinh et al. 2011)

performed in neonatal

fibroblasts. Requires further

validation.

Multiple transfection 0.0003-0.1 (Yuetal. 2007, Hu et al.

2011, Chen et al. 2011)

Protein transduction

Footprint-free iPSCs

Direct delivery of transcription
factors

Avoid complication of nucleic-
acid-based delivery

Low efficiency. Can be
technically challenging

0.0001-0.0006

(Zhou et al 2009, Kim et
al. 2009)

Stimulus-trigged
acquisition of
pluripotency (STAP)

introduction of
factors or

No
transcription
nuclear transfer

Required further validation
Limited capacity of self-
renewal when compared to
ESCs

(Obokata et al. 2014)

Table 1.3: iPSC reprogramming methods. The table is updated from Malik and Mahendra (2013), Sachamitr et al. (2014).
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As both mouse and human adult fibroblasts had previously been demonstrated to be
amenable to reprograming via nuclear transfer (Wakayama et al. 1998, Cowan et al. 2005,
Tada et al. 2001), these cells were chosen in the first attempts at inducing reprogramming
of somatic cells into pluripotent cells (Takahashi and Yamanaka 2006, Takahashi et al.
2007). In addition, Fibroblasts can be cultured in the same culture conditions as ESCs and
can also serve as a feeder layer for ESCs, making them a suitable candidate for the first
attempts at reprogramming (Maherali and Hochedilinger 2008). Later, there has been
many examples of generating iPSCs from different somatic cells such as liver cells (Aoi
et al. 2008), neural progenitor cells (Emini et al. 2008), pancreatic cells (Stadtfeld et al.
2008), lymphocytes (Hanna et al. 2008) and human keratocytes (Aasen et al. 2008). These
studies reported different reprogramming efficiencies and using different reprograming
factors depending on the cell type. Therefore, factors that should be taken into
consideration when choosing the type of donor cell include the age of the donor as cells
from older individuals are more likely to have genetic alternations than younger cells and

the accessibility of the donor cell type.

1.1.3.3 Characterisation of iPSCs

Regardless of the source of somatic cells or the reprogramming method used in their
generation hiPSCs have certain characteristics, which they share with ESCs.
Morphologically, they are small, with a large nucleus to cytoplasmic ratio, prominent
nucleoli and they form compact colonies with a clear edge (Amit and Itskovitz-Eldor
2012, Bosnakovski et al. 2012, Brouwer et al. 2016). Important growth properties are
self-renewal and high-levels of telomerase activity. As with ESCs, they express specific
cell surface antigens such as the glycolipid antigens SSEA-3 and SSEA-4, the keratin
sulfate antigens TRA-1-60 and TRA-1-81, and express transcription factors including
NANOG, OCT4, GDF3 and REX1 (Chan et al. 2009, Boulting et al. 2011, Singh et al.
2012). Cell surface antigen expression is routinely used for hiPSC characterization with
the glycolipid antigen SSEA-1, a marker of differentiation, also normally included as a
negative control (Adewumi et al. 2007, Marti et al. 2013). The defining feature of hiPSCs
is their ability to differentiate into any cell type. Pluripotency of newly generated hiPSCs

is functionally tested using the in vivo teratoma assay or in vitro embryoid body formation
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assay, both of which evaluate the differentiation capacity of hiPSCs into each of the three
germ layers (Prokhorova et al. 2009, Gutierrez-Aranda et al. 2010, Marti et al 2013).
There is some debate regarding the necessity of the teratoma assay for hiPSC
characterization, in many studies the in vitro assays are seen as sufficient evidence for
pluripotency, however, other groups argue that the behavior of cells in tissue might be
completely different from those in tissue culture and suggest that in vivo testing is
therefore necessary (Marti et al. 2013).

1.1.3.4 iPSCs as an experimental model

Over the past decade, an enormous number of studies have utilised hiPSCs to
investigate everything from basic biology to regenerative medicine. Basic research is
focussed on understanding the mechanisms and signalling pathways controlling
reprogramming and improving the methods used to generate hiPSCs as well as the
optimisation and standardisation of their differentiation into different cell and tissue

types.

The ability of iPSCs to differentiate into any tissue type has made iPSCs a powerful
model for the study of disease and as a way to develop treatments. An early example of
hiPSCs as a disease model involved the generation of hiPSCs from fibroblasts of
amyotrophic lateral sclerosis patients with subsequent differentiation into motor neuron
cells (Dimos at el. 2008). Subsequently, hiPSCs have been generated from patients with
a variety of genetic diseases with either Mendelian or complex inheritance to provide a
model for disease investigation and drug development, such as using hiPSCs to test
toxicity and the dosage of prior to human studies (Guo at el. 2011, Park at el. 2008). For
polygenic disease, several studies have investigated patient-specific hiPSCs for
Alzheimer disease (Israel et al. 2012, Yagi et al. 2011, Yahata et al. 2011), Parkinson’s
disease (Devine et al. 2011), and schizophrenia (Brennand et al. 2011). In mouse studies,
a number of miPSCs were successfully conducted the transplantation an attempt to treat
diseases. For example, Hanna et al. (2007) have reported that humanized sickle cell
anaemia mouse model was rescued after transplantation of corrected hematopoietic

progenitors produced from miPSCs. Recently, murine model of myocardial infraction has
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appeared improvement in left ventricular function by injected iPSC-derived
cardiomyocytes (Rojas et al. 2017).

For clinical application, hiPSCs have promised solving the problem of the immune
rejection and ethics that associated with clinical application of the human ESCs. The first
clinical trial was in human in 2014 when the pigment epithelial cells differentiated from
human fibroblast iPSCs were implanted in Japanese woman eye to treat the age-related
macular degeneration (AMD) (Cyranoski 2014). Therefore, hiPSCs have been expected
to treat many incurable diseases such as neurodegenerative disease (Ross and Akimov
2014), spinal cord injury (Nakamura and Okano 2013), diabetes (Holditch et al. 2014),
heart failure (Hsiao et al. 2013) and retinal diseases (Ramsden et al. 2013). However,
further investigation in term of safety and efficiency in generation of hiPSCs is still
required as mentioned above. More recently, hiPSC banks, consisting of hundreds of lines
derived from both patients and controls have become available as a resource for the wider

scientific community.

1.1.3.5 Genetic instability of iPSCs

Several studies have reported examples of genetic instability in hiPSCs. including
aneuploidy (an abnormal number of chromosomes), copy number variation (CNV)
(deletions and duplications), inversions and single nucleotide variants (Chin et al. 2009,
Mayshar et al. 2010, Ruiz et al. 2013). While the occurrence of genetic alterations in
iIPSCs has the potential to cause confounding effects in the interpretation of in vitro iPSC
data they are most important in regenerative medicine where their presence could have
serious safety implications There are three different causes of these genetic alterations;
1) they were already present in the parental somatic cells and became fixed during clonal
selection in the course of IPSC generation, 2) they were induced as part of the
reprogramming process or 3) they arose spontaneously during prolonged culture
(Yoshihara et al. 2017). Regardless of the procedures used for generation of iPSCs, the
central question that has been asked whether the mutations in these cells were mainly
arisen from spontaneous mutation events which occur in their original cells or whether
they were arisen during reprogramming process. More recently, it has been argued that

about 75% of the mutation happened during the reprogramming special at initiation steps
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(Ji et al. 2012, Sugiura et al. 2014). Sugiura and colleagues have also demonstrated that
the rate of the genetic alterations were much higher in ESCs than in the iPSCs (Sugiura
et al. 2014).

The presence of genetic abnormalities can be detected on a genome-wide scale by a
number of approaches. One of the most widely use and conventional methods in genetic
evaluation laboratories and researches for routine cell line quality control is the Giemsa
(G)-banding technique that can identify changes in chromosome content and chromosome
structure (inversions and translocations) as well as larger duplications and deletions
(Yunis 1979, Meisner and Johnson 2008). Large chromosome abnormalities (e.g.
aneuploidy) can be detected using fluorescent in situ hybridization (FISH), which
involves hybridizing fluorescently labelled DNA probes to complementary target
sequences on chromosomes (Bauman et al. 1980). Chromosome painting, a type of FISH,
involves the use of probes against the whole genome resulting in fluorescent labelling of
the entire length of each chromosome (Pinkel et al. 1998). As well as allowing
chromosome content to be determined chromosome painting also allows the detection of
chromosomal rearrangements including translocations, inversions or the presence of
extra-chromosomal fragments of DNA. (Pinkel et al. 1998). G-banding, FISH and
chromosome painting are only effective at identifying large changes in chromosome
structure and do not detect smaller CNVs or single base changes. DNA microarrays
including comparative genomic hybridization arrays (CGH) (Kallioniemi et al. 1992) and
single nucleotide polymorphism arrays (Wang et al. 1998) allow high resolution
recognition of CNVs on a genome-wide scale. More recently, WGS has been utilised to
detect genetic variation with single nucleotide resolution across entire genome and detect
single base changes as well as small CNVs and inversions. Such high-throughput
technology has detected various mutations in hiPSCs, but most of these are likely to be
benign (Bhutani et al. 2016).
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1.1.4 Project hypothesis

GWAS has recently identified associations between mean leukocyte telomere length
and loci containing genes with no known role in telomere maintenance. This study will

use CRISPR/Cas9 mediated genome editing of hiPSCs to investigate the hypothesis that;

Knockout of genes associated with telomere length in hiPSCs will result in loss of

telomere maintenance and confirm the causal gene at the novel loci

1.1.5 Project Aims
The aims of this study are;

e To establish and optimize hiPSC culture and CRISPR/Cas9 mediated genome
editing.

e To determine the effects of telomerase deficiency on telomere maintenance and
hiPSC phenotype

e To determine the identity of the causally associated gene at the novel telomere

length associated ACYP2 locus.
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Chapter 2

Materials and Methods
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2.1 Materials and methods

All experiments were conducted at room temperature unless stated otherwise.

Required materials are listed before each method.

2.1.1 Cell culture

2.1.1.1 Cell lines

e Human iPSCs (GM23720*B) were purchased from the NIGMS collection at the
Coriell institute for medical research/America.
e K562 cell line was purchased from ECACC, 89121407, Sigma Aldrich.

2.1.1.2 Human iPSC culture

2.1.1.2.1 Preparation of Matrigel™-coated plates

Required materials:

e Dulbecco’s Modified Engle’s Medium, DMEM (Sigma)

e BD Matrigel™ hESC-qualified Matrix, Lot. 325691 (BD Biosciences)
e 6-well plates (Cell star®, greiner bio-one)

e Ice box

e Parafilm (Demis)

Protocol:

11l of Matrigel™, BD Biosciences, was added to 1ml of cold DMEM medium and
mixed. This mixture should be prepared on ice.

1ml/well Matrigel™/DMEM solution was immediately used to coat 6-well plates. The
plates were swirled gently to spread the BD Matrigel™ solution evenly across the plates
and used straight away or sealed with parafilm for storage at 2-8°C for up to 7 days. For

stored plates, the parafilm was removed and the plates incubated at 37°C for 30 mins
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before use. Finally, BD Matrigel™ solution was removed by aspiration before plating

cells. Table 2.1 lists the dilution of Matrigel™ for each type of vessel used in this study.

Type of vessel

The Volume of
Matrigel™/ DMEM

Overall volume of the

medium required for

medium for each well whole plate
6-well plate 11pl/Imi 6ml
96-well plate 0.363ul/33ul 3.3ml
24-well plate 2.53ul/230pl 5.6ml
90 mm petri-dish 55ul/5ml 8ml

Table 2.1: The dilution of the Matrigel*for each type of plate used in the study.

2.1.1.2.2 Reviving human iPSCs

Required materials:

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L.52098D, (STEMCELL™)

e ROCK inhibitor Y-27632, Lot. D00155678, (STEMCELL™)

e BD Matrigel™ -coated 6-well plates prepared as in the section 2.1.1.2.1

e incubator at 37°C with 5% CO;

Protocol:

The GM23720*B iPSC line (Coriell institute, America) was removed from liquid
nitrogen and thawed quickly with constant, moderate agitation in a 37°C water bath until

thawed. The cells were transferred to 15ml sterile conical tubes containing ImL warm
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mTesR™1 medium supplemented with a final concentration of 10uM ROCK inhibitor Y-
27632. Following this step, cells were centrifuged at 300xg for 2 min at room temperature.
The medium was then aspirated and the cells resuspended in 2ml warm mTesR™1
including the 5x supplement provided with the media. The iPSCs were then plated on a
BD Matrigel™-coated 6-well plate and incubated at 37°C with 5% CO..

2.1.1.2.3 Enzymatic passaging of iPSCs

Required materials:

e DMEM (Sigma)

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L52098D, (STEMCELL™)

e Dispase, CAT# 07923, (STEMCELL™)

e Scraper, NY1483, (Costar® corning)

e BD Matrigel™-coated 6-well plates as prepared in the section 2.1.1.2.1

e CKX41 microscope (Olympus)

e Incubator at 37°C with 5% CO;

Protocol:

iPSCs were cultured at 37°C with daily media change and were passaged when they
reached 70-80% confluence. The media was removed from the plate by aspiration and the
cells washed twice with 1ml DMEM. 1ml/well of 1mg/ml Dispase Il was added and the
plates incubated at 37°C with frequent observation at 10x magnification with an Olympus
CKX41 microscope. When the edges of colonies appeared to be slightly folded back, but
the colonies were still attached to the plate (approximately 7 mins) the Dispase 1l was
aspirated. The cells were washed twice with 2ml DMEM and 2ml/well mTesR ™1 added.
IPSC colonies were then carefully detached using a cell scraper. The cells were
transferred by pipetting to a 15ml conical tube and pelleted by centrifugation at 300xg for
5 mins at room temperature. The supernatant was removed and cells were gently
resuspended in 5-6 ml of fresh mTesR™1. 1ml/well of cells were replated on Matrigel™-

coated 6-well plates and the volume supplemented with an additional 1ml mTesR™1.
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2.1.1.2.4 Non-enzymatic passaging of iPSCs

Required materials:

e ReLeSR™ enzyme-free reagent, Cat# 05872, (STEMCELL™)

e DMEM (Sigma)

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L.52098D, (STEMCELL™)

e BD Matrigel™-coated 6-well plates as prepared in the section 2.1.1.2.1

e Incubator at 37°C with 5% CO-

Protocol:

ReLeSR™ enzyme-free reagent was used to select and passage the iPSCs. The iPSCs
were cultured at 37°C and were passaged when they reached 70-80% confluence. The
media was removed by aspiration and the cells washed twice with 1ml DMEM and then
1ml/well ReLeSR™ added. After 1 min, the ReLeSR™ reagent was aspirated, leaving a
thin film of reagent over the cells, which were then incubated for 5 mins at 37°C, followed
by addition of 1ml/well mTeSR™1 medium. The plate was then tapped gently on the side
for 30-60 sec. The resuspended cell suspension was transferred to a 15ml conical tube.
The cell aggregate should be around 50-200um for plating and this was achieved by
pipetting the suspension up and down using a 2ml serological pipette. 5-6ml mTeSR™ 1
medium was added to the cell suspension and 1ml/well was replated on 6-well Matrigel -
coated plates. An additional 1ml of mTeSR™1 was added to each well to achieve a final

volume of 2ml/well.
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2.1.1.3 K562 culture

Required materials:

e RPMI 1640 medium (Sigma-Aldrich)

e L-Glutamine (Hyclone)

e Foetal calf serum, FCS (Gibco)

e Culturing flask (CELLSTAR®-greiner bio-one)

Protocol:

K562 is an immortalized myelogenous leukaemia cell line and was used as a calibrator
for telomere length measurement. Briefly, cells were cultured in suspension in RPMI
1640 medium supplemented with 2mM L-glutamine and 10% FCS and maintained
between 1x10° to 1x10° cells/ml at 37°C with 5% CO,.

2.1.1.4 Cryopreservation of iPSCs

Required materials:

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L.52098D, (STEMCELL™)

e ROCK-inhibitor Y-27632, Lot. D00155678, (STEMCELL™)

e DMSO, Dimethyl sulfoxide, Lot. SZBD2870V, (Sigma)

e Knock out serum replacement, Lot. 1392634, (Gibco)

e Cryovials (Sarstedt)

e isopropanol freezing container (Nalgene®, Thermo Scientific)

e |ce box
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Protocol:

IPSCs were collected as described in the section 2.1.1.2.4, but cell pellets were
resuspended in cooled cryoprotectant solution (50% mTeSR ™1, 40% Knock out Serum
Replacement, 10% DMSO, 1ul/ml of 10mM of Y-27632 ROCK-inhibitor and transferred
to cryovials on ice. The cryovials were stored in isopropanol freezing container at -80°C
overnight and subsequently transferred to liquid nitrogen for long-term storage.

2.1.1.5 Cell counting

Required materials:

e Dulbeco’s phosphate buffer saline, PBS

e 1xTrypsin/EDTA (Lonza) was prepared by dissolving 5g/1 trypsin and 2g/| EDTA
to give 10x working dilution

e DMEM (Sigma)

e Foetal calf serum, FCS, (GIBCO)

e Incubator at 37°C with 5% CO-

e 4% Trypan blue solution (Hyclone)

e Haemocytometer slide with cover (Hawksley)

e CKX41 microscope (Olympus)

Protocol:

An exact single cell suspension per ml was required in particular experiments such as
clonal isolation, flow cytometry and karyotyping. iPSCs cultured in 6-well plates were
washed twice with PBS and trypsinized using 1ml/well 1x trypsin/EDTA at 37°C for 10-
12 mins, then neutralizied by adding DMEM medium supplemented with 10% FCS,
transferred to a 15ml conical tube and centrifuged at 300xg for 5 mins at room
temperature. The pellet was resuspended with either 1 or 2ml mTesR™1 medium and 10pl
of the suspension mixed with 10ul of 4% trypan blue solution. 10ul of this was added to
the haemocytometer (cleaned with 70% IMS and dried thoroughly). The average of the
number of the cells in two or four outer squares observed at 10x magnification with

CKX41 microscope was multiplied by 2x1x10* to achieve the number of the cells per ml
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of the suspension. This value was used to calculate the concentration of the cells required
for the experiments.

2.1.1.6 Optimization of iPSC clonal dilution
Required materials:

e Matrigel™-coated 90mm petri-dishes as described in the section 2.1.1.2.1

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L52098D, (STEMCELL"™)

e Conditioned mTesR™1 medium (preparation described below)

e Dulbecco’s PBS

e 1x Trypsin/EDTA (Lonza)

¢ FCS (GIBCO)

e DMEM (Sigma)

e 0.22um membrane (Millex®GP)

e Syringe (BD Plastipak ™)

e 4% Trypan blue solution (Hyclone)

e Haemocytometer (Hawksley)

e Inverted microscope (Evos®)

e Incubator at 37°C with 5% CO»

Protocol:

Three different concentrations of iPSCs single cell dilutions (102, 10* and 10° cells/ml)
were tested in order to isolate clones from individual cells. Dilutions were cultured in
triplicate in Matrigel™-coated 90mm Petri dishes containing 8ml of fresh mTesR™1
medium and incubated at 37°C with 5% CO.. The medium of the 10° and 10* cells/ml
dilutions was replaced the following day with mTesR™1 medium consisting of 50% fresh
mTesR"™1 medium and 50% conditioned mTesR"™1 (prepared from mTesR"™1 collected
from iPSCs at 40-50% confluence and filtered through a 0.22um membrane filter and
stored at -20°C freezer for up to 5 months). On day 3, the media of the 10% and 10 cells/ml
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dilutions was replaced with 75% fresh and 25% mTesR™1 medium. From day 3, media
was replaced with 100% fresh mTesR™1 medium. The media of the 10° cells/ml dilution
was replaced every two days with fresh mTesR"™1 medium. The iPSCs were monitored
daily until the colonies reached approximately 0.5 to 1mm in diameter. The media change
was then replaced daily with fresh mTesR™1 medium. 103 cells/ml was identified as the
optimal seeding density as there was sufficient space between colonies once they had

reached the appropriate size for picking.

2.1.1.7 Optimized clonal isolation
Required materials:

e Matrigel™-coated 90mm petri-dishes, described in the section 2.1.1.2.1

e Matrigel™-coated 96-well plates (described in the section 2.1.1.2.1)

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L52098D, (STEMCELL™)

e Dulbecco’s PBS

e Conditioned mTesR"™1 medium (as prepared in the section 2.1.1.6)

e 1x Trypsin/EDTA (Lonza) Foetal calf serum, FCS (GIBCO)

e DMEM (Sigma)

e Inverted microscope (Evos®)

e 4% Trypan blue solution (Hyclone)

e Haemocytometer (Hawksley)

e Incubator at 37°C with 5% CO;

Protocol:

After electroporation iPSCs were cultured in Matrigel™-coated 6-well plates as
described in section 2.1.1.2.4. When the cells reached 70-80% confluence, they were
trypsinized using 1x trypsin/EDTA for 10-12 mins and cell-count determined as
described in section 2.1.1.5. 103 cells/ml were seeded in Matrigel™-coated 90mm Petri-
dishes in triplicate as described in section 2.1.1.6. When the colonies reached 2-5mm in

diameter, the colonies were visualized under the 10x objective of an Evos® inverted
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microscope and picked using a 200ul pipette adjusted to 45ul and transferred to
Matrigel™-coated 96-well plates contained 120ul mTeSR™1 medium. The cells were
incubated at 37°C with 5% CO, and monitored daily. The day after picking, media was
replaced with mTesR™1 medium consisting of 50% fresh and 50% conditioned mTesR™1
medium. On the second day media was replaced with 75% fresh and 25% conditioned
medium and then media replaced daily with 100% fresh mTesR™1 medium. When the
colonies reached 80% confluence, they were passaged to new 96-well plates and frozen.

A portion of the iPSCs was retained from each clone for DNA extraction and sequencing.

2.1.1.8 Freezing iPSCs in 96-well plates
Required materials:

e 96-well plates (Cell star®, greiner bio-one)

e Accutase™, 07920, (Stem cell technology)

e Dulbecco’s PBS

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L52098D, (STEMCELL™)

e mFreSR™, 05855, (STEMCELL™)

e Blue tissue roll

e Parafilm (Demis)

e Styrofoam container

Protocol:

When the clones cultured in 96-well plates reached 80% confluence the medium was
aspirated and the cells washed twice with 150ul/well PBS. 33ul Accutase, diluted 1:3 in
PBS, was added to each well and plates incubated at 37°C for 7-10 mins until the cells
detached and 165ul fresh mTeSR™1 medium was added. 132ul/well of iPSCs (the
remaining cells were passaged or lysed for DNA) was transferred into uncoated 96-well
plates with 140ul/well of mFreSR™ freezing medium and gently mixed by pipetting. The
plate was wrapped using parafilm and blue tissue roll and transferred to Styrofoam
containers at -80°C.
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2.1.1.9 Passaging of iPSCs in 96-well plates
Required materials:

e Matrigel™-coated 24-well plate, prepared as described in the section 2.1.1.2.1,
24-well plate, (Castar® corning, lifescience)

e Accutase, 07920, (STEMCELL™)

e Dulbecco’s PBS

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L.52098D, (STEMCELL™)

e Incubator at 37°C with 5% CO-

Protocol:

When clones reached 70-80% confluence the media was removed from the plate by
aspiration and the cells washed twice with 150ul/well PBS. 33ul/well Accutase, diluted
1:3 in PBS, was added to the cells and the plates incubated for 5-10 min at 37°C.
165ul/well mTeSR™1 medium was added and the plates tapped gently on the side for 30-
60 sec. 66pl/well of the cell suspension was then transferred to Matrigel ™-coated 24-well
plates with 500ul fresh mTeSR™ 1 medium. The plate was incubated at 37°C with
5%CO,. After 8h the media was replaced with 500l mTeSR™1 medium in order to avoid
any effects of the remaining Accutase. The plate was then incubated at 37°C with 5% CO;
with daily feeding until the colonies reach the appropriate confluence for further

passaging.

2.1.1.10 Reviving iPSCs frozen in 96-well plates
Required material:

e Matrigel™-coated 24-well plates, as described in the section 2.1.1.2.1 (24-well
plate from Costar®, corning, lifescience)

e Matrigel™-coated 6-well plate, as described in the section 2.1.1.2.1

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.

13L52098D, (STEMCELL™)
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e Dulbecco’s PBS
e Incubator at 37°C with 5% CO>
e 70% Ethanol (Sigma)

Protocol:

Iml/well mTeSR™1 in Matrigel™-coated 24-well plates had been prepared before
removing 96-well plates from -80°C storage. The 96-well plate was cleaned with 70%
Ethanol, parafilm removed and cells thawed by incubating at 37°C for 15-20 mins. The
plate was removed from the incubator when wells had only small piece of frozen material
remaining. 100pL of warm mTeSR™1 medium was added to each well and the mixture
transferred to the Matrigel™-coated 24-well plate. The plate was then incubated at 37°C
with 5% CO,. After 8h the media was replaced with 500l mTeSR™1 medium. Medium
was replaced every 24h. When cells reached approximately 80% confluence they could

be expanded into Matrigel™-coated 6-well plates (section 2.1.1.11).

2.1.1.11 Expansion of iPSCs from 24-well to 6-well plates
Required materials:

e Matrigel™-coated 6-well plates as prepared in the section 2.1.1.2.1

e mTesR™1 medium, Lot. 14B52766D (STEMCELL™) with 5x supplement, Lot.
13L.52098D, (STEMCELL™)

e ReLeSR™ enzyme-free reagent, Cat# 05872, (STEMCELL™)

e Dulbecco’s PBS

Protocol:

When iPSCs reached 80% confluence the colonies were transferred to Matrigel -
coated 6-well plates. After washing cells twice with 500ul PBS, 300ul of ReLSR™
enzyme was added onto the colonies for 1 min at the room temperature. The ReLSR™
was then aspirated and the plates incubate for 5 min at 37°C. 500ul of mTeSR™1 medium
was added to the cells and the plates were tapped gently for 30 secs. The colonies were

then resuspended by pipetted twice before being transferred into Matrigel "-coated 6-well
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plates. The plates were then incubated at 37°C with daily feeding and monitoring until the
confluence of the colonies reached to 70-80% confluence (~4-7 days) and then

subcultured at 1:5 or 1:6 in 6-well plates.

2.1.1.12 Extended culture of iPSCs

Long-term culture was required for the investigation of telomere length. Following
expansion, iPSCs were maintained in Matrigel "-coated 6-well plates until they had been
in culture for 63-64 days. At each passage a portion of cells for each clone was banked
and collected for DNA, RNA or flow cytometry.

2.1.2 Quality control of iPSCs

2.1.2.1 Flow cytometry

2.1.2.1.1 Fixing iPSCs for flow cytometry

Required materials:

e BD stemflow™ human pluripotent stem cells sorting and analysis kit, cat no.
560461, (BD Bioscience)

e Paraformaldehyde, PFA, Lot. 072K9283, (Sigma)

e Bovine serum albumin, BSA, Lot #. 040M1673, (Sigma)

e Flow cytometer system with AW08603 software version (Gallios)
Protocol:

Flow cytometric analysis was performed every 10 passages to confirm iPSC
phenotype. To achieve a single cell suspension, iPSCs were detached using 1ml/well 1x
trypsif/EDTA at 37°C for 10-12 mins and then neutralized by adding DMEM
supplemented with 10% FCS and transferred to a 15ml conical tube and centrifuged at
300xg for 5 mins. Cells were counted (as described in section 2.1.1.5) before being
resuspended in 4% PFA at a concentration of 1x10”cells/ml and incubated for 20 mins at
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room temperature. The cells were then washed twice with stain buffer (3% BSA in PBS)

and resuspended in stain buffer.

The fixed cells were stained with isotype controls or antibodies against cell surface
markers (BD stemflow™ human pluripotent stem cells sorting and analysis kit) (Table
2.2). The positive and negative beads were also prepared to assist in optimizing
application setup and calculating fluorescence compensation (Table 2.3). AW08603
software (Gallios) was used to analyse the data. The system has 3 lasers; blue (488), red
(638) and violet (405) and there are filters to detect up to 10 emitted wavelengths from

fluorescent dyes. Table 2.4 lists the fluorescent dyes, lasers and filters used in this study.

Fixed cells

Antibodies of surface

Specific stain

Isotype control

isotype control

markers 100pl (1x1068 cells) 100pl (1x1068 cells)
SSEA-1 20l -
SSEA-3 20pl -
TRA-1-81 20yl -
FITC isotype control 20ul
PE isotype control 20ul
Alexa Fluor® 647 204l

Table 2.2: Antibodies for identification of surface markers on hiPSCs. SSEA,; stage-specific

embryonic antigen, TRA; Trafalgar antigen, FITC; fluorescent isothiocyanate and PE;

phycoerythrin.
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Volume added to each tube
. _ Alexa Fluor®
Continent negative FITC PE
647
Negative
40ul 40yl 40ul 40ul
beads
Anti-mouse
- 40ul - 40ul
beads
Anti-rat
- - 40ul -
beads
SSEA-1 - 20ul - -
SSEA-3 - - 20pl
TRA-1-81 - - - 20pl

Table 2.3: The negative and positive beads used to optimize application setup and calculate

fluorescent compensation.

Antibody Fluorescent dye | Laser Filter

SSA-1 FITC 488nm(blue) 530nm
SSEA-3 PE 561nm(Yellow/green) | 582nm
TRA-1-81 Alexa Fluor® 647 | 647nm(red) 665nm

Table 2.4: Details of fluorescent dye, laser and filter used for each antibody. FITC;

fluorescent isothiocyanate and PE; phycoerythrin.
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2.1.2.2 Karyotypic analysis of iPSCs
Required materials:

e Nocodazol (Sigma-Aldrich)

e Chromosome resolution additive, CRA (Genial Gentics)

e KCL (Sigma)

e Methanol (Sigma)

e Acetic acid (Sigma)

e Giemsa, #GS500, (Sigma)

e 4’ 6-diamidino-2-phenylindole (DAPI), Lot. 983827 (Invitrogen)

¢ Mount media, Cat. C9368, (Sigma-Aldrich)

e Fluorescence microscope (Leica) with ImageJ/FI1JI program

e Dulbecco’s PBS

e 1x Trypsin/EDTA (SLS, Lonza) was prepared by dissolving 5g/l trypsin and 2g/I
EDTA to give 10x dilution

e Foetal calf serum, FCS (GIBCO)

e Dulbecco’s Modified Engle’s Medium, DMEM (Sigma)

Protocol:

Karyotypic analysis was performed every 10 passages. On the day before karyotypic
analysis, with iPSCs at 60-70% confluence, the mTesR™1 medium was replaced with
fresh mTesR™1 containing 0.1pl/ml medium of Nocodazol diluted 1:1000 with dH20 and
incubated at 37°C for 24h. 20ul of chromosome resolution additive diluted 1:10 with
injection quality water was then added and the plate incubated at 37°C for 90 min. The
cells were then washed twice with PBS and trypsinized using 1ml/well 1x trypsin/EDTA
at 37°C for 10-12 mins. DMEM containing 10% FCS was added and the cells centrifuged
at 300xg for 5 min. The pellet and 500ul retained medium was resuspended with 5ml
hypotonic solution (0.056M KCL in dH20O) and incubated at room temperature for 30
min. The supernatant was gently aspirated leaving 1ml for resuspension and then mixed
with 1ml Carnoys fixation solution (75% Methanol and 25% Acetic acid), centrifuged

again at 300xg for 5 min and the pellet resuspended in 3ml Carnoys fixative. This step
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was repeated twice before a final resuspension in 500l of Carnoys fixative. The
suspension has a slight milky appearance at this stage.

Two slides were prepared for each sample and placed in a sloping position in a
container in a water bath at 37°C. A small amount of suspension was added drop-wise

onto the slides and air dried. The slides were then kept overnight in the dark.

The flowing day the cells were stained with Giemsa. A 1 in 20 dilution of Giemsa in
dH>0 was prepared and, 2ml-4ml was added on the cells for 30 mins. Slides were washed
twice with dH-O and air dried before mounting. In some preparations DAPI was also used
to stain chromosomes for 5 mins at a 1 in 1000 dilution in PBS before Giemsa staining.
A fluorescent microscope (Leica) was used to take images at 100x magnification. Finally,

counting chromosome was performed on at least 10 cells per preparation.

2.1.3 iIPSC transfection

2.1.3.1 Lipid-based transfection

TransIT®-2020 (Cat#MIR 5410s, Mirus) and lipofectamine®3000 (Lot: 1604127,
Invitrogen) were used according to the manufacturer’s instructions. For each reagent,
both forward and reverse transfections were performed with pPCMV-GFP (4.7kbp) was

used as a reporter for transfection efficiency.

2.1.3.1.1 Preparation of TransIT®-2020 reagent:plasmid complex

Required materials:

e TransIT®-2020 (Cat#MIR 5410s, Mirus)
e Opti-MEM | (Gibco, Fisher Science)
e pCMV-GFP plasmid

Protocol:

TransIT-2020 reagent was warmed to room temperature and vortexed gently before

use. 2.5ug plasmid DNA was added to 250ul of Opti-MEM I reduced serum medium was
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in a 1.5ml eppendorf tube and gently mixed by pipetting. 7.5ul TransIT-2020 reagent was
then added to the diluted plasmid DNA and mixed gently. Finally, the mixture was

incubated at room temperature for 15-30 min to form the plasmid complex.

2.1.3.1.2 Preparation of Lipofectamine®3000 reagent:plasmid complex
Required materials:

e Lipofectamine® 3000, Lot: 1604127, (Invitrogen)
e Opti-MEM I (Gibco, Fisher Science)
e pCMV-GFP plasmid

Protocol:

7.5ul or 3.75ul of Lipofectamine®3000 was diluted in 125ul Opti-MEM | reduced
serum medium. In a separate tube, 5ug pCMV-GFP was diluted in 250ul Opti-MEM |
reduced serum medium and 10ul P3000™ reagent and mixed gently. The diluted
Lipofectamine®3000 and diluted plasmid solutions were then mixed together and

incubated at room temperature for 5 mins.

2.1.3.1.3 Lipid-based transfection of iPSCs

2.1.3.1.3.1 Forward transfection assay

When iPSCs reached 70%-80% confluence the TransIT-2020:plasmid complex or
Lipofectamine3000:plasmid complex was added to the cells in a dropwise manner. The
plate was gently rocked back and forth and side to side to evenly distribute the plasmid
complex. The cells were then incubated at 37°C for 24h. Transfection efficiency was
determined by counting GFP positive cells on an Evos® fluorescent microscope. Cells

were then maintained in culture in order to assess viability following transfection.
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2.1.3.1.3.2 Reverse transfection assay

When iPSCs reached 70%-80% confluence they were washed twice with DMEM and
detached using Dispase Il enzyme (section 2.2.2.3) and iPSCs resuspended in mTesR™]
medium. TransIT-2020:plasmid complex or Lipofectamine3000:plasmid complex was
added to Matrigel ™-coated 6-well plates and the plates rocked back and forth and side to
side to evenly distribute the mixture before plating cells. After 24h transfection efficiency
was measured by counting GFP positive cells using an Evos® fluorescent microscope.

Cells were then maintained in culture in order to assess viability following transfection.

2.1.3.2 Optimization of nucleofection of iPSCs

Required materials:
e Amaxa nucleofector (Lonza)
e Human stem cells nucleofector® starter kit (Amaxa®)
e DMEM (sigma)
e pmaxGFP (3.4kbp) plasmid DNA
e Amaxa nucleofector (Lonza)

e Evos®fluorescent microscope

Protocol:

Nucleofection was conducted using an Amaxa nucleofector (Lonza) and Amaxa®
human stem cells nucleofector® starter kit. Five different nucleofection programs (A-012,
A-013, A-023, A-027 and B-016) were assessed with each solution nucleofector® starter
kit. iPSCs were washed twice in DMEM and then incubated with 1x trypsin/EDTA for
10-12 mins at 37°C to achieve single cell suspension. The reaction was neutralized with
DMEM medium supplemented with 10% FCS and then centrifuged at 150xg for 3 mins.
The cell pellet was resuspended in mTeSR™1 medium and the concentration adjusted to
6.6-7.7x10°cells/ml/sample. The cells were pelleted by centrifugation at 150xg for 3 mins
and resuspended in 100ul of nucleofection solution. 5ug of pmaxGFP vector was added
to each sample and the samples transferred into a Amaxa cuvette. The samples were then
nucleofected using each program. Finally, 500ul of pre-equilibrated mTesR™1 media was
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added to the cuvette. The sample was transferred to Matrigel '-coated 6-well plates
containing 1.9mI mTesR™ 1 media using plastic pipettes. The nucleofection steps were
conducted as quickly as possible to minimise adverse effects on the iPSCs. After 24h
transfection efficiency was measured by counting GFP transfected cells using an Evos®
fluorescent microscope. Cells were maintained in culture in order to assess viability

following transfection.

2.1.3.3 Optimization of electroporation of iPSCs

Required materials:

e NEPAZ21 electroporator (Nepagene)

e EC-002S NEPA electroporation cuvettes (Nepagene)
e Evos® fluorescent microscope

e Opti-MEM | (Gibco, Fisher Science)

e pPCMV-GFP

Protocol:

Electroporation was conducted using an NEPA21 electroporator (Nepagene). The
electroporator has twenty programs electroporation programs different cells (Table 2.5)
and programs 5, 6, 7, 8 and 9 were assessed with iPSCs. iPSCs were washed twice in
DMEM and then incubated with 1x trypsin/EDTA for 10-12 mins at 37°C to achieve
single cell suspension, the reaction was neutralized with DMEM medium supplemented
with 10% FCS and then centrifuged at 200xg for 3 mins. The cell pellet was resuspended
in Opti-MEM I medium and the concentration adjusted to 1x10° cells/ml/sample. 5ug of
DNA pCMV-EGFP plasmid was added to each sample and samples transferred to EC-
002S NEPA electroporation cuvettes. The samples were then transfected using each
program. Finally, 500l of warmed mTesR™ 1 media was added to the cuvette. The
samples were transferred to Matrigel "-coated 6-well plates containing 1.9ml mTesR™ 1
media using plastic pipettes. The electroporation steps were conducted as fast as possible

to minimise adverse effects on the iPSCs. After 24h transfection efficiency was measured
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by counting GFP transfected cells using an Evos® fluorescent microscope. Cells were

maintained in culture in order to assess viability following transfection.
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Set parameters

Poring pulse

Transfer pulse

Type of
program | Length | Interval No. D.Rate Polarity | v Length | Interval No. D.Rate Polarity
(ms) (ms) (%) (ms) (ms) (%)
Control Cells and DNA but no electroporation
5 120 5 50 2 10 + 20 50 50 5 40 +/-
6 125 2.5 50 2 10 + 20 50 50 5 40 +/-
7 125 5 50 2 10 + 20 50 50 5 40 +/-
8 130 5 50 2 10 + 20 50 50 5 40 +/-
9 135 2.5 50 2 10 + 20 50 50 5 40 +/-

Table 2.5: Parameters of the 5 electroporation programs tested.
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2.1.3.3.1 Transfection iPSCs with CRISPR/Cas9

Required materials:

e NEPAZ21 electroporator (Nepagene)

e EC-002S Nepa electroporation cuvette (Nepagene)

e DMEM (sigma)

e Evos® fluorescent microscope

e 1x Trypsin/EDTA (SLS, Lonza) was prepared by dissolving 5g/l trypsin and 2g/I
EDTA to give 10x dilution

e FCS (Gibco)

e Opti-MEM | (Gibco, Fisher Science)

e ACYP2 gRNA plasmid (Barcode# 6197788), (Horizon Discovery Limited)

e TSPYL6 gRNA plasmid (Barcode# 6197789), (Horizon Discovery Limited)

e TERT gRNA plasmid (Barcode# 6197790), (Horizon Discovery Limited)

e CMV-Cas9 expression plasmid (Barcode# 6176940), (Horizon Discovery
Limited)

Protocol:

CRISPR/Cas9 reagents were transfected into iPSCs using a NEPA21 electroporator
(Nepagene) and electroporation program 7 as described in section 2.1.3.3. Cas9 only
transfection was performed as a control. Concentrations of plasmids are detailed in the
table 2.6.



Sample Amount of plasmid pg
Cas9 only as
10ug

control

Cas9 5 ug

gRNA (TERT) 5ug

Cas9 5
knock out HO

gRNA (ACYP2) SHg

Cas9 S5ug

gRNA (TSPYLS6) 5ug

Table 2.6: Concentration of CRISPR/Cas9 plasmids used for transfection.

2.1.4 Molecular biology

2.1.4.1 Primer design

Primers used in this study are listed in table 2.7. Intron spanning primer pairs for each
gene of interest were designed against the cDNA sequence from Ensembl

(www.ensembl.org/index.html) Primer3 version 4.0.0 (primer3.ut.ee). Primers were

checked using the in silico PCR tool on the UCSC Genome Browser

(http://genome.ucsc.edu/cgi-bin/hgPcr). Primers for amplification of gDNA for Surveyor

assay were designed by Horizon Discovery Ltd. All primers were ordered from Eurofins.
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Annealing GC
Name Assay Sequence (5 to 3) temperature | conten | Product size

(Tm°C) t%

TSPYL6 F | gRT-PCR AGTGAAGGAGCTCAGACACC 59.0 55
202bp

TSPYL6 R | gRT-PCR GCAGATGACATGTCGGTTCC 59.0 55

ACYP2F | qRT-PCR CTAGTTCTCGCATTGACCGC 57.0 55
217bp

ACYP2R | qRT-PCR GCACGTACAGTCGCTTAGC 57.0 57.9

TERTF gRT-PCR CGTCACATCCACCTTGACAA 59.0 50
212bp

TERT R gRT-PCR CGTTCCGCAGAGAAAAGAGG 59.0 55

TSPYL6 F | Surveyor/ Cloning TGAGGAACGTTGACGCTACC 61.2 55
691bp

TSPYL6 R | Surveyor/ Cloning GATGGACTCCAGGGGGTTCA 64.5 60

ACYP2 F Surveyor/ Cloning GCAGTCTCATTTGCCGCTTC 63.3 55
765bp

ACYP2 R Surveyor/ Cloning GCCAGACATTACAAACTTGG 62.3 45

CA

TERT F Surveyor/ Cloning CTCCCCTTCCTTTCCGCG 65.3 67
590bp

TERTR Surveyor/ Cloning CACCGTGITGGGCAGGTAG 62.5 63

Table 2.7: Primers used in this study. F and R indicator to forward and reverse primer

respectively.
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2.1.4.2 DNA isolation from Eukaryotic cells

Materials required:

e Mammalian DNA Miniprep Kit (Sigma GenElut)
e 95-100% Ethanol for dilution the washing buffer provided in the kit (Sigma)
e Nanodrop 8000 (Thermo Scientific)

Protocol:

Genomic DNA extraction was performed using the Sigma GenElut Mammalian DNA
Miniprep Kit as described in the manufacturer’s instructions. Briefly, cell pellets
containing approximately 1x10° cells were resuspended in resuspension solution and
lysed by incubation with proteinase k (20mg/ml). The cell lysates were added to a
GenElute Miniprep binding column and centrifuged at 12,000xg for 1 min. The column
was washed twice and DNA eluted in 50-200ul Elution solution. The eluted sample was
added back to the same binding column and centrifuged at 12,000xg for 1 min. To
increase elution efficiency the column was then incubated at room temperature for 5 mins
and then eluted by centrifugation at 12,000xg for 1 min. The concentration and purity
DNA of sample were measured using a Nanodrop 8000. The samples were stored at -

20°C for further experiments.

2.1.4.3 Extraction of gDNA directly from the iPSCs cultured in 96-well

plate

Required materials:

e Direct PCR lysis reagent, Cat#302-C (Viagen)
e Accutase™, Cat#07920, (Stem cell technology)
e Proteinase K, LOT#SLBK1594V (Sigma)
e 96-well PCR plates and adhesive film seals (Geneflow)
e Nanodrop 8000 (Thermo Scientific)
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e G_Storm GS4 thermal cycler (G-Storm)

Protocol:

Genomic DNA was extracted iPSCs cultured in 96-well plates using direct PCR lysis
reagent. iPSCs were washed twice with 150ul PBS, following by dissociating colonies
with 33pl/well Accutase™ diluted in 1:3 PBS at 37°C for 5-10 mins. 165ul/well mTeSR™
was added to the cells. 66l of cell suspension was transferred to a PCR plate and mixed
with 50pl/well lysis buffer contained proteinase K 0.24mg/ml. the PCR plate was sealed
with PCR film and centrifuged at 1500 rpm for 3 sec. The plate was then incubated in a
G-Storm GS4 thermal cycler at 55°C for 15, 85°C for 45 mins and 10°C on hold.

2.1.4.3.1 Ethanol precipitation of DNA

Required materials:

e Sodium acetate (Sigma)

e 100% Ethanol (Sigma)

e DNA Miniprep column (GenElut Mammalian DNA Miniprep Kit, Sigma)

e Column preparation solution (GenElut Mammalian DNA Miniprep Kit, Sigma)
e Washing buffer (GenElut Mammalian DNA Miniprep Kit, Sigma)

e Nanodrop 8000 (Thermo Scientific)

Protocol:

Precipitation of DNA was conducted in order to concentrate and desalt gDNA
extracted from cells cultured in 96-well plates. 1/10 volume of sodium acetate (pH 5.2)
was added to the lysates followed by 2-2.5 volumes of cold 100% ethanol. Samples were
incubated at -80°C for 20-45 min and then transferred into DNA Miniprep columns
pretreated with column preparation solution. The columns were centrifuged at 12,000xg
for 1 min,washed with 500ul washing buffer and centrifuged at 12,000xg for 1 min. A
second wash with 500ul washing buffer was performed and samples centrifuged at
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16,000xg for 3 mins. An additional centrifugation at 16,000xg for 1 min removed residual
ethanol. The columns were placed in new collection tubes and 20ul of Milli-Q H20 added
to the filter of the columns and incubated at 60°C for 10 mins in a water bath. Samples
were centrifuged at 12,000xg for 1 min and the the concentration and purity of the eluted
DNA was measured using a Nanodrop 8000. DNA samples were frozen at -20°C for

further experiments.

2.1.4.3.2 Determining the concentration and purity of gDNA

The concentration and purity of gDNA was determined using a Nanodrop 8000
Spectrophotometer (Thermo Scientific). Approximately 1.5ul of each sample was loaded
onto the Nanodrop and the Nucleic Acids method on the ND-1000 V2.0.0 software and
DNA option was used to analyse samples. The DNA concentration was recorded and the
purity of the samples was assessed by the 260/280 and 260/230 ratio. Samples with a
260/280 ratio of around 1.8 and a 260/230 ratio of 2.0-2.2 were stored at -20°C freezer

for further use.

2.1.4.4 RNA purification from Eukaryotic cells
Required materials:

e RNA purification kit RNeasy® Plus mini kit, Cat.No. 74134, (QIAGEN)
e B-mercaptoethanol (B-ME) (Sigma)

e 95-100% Ethanol (Sigma) for diluting the buffer RPE provided in the kit
e 70% Ethanol (Sigma)

e RNase- Free DNase Set, Cat no. 79254, (QIAGEN)

¢ Nanodrop 8000 (Thermo Scientific)

Protocol:

RNA isolation was performed using an RNeasy® Plus mini kit following the

manufacturer’s protocol. Briefly, approximately 1x10° cella/ml were lysed in 350ul RLT
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plus buffer. The homogenized lysate was transferred to a gDNA Eliminator spin column
and centrifuged for 30 sec at 8000xg. 350l of 70% Ethanol to the flow-through and the
sample was directly transferred to the RNeasy spin column and centrifuged for 30 secs at
8000xg. The column was retained, 700ul of buffer RW1 was added and the column was
centrifuged for 30 secs at 8000xg. The column was washed twice using 500ul of RPE
buffer and centrifuged at 8000xg before eluting RNA in 50ul RNase-free water. Gel
electrophoresis was performed to check the quality of the RNA and its concentration and

purity was measured by using a Nanodrop 8000.

2.1.4.4.1 Determining the concentration and purity of RNA

The concentration and purity of RNA were measured using a Nanodrop 8000
Spectrophotometer (Thermo Scientific). Approximately 1.5ul of each sample was loaded
onto the Nanodrop 8000 and the Nucleic Acids method on the ND-1000 V2.0.0 software
and RNA option was used to analyse the samples. The RNA concentration was recorded
and the purity and integrity of each sample was assessed. A 260/280 ratio of around 2.0
and a 260/230 ratio of 2.0-2.2 was required to lass the RNA as pure. RNA samples were

then stored at -80°C freezer for further use.

2.1.4.5 cDNA synthesis

Required materials:

e Reverse Transcription kit, Cat no. 205310, 205311, 205313, (QIAGEN)
¢ mMRNA of the genes of interest

o G-Storm GS4 thermal cycler (G-Storm)

Protocol:

Reverse transcription was performed using a QuantiTect® Reverse Transcription kit
following the manufacturer’s instructions. The solution was centrifuged briefly and the

mastermix was prepared as following:
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XpI RNA or mRNA (1pg)
4ul (5x) TransAmp buffer
1ul Reverse transcriptase

Up to 20l DNase free-water

YV VYV

The mastermix was mixed gently by pipetting and a No Reverse Transcriptase
(NRT) control was included in all experiments. Thermal-cycling conditions are shown
in table 2.8.

Temperature Duration
Parameters . _
(C) (min)
Primer annealing 25 10
Reverse transcription 42 15
Inactivation 85 5
Hold 10 -

Table 2.8: Thermal-cycling conditions used for reverse transcription reaction

2.1.4.6 Polymerase chain reaction (PCR)

Required materials:

e CDNA (0.05ug/ul)

e Oligonucleotides (10uM)

e MyTagq HS DNA polymerase kit (Bioline)
o G-Storm GS4 thermal cycler (G-Storm)

Protocol:

PCR of TERT, ACYP2 and TSPYL6 genes was performed on cDNA prepared from
human iPSCs using MyTag HS DNA polymerase. The master mix per 25ul reaction
contained:
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5ul 5x Bioline MyTaq buffer
xpl forward primer, as given in individual experiment (500nM)

Xul reverse primer, as given in individual experiment (500nM)

Y V VYV V

Xl cDNA template, to a final concentration given in individual experiment

details

Y

Bioline MyTaq DNA polymerase
» xpl dH20 to a final volume of 25ul

Thermal-cycling conditions are shown in table 2.9. Following PCR, gel

electrophoresis was performed.

Temperature | Duration
(°’C) (Sec)
Initial
_ 95 60
denaturation
Denaturation 95 15
Annealing *X 60
x40 cycles
Elongation 72 90
End cycle - -
Final
_ 72 *300
elongation
Hold 10 -

Table 2.9: Thermal-cycling conditions for MyTaq PCR reactions. *x represents variable
annealing temperature. 59°C used for TERT, and 57°C ACYP2 and TSPYL6 respectively.
The final elongation of TERT is 90 secs.
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2.1.4.7 Gel Electrophoresis

2.1.4.7.1 Agarose gel

Required materials:

e Agarose, Electrophoresis Grade (Melford Laboratories)

e 50x TAE (484q Tris in 1 litre of dH20, 114.2ml acetic acid, 37.2g EDTA, pH to
7.6 with concentrated HCI, and made up to 2 litres with dH20)

e GelRed™ Nucleic Acid Gel Stain, 10,000X in Water (Biotium)

e 5x DNA loading buffer blue (Bioline)

e HyperLadder™ I (Bioline)

e Syngene’s GeneGenius Bio Imaging System

Protocol:

A 1.5% Agarose gel was prepared by dissolving 1.5g of Agarose in 100ml of 1x TAE
running buffer (50x TAE diluted in dH20) and heating in the microwave. 10ul of
GelRed™ was added to the dissolved mixture. The solution was allowed to cool before
pouring into a gel electrophoresis tray and adding a comb. Each PCR sample was mixed
with 5x DNA loading buffer blue. Samples and an appropriate DNA Ladder were run at
120 V and 400 ampere until sufficient separation had been achieved. The products were
visualized using Syngene’s GeneGenius Bio Imaging System and Syngene’s GeneSnap

software.

2.1.4.7.2 Polyacrylamide gel

Required materials:

e 10% Polyacrylamide gel (Novex TBE Gel)

¢ Running Buffer 5X (Novex TEB)

o XCell Il Surelock Mini-cell vertical electrophoresis tank (Novex, Invitrogen)
e 5X Hi-Density TBE Buffer (Novex, Invitrogen)

e GelRed™ Nucleic Acid Gel Stain, 10,000X in Water (Biotium)
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e HyperLadder™ I (Bioline)

e Syngene’s GeneGenius Bio Imaging System

Protocol:

PCR samples were mixed with 5X Hi-Density TBE Buffer and loaded onto a 10%
Polyacrylamide gel (Novex TBE Gel) with 10 wells in an XCell Il Surelock Mini-cell
vertical electrophoresis tank with TBE running buffer. An appropriate DNA Ladder was
run alongside the PCR samples. A voltage of 200 V was applied and the running duration
was determined according to segregation of the sample and ladder. The gel stained was
stained with GelRed™ for 30 mins and then washed with dH2O for 2 min. Samples were
visualized using Syngene’s GeneGenius Bio Imaging System and Syngene’s GeneSnap

software.

2.1.4.8 PCR Purification

Required materials:

¢ MinElute® PCR purification Kit (QIAGEN)
e 96-100% Ethanol (Sigma)

e 3M Sodium acetate (Sigma)

e Nanodrop 8000 (Thermo Scientific)

Protocol:

Purification of PCR reactions for Sanger sequencing was performed using QIAGEN
MinElute® PCR purification Kit, as described in the manufacturer’s instructions. Briefly,
one volume of PCR reaction was mixed with five volumes of buffer PB. At this stage the
colour of mixture should be yellow if the sample is at optimal pH. If the colour turns to
the purple or orange 10ul of 3M sodium acetate should be added to adjust pH. The sample
was then passed through a MinElute column to bind the PCR fragments in the membrane
by centrifugation at 17,000xg for 1 min. The column was washed once and the PCR
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product eluted by 10ul dH20. The concentration and purity of the purified PCR product
was measured using a Nanodrop 8000 (as in section 2.1.4.3.2). The purified PCR

fragments were stored at -20°C until sequencing.

2.1.4.9 Real-time PCR using SensiMix SYBR Green Mix

Required materials:

e 2x Sensi Mix SYBR, No-ROX (lot no. SMT-N313112) (Bioline)
e CcDNA (0.05ug/ul)

e Oligonucleotides (10uM)

e Rotor-Gene Q instrument (QIAGEN)

e Rotor-Gene strip tubes and caps (QIAGEN)

Protocol:

RT-PCR was performed to measure the expression of genes using Bioline 2x Sensi
Mix SYBR according to the manufacturer’s protocol. In short, the specimens ran in

duplicate or triplicate.

12.5ul Sensi Mix SYBR

0.75ul forward primer (300nM)
0.75pl reverse primer (300nM)
Xul Template cDNA (125ng)
xul dH20 to a final volume 25ul

VVVVY

A no template control (NTC) was included for every sample. A mastermix of the above
mix was prepared and then aliquoted into strip tubes before addition of appropriate
template/dH20 to tubes. The thermal-cycling conditions differed between experiments
and the general conditions are summarized in table 2.10. The data obtained from each

run was analysed by using Rotor-Gene Q Series 2.0.2 software.

Ribosomal phosphoprotein PO (36B4) or proteasome subunit beta 4 (PMSB4)
housekeeping controls were used. The thermal cycling conditions of these genes are
described in the table 2.11.
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Temperature Duration
(’C) (sec)
Initial
95 600
denaturation
Denaturation 95 15
) x30-40
Annealing *X -
cycles
Extension 72 15
Hold Ambient -

Table 2.10: RT-PCR thermal cycling conditions. *x represents annealing temperature.
59°C for 15secs for TERT and 57°C for 15 secs for both genes ACYP2 and TSPYLS6.
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Temperature Duration
(’C) (sec)
Initial
. 95 600
denaturation
Denaturation 95 10
: : X30
Annealing with
_ 58 60 cycles
extension
Hold Ambient -
Temperature Duration
(’C) (sec)
Initial
_ 95 600
denaturation
Denaturation 95 15
- X40
Annealing 57 15
: cycles
Extension 72 15
Hold Ambient -

Table 2.11: RT-PCR thermal-cycling conditions for housekeeping controls. Conditions for
(A) 36B4 and (B) PSMB4,
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2.1.4.10 Gradient PCR

Required materials:

e gDNA

¢ Oligonucleotides

e Appropriate DNA polymerase Kit

e G-storm GS4 thermal cycler (G-Storm)

Protocol:

A gradient PCR was conducted to determine the optimal annealing temperature for
the PCR primers to be used in the Surveyor assay for the ACYP2, TSPYL6 and TERT
loci. gDNA was used as a template and the reactions were performed in 0.2mL PCR
tubes. The reaction mix contained:

XHUL appropriate reaction buffer
1uL Forward primer (500nM)
1uL Reverse primer (500nM)
XHL appropriate DNA polymerase
100ng DNA

Xl dH20 up to 25ul

VVVVVY

The PCR tubes were vortexed and the samples underwent a 35-cycle PCR reaction on
a G-Storm GS4 thermal-cycler. The sequence of the primers was supplied by Horizon
Discovery Ltd. The cycling parameters are shown in table 2.12. The optimal annealing
temperature of each primer pair was used for the Surveyor assay. The duration of the
denaturation steps was determined by that recommended for the DNA polymerase

according to manufacturer’s instructions. NTC was also included as a control.
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steps

Temperature
(C)

Duration

Initial Denaturation

95

2 min

Denaturation

95

15 sec

Annealing

63.1

63.3

63.6

64.1

65.1

66.0

66.9

67.9

68.9

69.5

69.9

70

15 sec

Elongation

70

1.30 min

X35

cycles

Final elongation

72

5 min

Hold

Table 2.12: PCR parameters for gradient PCR reactions

2.1.4.11 Preparation of gRNA and Cas9 plasmids

2.1.4.11.1 E coli competent cell transformation

Required Materials:

e Escherichia coli component cells DH5a (Bioline)

e S.0.C medium, Cat.N0.15544-034 (Invitrogen)

e LB agar (Sigma-Aldrich)
e LB broth ((Sigma-Aldrich)
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e Appropriate antibiotic, Ampicillin or streptomycin (Sigma)
e 90mm petri-dish (Sarstedt)

e Water bath

e Shaking incubator

e Incubator

Protocol:

Competent cells were thawed on ice and 1-50ng of plasmid DNA added to 100ul of
cells and incubated on ice for 30 min. The mixture was heat-chocked at 42°C for 30
seconds and then immediately incubated on ice for 2 mins. 200ul of S.0.C medium was
added to the mixture and then incubated at 37°C for 1h in a shaking incubator at 200 rpm.
The cells were then plated onto LB agar plate (1.5% agar, 2.5 LB in 90mm plate)
containing appropriate antibiotic for selection and inverted plates were incubated
overnight at 37°C.

2.1.4.11.2 Growing bacterial colonies

A single colony was picked and transplanted into 10ml of 2.5% LB medium containing
appropriate antibiotic and incubated at 37°C overnight in a shaking incubator at 200 rpm.

2.1.4.11.3 Extraction of plasmid DNA
Required materials:

e Plasmid purification maxi kit (QIAGEN)
e 70% Ethanol (Sigma)
¢ Nanodrop 8000 (Thermo Scientific)
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Protocol:

Plasmid DNA was isolated by using QIAGEN plasmid maxi kit according to the
manufacturer’s protocol with some alteration in conditions. Briefly, after overnight
growth in 2.5% LB medium (appropriate volume to the copy-plasmid), the bacteria were
harvested at 3000xg for 30 min at room temperature. The cells were resuspended with
buffer P1 and lysed with buffer P2 for 5 min. Prechilled buffer P3 was added to neutralize
the cells for 20 min. The lysed cells were precipitated at 4255xg for 30 mins at 4°C and
the supernatant re-centrifuged under the same conditions before being added to a
QIAGEN column. DNA was eluted by addition of 15ml buffer QF and then precipitated
with 0.7 volumes of isopropanol at room-temperature then centrifuged at 4255 x g for 30
mins at 4 C. After decanting the supernatant, the DNA pellet was washed with 5ml room-
temperature 70% Ethanol and centrifuged at 4255 x g for 10 min at 4°C. The DNA pellet
was then air-dried for 5 min and dissolved in 200ul of dH20. The plasmid concentration
and purity was then determined using a nanodrop (as described in section 2.1.4.3.2) and
stored at -20°C.
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2.1.4.12 Surveyor assay

Required materials:

e Transgenomic Surveryor® mutation detection kit
e PCR product of the knock out and wild type iPSCs

e G_storm GS4 thermal cycler (G-storm)

Protocol:

Screening of targeted iPSCs was performed using a Surveryor assay. First, the gDNA

at the taget regions was by PCR using iPSC DNA collected at the first passage following
CRISPR/Cas9 transfection. Platinum® Tagq DNA, Phusion™ HS DNA and MyTaq HS
DNA polymerase (section 2.1.4.10) were used for screening experiments for ACYPT2,
TSPYL6 and TERT genes respectively (table 2.13).

DNA polymerase

Continents

Platinum® Taq DNA

polymerase

Phusion™ HS DNA

polymerase

MyTag HS DNA

polymerase

Nuclease-free water

up to 50pl reaction

up to 50pl reaction

up to 50pl reaction

Polymerase buffer

10x Platinum buffer

5x Phusion® HF buffer

5x MyTaq buffer

Deoxynucleotide

(100-200ng)

triphosphates 1l 1l _
(dNTPs) (10mM)
MgCl2 (2mM) 2ul _ _
Forward primer
(10uM) 2.5l 2.5l 2.5l
Reverse primer
2.5ul 2.5ul 2.5ul
(10pM)
DNA polymerase 0.2ul 0.5ul 1l
Template
Xl xul xul

Table 2.13: PCR reaction mix for each DNA polymerase.
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Thermal-cycling conditions are shown in table 2.14. The duration of the denaturation
steps varied depending on the DNA polymerase.

Steps Temperature (°C) Duration (sec)
Initial denaturation 98 30
Denaturation 98 10

. 35
Annealing *X 60
cycles
Extension 72 90
Final extension 72 300
Hold 4 -

Table 2.14: PCR parameters for gDNA amplification. *x represents annealing temperature.
65 C for TERT and 65.1°C for both genes ACYP2 and TSPYLS6.

5ul of each PCR reaction was separated by gel electrophoresis, as described in section
2.1.4.7.1, to confirm the PCR reaction was successful and to estimate the amount of

product.

The second step of the Surveryor assay involves hybridization of equal amount of
wild-type and mutant DNA to form a heteroduplex. The final volume of each sample
should be at least 10l with a concentration of 200ng DNA. Thermal-cycling conditions
are shown in table 2.15.

In the final step a transgenomic Surveryor® mutation detection kit was used to identify
detect DNA mismatch. The heteroduplex DNA samples were treated with mismatch-

specific DNA nuclease as shown in a table 2.16.
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Temperature Time
(C) (min)
95 10

85 1
75 1
65 1
55 1
45 1
35 1
25 1
10 Hold

Table 2.15: The parameters of thermocycler to form heteroduplex DNA.

DNA polymerase

Platinum® Taq Phusion™ HS DNA | MyTag HS DNA
Reaction mix DNA polymerase polymerase polymerase
0.15M MgClI2
_ Xl _ _
solution (1:10)
Surveyor 14l 1ul 1ul
enhancer S H H H
Surveryor
1ul 2ul 2ul
nuclease S

Table 2.16: Reaction-mix for the Surveyor assay
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The samples are mixed gently by vortexing and incubated at 42°C for 60 min. After
incubation, a 1:10 volume of Stop solution was added and mixed by pipetting. Agarose
or Polyacrylamide gel electrophoresis was carried out as described in section 2.1.4.7 to

identify cleaved products.

2.1.4.13 Sequencing

Sequencing of iPSCs after CRISPR mediated-genome editing was conducted using
Sanger sequencing. After purifying PCR products (section 2.1.4.8), samples were sent to

source hioscience http://www.lifesciences.sourcebioscience.com at a concentration of

1ng/ul per 100bp for sequencing. Sequencing was performed in one or two directions
utilizing the forward and reverse primerd at a concentration of 3.2um/ul. Sequence traces

were analysed to identify mutated clones.

2.1.4.14 T-easy cloning

To confirm the genotype of suspected homozygous knockout clones, PCR-
amplification of gDNA was performed and cloned into pGEM®-T Easy.

2.1.4.14.1 Preparation insertions
Required materials:

e PCR products of the target sites of each homozygous knockout clone
e Plasmid purification maxi kit (QIAGEN)

e 70% Ethanol (Sigma)

¢ Nanodrop 8000 (Thermo Scientific)
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Protocol:

gDNA at the target site of suspected homozygous clones was amplified by PCR using
the Surveyor primers described in section 2.1.4.12 followed by PCR purification as
described in section 2.1.4.8. The concentration of purified products was determined using
a Nanodrop 8000 as described in section 2.1.4.3.2.

2.1.4.14.2 Ligation reaction
Required materials:

e pGEM®-T Easy vector system |

e Taq polymerase kit that produces A-overhang if g°PCR products prepared with
high fidelity polymerase or any polymerase which does not add adenine overhang
(A-overhang).

e G_Storm GS4 thermal cycler (G-Storm)

Protocol:

T-easy vector system contains a 3015bp linearized plasmid with a single 3-terminal
thymidine overhang at each end. The PCR product for insertion should have A-overhangs.
MyTaqg and GoTaq polymerases incorporate A-overhangs, however, blunt PCR products
required A-overhang addition using the following conditions:

» 10ul (5x) buffer

» 5ul (ImM) dATP

» 0.5ul GoTaq polymerase
» 4.5l dH20

The mixture was then incubated 95°C at 2min in the G-Storm GS4 thermal-cycler.
The ligation reaction was prepared as follows:

5ul (2x) rapid ligation buffer, T4 DNA ligase

1l pPGEM®-T Easy vector

xpl PCR product (to an approximate 1:1 bp/ng ratio with pGEM®-T Easy vector)
1ul T4 DNA ligase (50ng)

VV VY
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» dH20 up to final volume
The reaction was then mixed by pipetting followed by incubation for 1hr and

transformation into competent cells as described in section 2.1.4.11.1.

2.1.4.14.3 Confirmation of cloning
Required materials:

e M13 Forward and Reverse Oligonucleotides
e MyTaq HS DNA polymerase kit (Bioline)
e G_Storm GS4 thermal cycler (G-Storm)

Protocol:

To ensure that cloning of the expected PCR product had been successful, up to 10
clones were picked from each transformation using a 10pl pipette tip and spread on to a
fresh LB/Agar plate. A PCR reactions was prepared using the picked colony as template.

The reaction mix is below:

4ul (5x) Bioline MyTaq buffer

1ul M13 forward primer (10puM)

1ul M13 reverse primer (10uM)

0.1pl Bioline MyTag DNA polymerase
dH20 up to 20ul

VVVVYY

The thermal-cycling conditions are in table 2.17
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Steps Temperature (°C) Duration (sec)
Initial denaturation 95 120
Denaturation 95 15

_ 35
Annealing 56 30
cycles
Extension 72 60
Final extension 72 420
Hold 4 R

Table 2.17: PCR parameters for screening pPGEM T-easy clones.

Agarose gel electrophoresis was conducted as described in section 2.1.4.7.1 to

identify positive clones.

Positive colonies were picked and grown in 5ml of 2.5% LB medium containing

appropriate antibiotic as described in section 2.1.4.11.2. Plasmid DNA was then extracted

as described in section 2.1.4.11.3 was sequenced by Source Bioscience using the M13

primer. The sequence was compared with reference to determine the effects of

CRISPR/Cas9 targeting.

2.1.4.15 Telomere length measurement

2.1.4.15.1 Quantitative polymerase chain reaction (QPCR)

Required materials:

e 2x Sensi Mix SYBR, No-ROX (lot no. SMT-N313112) (Bioline)

e Modified iPSC DNA

e Oligo forward and reverse primer of telomere length

e Oligo forward and reverse primer of single copy gene
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e K562 DNA

e Qiagility machine

e Rotorgene Q (QIAGEN)

Protocol:

Telomere length was measured by gPCR using the protocol previously described by
Richard Cawthon (Cawthon, 2002). The sequence of the primers used in this experiment
are shown in table 2.18. Telomere length was determined by dividing the quantity of

telomeric repeats (T) to the quantity of a single copy gene (S), to give the T/S ratio. The

single copy gene utilised to normalize for cell count was 36B4.

Name of primers Primer sequences (5’- 3’)
Tellb CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT
Tel2b GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT
36B4F CAGCAAGTGGGAAGGTGTAATCC
CCCATTCTATCATCAACGGGTACAA
36B4R

Table 2.18: Primer sequences for telomere length measurement. Tellb and Tel2b indicate

the forward and reverse primers for amplifying telomeric DNA. 36B4F and 36B4R were

used to amplify 36B4. Primers are 5°-3’.
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T and S runs were conducted separately. To ensure the same enzyme mix was used for
T and S, Master mixes for both were made up at the same time. In addition, to keep
conditions uniform the T run was performed immediately before the S run. The master
mix is shown in table 2.19. Reactions were performed using a Qiagility machineand 22l
of master mix and 3pl of gDNA (10ng/pl) in a Rotordisc containing 100 wells. 48
samples, NTC and a calibrator sample (K562 gDNA) were plated in duplicate. The
rotordisc was then sealed and transferred to a Rotorgene Q (QIAGEN) to run. The
thermal-cycling profile on the Rotorgene Q was for T 95°C for 10 min followed by 20
cycles of 95°C for 15 sec and 58°C for 1min and for S as following, 95°C for 10 min
followed by 30 cycles of 95°C for 15 sec and 58°C for 1min. to achieve better runs, the

Qiagility was warmed for 30 min before the first run of the day.

Volumes
Telomere (T) Single copy gene (S)
Materials
2x SensiMix 12.5ul 12.5ul
Telb and Tel2b 300nM of each -
36B4F - 300nM
36B4R - 500nM
gDNA template 30ng 30ng
dH20 Up to 25ul Up to 25ul

Table 2.19: Master mixes of telomere and single copy gene.

94



2.1.4.15.2 Data analysis

Analysis was conducted utilizing the Rotorgene Comparative quantitation software.
The mean amplification of all samples in the run was calculated (MAE) and the
concentration of each sample relative to the calibrator (reference) sample was calculated

using the equation:
Sample concentration = MAE (Calibrator take-off — sample take-off)

This was determined for both the T run and S run for each sample duplicate. The
relative concentrations of all samples except NTC were then exported to Microsoft Excel
to calculate average telomere length. Telomere length was expressed as T relative
concentration / S relative concentration (T/S). All data were relative to the K562
calibrator sample. The duplicate values that were more than 0.2 of a cycle different for

the take-off value were excluded in this assay.

2.1.5 Statistical Analysis

Data from all experiments was analysed using GraphPad Prism 6.00 (GraphPad
software Inc.) except for the analysis of telomere length using a mixed model in sections
4.2.3.4 and 5.2.2.5 which was performed by Dr. Chris Nelson, Department of
Cardiovascular Sciences/University of Leicester. Results are shown as mean + Standard
Deviation (SD) unless otherwise stated. Statistical significance of the data was assessed
by a Student’s t-test. A one-way Analysis of Variance (ANOVA) was used to compare

more than two groups.
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Chapter 3

Optimisation of human induced
Pluripotent Stem Cells for Genome
Editing
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3.1 Introduction

In 2012 the Nobel Prize in medicine or physiological was awarded to Shinya
Yamanaka and Sir John Gurdon for the discovery that mammalian somatic cells can be
reprogrammed into stem cells. Since their discovery induced pluripotent stem cells
(iPSCs) have become the experimental model of choice for regenerative medicine,
disease modelling of both monogenic and polygenic disorders and the emergence of
genome editing technologies has increased their utility, especially for functional genomic
studies. For this study, the reactivation of telomerase during reprogramming and resulting
maintenance of telomere length by iPSCs means they provide a system for the
investigation of both known and novel genes involved in the regulation of telomere

length.

3.1.1.2 Culture of iPSCs

Pluripotent stem cells (PSCs) require careful culture so that they maintain their
pluripotency. Originally, hiPSCs were cultured in similar conditions to those used for
ESC culture with inactivated mouse embryonic fibroblasts (MEFs) as a supporting or
“feeder” layer and Dulbecco’s Modified Engle’s Medium (DMEM) containing 10% fetal
bovine serum (FBS) (Takahashi and Yamanaka 2006, Takahashi et al. 2007). Such
conditions prevent spontaneous differentiation and support PSC expansion (Thomson et
al. 1998). Alternative human derived feeder cells including fetal fibroblasts, foreskin
fibroblasts, human placenta fibroblasts, and adult marrow cells have also been used to
support PSC culture (Richards et al. 2002, Amit et al. 2003, Hovatta et al. 2003, Simén
et al. 2005, Genbacev et al. 2005, Tecirlioglu et al. 2010, Cheng et al. 2003). These cell
lines all support the maintenance of human pluripotent stem cells and allow prolonged
culture in an undifferentiated state. However, these culture conditions are problematic for
certain applications because of secretion of undefined factors into the media by MEFs
and potential batch effects of FBS. The presence of a feeder layer also raises additional
challenges for genome editing due to the long-term culture and selection involved in the
technique. Because of these reasons feeder independent culture techniques that employ
solubilized extracellular matrix (ECM) components in combination with a defined culture
media have been developed. The most commonly used matrix is Matrigel™ an ECM
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mixture isolated from Englebreth-Holm-Swarm mouse tumor cells consisting primarily
of collagen IV, laminin and entactin, and considered to be a reconstituted basement
membrane preparation (Kleinman and Martin 2005, Kleinman et al. 1982, Orkin et al.
1977). A number of defined serum-free culture media have been developed, such as
mTesR®1 (STEMCELL™ technologies) and Essential 8™ (Gibco), to overcome the
potential batch effects and contamination issues of FBS and ensure more consistent and
reproducible stem cell culture. PSCs are passaged at a ratio between 1:3 and 1:9
depending on the growth rate of the cells by specific enzymes such as collagenase,
Dispase and Accutase or mechanical approaches such as cell scraper or other passaging
tools. When colonies become too large and dense, they are prone to differentiation.

3.1.2 Genome editing in iPSCs

The combined potential of iPSCs and genome editing has been apparent for many
years with some of the earliest applications of ZFNs and TALENs (Hockemeyer et al
2009, Zou et al 2009, Hockemeyer et al. 2011) and the first use of the CRISPR/Cas9
(Mali et al 2013, Cong et al 2013) being in hiPSCs. Indeed, since the first reported editing
of hiPSCs using the CRISPR/Cas9 system there have been editing of patient-derived
IPSCs for a number of diseases, loss-of-function studies and double and triple gene
knockouts (Xie et al. 2014, Gonzélez et al. 2014, Wang et al. 2015) In addition, there are
now several cases where edited hiPSCs are moving towards clinical applications. For
example, Huang et al. (2015) successfully corrected a mutation in HBB gene in hiPSCs
from Sickle cell anaemia patients, which they then differentiated in to erythrocytes
(Huang et al. 2015), while Li and colleagues corrected mutations in hiPSCs from
Duchenne muscular dystrophy patients and differentiated these in to skeletal muscle cells
(Li et al. 2015).

3.1.2.1 Technical considerations for genome editing iPSCs

There are a number of technical aspects that need to be considered for genome editing
experiments from initial design through successful targeting, which are shared regardless

of the target cell line or organism. However, two specific procedures that are potentially
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problematic for hiPSCs and require careful optimisation are the delivery of the genome
editing machinery and the clonal isolation and expansion of the targeted cells. Successful
targeting requires high nuclear expression of the genome editing machinery, however,
hiPSCs can be less amenable and more sensitive to standard transfection and
electroporation protocols than other cell lines and many protocols therefore suggest
enriching for more highly expressing cells antibiotic selection or fluorescence-activated
cell sorting (Chatterjee et al. 2011, Peters et al. 2013). The clonal isolation of hiPSCs is
also less than straightforward, as successful culture requires cells to be maintained
between 20-80% confluence with increased spontaneous differentiation and cell death if
these limits are exceeded. To overcome this the most frequent approach is to optimise the

seeding and culture of clonal hiPSC colonies followed by colony picking.

3.1.3 Aims and objectives

This study involves the knockout of known and novel genes involved in the
maintenance of telomere length in hiPSCs. This is the first time hiPSCs have been
cultured by our group and the first use of CRISPR/Cas9 at the University of Leicester.
The objective of this part of the study was therefore to establish long-term hiPSC culture
and optimise CRISPR/Cas9 mediated gene knock-out.

AIms;

» To establish culture of hiPSCs and quality-control procedures.
» Optimization of hiPSCs for CRISPR/Cas9 genome editing.
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3.2 Results
3.2.1 Human iPSC culture

3.2.1.1 iPSC cell line

Wild-type hiPSCs (GM23720*B, NIGMS collection) were purchased from the Coriell
institute for Medical Research, USA. These cells are episomally reprogrammed B-
lymphocytes from a healthy 22 year-old woman and have been evaluated for cell surface
antigen expression and pluripotency. The culture conditions provided by the Coriell
institute were followed with further optimisation and quality control procedures detailed

below.

3.2.1.2 Optimisation of iPSC culture

iPSCs were cultured in feeder-free conditions as described in sections 2.1.1.2.1 and
2.1.1.2.2 using Matrigel™ (BD Biosciences)-coated plates and mouse embryonic
fibroblast serum-conditioned media (MEF-CM) mTesR®1 (STEMCELL™ technologies).
Visual monitoring was performed daily in order to check confluence and cell
morphology. Healthy, undifferentiated iPSCs grow in tightly associated compact colonies
and individual cells have a high nuclear to cytoplasmic ratio with prominent nucleoli as
seen under an inverted microscope (Figure 3.1). Differentiated cells with the appearance
of neuronal or fibroblast cells tended to be present as separate colonies or at the edges of
iIPSC colonies. Suspected embryoid bodies were also noted and there were occasional
clusters of dead cells at the edge and centre of undifferentiated and differentiated colonies
(Figure 3.2). In general, the percentage of the undifferentiated iPSCs was estimated to be

approximately 80%.
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Figure 3.1: Morphology of healthy iPS colonies in feeder-free culture. (A) Three
undifferentiated compact iPSC colonies (the scale bar indicates 400um). (B) A single
iPSCs colony showing tightly associated cells with high nuclear to cytoplasmic ratio and

prominent nucleoli (yellow arrows), (the scale bar indicates 200um).
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Figure 3.2: Examples of iPSC differentiation and death. (A) A differentiated colony
containing a neuronal like cell (yellow arrow) (the scale bar indicates 1000um). (B)
Fibroblast like cells (the scale bar indicates 400um). (C) Early differentiation around
the edge of an iPSC colony (the scale bar indicates 200um). (D) Embryonic body (the
scale bar indicates 400um) (E) Dead cells within an overgrown colony (yellow arrow)

(the scale bar indicates 400um).
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3.2.1.3 Passaging techniques and enzymes

When cell confluence reached 70-80% the cells were passaged using the Dispase Il
enzyme (stem cells™) as described in the section 2.1.1.2.3. Briefly, the culture media was
removed from the plate and the cells washed twice with Dulbecco’s Modified Engle’s
Medium (DMEM) (Sigma) or Phosphate buffer saline (PBS) (DulbeccoA, Oxid). There
was no noticeable difference between PBS or DMEM. Dispase Il was added and the plates
incubated at 37°C with frequent observation. When the edges of colonies appeared slightly
folded back, but the colonies were still attached to the plate (approximately 7 mins) the
Dispase Il was aspirated. The cells were then washed twice with DMEM, mTesR™1
added, and iPSC colonies carefully detached using a cell scraper. A drawback of using
this method is the retention of differentiated cells and the potential for a gradual increase
in the proportion of differentiated cells with prolonged culture (Figure 3.2). In an attempt
to decrease the percentage of differentiated colonies we tested the non-enzymatic reagent
ReLeSR™ (Stem Cell Technologies), which preferentially dissociates hiPSCs and does
not require scraping (Figure 3.3). As described in section 2.1.1.2.4, when hiPSCs
reached 70-80% confluence the media was removed and the colonies washed twice with
PBS or DMEM and 1 ml/well of ReLeSR™ added for 1 min, aspirated and the plates then
incubated for 5 mins at 37°C. Following incubation, 1ml/well mTeSR™1 medium was
added and the plate was tapped gently on the side of the plate for 30-60 sec. The cell
suspension was gently mixed by pipetting up and down in a 2 ml serological pipette to
produce cell aggregates of approximately 50-200 um for plating. 5-6 ml mTeSR™1
medium was added to the cell suspension and 1ml/well was replated on 6-well Matrigel™-
coated plates. An additional 1ml of mTeSR™1 was then added to each well to achieve a
final volume of 2ml/well medium. ReLeSR™ resulted in a substantial decrease in the
amount of differentiation and was therefore used for all general iPSC maintenance.
Passaging was performed at a ratio of 1:5 to 1:6, which ensured appropriate spacing
between colonies. Approximately 1x10°-1x10'2 cells/ml were regularly banked (as
described in section 2.1.1.4) in liquid nitrogen. On revival, (section 2.1.1.2.2)

approximately 70-85% cells were generally viable.
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Figure 3.3: Undifferentiated and differentiated iPSCs after incubation with

ReLeSR™ enzyme. The yellow arrows indicate detached iPS colonies (right figure) and
the red arrows indicate the adherent differentiated iPSCs of different morphology (right
and left figures). (the scale bar indicates 400um).
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3.2.2 iPSC Quiality Control

3.2.2.1 Flow cytometry analysis of iPSC surface markers

iPSCs can be characterised by measuring expression of specific cell-surface markers
such as glycolipid antigens (SSEA3 and SSEA4), keratan sulfate antigens (TRA-1-60,
TRA-1-81, GCTM2 and GCT343), and protein antigens (CD9, Thy1(CD90), tissue—
nonspecific alkaline phosphatase and class 1 HLA) (Adewumi et al. 2007). iPSCs can
also be characterised by expression of the stem cell self-renewal transcription factors
NANOG and POU5F1 (OCT4) (Schwarz et al. 2014).

The expression of stem cell markers was measured every 10 passages to confirm that
iIPSCs were being maintained in an undifferentiated state. hiPSC colonies were harvested
as a single cell suspension using 1x trypsin/EDTA, followed by fixation in 4%
paraformaldehyde (PFA). The fixed cells were stained with isotype controls and
antibodies against cell surface markers using the BD stemflow™ human pluripotent stem
cells sorting and analysis kit. The positive and negative beads were also prepared to assist
in optimizing application setup and calculating fluorescence compensation. The positive
beads were coated with antibodies that bind to specific cell surface markers; SSEA-1,
SSEA-3 and TRA-1-81. Negative beads had no binding capacity. The iPSC population
was characterised by two parameters; forward scatter (FS), which is a measure of cell size
and side scatter (SS), which is a measure of cell granularity. The entire population was
analysed for surface marker expression (Figure 3.4), cells debris presented towards the
origin of the graph. Finally, the surface markers were detected by flow cytometry with 3
lasers; blue (488), red (638) and violet (405) and there are filters to detect up to 10 emitted

wavelengths from fluorescent dyes.

The AWO08603 software (Callios) was used to analyse the data. Section 2.1.2.1
describes in these methods in more detail. Passage 10 iPSCs incubated with antibodies
against SSEA-1, SSEA-3 and TRA-1-81 were 96.3% positive for SSEA-3 detected with
PE fluorescent dye and 75.66% for TRA-1-81 detected with Alexa Fluor fluorescent dye
(Figure 3.5, A, B). Only 2.11% of cells stained for the negative surface marker SSEA-1
detected with FITC (Figure 3.5, C) These results demonstrated that at P10 the iPSCs

remained pluripotent and were being cultured successfully.
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Figure 3.4: Contour plot of the hiPSC population. iPSCs were identified by their

forward scatter (FS, Y axis) and side scatter (SS, X axis). This population was used to

determine the cell surface marker expression.
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Figure 3.5: hiPSCs at passage 10 were analyses by flow cytometry to determine the
surface marker expression. iPSCs were positive for (A) SSEA-3 antibody coated with
PE fluorescent dye and (B) TRA-1-81 antibody coated with Alexa Fluor® fluorescent dye.
The cells were negative for (C) SSEA-1 antibody coated with FITC fluorescent dye.
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3.2.2.2 Karyotype analysis

The iIPSCs used in this study had previously been characterized by the Coriell institute
and reported to be genetically stable. Chromosome integrity is affected by long-term
culture and culture conditions therefore karyotyping needs to be regularly performed
(Draper et al. 2004, Caisander et al. 2006, Grandela, Wolvetang 2007).

Karyotyping was initially performed using Giemsa (result not shown) and DAPI
staining, however, the resolution achieved with both reagents was too low to properly
analyse the cells (Figure 3.6, A). Further karyotypic analysis was carried out using
chromosome resolution additive (CRA), which increases chromosome length and
provides greater separation (Figure 3.6, B, C). As described in the section 2.1.2.2.
Briefly, mTesR™1 medium was replaced with fresh mTesR™1 containing 2ul of 0.1
mg/ml Nocadazol, in order to arrest the cells in prometaphase and incubated for 24 hours.
The cells were then trypsinized and the pellet was resuspended in hypotonic solution
(0.056M KCL in dH20) and incubated at room temperature for 30 mins. This causes the
cells to swell resulting in greater separation of the chromosomes. The pellet was washed
three times with fresh Carnoy’s fixation solution (75% Methanol and 25% Acetic acid)
and then resuspended in Carnoy’s solution. Two slides were prepared for each sample by
warming to 37°C and the sample applied in a dropwise manner to slides held at a 45°
angle. The slides were then left to air-dry overnight before staining with Giemsa (Sigma)
and 4', 6-diamidino-2-phenylindole (DAPI) (Invitrogen). Images were taken at 100x
magnification and chromosomes counted. Chromosome counting revealed all cells

analysed to have a normal karyotype.
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Figure 3.6: Karyotypic analysis of iPSCs. (A) iPSCs stained with DAPI, the resolution
achieve was insufficient to accurately analyse the karyotype of the iPSCs before using
CRA. (B) iPSCs stained with Giemsa. (C) iPSCs stained with DAPI.
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3.2.3 IPSC transfection

3.2.3.1 Analysis of lipid-based iPSC transfection

CRISPR/Cas9 genome editing requires high expression of the genome editing
machinery in the target cell nucleus. Therefore, several different transfection methods
were tested in order to determine the optimal delivery method. Initially, forward and
reverse lipid-based transfection using TransIT®2020 (Mirus) and Lipofectamine®3000
(Invitrogen) reagents was investigated. Forward transfection involves the addition of the
lipid-plasmid complex onto the cells while for reverse transfection a cell suspension is
added to the lipid-plasmid complex. Reverse transfection results in prolonged exposure
of the cells with the transfection reagent compared to forward transfection (Villa-Diaz et
al. 2010). A green fluorescent protein (GFP) plasmid pCMV-GFP (4.7kbp) was used to
determine transfection efficiency. Cells were analysed visually using an Evos®
fluorescent microscope 24h after transfection by counting the percentage of cells
expressing GFP cells. Control plasmid free transfections were used for comparison
(Figure 3.8, B). Reverse transfection of iPSCs using TransIT®2020 produced the highest
transfection efficiency, however, the proportion of transfected cells was still only 23.3%
and forward transfection resulting in just 5.3% of cells expressing GFP (Figure 3.7). The
results with Lipofectamine®3000 were even less successful with the highest efficiency of
reverse transfection using the recommended 3.7ul of Lipofectamine®3000 being only
3.7% and forward transfection only slightly higher at 5.2%. Increasing the amount of
Lipofectamine®3000 to 7.5ul increased efficiency to 10.7% with reverse transfection and
15.8% with forward transfection (Figure 3.7). It was concluded that the relatively low
efficiencies achieved with lipid-based methods was too low for CRISPR/Cas9 genome

editing. Cell viability wasn’t noticeably affected with either method
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Figure 3.7: hiPSC transfection efficiency with lipid-based transfection. Forward and
reverse transfection was conducted with TransIT®2020 and Lipofectamine®3000. The

graph shows percentage of cells expressing GFP 24 hours after transfection (n=3).
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3.2.3.2 Analysis of iPSC nucleofection

The next method tested was the Amaxa® nucleofection system, which introduces
plasmid DNA directly into the nucleus and has been reported to produce high transfection
efficiency in in a range of different cell types (Hamm et al. 2002, Dityateva et al. 2003,
Lenz et al. 2003). A single cell suspension of 6.5-7.7x10° cell/mL iPSCs was prepared by
using 1x trypsin/EDTA and five nucleofection programs (A-012, A-013, A-023, A-027
and B-016) were tested using the Amaxa® human stem cells nucleofector® starter kit.
pmaxGFP (3.4kbp) was used as a reporter for transfection efficiency. Of note, the first
time the iPSCs were nucleofected a fault with the system caused the shock to be applied
twice resulting in increased efficiency. In subsequent testing two shocks were therefore
applied for each of the nucleofector programs tested. There was no observable difference
in cell viability between the single or double applications of the shock or between the
different programs with all conditions tested showing approximately 60% confluence
after 24h and full confluence after 5 days (Figure 3.8, C). Transfection efficiency was
determined by counting the percentage of cells expressing GFP 24h after electroporation
using an Evos® fluorescent microscope (Figure 3.8, D). The highest transfection
efficiency achieved was 81.3% by applying two shocks of program B-016 with Amaxa®
human stem cells nucleofector® solution 2 (Figure 3.9).

112



%

Ak

Figure 3.8: Example of iPSCs following nucleofection. A and B show the empty-
pmaxGFP control after 24h of nucleofection, (the scale bar indicates 100um). C and D

show the 24h post-transfected iPSCs with pmaxGFP, (the scale bar indicates 100um).
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Figure 3.9: Optimization of iPSC nucleofection. Five programs (A-012, A-013, A-023,
A-27 and B-016) with two solutions (soll and sol2) were tested; double application

indicates the shock was delivered to iPSCs twice (n=3).
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3.2.3.3 Analysis of electroporation

Efficiency of electroporation was tested using the NEPA21 system (Nepagene),
which has cost benefits over the Amaxa® system. A single cell suspension of 6.5-1.0x10°
cell/mL iPSCs was prepared by using 1x trypsin/EDTA. After centrifuging, the pellets
were washed twice with Opti-MEM | medium (Gibco, Fisher Science) and resuspended
using 100l with the same medium of washing as in the section 2.1.3.3, the cells then
presented to the electroporation process. Electroporation efficiency was assessed using
the pmaxGFP reporter plasmid and 5 programs that had been optimised by the
manufacturer for iPSCs (Table 2.5, chapter 2). Cell viability was high with 70%
confluence 24h (Figure 3.10) and full confluence after 3 days. The highest transfection
efficiency achieved was approximately 81% using program 7 (Figure 3.11). Due to
increased cell viability, lower cost and ease of use compared with to the Amaxa® system

the NEPA21 was used for all downstream experiments.
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Figure 3.10: Electroporation of hiPSCs with pmaxGFP plasmid by using program
seven with Opti-MEM medium. A and B exhibit the observation after 24h of

electroporation without the plasmid as a control, (the scale bar indicates 200um). C and
D exhibit 24h post-transfected iPSCs with pmaxGFP plasmid, (the scale bar indicates
400um).
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Figure 3.11: Optimization of iPSC electroporation. Five programs (5, 6, 7, 8 and 9)
were tested using the NEPA21 electroporator (n=3) (Refer to table 2.5)
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3.2.4 Clonal isolation of iPSCs

The endpoint of iPSC targeting using genome editing requires the clonal isolation of
successfully edited cells. To optimise the clonal isolation of our iPSCs, the method
reported by Peters et al. (2013) was followed with some modifications. Matrigel™-coated
9cm plates were coated with Matrigel™ containing ROCK inhibitor Y-27632 (Lot.
D00155678, China) at 10uM, in order to increase the plating efficiency of iPSCs (Pakzad
et al. 2010), and iPSCs seeded at 103 10* and 10° cells/ml (section 2.1.1.6). The day
after seeding the media of the 10* and 10° cell/ml seeded dishes was replaced with a
mixture of 50% mTesR™"1 media and 50% conditioned mTesR"™1 media (collected from
40-50% confluent iPSCs and filtered through a 0.22pum membrane filter (Millex®GP) and
then stored at 20°C. The media of the 10° cell/ml seeded dish was replaced with mTesR™1
media. After approximately 10 days the iPSCs formed colonies roughly 2.5mm in

diameter (Figure 3.12).

Seeding at 10° cells/ml (Figure 3.12, D) produced isolated colonies of an appropriate
size for picking. Individual colonies were disrupted with the tip of a 200ul pipette
(adjusted to 45ul) and then transferred to one well of a 96-well Matrigel"-coated plate
containing 120pl fresh mTesR™1 media (Figure 3.13, D). The following day picked
colonies had settled and started to grow (Figure 3.13, E, F). After 5-10 days the colonies
reached 80-95% confluence (Figure 3.13, G). In the genome editing experiments DNA
would be harvested and the cells frozen to allow sequence identification of correctly
targeted cells. To test the likely rate of attrition using this process the cells were frozen

and revived.

In this process, due to the size of the well of the 96-plate, and to avoid losing of
apportion of the clone and fasteing the process, the detaching enzyme and freezing
solution were replaced. the freezing was conducted as in the section 3.2.4 using
mFreSR™ (Stem Cell technology) solution, after detached the cells from the culturing
plate by using Accutase™ (Stem cell technology), about two third of the cells mixed with
the freezing solution and then placed in new 96-well plate then stored at 80°C. Revival
and expansion was performed as described in sections 2.1.1.10 and 2.1.1.11 respectively.
Approximately 92.5% of wells were recovered upon revival and considered sufficient for

these experiments.
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Figure 3.12: iPS Colonies grown from single cells in 90mm Petri dishes. A, B and C
show iPS colonies at day 5 following seeding at 103, 10* and 10° cells/ml respectively (the
scale bar indicates 400um). D, E and F show iPS colonies at day 10 following seeding at

103, 10* and 10° cells/ml respectively (the scale bar indicates 1000pum).
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Figure 3.13: Clonal isolation of iPSCs. (A) A single cell seeded on the 90mm Matrigel™
coated Petri dish (the scale bar indicates 400um, Evos FI Microscope). (B) A single
colony on the 90mm Matrigel ™'-coated Petri dish (the scale bar indicates 1000um, Evos
X1 Microscope). (C) Colony picking by pipette (the scale bar indicates 1000um, Evos
X1 Microscope). (D) Picked colony after transfer to Matrigel "-coated 96-well plate (the
scale bar indicates 400um, Evos XI Microscope). (E) Established and growing clone
the second day following picking (the scale bar indicates 1000pum, Evos Xl
Microscope). (F) A single growing clone on the Matrigel™ 96-well plate 4 days after
picking (the scale bar indicates 1000um, Evos XI Microscope). (G) A single clonal

colony (the scale bar indicates 1000um, Evos XI Microscope).
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3.3 Discussion

The overall objective of this study requires the CRISPR/Cas9 genome editing of
hiPSCs. As this was the first time these experiments will be performed by our group the
aim of the experiments described in this chapter was to establish iPSC culture and quality
control measures and perform optimization in preparation for the delivery of the
CRISPR/Cas9 machinery. A single iPSC cell line, GM23720*B (Coriell), was obtained
for use in this study and initially cultured using the same reagents and conditions in which
they had previously been maintained. The iPSCs were successfully maintained in an
undifferentiated state under these culture conditions with the cells growing in
characteristic tightly associated compact colonies with individual cells having a high
nuclear to cytoplasmic ratio with prominent nucleoli. The hiPSCs were very similar in
morphology to undifferentiated human ESCs (Xu 2006). Differentiated cells were
observed at an estimated percentage of approximately 20% and efforts were made to
further optimize iPSC culture in order to maintain a higher proportion of undifferentiated
cells. Changing the method of cell passage to incorporate the enzyme free reagent
ReLeSR™, which causes the preferential dissociation of undifferentiated colonies rather
than differentiated cells (Mitalipova et al. 2005), rather than the enzyme dispase Il
increased the proportion of undifferentiated cells to around 95%. Morphology of iPSCs
alone does not confirm the undifferentiated iPSCs, therefore, cell-surface markers of
PSCs were assessed by flow cytometry. iPSCs were positive for expression of SSEA-3
(96.13%) and TRA-1-81 (75.66%), markers of differentiation whereas they exhibited
very little expression of SSEA-1 (2.11%), a marker of differentiation. To confirm iPSCs
were maintained in an undifferentiated state they were visually inspected every day and
by flow cytometry every 5-10 passages. Karyotyping of iPSCs was performed to show
that they retained a normal chromosomal complement and ensure that abnormal iPSCs,
which may have greater proliferation capacity (Draper et al. 2004, Caisander et al. 2006),
did not take over the culture. However, the current karyotyping is an inappropriate method
and a full chromosome alignment would be need to ensure 22 pairs of chromosome plus
the sex chromosome are present, as well as absent of any change in chromosome content

and structure such as translocation, inversion and a large duplication and deletion.

The genome editing machinery (CRISPR gRNA and Cas9 nuclease) used to generate

knockout iPSCs will be delivered as plasmid DNA in this study and high expression is
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required to achieve a reasonable targeting efficiency. Various transfection techniques
were therefore tested to identify the best approach and over 80% efficiency was achieved
using both a NEPAZ21 electroporator and Amaxa® nucleofector. Due to cost, cell viability
and ease of use the NEPA21 was chosen for the experiments discussed in chapters 4 and
5. Flow cytometry could be used to quantify both GFP positive population and the
absolute cell number comparison with transfected control cells and increased genome
editing efficiency can also be achieved by transfecting a fluorescently-tagged Cas9
protein and enriching the cells with high levels of expression by fluorescence-activated
cell sorting (Ran et al. 2013), however, this wasn’t available for this study. Optimization
of the clonal isolation showed seeding of iPSCs at 10° cells/ml to produce isolated
colonies of an appropriate size for picking and the colonies showed good survival through

each stage of the protocol.

In conclusion, hiPSCs culture has been successfully established and the techniques
required for CRISPR/Cas9 genome editing have been optimized. In the next two chapters
CRISPR/Cas9 will be used to generate hiPSC models to investigate the functional
consequences of known (TERT) and candidate (ACYP2, TSPYL6) genes involved in

telomere maintenance.

122



Chapter 4

CRISPR/Cas9-mediated Knockout of
TERT In hiPSCs
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4.1 Introduction

In somatic cells telomeres shorten with every cell division and this progressive
shortening of telomeres eventually results in cell senescence and death (Dimri et al. 1995,
Oeseburg et al. 2009, Shelton et al. 1999). In stem cells, and other cell types capable of
self-renewal, telomere length is maintained by the action of the enzyme telomerase. This
chapter will describe CRISPR/Cas9 targeting of TERT in hiPSCs and the effects on

telomere length maintenance and hiPSC phenotype.

4.1.1 Telomerase in Stem Cells

The indefinite proliferation and self-renewal capacity of iPSCs is due to their
constitutive telomerase activity and telomerase can therefore be considered a stem cell
marker. Consequently, the expression, regulation and importance of telomerase has been
the focus of a number of studies (Marion et al. 2009, Huang et al., 2011, Wang et al.,
2012).

ESCs have long telomeres, high telomerase activity and maintain their telomere
length, whilst telomerase expression increases and is an important component of the
reprogramming of somatic cells into hiPSCs (Takahashi et al., 2007, Stadtfeld et al.
2008). Upregulation of telomerase activity occurs during the initial reprogramming of
somatic cells into miPSCs and precedes the expression of pluripotency genes such as
Oct4, Nanog, and Sox2 (Wang et al., 2012). During reprogramming telomeres lengthen
and undergo epigenetic changes and acquire chromatin marks, including a reduction in
trimethylated histones H3K9 and H4K20, characteristic of the more open chromatin
structure of ESC telomeres (Marion et al. 2009). In addition, both the levels of telomerase
activity and telomere length is heterogenous between miPSCs and longer telomeres
correlate with increased self-renewal capacity and pluripotency (Huang et al., 2011,
Wang et al., 2012).
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4.1.2 Telomerase deficient Stem cells

The importance of telomerase activity in stem cells has been demonstrated by several
studies using telomerase deficient mouse and human ESCs and iPSCs. Marion et al
(2009) demonstrated that miPSCs could be derived from fibroblasts of Terc” mice,
showing that telomerase is not essential for reprogramming although the reprogramming
of fibroblasts from later generations, which have shorter telomeres, was less efficient
(Marion et al 2009). The results of Marion et al (2009) also indicated that telomerase is
the primary mechanism of telomere length elongation during reprogramming as the
telomeres of Terc” miPSCs were shorter than the parental fibroblasts and reintroduction
of telomerase resulted in lengthening of telomeres and rescued reprogramming efficiency.
In similar experiments, Wang et al (2012), observed comparable effects on
reprogramming and observed a reduction in telomere length of up to 50% during long-
term culture (27 passages), while in experiments with Tert”” miPSCs, Kinoshita et al
(2014) observed telomere shortening and increased incidence of chromosomal
abnormalities with extended culture. In addition, Wang et al (2012), found evidence of
telomerase-independent telomere elongation during reprogramming and through early
passaging of Terc” miPSCs. At these stages, Wang et al (2012) found higher rates of
telomere sister chromatid exchange, a sign of active recombination based telomere
lengthening seen in ALT, as well as changes in expression of Dnmt3a and b and Zscan4,
which encode key regulators of this process (Wang et al 2012, Allsopp 2012).
Furthermore, knockdown of Zscan4, in wild-type ESCs resulted in telomere shortening
of around 10% with increased passaging (Zalzman et al 2010). These studies show that
telomerase and ALT are both involved in telomere lengthening during reprograming and

maintenance of telomere length during long-term culture.

In terms of pluripotency, telomerase is not necessary for miPSCs to generate chimeras
and teratomas, however, cells with longer telomeres show higher efficiency than those
with short telomeres (Huang et al 2011, Kinoshita et al 2014). Together, these
observations suggest that telomerase plays a critical but none essential role in the
induction, self-renewal capacity and pluripotency of miPSCs and is necessary for
maintaining telomere length, which is essential for true pluripotency, while the ALT

pathway is also involved but less important.
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The above studies involved the investigation of telomerase activity in miPSCs.
Although the sequence of telomeres and their function is the same between mouse and
human there are important differences (Calado and Dumitriu et al. 2013). Mouse
telomeres are up to 10 times longer than those in humans and homozygous loss of
telomerase has relatively minor phenotypic consequences in mice (at least during early
generations), whereas heterozygous mutation in components of telomerase cause
premature aging disorders such as dyskeratosis congenital (Blasco et al. 1997, Chiang et
al. 2004, Hao et al. 2005, Calado et al. 2013). To the best of our knowledge there have
been no investigation of the effects of knockout of telomerase components in human stem
cells, however, knockdown experiments have been performed (Yang et al 2008) and
hiPSCs have been derived from patients with the telomere deficiency syndromes
dyskeratosis congenita and aplastic anemia (Batista et al. 2011, Winkler et al 2013). Over
expression of a dominant-negative TERT expressing construct was reported to remove
the self-renewal capacity of ESCs while siRNA reduced ESC proliferation, increased
apoptosis, altered morphology and increased expression of differentiation markers,
suggesting human stem cells might be more sensitive to telomerase deficiency in
comparison to mouse stem cells (Yang et al 2008). Batista and colleagues studied the
effects of telomerase deficiency in hiPSCs derived from dyskeratosis congenital patients
with mutations in TERT, TCAB1 and DKC1 (Batista et al 2011). Mutant hiPSCs were
described as being resistant to reprogramming. TERT mutant hiPSCs exhibited impaired
telomere lengthening during reprogramming compared to wild-type hiPSCs while the
TCABL1 and DKC1 mutant hiPSCs were shorter than their parental fibroblasts and showed
no evidence of telomere elongation. Extended culture of DKC1 mutant hiPSCs was
reported and telomere length was shown to decrease until passage 36 when the hiPSCs
exhibited spontaneous differentiation, which Batista et al (2011) concluded was due to
critically short telomeres. Prolonged culture of the TERT and TCAB1 mutant hiPSCs was
not assessed beyond passage 10. Winkler et al (2013) generated hiPSCs from patients
with aplastic anemia caused by mutations in TERT and TERC. Similar to the study by
Batista et al, telomere elongation during reprogramming was reduced. Telomere length
increased over the first 15 passages following reprogramming, before stabilising.
Prolonged culture beyond this point was not investigated, so it is not clear if these cells

would be able to maintain telomere length indefinitely. Winkler et al (2013) also
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investigated ALT activity, but unlike the studies in miPSCs, found no evidence that ALT
contributed telomere extension during iPSC reprogramming
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4.1.4 Aims and objectives

As described in the introduction, the CRISPR/Cas9 genome editing has attracted
intense interest as an affordable, easy to engineer and programmable method for the
precise targeting in cells and organisms. The first reports of successful engineering of
mammalian cells emerged less than one year before the start of our study (Mali et al 2013,
Cong et al 2013) and since then there have been a vast number of reports incorporating
CRISPR/Cas9 technology to answer a range of biological questions. The objective of this
chapter was to use CRISPR/Cas9-mediated genome editing to generate TERT knockout
hiPSCs and investigate the effects on telomere maintenance and hiPSC phenotype. The
results of these experiments would then inform the targeting of novel genes genetically

associated with telomere length.
AIms;

» To use CRISPR/Cas9 genome editing to generate TERT knockout hiPSCs
> To investigate the effects of TERT knockout on telomere length and iPSC
phenotype.
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4.2 Results

4.2.1 Expression of telomerase reverse transcriptase (TERT) gene in

IPSCs

We first performed RT-PCR to confirm TERT expression in the GM23720*B hiPSC cell
line. Optimised primers were used to amplify TERT from cDNA alongside no template
control (NTC) and reverse transcriptase negative (NRT) controls. A product of the

expected size was detected (Figure 4.1).

4.2.2 Design of sgRNA for TERT knockout

The TERT sgRNA used in this study was designed by our collaborators Horizon
Discovery Group plc (Cambridge, UK) using proprietary software. Horizon designed and
tested five sgRNAs in HEK293 cells using the Streptococcus pyogenes Cas9 expressing
plasmid PL1. The most efficient sgRNA, 5’- GCTGCGCAGCCACTACCGCG-3’, had
an estimated cutting efficiency of approximately 39%, as determined using the Surveyor
assay (Figure 4.2). The sgRNAs were designed to target the gene early in its coding
sequence, thereby making it more likely that any frameshift mutation would remove
protein function. (Figure 4.3). Analysis of potential off-target effects using the Desktop

Genetics CRISPR design software (www.deskgen.com) predicts zero coding or non-

coding off-targets with up to two mismatches. All other possible off-target sites included
at least one mismatch in the sgRNA seed region.
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Figure 4.1: RT-PCR shows the expression of TERT in GM23720*B iPSCs. Lane 1

and 2, no reverse transcriptase (NRT, lane 3) and no template control (NTC, lane 4).
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Figure 4.2: Surveyor screening assay of Horizon Discovery Group plc for TERT.
Horizon Discovery Ltd performed a Surveyor assay to select the most efficient sgRNA.
Each candidate sgRNA was co-transfected into HEK293 alongside Cas9. Controls
comprise a Cas9 only transfection, a no template control (NTC), No CRISPR/ Cas9
control and a mismatch positive control. PCR products of the target genomic region (or
positive control) were subjected to a Surveyor assay and resolved on an acrylamide gel.
Digestion products (red asterisks) of the expected size were detected for each sgRNA.

Densitometry was performed to estimate cutting efficiency.
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U I

B ATGCCGCGCGCTCCCCGCTGCCGAGCCGTGCGCTCCCTGCTGCGCAGCCACTACCGCGAGGTGCTGCCGLT
GGCCACGTTCGTGCGGCGCCTGGGGCCCCAGGGCTGGCGGCTGGTGCAGCGCGGGGACCCGGCGGCTTTCC
GCGCGCTGGTGGCCCAGTGCCTGGTGTGCGTGCCCTGGGACGCACGGCCGCCCCCCGCCGCCCCCTCCTTC
CGCCAG

Figure 4.3: sgRNA target site in TERT. (A) Schematic illustration of the TERT
transcript showing the exons and introns; green bars are exons separated by the black line
which represents introns. (B) Genomic DNA sequence of exon one of TERT. The guide
RNA sequence is highlighted in Red. The protospacer adjacent motif (PAM) is
highlighted in blue.
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4.2.3 CRISPR/Cas9 targeting of TERT

hiPSCs were transfected with Cas9 PL1-plasmid on its own or with Cas9 and CRISPR
TERT sgRNA using the NEPA21 electroporator (Nepagene). After transfection, the cells
were allowed to recover and culture normally. When the cells reached confluence, they
were passaged and a portion of cells collected for DNA extraction and screening. When

the cells next reached confluence they were banked in liquid nitrogen.

4.2.3.1 Screening using the Surveyor Assay

PCR primers were designed to amplify a 590bp region of genomic DNA that contained
the sgRNA target sequence and gradient PCR was performed in order to determine the
optimal annealing temperature (Figure 4.4). The 35 cycle PCR reaction parameters were
set up included annealing temperature gradient step which was ranged from 63-70°C. The
rest of parameters were as in section 2.1.4.10. A smaller non-specific band was observed
at lower annealing temperatures, while at higher temperatures there was less amplification
of the expected product. Therefore, an intermediate temperature of 65 °C was chosen for

all further reactions.

Genomic DNA from targeted and control cells was then used as template for PCR and
the Surveyor assay was then carried out to confirm successful targeting of TERT by
CRISPR/Cas9. The Transgenomic Surveyor® mutation detection kit contains the
Surveyor nuclease, a proprietary T7 endonuclease, which digests double-stranded DNA
that contains mismatches. The position of the TERT sgRNA target site in the PCR product
should result in two digestion products of 153bp and 437bp and products of the expected
size were seen in the samples from cells transfected with Cas9 and the TERT sgRNA, but
not in Cas9 only transfected cells (Figure 4.5). A control CG with mismatch provided

with the kit was included as a positive control.

133



o

Hyperladder 4 5, 3 4 56 7 8 910 1112 2
100bp

500bp —

100bp —>

Figure 4.4: Gradient PCR reactions of annealing temperature for TERT. shows
gradient annealing temperature for TERT gene visualized by gel electrophoresis on 1.5%
agarose. 100bp ladder as marker for DNA bands and no template control (NTC) was used.
Gradient annealing temperature range lanel; 63.1°C, lane2; 63.3°C, lane3; 63.6°C, lane4;
64.1°C, lane5; 65.1°C, lane6; 66.0°C, lane7; 66.9°C, lane8; 67.9°C, lane9; 68.9°C, lanel0;

69.5°C, lanell; 69.9°C and lanel2; 70.0°C.
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Figure 4.5: Surveyor screening assay. Surveyor assay of Cas9 only, Cas9 plus TERT
sgRNA and CG mismatch control resolved by electrophoresis on an acrylamide gel.
Digestion products (red asterisks) of the expected size were detected in the Cas9 plus
TERT sgRNA lane, but not with Cas9 only. Blue arrows indicate to the digested products

of the CG mismatch control.
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4.2.3.2 Clonal Derivation and Sequence Confirmation of CRISPR/Cas9

targeted cells

As described in section 3.2.4, the targeted cells were seeded at 103 cells/ml on a 90mm
petri dish. When the colonies reached approximately 2.5mm in diameter (around 7-10
days) they were picked and transferred to a Matrigel™-coated 96-well plate. When the
colonies reached confluence, they were passaged into fresh plates and frozen at -80°C and
a portion of cells was retained for DNA extraction and Sanger sequencing. As
summarised in Table 4.1, 35 of 36 colonies survived transfer to 96-well plates and were
sequenced. Sequence traces were analysed by the TIDE sequence deconvolution tool

https://tide-calculator.nki.nl/ (Brinkman et al. 2014) which generally suggested that

37.1% generated frameshift mutations. In details, 21 of the sequenced colonies were
homozygous for both wild-type alleles, 6 colonies contained 1 wild-type allele and 8
colonies had indels in both alleles (Table 4.1). The genotype predicted by TIDE analysis
for each clonal line is shown in supplementary table 1. Targeting efficiency (proportion
of targeted alleles) was therefore 31.4%. All clones were successfully expanded to 6-well

plates and archived in liquid nitrogen.
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I Number of
Description
clones

Transferring into 96-well plate from Petri-dish 36
Growing colonies in 96-well plate 35
After sequencing

o Wild type 21

e Homozygous 8

e Heterozygous 6
After culturing in 24-well plate

e Wild type 21

e Homozygous 8

e Heterozygous 6
After passaging and transferring into 6-well
plate

e Wild type 21

e Homozygous 8

e Heterozygous 6

Table 4.1: Number and type of mutation in each targeted TERT iPSC line. Number and

predicted genotype of clonal iPSCs during expansion.
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4.2.3.3 Measurement of Telomere Length in TERT deficient cells

Following expansion, genomic DNA was purified from n=5-6 wild-type,
heterozygous and mutant cells. This time-point corresponded to 30 days post-transfection
of the CRISPR/Cas9 components. This time-point was chosen as Wang et al. (2012)
observed telomere shortening over 27 passages in mouse Terc deficient iPSCs. gRT-PCR
was performed to determine the effect of TERT deficiency on telomere length (Figure
4.6). Heterozygous cells (mean 2.872 = SD 0.2296) showed a trend towards shorter
telomeres compared to wild-type cells (mean 3.733 + SD 0.4110) (P=0.1189, student t-
test) while the homozygous mutant cells (mean 2.522 + SD 0.3515) had a borderline

significant (P=0.049, students t-test) reduction in telomere length compared to wild type.

4.2.3.4 Extended culture of TERT knockout cell lines

Two mutant and three wild-type cell lines were taken forward for further
experimentation. To confirm mutation of both alleles of the knockout cell lines PCR
amplification of the region of genomic DNA (gDNA) containing the sgRNA target site
was performed, cloned into pGEM-T easy and at least 4 colonies sequenced (Section
2.1.4.14). TERT” clone 3 contained a 1bp guanine (G) insertion in one allele and 1bp
deletion of same nucleotide in the other allele (Figure 4.7). Both mutations cause a
frameshift in the coding sequence and premature stop codons (Figure 4.8). TERT” clone
25 was homozygous for a 1bp G insertion (Figure 4.7, 4.9). Of note, a third homozygous
mutant line, TERT clone 11, was also investigated, however, subsequent sequence
analysis revealed contamination with wild-type cells, and this line was therefore excluded
from the study.
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Figure 4.6: Relative telomere length of knockout TERT clones 30 days post-
transfection. Relative telomere length (T/S Ratio) of homozygous wild-type (WT), and
heterozygous (TERT*") and homozygous (TERT) (n=5-6).
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Figure 4.7: Sequence Traces for Wild-type and TERT"- Clones 3 and 25. Sequence traces of each allele of the TERT” clones. The red bar

indicates the sgRNA and the blue bar indicates the PAM, The cut site and consequent indel is shown by the red triangle.



gDNA / 3 TERT-/-

gRNA

Wild type
TGGCCAGCGGCAGCACCTCGCGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC

Allele 1/ T-easy cloning analysis / G.56insG
TGGCCAGCGGCAGCACCTCGCGGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC
TGGCCAGCGGCAGCACCTCGCGGGTAGTGGCTGCGCAGCAGGGAGCGCACGGL

Allele 2/ T-easy cloning analysis / G.55delG
TGGCCAGCGGCAGCACCTCGCG-TAGTGGCTGCGCAGCAGGGAGCGCACGGC

TGGCCAGCGGCAGCACCTCGCG-TAGTGGCTGCGCAGCAGGGAGCGCACGGC

Protein

Wild type
MPRAPRCRAVRSLLRSHYREVLPLATFVRRLGPOGWRLVQR-————————-————————— X

Allele 1/ P.R19PfsX173

MPRAPRCRAVRSLLRSHYPRGAAGHVRAAPGAPGLAAGAARGPGGFPRAGGPVPGVRAL
GRTAAPRRPLLPPGVLPEGAGGPSAAEAVRARREERAGLRLRAAGRGPRGPPRGLHHQR
AQLPAQHGDRRTAGERGVGAAAAPRGRRRAGSPAGTLRALCAGGSQLRLPGVRAAAVPA
RRCHSGPAPATRX

Allele 2/ PR19AfsX59

MPRAPRCRAVRSLLRSHYARCCRWPRSCGAWGPRAGGWCSAGTRRLSARWWPSAWCACP
GTHGRPPPPPPSARCPAX

Figure 4.8: gDNA and Protein Sequence of TERT”- Clone 3. (A) gDNA sequence of
parental cells. (B) gDNA sequence of allele 1 and 2 TERT” clone 3 showing a 1bp G

insertion at cONA position 56 in allele one and 1bp G deletion at cDNA position 55 in

allele two. (C) Predicted protein sequencing of each allele of TERT” clone 3, the

frameshift sequencing is highlighted in red and X refers to stop codon. Only the first 41

amino acids of wild type TERT is shown.
141



gDNA /25 TERT-/-

gRNA

Wild type
TGGCCAGCGGCAGCACCTCGCGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC

Allele 1/ T-easy cloning analysis /| G.56insG
TGGCCAGCGGCAGCACCTCGCGGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC
TGGCCAGCGGCAGCACCTCGCGGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC

Allele 2/ T-easy cloning analysis /| G.56insG
TGGCCAGCGGCAGCACCTCGCGGGETAGT GGCTGCGCAGCAGGGAGCGCACGGC
TGGCCAGCGGCAGCACCTCGCGGGTAGTGGCTGCGCAGCAGGGAGCGCACGGC

Protein

Wild type
MPRAPRCRAVRSLLRSHYREVLPLATFVRRLGPQGWRLVQR------------—-————— X

Allele 1/ PR19PfsX173

MPRAPRCRAVRSLLRSHYPRGAAGHVRAAPGAPGLAAGAARGPGGFPRAGGPVPGVRAL
GRTAAPRRPLLPPGVLPEGAGGPSAAEAVRARREERAGLRLRAAGRGPRGPPRGLHHQR
AQLPAQHGDRRTAGERGVGAAAAPRGRRRAGSPAGTLRALCAGGSQLRLPGVRAAAVPA
RRCHSGPAPATRX

Allele 2 / P.R19PfsX173

MPRAPRCRAVRSLLRSHYPRGAAGHVRAAPGAPGLAAGAARGPGGFPRAGGPVPGVRAL
GRTAAPRRPLLPPGVLPEGAGGPSAAEAVRARREERAGLRLRAAGRGPRGPPRGLHHOR
AQLPAQHGDRRTAGERGVGAAAAPRGRRRAGSPAGTLRALCAGGSQLRLPGVRAAAVPA
RRCHSGPAPATRX

Figure 4.9: gDNA and Protein Sequence of TERT"- Clone 25. (A) gDNA sequence of
parental cells. (B) gDNA sequence of allele 1 and 2 TERT™ clone 25 showing a 1bp G
insertion at cDNA position 56 in both alleles. (C) Predicted protein sequence of each
allele of TERT™ clone 25, the frameshift sequencing is highlighted in red X refers to stop
codon. Only the first 41 amino acids of wild type TERT is shown.
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The cell lines were cultured for an additional 12 passages under standard iPSC
culture conditions with a portion cells retained at each passage for DNA and RNA
extraction and archiving. The total time spent in culture was 64 days post-targeting and
was equivalent to about 15 population doublings. The mutant lines were resequenced at
the end of the experiment to confirm genotype and telomere length was measured at seven
time-points (Figure 4.10). We assessed the difference between the wild-type and mutant
IPSCs over time by applying a mixed model with sample as a random effect (P<0.001,
B=-0.304).

4.2.3.5 Characterization of TERT knockout iPSCs

To determine whether the pluripotency of TERT knockout human iPSCs was altered,
approximately 1x107 cell/ml were fixed at several time-points and analysed by flow
cytometry (as described in section 2.1.2.1 and section 3.2.2.1). There was no difference
in the levels of the mean expression values of the SSEA-3 or TRA-1 cell surface markers
between wild-type and TERT” iPSCs. However, the differentiated marker SSEA-1 of the
clone 3 and 25 homozygous null was unstable with dramatically increasing in clone 3 at
day 64. Especially for TERT 3, which had a very large increase in SSEA-1 at the later
time-points (Figure 4.11). Towards the end of the experiment, the growth rate of clone 3
was also observed to decrease in relation to the wild-type clones and TERT” 25, which
might be a consequence of the shorter telomere length in this clone. The actual T/S ratio
for clone 3 at day 64 was 1.02 compared to 1.45 for clone 25 and between 1.84 and 3.25

for the wild-type clones.
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Telomere Length of TERT knockout hiPSCs
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Figure 4.10: Relative telomere length during extended culture of TERT knockout
cells. Relative telomere length (T/S ratio) between 34 and 64 days post-targeting in WT
and TERT” mutant iPSCs. Telomere length remains constant in wild-type iPSCs, but
decreases by approximately 30% over the 30 days of culture in mutant iPSCs (P<0.001,
3=-0.304). Samples are normalized to T/S ratio at day 34 post-targeting.
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Figure 4.11: Analysis of TERT" iPSC surface markers. Flow cytometric analysis of
SSEA-3 (A), TRA-1-81 (B), and SSEA-1 (C) expression of across 4 time-points between
34 and 64 days post-targeting. The expression levels of the markers SSEA-3, TRA-1-81

and SSEA-1 were detected using the antibodies of the surface markers coated with PE,

Alexa Fluor® and FITC fluorescent dyes respectively.
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4.3 Discussion

The main objective of this chapter was to use CRISPR/Cas9-mediate genome editing
to knock out TERT in hiPSCs and study the effects on telomere length and iPSC
phenotype. We used a validated sgRNA designed against exon one of TERT to target
IPSCs and achieved a targeting efficiency of 31.4%. The majority of mutated alleles had
1bp insertions or deletions, about 37.1% in frameshift mutation. Analysis of telomere
length revealed a decrease of ~30% for every 30 days in culture in homozygous TERT
knockout iPSCs compared to wild-type controls. We also observed a non-significant
reduction in telomere length in hiPSCs with heterozygous mutation in TERT, however,
this prolonged culture of these lines would be needed to confirm the effects on telomere

attrition.

As mentioned in the introduction of this chapter, there have been no previous studies
of the effect of knockout of telomerase components in hiPSCs. Knockdown of TERT has
been reported to be incompatible with ESC self-renewal, resulting in reduced
proliferation, increased apoptosis and increased differentiation Yang et al (2008). It is not
clear why our results, which involve complete knockout of TERT, result in a less severe
phenotype, but could be due to differences in sensitivity between the ESCs in that study
compared to the hiPSCs in our experiments or perhaps to differences in the initial
telomere length in the parental cells. Telomerase deficient patient-derived iPSCs and
mouse knockout iPSCs studies have also been investigated, however, these tend to
investigate the effects of telomerase on telomere length during reprogramming rather than
during prolonged culture. The attrition in telomere length in our hiPSCs is comparable
with the data of Wang et al. (2012) who observed telomere shortening of 20-50% over
27 passages. Kinoshita et al. (2014) reported that Tert knockout miPSCs exhibited
telomere length reduction by southern blotting, but the extent of shortening was not
quantified.

Previous studies have reported that telomerase deficiency and telomere length can
affect pluripotency. Huang et al (2011) and Wang et al. (2012) found that telomerase
deficient miPSCs showed reduced ability to form chimeras and teratomas. Kinoshita et
al. (2014) also examined the expression of pluripotency markers including Oct3/4, Sox2,
KIf4, c-Myc, Nanog, ECAT and Eras and found that even though their expression was
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maintained, and the cells could form embroid bodies in vitro, they showed reduced
teratoma forming ability when injected in vivo, which they suggested was due to reduced
proliferation capacity. We analysed the expression of the pluripotency markers SSEA-3
and TRA-1 as well as the differentiation marker SSEA-1 during prolonged culture. We
saw no difference in expression of pluripotency markers suggesting that telomerase
deficiency and telomere shortening did not alter hiPSC pluripotency during the 64 days
of culture. However, expression of the differentiation marker was increased in the
knockout lines, especially in TERT” clone 3, which showed a substantial increase in
expression of SSEA-1 at later passages. At the same time the TERT” clone 3 was
observed to have reduced growth rate compared to wild type lines and TERT” clone 25
at the end of the extended culture. These effects could be a result of the shorter telomere
length in clone 3 (T/S of 1.02) compared to the other TERT mutant line (T/S of 1.45) and
wild-type clones (T/S of 1.84-3.25). Batista et al (2011) reported a similar effect with
prolonged culture of a DKC1 deficient iPSC line and suggested that the critical shortening
of telomere length led to loss of self-renewal was due to critical shortening of telomeres.
We would need to confirm our observations with extended culture of the other TERT”
lines and further investigation of the pluripotency should address their ability to form

teratomas and chimeras at both early and late passages.

In conclusion, CRISPR/Cas9-mediated genome editing was successfully used to
generate TERT knockout hiPSC lines. Telomere length was markedly decreased in TERT
null iPSCs during extended culture. These results provide an outline for identifying the
requirement of other genes in telomere length maintenance and the next chapter describes
the use of the same strategy to investigate the effect of candidate telomere length

associated genes on telomere maintenance.
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Chapter 5

CRISPR/Cas9-mediated Knockout of
Genes at the ACYP2 locus
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5.1 Introduction

5.1.1 GWAS to identify genes involved in the maintenance of telomere

length

The result of the first GWAS for telomere length was performed in 2009 and identified
two candidate regions associated with telomere length on chromosome 18g12.2 near the
VPS34/PIK3C gene (Mangino et al 2009). The lead variants did not reach genome-wide
significance, but the yeast orthologue of VPS34 has been linked to telomere maintenance
(Rog et al. 2005). In 2010, Codd et al. conducted a GWAS of mean leukocyte telomere
length in approximately 12,000 individuals and identified a genome-wide significant
signal near TERC. Later the same year, Levy et al. (2010), reported a locus on
chromosome 10 near OBFC1, which encodes a component of the CST complex. In 2013,
Bojesen and colleagues reported an association between SNPs at the TERT locus (Bojesen
et al. 2013) and, in the largest study to date, Codd et al. (2013) reported seven loci
following a meta-analysis and replication in a total of nearly 50,000 individuals (Codd et
al. 2013). Five of the telomere length associated loci contain strong candidate genes that
have known roles in telomere biology (TERC, TERT, OBFC1, RTEL1, and NAF1),
however, the causal gene(s) at the other two loci (ACYP2 and ZNF208) is unclear. In this
chapter CRISPR/Cas9 genome, editing was used to target hiPSCs in an effort to identify
the responsible gene at the ACYP2 locus.

5.1.1.1 The ACYP2 telomere length locus

The ACYP2 telomere length locus is on chromosome 2p16 (Figure 5.1). The effect
allele of the lead variant, rs11125529, has an allele frequency of 0.88 and is associated
with an age-related attrition in telomere length of 2.23 years per allele, which is equivalent
to a per allele decrease in telomere length of 66.9 base pairs. There are 33 variants in high
linkage disequilibrium (r>> 0.8) with the lead variant. These span a region of 36,567 base
pairs within the gene body of ACYP2 and overlap TSPYL6, which is transcribed from the
antisense strand of ACYP2 intron 3. All of the variants in high-linkage disequilibrium
with the lead telomere length associated SNP are intronic except for two variants that fall

in the 3’ untranslated region of TSPYL6, one variant, rs6740641, that causes a
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synonymous change at amino acid position 100 in TSPYL6 and another variant,
rs76397255, that causes a two amino acids deletion at amino acid position 194-195.
Variants at the ACYP2 locus have also been reported to associate with diseases including
sudden cardiac death but require confirmation by other larger studies and stroke
(Aouizerat et al. 2011, Liang et al. 2016), however, these are not in high linkage
disequilibrium with the SNPs linked to telomere length.

ACYP2 and its homologue ACYP1 encode the enzyme acyl phosphatase, which
catalyses the hydrolysis of the high energy carboxyl-phosphate bond of acyl phosphates
of membrane pumps (Modesti et al. 1993). Both enzymes are widely expressed in
mammalian tissues, but are also called muscle acylphosphatase (ACYP2) and erythrocyte
acylphosphatase (ACYP1) due to the predominant site of expression (Fiaschi et al 1995).
It is not clear how this might link ACYP2 to telomere length, however, there have also
been reports of ACYP2 migrating into the nucleus, where it might be involved in the
hydrolysis of DNA (Stefani, Ramponi 1995, Chiarugi et al. 1997).

TSPYL6 encodes a member of the TSPY/TSPYL/SET/NAP-1 (TTSN) superfamily
(Vinci et al. 2009). There have been no studies into TSPYLG6 protein function, however,
the TSPYL6 protein does contain a nucleosome assembly protein (NAP) domain. Proteins
that contain NAP domains, such as NAP and SET, directly bind nucleosomes and can
function as regulators of gene expression and cell division (Rodriguez et al., 1997,
Carlson et al., 1998). Paralogues of TSPYLG6 include TSPYL2, which is involved in gene
regulation and cell-cycle regulation following DNA damage (Tao et al. 2011, Tsang et al.
2014, Epping et al. 2015) and TSPYL5, which supresses levels of P53 (Epping et al.
2011).
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Figure 5.1: Regional association plots for the ACYP2 locus. The log10 P value is
plotted against base pair position for each SNP. The lead SNP is shown in purple with the
other SNPs coloured according to linkage disequilibrium (r2). Blue beak indicates the
recombination rate (HapMap2) and RefSeq genes present in the locus are shown at the
bottom. This figure is taken from Codd et al. (2013).
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5.1.2 Aims and objectives

The objective of the work presented in this chapter was to use CRISPR/Cas9 gene
targeting to determine whether a gene at the ACYP2 locus is involved in the maintenance

of telomere length.
The aims are;

» To generate ACYP2 and TSPYL6 hiPSC knockout cells using CRISPR/Cas9

» Investigate the effects of gene knockout on telomere length
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5.2 Results

5.2.1 Expression of telomere length associated genes in iPSCs

We first investigated whether ACYP2 and TSPYL6 are expressed in iPSCs using RT-
PCR. Absence of expression would mean altering the downstream screening to include
differentiation of the iPSCs into a cell-type that does express the gene of interest.
Optimised primers were used to amplify ACYP2 and TSPYL6 in cDNA prepared from
IPSCs along with a no template control (NTC) and reverse transcriptase negative (NRT)

controls. Both genes were found to be expressed in iPSCs (Figure 5.2).

5.2.2 Design and validation of sgRNAs targeting genes at the ACYP2

locus

As described in the previous chapter, SgRNAs for ACYP2 and TSPYL6 were designed
by Horizon Discovery Ltd (Cambridge, UK) to target each gene early in its coding
sequence, thereby making it more likely that any frameshift mutation would remove
protein function. Horizon Discovery Ltd designed two ACYP2 sgRNAs and six TSPYL6
sgRNAs and cloned these into pGE12-001. The sgRNAs were then transfected into
HEK293 cells alongside the S. pyogenes Cas9 -PL1 plasmid. Cutting efficiency was
measured using Surveyor assay and the most efficient sRNA (Figure 5.3) for each gene
was supplied by Horizon. The most efficient sgRNA for ACYP2, 5’-
GTCCGAACACCTCGTAGTCCA-3’, had an estimated cutting efficiency of
approximately 72%, no predicted off-target effects within a gene and two predicted off-
target sites in non-genic regions. For TSPYL6, 5’-GCGGGGCGGTGGGAACACGAT-
3’ had an estimated cutting efficiency of 19% and eight potential off-target sites, two of
which are in genes. Figure 5.4 shows the position of the sgRNAs in each gene.
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Figure 5.2: RT-PCR shows the expression of TSPYL6 and ACYP2 in GM23720*B
IPSCs. Lane 1 and 2, no reverse transcriptase (NRT, lane 3) and no template control
(NTC, lane 4).
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Figure 5.3: Surveyor screening assay for ACYP2 and TSPYL6 sgRNA selection.
Horizon Discovery Ltd performed a Surveyor assay to select the most efficient sgRNA
for each gene. Each candidate sgRNA was co-transfected into HEK293 alongside Cas9.
Controls comprise a Cas9 only transfection, a no template control (NTC), No CRISPR/
Cas9 control and a mismatch positive control. PCR products of the target genomic region
(or positive control) were subjected to a Surveyor assay and resolved on an acrylamide
gel. Digestion products (red asterisks) of the expected size were detected for each sgRNA.

Densitometry was performed to estimate cutting efficiency.
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B " G
ATGTCTACCGCCCAGTCACTCARATCCGTGGACTA ATGAGCCTCCCGGAGAGTCCTCACAGCCCCGCTAC
CGAGGTGTTCGGAAGAGTGCAGG TCTCGACTATGCTCTGGAAGACCCGCACCAGGGCC

AGAGGTCCCGAGAARAGAGCAAGGCGACAGAGGTA
ATGGCAGATATGTTTGATGGCCGCTTGGAGCCAAT
CGTGTTCCCACCGCCCCGGCTTCCAGAGGAGGGGG
TCGCGCCCCAGGATCCCGCAGATGGTGGCCATACT

Figure 5.4: Protein encoding transcripts and exon sequencing of ACYP2 and
TSPYLS6. (A) Schematic illustration of the ACYP2 and TSPYLS6 transcripts; ACYP2 exons
are shown as green bars separated by a black line representing introns. The single TSPYL6
exon is shown as a red bar. (B) Shows the first 58 coding nucleotides of exon one of
ACYP2. The sgRNA target sequence is shown in red with the PAM in blue. (C) Shows
the first 210 coding nucleotides of TSPYL6. The sgRNA target sequence is in red and the
PAM is in blue.
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5.2.2.1 CRISPR/Cas9 knockout of genes at the ACYP2 locus

IPSCs were transfected with Cas9 PL1-plasmid on its own or with the ACYP2 or
TSPYL6 sgRNA using the NEPA21 electroporator (Nepagene) and program seven as
described in section 2.1.3.3.1. After transfection, the targeted cells were allowed to
recover and were cultured normally. When the cells reached confluence, they were
passaged and a portion of cells collected for DNA extraction and screening. When the

cells next reached confluence they were banked in liquid nitrogen.

5.2.2.2 Screening of CRISPR/Cas9 targeted iPSCs using the Surveyor

assay

Gradient PCR was used to optimise the PCR amplification of the region of genomic
DNA surrounding the target site of each sgRNA (Figure 5.5) followed by amplification
of each region in targeted and control cells. The primer sequences are shown in section
2.1.4.1 and the optimised PCR conditions in section 2.1.4.12.

The Transgenomic Surveyor® mutation detection kit was then used to detect if
targeting had been successful. The expected PCR products of 765bp and 691bp were seen
for ACYP2 and TSPYL6 respectively (Figure 5.6). The presence of mismatches should
cause the Surveyor nuclease to digest the PCR product and produce fragments of 210bp
and 559bp for ACYP2, and 215bp and 476bp for TSPYL6. In the experimental samples
bands of the expected size were clearly seen suggesting successful targeting of both genes
(Figure 5.6).

157



o

Hyperladder 21 2 3 45 6789 101112
100bp

ACYP2
1000bp ——>

500bp ——>

700bp ——> TSPYLG6
100bp ——

Figure 5.5: Gradient PCR reactions of annealing temperature for ACYP2 and
TSPYLS6. shows gradient annealing temperature for ACYP2 and TSPYL6 genes visualized
by gel electrophoresis on 1.5% agarose. 100bp ladder as marker for DNA bands and no
template control (NTC) was used. Gradient annealing temperature range lanel; 63.1°C,
lane2; 63.3°C, lane3; 63.6°C, lane4; 64.1°C, lane5; 65.1°C, lane6; 66.0°C, lane7; 66.9°C,
lane8; 67.9°C, lane9; 68.9°C, lane10; 69.5°C, lanell; 69.9°C and lanel12; 70.0°C. The

optimal annealing temperature for both genes was 65.1°C.
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Figure 5.6: Surveyor nuclease detection of products of hybridized amplicons of

ACYP2 and TSPYL6. Shows the acrylamide gel images to allow visualization of both
the upper and lower bands Products of the expected size are indicated by red asterisks, no
product of the expected size is seen in Cas9 only targeted cells. Blue arrows indicate to

the digested hybridized PCR of the mismatch positive control CG.
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5.2.2.3 Clonal Derivation and Sequence Confirmation of CRISPR/Cas9

targeted hiPSCs

As described in section 3.2.4, the transfected cells were seeded at 10° cells/ml on a
90mm petri dish. When the colonies reached approximately 2.5mm in diameter (around
7-10 days), they were picked and transferred to a Matrigel "-coated 96-well plate. When
the colonies reached confluency, they were passaged into fresh plates and frozen at -80°C.
A portion of cells was retained for DNA extraction and Sanger sequencing. As
summarised in Table 5.1, 28 of 36 and 30 of 36 colonies of ACYP2 and TSPYL6
respectively survived transfer to 96-well plates and were sequenced to identify potential
mutant clones. Sequence traces were analysed by the TIDE sequence deconvolution tool
https://tide-calculator.nki.nl/ (Brinkman et al. 2014) which suggested that 9 ACYP2 clonal

lines and 10 TSPYL6 clones were homozygous for both wild-type alleles, 7 ACYP2 clones
and 19 TSPYL6 clones contained 1 wild-type allele and 12 ACYP2 clones and 1 TSPYL6
clone had indels in both alleles. Therefore, targeting efficiency (proportion of targeted
alleles) was 55.3% for ACYP2 and 35% for TSPYLG6. The genotype predicted by TIDE
analysis for each clonal line is shown in supplementary table 2 and 3. Unfortunately,
TIDE sequence analysis suggested that the single TSPYL6 homozygous targeted clone
(clone 13) contained an in-frame 6 base pair deletion in one allele while all of the ACYP2
homozygous lines contained in-frame deletions of one or both alleles. It is not known
whether the in-frame deletions are deleterious. As heterozygous loss of telomerase
impacts telomere length maintenance we decided to continue our experimentation using
these lines. Wild-type control and homozygous targeted clones were expanded to 24-well
plates and then to 6-well plates. DNA was then extracted from a subset of clones (TSPYL6
clone 13, ACYP2 clones 4,9 and 18) for further sequence analysis and initial telomere
length measurements, and hiPSCs archived in liquid nitrogen. The region of genomic
DNA surrounding the CRISPR/Cas9 targeted mutation was amplified by PCR and cloned
into pPGEM®-T Easy vector and at least four colonies sequenced for each clone (section
2.1.4.14). For ACYP2, one allele of clone 4 had a 1bp adenine (A) insertion at position
.32 in the coding sequence, which would cause a frameshift and premature stop at amino
acid position 30 (Figure 5.7, 5.8 and 5.9). The other allele caused a 9bp deletion between
€.33-41, resulting in a 3 amino acid deletion. Clone 9 also contained a 1bp insertion A in

one allele, while the second allele consists of a 7bp deletion and 16bp insertion resulting
160


https://tide-calculator.nki.nl/

in a change in the protein sequence and 3 amino acid insertion (Figure 5.7, 5.8 and 5.9).
Again, one allele of clone 18 contained a 1bp A insertion at position 32, while the second
allele consisted of a 9bp deletion between positions 32-40 and 3 amino acid deletion.
(Figure 5.7, 5.8 and 5.9). One allele of TSPYL6 clone 13 consisted of a 6bp deletion at
€.1087-1091 causing a two amino acid deletion (Figures 5.10, 5.11, A and B). The other
allele was an apparent a 1bp deletion cytosine (C) at ¢.998 and 18bp deletion at ¢.1080-
1097, resulting in a frameshift and premature stop at amino acid positon 84. It is not clear
how this complex mutation was generated. It is possibly a result of a 99pb deletions
coupled with an 80pb insertion (Figures 5.10, 5.11, A and B).
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Description Number of Number of
clones of clones of
ACYP2 TSPYL6
Transferring into 96-well plate from 36 36
Petri-dish
Growing colonies in 96-well plate 28 30
After sequencing
e Wild type 9 10
e Homozygous 12 1
e Heterozygous
7 19
After reviving and culturing in 24-well
plate
e Wild type 8 8
e Homozygous 11 1
e Heterozygous
Not done Not done
After passaging and transferring into
6-well plate
e Wild type 8 8
e Homozygous 11 1
e Heterozygous
Not done Not done

Table 5.1: Number and type of mutation in ACYP2 and TSPYLG6 in each targeted iPSC line.

Number and predicted genotype of clonal iPSCs during expansion.
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Figure 5.7: Sequence Trace Data for ACYP2 knockout clones 4, 9, and 18. Sequence
traces of wild-type and each allele of the ACYP2 homozygote targeted clones. The blue
bar indicates to PAM sequence, the red bar represents the sequence targeted by the
sgRNA and the red triangle the specific site of cutting by CRISPR/Cas9.
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gDNA | ACYP2 -/-
gRNA

Wild type
CAGTCACTCAAATCCGTGGACTACGAGGTGTTCGGAAGAGTGCAGGG

— Allele 1/ T-easy cloning analysis / g.32_33insA
CAGTCACTCARATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG
CAGTCACTCAAATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG

Clone 4

Allele 2 / T-easy cloning analysis / g.33_41delCTACGAGGT
CAGTCACTCAAATCCGTGGA-—~-—————~— GTTCGGAAGAGTGCAGGG
___CAGTCACTCAAATCCGTGGA-~—-—————~— GTTCGGAAGAGTGCAGGG

— Allele 1/ T-easy cloning analysis / g.32_33insA
CAGTCACTCAAATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG
CAGTCACTCAAATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG

Clone 9

Allele 2 / T-easy cloning analysis / g.32_38delACTACGA/(.39_45inSTGTTCGGARAATACGT

CAGTCACTCAAATCCGTGG-——————— TGTTCGGAARATACGTGGTGTTCGGARGAGTGCAGGG
—— CAGTCACTCAAATCCGTGG———~-—-—— TGTTCGGAAAATACGTGGTGTTCGGAAGAGTGCAGGG

—— Allele 1/ T-easy cloning analysis / g.32_33insA
CAGTCACTCAAATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG
CAGTCACTCAAATCCGTGGAACTACGAGGTGTTCGGAAGAGTGCAGGG

Allele 2/ T-easy cloning analysis / g.32_40delACTACGAGG
CAGTCACTCAAATCCGTGG-———-———~ TGTTCGGAAGAGTGCAGGG
~—— CAGTCACTCARATCCGTGG-———————~— TGTTCGGARGAGTGCAGGG

Clone 18

Figure 5.8: Genomic DNA sequence of ACYP2 homozygote targeted clones. Genomic
DNA sequence of wild-type and ACYP2 mutant clones. Insertions are shown in red text

and deletions represented by dashes.
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Protein

Wild type

MSTAQSLKSVDYEVEGRVQGVCERMYTEDEARKIGVVGWVEKNT SKGTVTGOQVQGPEDKVNSMK
SWLSKVGSPSSRIDRTNFSNEKTISKLEYSNESIRYX

Allele 1/ p.D1MEfsX30
MSTAQSLKSVELRGLRGVRESAGCLLONVYRRSX

Clone 4

Allele 2/ p.D11_V14delinsE

MSTAQSLKSVEFGRVQGVCERMY TEDEARKIGVVGWVKNTSKGTVTGOVQGPEDKVNSMKSWL
SKVGSPSSRIDRTNFSNEKTISKLEYSNESTRYX

Allele 1/ p.D1MEfsX30
MSTAQSLKSVELRGLRGVRKSAGCLLONVYRRSX

Clone 9

Allele 2/ P.D11_E13delinsVFGKYV

MSTAQSLKSVVEGKYVVEGRVOQGVCERMYTEDEARKIGVVGWVENTSKGTVTGOVQGPEDKVN
SMKSWLSKVGSPSSRIDRTNEFSNEKTISKLEYSNEFSIRYX

Allele 1/ p.D11EfsX30
MSTAQSLKSVELRGLRGVRKSAGCLLONVYRRSX

Clone 18

Allele 2 / P.D11_V14delinsV

MSTAQSLKSVVEGRVQGVCEFRMY TEDEARKIGVVGWVENTSKGTVTGOVQGPEDKVNSMKESWL
SKVGSPSSRIDRTNEFSNEKTISKLEYSNESIRYX

Figure 5.9: Protein sequence of ACYP2 homozygote targeted clones. Predicted protein
sequence of wild-type and mutant ACYP2. Changes in the protein sequence are
highlighted in red.
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5.2.2.4 Measurement of Telomere Length in ACYP2 and TSPYL6

deficient cells

Following expansion, the DNA of wild-type controls and ACYP2 and TSPYL6 mutant
clones at 47 and 48 days post-targeting respectively and telomere length was measured
by gRT-PCR (Figure 5.12). There was no difference in telomere length of ACYP2
knockout cells compared to wild-type clones (mean 1.616 £ SD 0.04783 versus mean
1.865 + SD 0.3456, P= 0.5028, student’s t-test). Telomere length in TSPYL6 clone 13
was longer than the wild-type controls, but was within the range seen with the wild-type
clones in chapter 4 and is probably a result of the normal variation between individual

wild-type cells.
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TGGAAGC CGGGGCGGTGGGAACACGAT TGGCTCCAAGCGGE CATCAAAC
gRNA PAM

GGCTCCATGACTGCGACCCGCAT

Wild type

Clone 13 TSPYL6 -/-

i\ !

TGGAAGC CGGGGCGG"’GGGA"GGC CCAAGCGGCCATCAAAC

GGCTCCATGACTGCGACCCGCAT

Allele 1

I L

GGCTCCATGACT GGACCCGCA 'GGAAGCCGGGGC TCCAAGCGGCCATCAAAC

Allele 2

Figure 5.10: Sequence Trace for TSPYLG6 clone 13. Sequence traces of wild-type and
each allele of TSPYL6 knockout clone 13. The blue bar indicates the PAM sequence, the
red bar represents the target sequence of the gRNA and the red triangle shows the cut-site

of the CRISPR/Cas9 while blue triangle shows a cut out gRNA.
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Wwild type ~
GGCTCCATGACTGCGACCCGCAT TGGAAGCCGGGGCGGTGGGAACACGATTGGCTCCAAGCGGCCATCAAAC
GGCTCCATGACTGCGACCCGCAT TGGAAGCCGGGGCGGTGGGAACACGATTGGCTCCAAGCGGCCATCAAAC

Allele 1/ T-easy cloning analysis / g.1087_1092delGAACAC
GGCTCCATGACTGCGACCCGCAT TGGAAGCCGGGGCGGTGG—————- GATTGGCTCCAAGCGGCCATCAAAC
GGCTCCATGACTGCGACCCGCAT TGGAAGCCGGGGCGGETGG——-———- GATTGGCTCCAAGCGGCCATCAAAC

Allele 2/ T-easy cloning analysis / g.998delC/ g.1080_1097delGCGGTGGGAACACGATTG

GGCTCCATGACTG-GACCCGCAT TGGAAGCCGGG-————————————————— GCTCCAAGCGGCCATCAAAC
GGCTCCATGACTG-GACCCGCAT TGGRAAGCCGGG-=—=—=—==—=======—= GCTCCAAGCGGCCATCAAAC
Protein

Wild type

MSLPESPHSPATLDYALEDPHQGQRSREKSKATEVMADMFDGRLEPIVEPPPRLPEEGVAPQDP
ADGGHTFHILVDAGRSHGAIKAGQEVTPPPAEGLEAASASLTTDGSLKNGFPGEETHGLGGEKA
LETCGAGRSESEVIAEGKAEDVKPEECAMFSAPVDEKPGGEEMDVAEENRAIDEVNREAGPGPG
PGPLNVGLHLNPLESIQLELDSVNAEADRALLQVERRFGQIHEYYLEQRNDIIRNIPGFWVTAF
RHHPQLSAMIRGQDAEMLSYLTNLEVKELRHPRTGCKFKEFFFQRNPYFRNKLIVKVYEVRSFGQ
VVSFSTLIMWRRGHGPQSFIHRNRHVICSFFTWFSDHSLPESDRIAQI IKEDLWSNPLQYYLLG
EDAHRARRRLVREPVEIPRPFGFQCGX

Allele 1/ p.V48_F49del
MSLPESPHSPATLDYALEDPHQGQORSREKSKATEVMADMEFDGRLEPI--PPPRLPEEGVAPQDP
ADGGHTFHILVDAGRSHGAIKAGQEVTPPPAEGLEAASASLTTDGSLKNGFPGEETHGLGGEKA
LETCGAGRSESEVIAEGKAEDVKPEECAMEFSAPVDEKPGGEEMDVAEENRAIDEVNREAGPGPG
PGPLNVGLHLNPLESIQLELDSVNAEADRALLQVERRFGQIHEYYLEQRNDIIRNIPGFWVTAF
RHHPQLSAMIRGQDAEMLSYLTNLEVKELRHPRTGCKFKEFEFFQRNPYFRNKLIVKVYEVRSFEGQ
VVSFSTLIMWRRGHGPQSFIHRNRHVICSFEFTWESDHSLPESDRIAQIIKEDLWSNPLOYYLLG
EDAHRARRRLVREPVEIPRPFGFQCGX

Allele 2/ p.147TRfsX84

MSLPESPHSPATLDYALEDPHQGQRSREKSKATEVMADMEFDGRLEPRLPEEGVAPODPADGGHTF
HILVDAGPVMEPSKRGRKX

Figure 5.11: Genomic DNA and Protein sequence of TSPYL6 homozygote targeted
clone 13. (A) Genomic DNA sequence showing the 6bp at coding position 1087-1092 in
allele 1 of TSPYL6 clone 13 and 1bp at ¢.998 and 18bp deletion at ¢.1080-1097 in allele
2. Deletions are shown with red dashes. The blue sequence shows ¢.1008-1079. (B)
Protein sequence of wild-type and TSPYL6 mutant proteins showing the two amino acid
deletion in allelel (red dash) and the frameshift (highlighted in red) caused by the two

deletions in allele 2.
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Telomere length 47 days post-transfection
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Figure 5.12: Relative telomere length of ACYP2 and TSPYL6 homozygote targeted
cell lines. (A) Telomere length of ACYP2 homozygote targeted clones at day 47 post-
targeting (n=4 in each group). (B) Telomere length of the TSPYL6 homozygote targeted
clone at day 48 post targeting (n of WT=3, n of TSPL67=1). T/S indicates telomere length

divided by single-copy gene 36B4. WT represents wild-type cell.
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5.2.2.5 Extended culture of ACYP2 and TSPYL6 homozygote targeted

cell lines

Wild-type and mutant hiPSCs were maintained as described in section 2.1.1.2.4 until
they had been in culture for approximately 60 days post CRISPR/Cas9 targeting. The
total time of culture was equivalent to about 9 population doublings. At each passage a
portion of the cells from each passage was archived in liquid nitrogen and a portion of
cells retained for DNA and RNA extraction. The telomere length of the ACYP2 and
TSPYL6 homozygote cell lines was measured by qPCR across several time-points. We
assessed the differences between mutant and control iPSCs by applying a mixed model
with sample as a random effect. No change in telomere length was seen for either the
ACYP2 (P=0.7) or TSPYL6 mutant cell lines in comparison to wild-type controls (Figure
5.13, A and B).

5.2.2.6 Characterization of ACYP2 and TSPYL6 homozygote targeted

hiPSCs

The ACYP2 and TSPYL6 mutant hiPSCs were characterized for pluripotency during
extended culture by measuring the expression of cell surface markers using flow
cytometry. As previously described (Sections 2.1.2.1 and 3.2.2.1), approximately 1x10’
cells/ml were fixed in 4% paraformaldehyde (PFA) in 20 min at room temperature at
several time-points during the extended hiPSC culture and stained for SSEA-3, TRA-1-
81 and SSEA-1. There was no observable difference in marker expression between the
mutant cell lines and the wild-type controls (Figure 5.14, A, B).
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Telomere Length of knockout ACYP2 hiPSCs
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Figure 5.13: Relative telomere length of ACYP2 and TSPYL6 wild type and knockout
cell lines. (A) Normalized relative telomere length over 63 days post CRISPR/Cas9
targeting of ACYP2. (B) Normalized telomere length over 64 post CRISPR/Cas9 targeting
of TSPYL6. T/S indicates to telomere length divided by single copy gene 36B4. WT

represents wild-type cells.
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Figure 5.14: Characterization of knockout iPSCs during extended culture by flow
cytometry. Flow cytometric analysis for ACYP2 (A) and TSPYL6 (B). The pluripotent
surface marker expression levels as detected using SSEA-3 antibody coated with PE
fluorescent dye and TRA-1-81 antibody coated with Alexa Fluor® fluorescent dye and
differentiation marker SSEA-1 antibody coated with FITC fluorescent dye. The green

lines indicate wild-type clones and the blue lines indicate mutant cell lines.
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5.3 Discussion

A major post-GWAS challenge involves the identification of the gene that mediates
the effects of the disease or trait associated variants. Over the past few years GWAS have
identified the genetic loci that associate with mean telomere length. In the largest of these,
Codd and colleagues identified seven loci impacting telomere length, of which five
contain strong candidate genes because of known roles in telomere biology, whereas there
is no obvious candidate at the other two loci (Codd et al. 2013). In this chapter, the
influence of two genes at the ACYP2 telomere length associated locus, ACYP2 and
TSPYL6, on telomere length was investigated using CRISPR/Cas9 mediated gene
knockout. Despite relatively efficient targeting of both genes (55.3% and 35% alleles
mutated for ACYP2 and TSPYL6 respectively) definite homozygous knockout hiPSCs
were not generated. For ACYP2 8 lines contained indels for both alleles, however, all
contained at least one in-frame deletion. For TSPYL6 the single homozygous line also
contained an in-frame deletion for one allele. The effect of the mutations on telomere
length was investigated in the same way as described in chapter 4; however, no change
in telomere lengths was noted for either the TSPYL6 or the ACYP2 homozygote targeted

cell lines.

There are several reasons why mutation of ACYP2 and TSPYL6 had no effect on
telomere length. Firstly, the effects might be too subtle to detect over the time-frame
investigated and might only become apparent with even longer culture or with
homozygous knockout. Secondly, hiPSCs might not be a suitable cell line to investigate
the requirement of these genes on telomere length. Although telomerase is required to
maintain telomere length in hiPSCs, other mechanisms might only be active in certain
cell-types or detectable in the absence of telomerase expression. This could be
investigated by performing similar experiments in differentiated hiPSCs or generating
ACYP2 and TSPYL6 mutants on a telomerase null background. Finally, it is possible that
another more distal gene is affected by the telomere length associated variants, however,
during the course of this investigation the results of two other studies suggest TSPYL6 is

a strong candidate for the causal gene.

At the start of this study there was no evidence to support functional effects of either

the lead telomere length associated variant, or any of the proxy variants in high linkage
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disequilibrium, on ACYP2 or TSPYL6. Recently, the Genotype-Tissue Expression
(GTEX) project, which aims to link genetic variants to changes in gene expression
(Lonsdale et al. 2013) identified an association between rs62139254, which is in perfect
linkage disequilibrium with the lead telomere length associated variant and expression of
TSPYLS6 in testis. Interestingly, the effect allele is associated with higher levels of TSPYL6
expression, suggesting that increased levels of TSPY L6 would cause telomere shortening.
GTEX also reports much higher TSPYL6 expression in testis than in any other tissue,
which implies that any effect TSPYL6 has on telomere length will be a result of its
expression in this tissue. Interestingly, telomere length is longer in the germ cells of older
men and this is associated with longer mean leukocyte telomere length in their offspring
(Kimura et al. 2008). In addition, a high-throughput proteomic screen identified TSPYL6
as an interactor of MAD2L2 (MAD2 mitotic arrest deficient-like 2 (yeast) (Huttlin et al
2015), which has recently been reported to regulate DNA damage at telomeres (Boersma
etal. 2015). Functional studies of TSPY L6 should be performed to confirm these findings

and to determine its role in telomere length maintenance.

It is unclear why definite homozygous knockout lines were not produced, especially
as the overall targeting efficiency appeared promising. There is a possibility that
homozygous gene loss is detrimental and led to cell death. Alternatively, the tendency
towards in-frame deletions might be a consequence of the DNA sequence in the vicinity
of the target sites of the sgRNASs. Further experimentation is required to determine the
underlying cause and this should include targeting with additional sgRNAs or different

design strategies to exclude local sequence-specific effects.

In conclusion, CRISPR/Cas9 mediated genome editing was used to generate hiPSCs
deficient for the candidate telomere length associated genes ACYP2 and TSPYL6. No
effect on telomere length was found following mutation of either gene. Future
experiments should include other functional assays and a detailed analysis of protein

function.
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Chapter 6

Discussion
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6.1 Discussion

In 2013, the largest GWAS for telomere length reported to date identified seven loci
associated with decreased telomere length (Codd et al. 2013). Five of the loci identified
contain strong candidate genes with known roles in telomere length maintenance (TERC,
TERT, OBFC1, RTEL1, and NAF1), but the mechanism underlying the association is not
known. The other two loci, ACYP2 and ZNF208, do not contain genes with a known role
in telomere biology and this is the first study that has attempted to identify the functional
gene. The overall objective of this study was to utilise the CRISPR/Cas9 genome editing
system to determine the causal gene at one of these loci. CRISPR/Cas9 was first reported
shortly before this project began. Since the start of this study, there have been more than
200 studies involving CRISPR/Cas9. Many of these also involved the use of iPSCs and
include correction of mutations, for example and disease modelling (Xie et al. 2014,
Bassuk et al. 2016, Freiermuth et al. 2017, Bassett et al. 2017). For example, the human
haemoglobin beta (HBB) gene which causes B-thalassemia was corrected in patient
derived iPSCs using (Xie et al. 2014) and an RPGR point mutation, which causes X-
linked retinitis pigmentosa, was converted to a wild-type allele in hiPSCs (Bassuk et al.
2016). CRISPR/Cas9 has also been used to investigate GWAS loci (Pashos et al. 2017,
Guptaetal. 2017). Pashos et al. (2017) used CRISPR/Cas9 to investigate SNPs associated
with blood lipids, while Gupta et al. (2017) targeted a variant associated with coronary
artery disease and to demonstrate that the causal gene was more than 500kb from a
disease-asscoaited locus. For this study, CRISPR/Cas9 mediated genome editing was
established and optimised (chapter 3) and used to target hiPSCs, which maintain their
telomeres, and knockout genes related to telomere length. First, CRISPR/Cas9 was used
to generate telomerase deficient hiPSCs by knocking out TERT, which encodes the
enzymatic component of telomerase. Targeting efficiency was relatively high with
mutation detected in 31.4% of alleles. Analysis of these cells revealed telomeres
shortened by approximately 30% over 1 month of culture. The hiPSCs retained
expression of cell-surface pluripotency markers during this time, but were observed to
have increased expression of differentiation markers at the end of the experiment,
possibly a result of critical telomere shortening. Next, the same approach was used for
the investigation of two genes at the ACYP2 locus; TSPYL6 and ACYP2. Despite

achieving targeting efficiencies of 35% and 55.3% no definite knockout cell line was
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produced for either gene. A large number of mutant ACYP2 lines was generated, however,
a substantial number of the targeted alleles comprised in-frame deletions, which might
not have a damaging effect on protein function. Only one homozygous mutant TSPYL6
line was created and although the reason for this is unclear, it could potentially be a result
of TSPYLG6 being detrimental to hiPSCs. As no difference in telomere length was detected
for either the ACYP2 or TSPYLG6 targeted lines it is not possible to conclude which gene
is responsible for mediating the genetic association with telomere length. However,
during the course of this research, additional evidence has come to light that identifies

TSPYLS6 as a strong candidate gene at this locus and further investigation is warranted.

Around 10 years ago, the first studies to report the creation of hiPSCs and miPSCs
from embryonic and adult somatic cells were reported (Takahashi, Yamanaka 2006,
Takahashi et al. 2007). The cells are reprogrammed by ectopic expression of pluripotency
genes (Oct4, Sox2, Klf4 and c-Myc) and gain the properties of ESCs, including the
capacity for long-term proliferation through expression of telomerase, which is silent in
most somatic cells. The reactivation of telomerase activity causes elongation of telomeres
during reprogramming and telomerase activity and telomere length can therefore be
considered a stem cell marker (Marion et al. 2009). In this study, the CRISPR/Cas9
genome editing system was used to target TERT in hiPSCs. TERT is a reverse
transcriptase and provides the enzymatic activity of telomerase. This is the first study to
target a component of telomerase in hiPSCs, however, there have been previous analyses
of the effects of telomerase deficiency in both human and mouse stem cells. Two studies
investigated telomerase deficiency in miPSCs generated from Terc and Tert knockout
mice (Wang et al. 2012, Kinoshita et al. 2014). Wang et al. (2012) observed a reduction
in telomere length of 20-50% in Terc null cells over 27 passages. Both of these studies
also reported that reprogramming efficiency and pluripotency was reduced when using
parental cells from later generation knockout mice, which have shorter telomeres.
Although human and mouse telomeres are largely the same the length of mouse telomeres
is approximately 5-10 longer than those of humans and means that loss of telomerase
might be better tolerated by mouse stem cells. Knockdown of TERT in human ESCs has
previously been reported to cause reduced proliferation, increased apoptosis and
increased differentiation Yang et al. (2008). In our CRISPR/Cas9 targeted cells the effect
of telomerase deficiency on telomere length was measured by qRT-PCR over more than
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60 days of hiPSC culture and homozygous mutant cells showed telomere shortening of
around 1% per day, which is a similar rate of attrition to that reported by Wang et al.
(2012). A trend towards shorter telomeres was also detected in heterozygous mutant cells.
Human iPSCs have also been generated from individuals with mutations in various
components of telomerase. Batista et al. (2011) showed that DKC1-mutant iPSCs derived
from the somatic cells of dyskeratosis congentia patients lost their self-renewal capacity
after prolonged culture. Notably, one of our TERT” cell lines was observed to have
reduced proliferation at the later stages of the extended culture and an increase in
expression of differentiation markers, which was possibly due to critical shortening in
telomere length. This result requires further investigation including the longer-term
culture of other knockout clones, longer-term culture and additional phenotypic analysis

in order to identify whether the effects are consistent.

Following the analysis of the effects of telomerase deficiency on telomere shortening
in our TERT™ hiPSCs, the novel telomere length associated genes ACYP2 and TSPYL6
were investigated. It was expected that targeting these genes and subsequent measurement
of telomere length in knockout cell lines would explicitly show whether either of the
genes is required for telomere length maintenance. Therefore, CRISPR/ Cas9 was used
to target both genes and the effect on telomere length was investigated. Unfortunately,
frameshift mutations were not generated in both alleles of the homozygous cell lines for
either gene, despite the efficient targeting of 55.3% and 35% for ACYP2 and TSPYL6
respectively. Telomere length was measured over approximately 60 days of culture, but
no change in length was detected. There are a number of reasons why homozygous
frameshift mutations were not generated including homozygous null mutations being
detrimental to the growth of iPSCs. Further attempts at targeting these genes should be
performed and this should include the use of additional sgRNAs to exclude the lack of
homozygous mutants being the result of the sgRNAs used in this study. In addition,
heterozygous cell lines should be investigated further in order to determine whether any
effect on telomere length can be detected. The phenotype of heterozygous cells would be
expected to be more subtle than that for homozygous cell lines, therefore, a larger number

of mutant lines should be studied over a longer time-frame.

Recently, data from the GTEX project, that links genetic variants to changes in gene

expression variants, became available suggesting TSPYL6 is probably the causal gene.
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The lead telomere length associated SNP is associated with increased expression of
TSPYL6 in germ cells, suggesting that more TSPYL6 causes shorter telomeres. In our
mutant TSPYL6 iPSCs we would therefore expect telomere lengthening during extended
culture and although the telomere length was longer in these cells it was within the range
seen with wild-type iPSCs and we did not detect a change in length with time. Genome
editing could be used to investigate whether overexpression of TSPYL6 effects on
telomere length. Another study in our group involved the knock-in of an inducible
promoter upstream of a gene of interest and allows precise control over gene expression
(Gong et al. unpublished data) and similar experiments would allow long-term
overexpression of TSPYL6 from its endogenous locus.

Furthermore, in a large-scale interaction study, TSPY L6 was identified as in interactor
of MAD2L2 (Huttlin et al 2015) a protein recently reported to mediate the DNA damage
response at telomeres (Boersma et al. 2015). Utilizing MEFs carrying a mutation in the
shelterin component Trf2, which causes NHEJ dependent ligation of telomeres resulting
in chromosome fusion and cell death, Boersma et al. (2015) performed knockdown of
genes implicated in the DNA damage response and screened for cell survival. Mad2l2
was identified as the top hit and found to be a regulator of the DDR that promotes NHEJ
at telomeres and DSB repair at genome sites. It is not known if TSPYLS6 is involved in
the same process, but this obviously demands functional investigation. The mechanism
underlying the telomere length associated is unknown for all of the loci and

This was the first study by this group to include both iPSC culture and the
CRISPR/Cas9 system and a major objective of the project was to establish these
techniques. The GM23720*B hiPSC line from the Apparently Healthy Collection,
NIGMS Human Genetic Cell Repository, Coriell was chosen for this project as it is
reported to be genetically normal and had previously been cultured in feeder-free media
making downstream genome editing experiments more straightforward. The hiPSCs were
grown on Matrigel™-coated plates in mTesR®1 and were successfully cultured, appearing
healthy and maintaining a stable rate of proliferation. Quality control measures included
flow cytometric analysis of pluripotency and differentiation markers. During initial
culture of the hiPSCs differentiated cells were observed and expression of differentiation
markers was around 20%. This was improved to around 5% by changing the method of

cell passage to incorporate the enzyme free reagent ReLeSR™, rather than the enzyme
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Dispase I1. Optimization of hiPSC culture in terms of genome editing was also performed
using a method by Peters et al. (2013) as a guide with some alterations. An important
influence on the efficiency of genome editing is the delivery of the CRISPR/Cas9
components into the target nucleus and therefore several different transfection techniques
were tested. Lipid based transfection methods proved relatively unsuccessful, with less
than 30% efficiency achieved for all conditions tested. Electroporation was more effective
with efficiencies greater than 80% reached using a NEPA21 electroporator. In this study,
targeting efficiency ranged from 23.3% for lipid based transfection to 81.3% for
electroporation, while relatively high, could be improved through alteration of the
methods. Fluorescent cell sorting or some other form of selection would allow the cells
expressing the highest levels of the genome editing machinery to be enriched thereby
increasing efficiency. In addition, since the start of this project several alternatives to
S.pyogenes Cas9 have become available and some of these have been reported to improve
efficiency (Hou et al. 2013, Zetsche et al. 2015, Kleinstiver et al. 2016). Other
CRISPR/Cas9 delivery formats have also become commercially available and these
include viral delivery methods, which should increase delivery efficiency, and Cas9
MRNA or recombinant protein instead of plasmids that removes the need for transcription
or translation by the target cell.

6.1.1 Limitations

There are several areas where this study could be improved. First, a major limitation
was the failure to generate ACYP2 and TSPYL6 cells with the desired genotypes. It is not
clear why homozygous knockout lines were not produced and additional targeting of
these genes with additional sgRNAs will be needed in order to determine the cause. This
study was one of the first CRISPR/Cas9 targeting experiments by both our group and
Horizon Discovery Ltd and involved a simple design involving the targeting of the early
coding region of each gene in the hope of generating frameshift causing indel mutations.
Improved sgRNA design algorithms and alternative targeting strategies such as those
described in sections 1.1.2.1.3.1 and 1.1.2.3.1.1 might be help to overcome this issue.
Second, off-target effects were not investigated, however, as this study involved a very
specific read-out (telomere length) the likelihood that an off-target effect causing a false-

positive result is incredibly low. Third, the phenotypic analysis of the targeted cell lines
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was limited to the investigation of the expression of pluripotency markers and
differentiation markers and further analysis of relevant phenotypes should include
embroid body formation, teratoma formation and the expression of the endogenous
pluripotent genes including NANOG, OCT4, GDF3 and REX1. In addition, no
karyotyping of the CRISPR/Cas9 targeted cell lines was performed. Full cytogenetic
analysis of the targeted and control lines would detect any change in chromosome
structure such due to the targeting process and long-term culture or phenotypes caused by
aberrant telomere function such as altered chromosome number or chromosome fusions.
Finally, a major goal of this study was to definitively show which of the genes at the
novel telomere length GWAS loci genes is involved in telomere maintenance and this
was not achieved. Further optimization of the approach to include additional and more
sensitive phenotypic readouts would increase the possibility of identifying the causal
gene. These include alternative measures of telomere length such as Southern blotting,
TRF, FISH techniques and gPCR-based techniques as well as measuring telomerase
activity by TRAP technique or measuring the TERC and TERT at the level of the RNA

or protein.

6.1.2 Future work.

There are number of aspects of this work that warrant further investigation. Chief
among these is the characterization of the genes at the ACYP2 telomere length associated
locus, particularly TSPYL6. This should include further investigation of the cells
generated in this study, the generation of additional targeted lines and, as described above,
more thorough phenotyping. This could include differentiating targeted cells to fast
growing cell types such as lung, gut or sin fibroblasts. This would have the benefit of
allowing the gene knockout to be investigated in telomerase deficient cell lines as
telomerase exrpression should be silenced upon differentiation and the higher-rate of cell
division might make telomere related phenotypes more apparent. These experiments
should be performed in combination with mechanistic studies to identify the function of
the candidate proteins. Further analysis of the TERT" cells should also be considered and
would include a full investigation of the consequences of telomere shortening on iPSC

senescence and phenotype.
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The screen employed in this study was able to detect a decrease in telomere length in
telomerase deficient cells, but not in the ACYP2 or TSPYL6 mutant cells. Despite this it
could still be a worthwhile approach for the investigation of other telomere length
associated SNPs and genes, but with some modifications. The current screen is time-
consuming and relatively expensive, but could be optimized. Newer genome editing
reagents and improvements to the protocol would allow higher efficiency targeting and
increase the number of cells available for study. A high enough efficiency might also
mean that there is no need to produce clonal lines. This could also be achieved through
the use of an IPSC line modified to constitutively express Cas9. Analysis of an increased
number of mutant cells would then allow the detection of changes in telomere length over
a shorter time-frame. In addition, other assays could be included to identify the effects of
other telomere associated processes. For example, knockout of MAD2L2 might not effect
telomere length, but it would affect the DNA damage response. Therefore, the effects of
DNA damage response in cells carrying candidate knockout genes could be assayed by

measuring the level of chromosomal abnormalities and cell death.

6.1.3 Conclusions

GWAS have provided valuable information regarding the identification of genetic loci
that associate with disease and traits, but does not provide information as to which gene
at the locus is causal. In this study, the CRISPR/Cas9 genome editing system was utilized
in an effort to determine which genes at telomere GWAS loci are involved in telomere
length attrition. Both known and novel telomere length associated genes were targeted
using CRISPR/Cas9 in hiPSCs, which express telomerase and maintain telomere length.
Human iPSCs culture and the techniques required for CRISPR/Cas9 genome editing was
optimized and relatively high targeting efficiency was achieved. Telomerase-deficient
IPSC lines with homozygous null mutation in TERT were successfully generated and after
long-term culture a significant reduction in telomere length was observed. In addition, the
pluripotency of the mutant cells was not affected by decreasing telomere length, as shown
by expression of pluripotency markers, while expression of a differentiation marker
increased substantially at the end of long-term culture. iIPSCs carrying mutations in

ACYP2 and TSPYL6, which are uncharacterized candidates for telomere maintenance,
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were also generated, however no impact on telomere length was observed in either case

and further investigation is required to identify the causal gene at this locus.
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Supplementary

Number of Type of Mutation Predicted genotype
TERT clones

Allele 1 Allele 2

1 Wild type

2 Homozygous 1bp 1bp
deletion insertion

3 Homozygous BGenotype | BGenotype

1bp 1bp

deletion deletion

4 Heterozygous 1bp wild type
insertion

5 Homozygous 9 bp Unknown?
deletion

6 Wild type

7 Wild type

8 wild type

9 Heterozygous 1bp wild type
insertion

10 wild type
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11 Homozygous 1bp Unknown?
insertion

12 wild type

13 Wild type

14 Heterozygous wild type 1bp

deletion

15 Wild type

16 Wild type

17 wild type

18 Wild type

19 Heterozygous 1bp wild type
deletion

20 Wild type

21 Wild type

22 wild type

23 wild type

24 wild type

25 Homozygous BGenotype | BGenotype
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1bp 1bp
insertion insertion
26 Heterozygous 10 bp Unknown?
deletion
27 Wwild type
28 Wild type
29 wild type
30 Heterozygous Wild type 1bp
insertion
31 Homozygous Unknown? 1bp
insertion
32 Wild type
33 Homozygous 1bp Unknown?
deletion
34 Wild type
36 Homozygous 4 bp 1bp
deletion insertion

Table 1: Number and type of mutation in TERT in targeted iPSC clones.
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Number of
ACYP2 clones

Type of Mutation

Predicted genotype

Allele 1 Allele 2
1 Heterozygous Wild type 1bp
insertion
2 Heterozygous 1bp wild type
insertion
and 1bp
deletion
4 Homozygous BGenotype | BGenotype
1bp 9 bp
insertion deletion
6 Homozygous 9 bp 1 bp
deletion insertion
7 Wild type
8 Homozygous 6 bp Unknown?
deletion
9 Homozygous BGenotype | BGenotype
1bp 7 bp
insertion deletion
and 16
insertion
10 Wwild type
11 Wild type
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12 Homozygous Unknown” | UnknownA
15 Wild type
16 Wild type
17 Homozygous Unknown? 1bp
insertion
18 Homozygous BGenotype | BGenotype
1 bp 9 bp
insertion deletion
19 Wwild type
20 Heterozygous Wild type 1bp
insertion
21 Homozygous Unknown? 1bp
insertion
22 Homozygous Unknown? 3 bp
insertion
23 Wild type
24 Homozygous 9 bp 1bp
deletion insertion
25 Heterozygous 9 bp wild type
deletion
27 Wild type
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28 Heterozygous Unknown? Wwild type

30 Heterozygous Unknown? Wild type

33 Homozygous Unknown? | bp

insertion

34 Homozygous 9 bp 1bp
deletion insertion

35 Wild type

36 Heterozygous 9 bp Wwild type
deletion

Table 2: Number and type of mutation in ACYP2 in targeted iPSC clones.

Number of

TSPYL6 clones

Type of Mutation

Predicted genotype

Allele 1 Allele 2

1 Heterozygous Unknown# Wild type
2 Heterozygous 1 bp deletion Wwild type
3 Heterozygous 1 bp deletion Wwild type
4 Heterozygous 1 bp deletion Wild type
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6 Heterozygous Wild type Unknown?
7 Heterozygous 1 pb deletion Wild type
10 Wild type
11 Heterozygous 1 bp deletion Wild type
12 Heterozygous 1 bp deletion Wild type
13 Homozygous BGenotype BGenotype
6 bp deletion 18 bp
deletion and
1 bp deletion
14 Heterozygous 1 bp deletion Wild type
15 Heterozygous Wild type 1bp
insertion
16 wild type
17 Heterozygous 1 pb deletion Wild type
18 Heterozygous 1 bp deletion Wild type
19 wild type
20 Heterozygous 1 bp deletion Wwild type
21 Heterozygous 1 bp deletion Wild type
22 wild type
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23 Heterozygous 1 bp deletion Wild type

24 wild type

25 Wild type

26 Wild type

27 Heterozygous 1 bp deletion Wild type

28 Heterozygous Wild type 3pb
insertion

31 wild type

32 Heterozygous 1 bp deletion Wild type

33 Wild type

35 wild type

36 Heterozygous 1 pb deletion Wild type

Table 3: Number and type of mutation in TSPYLS6 in targeted iPSC clones.

Genotype of each allele of all of the CRISPR/Cas9 targeted clones as predicted using

the TIDE sequence deconvolution tool.

A Unknown mutant allele. TIDE does not predict indels greater than 10 bp.

B Genotype was found to be incorrect following cloning and Sanger sequencing.
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