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Abstract

DNA elements known as enhancers are key players in physiological and aberrant transcriptional gene
regulation, and understanding the mechanisms underlying their function is therefore of paramount
importance. Enhancers can upregulate transcription of their target genes several hundred times, often
in cell- and tissue-specific manner. Enhancers are widely transcribed in a bidirectional fashion, and the
resulting RNA species is termed enhancer RNAs (eRNAs). Accumulating evidence suggests functional
roles for eRNAs, including scaffolding of protein complexes, modulating enzymatic properties, acting
as decoys for repressive factors and participating in chromosomal looping. However, the mechanistic
basis for eRNA function remains unclear, and this work aimed to contribute to the elucidation of this

question.

To address the enigma of eRNA functionality, we decided to work with an enhancer regulating the
expression of the TAL1 oncogene in Jurkat cells, a model system that is well-defined and features
convenient reporter activity through a decrease in cell proliferation. A portion of the TAL1 enhancer
is transcribed into eRNAs (TAL1-eRNAs or eTAL1s), which were shown to play a role in the upregulation
of TAL1 in preliminary experiments in our lab. To map the functionally important regions of TALI-
eRNAs, we set off to dissect the transcribed portion of the TAL1 enhancer via a saturating
CRISPR/Cas9-mediated mutagenesis. Here, | describe the establishment and validation of a genetically
modified Jurkat cell line for this CRISPR/Cas9 screen, and set forth the design of the screen itself. These
results represent a set of solid building blocks for the execution of the saturating mutagenesis of the
TAL1 enhancer, the results of which will provide further insights into the workings of the TAL1
enhancer and the TALI-eRNAs, and by extension, will contribute to our understanding of the

mechanisms behind eRNA functionality.
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1 Introduction

1.1 Non-coding genome

While protein-coding genes enjoy the main spotlight within the genome, a vast majority of the
genome — over 98% (ENCODE Project Consortium, 2012) — doesn’t translate into proteins. Once
believed to be ‘junk’, the latest computational estimates suggest that at least 4.51% of the human
non-coding genome is under purifying selection, strongly indicating functionality (Huber et al., 2019).
Moreover, when probed by a host of molecular biology methods, about four fifths of the human
genome displayed participation in at least one biochemical event in at least one of the 147 surveyed
cell types (ENCODE Project Consortium, 2012). Importantly, 93% of disease- and trait-associated
genetic variants identified in genome-wide association studies were found to fall within non-coding
regions (Maurano et al., 2012). Taken together, these findings imply an extremely important role for

the non-coding genome.

Transcribed and regulatory elements in the genome are associated with various combinations of
specific chromatin signatures, and these can be used to identify and classify such elements. This
underpins the idea of epigenetic code (Nightingale et al., 2006; Turner, 2007). The differential
signatures include various biochemical marks on histones spanning or flanking the regulatory features
(Barski et al., 2007; Heintzman et al., 2007; Kouzarides, 2007; Mikkelsen et al., 2007; Wang et al.,
2008), DNA methylation (Ball et al., 2009; Meissner et al., 2008), DNA accessibility (Buenrostro et al.,
2015; Simon et al., 2012; Song et al., 2011; Thurman et al., 2012), and transcription factor binding
(Cheng et al., 2012; Fu et al., 2008; Wang et al., 2012).

Because of the vastness of non-coding genome, its thorough mapping was dependent on the
development of high-throughput methods for chromatin examination. At the forefront of these
efforts was (and remains to be) the international ENCODE consortium. ENCODE have developed a
number of high-throughput approaches for the functional annotation of whole genomes, which they
then applied to a wide range of human cell types (ENCODE Project Consortium, 2011, 2012; Roadmap
Epigenomics Consortium et al., 2015). From this Herculean endeavour arose an expansive, publicly
accessible database containing dozens of terabytes of information on functional genomic elements

(https://www.encodeproject.org/).

With the application of machine learning, this abundant data could begin to be classified into
biologically relevant categories (Ernst and Kellis, 2012; Hoffman et al., 2012, 2013). Apart from the

bodies of transcribed genes, transcription start sites and repressed regions, the algorithms identified
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and labelled various functional non-coding features within the collections, such as candidate

transcriptional terminators, insulators, promoters and enhancers (Hoffman et al., 2013).

1.2 Enhancers

1.2.1 Anintroduction to enhancers — The importance and history of enhancers

Enhancers are sequences in the genome that can positively regulate the expression of nearby genes,

often over long distances and independently of their orientation (Serfling et al., 1985).

Enhancer activity was first discovered in 1981, in a 72-bp long fragment from simian virus 40 (SV40)
that increased transcription of linked genes in an orientation-independent manner up to 200 times
(Banerji et al., 1981; Moreau et al., 1981). The discovery of the first cellular enhancer, which tissue-
specifically regulates expression of a mouse immunoglobulin heavy-chain gene, came soon afterwards
(Banerji et al., 1983; Gillies and Morrison, 1983). Since then, many more enhancers have been
described. In fact, the ENCODE Project endeavour has identified almost 400,000 putative enhancers
in human genome, which represents roughly twenty times the number of protein-coding genes

(ENCODE Project Consortium, 2012).

Enhancer DNA interacts with an extensive network of transcription factors in a cell-type-specific
manner, orchestrating embryonal development and maintaining cell homeostasis (Coppola et al.,
2016; Reiter et al., 2017; Spitz and Furlong, 2012). Their immense functional importance is further
underlined by the fact that mutations in enhancers often contribute to or even cause disease,
including type 2 diabetes and Alzheimer’s disease, as well as some autoimmune diseases and cancer
types (Carullo and Day, 2019; Maurano et al., 2012; Miguel-Escalada et al., 2015; Sur and Taipale,
2016).

The general prerequisite for the transcriptional activation of gene expression by enhancers is the
physical contact of an active-state enhancer and its associated transcriptional machinery with the
promoter of the target gene and its associated protein complexes, but there are still many gaps in our
understanding of how exactly this accomplishes the target gene activation (reviewed in (Panigrahi and

O’Malley, 2021)).
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1.2.2 Chromatin features and functional states of enhancers

For the complex, dynamic and tissue-specific coordination of the cellular transcriptional response to
function in a correct and timely fashion, not all enhancers can be in an active state all of the time.
Rather, they often alternate between different states, which are characterized by different chromatin

properties and include latent, poised, primed and active enhancer states (Figure 1.1).

A Latent enhancer B Poised enhancer

DIPDD DD e

C Primed enhancer D Active enhancer

D) eed) O)ES

transcription factors ) CBP histone @ H3K27me3 © H3K4mel
@nucleosome @_@! and their binding sites acetyltransferase =~ @ H3K9me3 @ H3K27ac

Figure 1.1: Functional enhancer states.

(A) Latent enhancers bear no distinguishing histone marks and bind no transcription factors (TF), but
possess TF binding sites and await potential activation. (B) Poised enhancers are found in partially
open chromatin, and may already be binding some TFs. Adjacent histones are decorated with the
classic enhancer mark H3K4mel and repressive marks H3K27me3 and H3K9me3. (C) Primed
enhancers bind some TFs in open chromatin and sport the enhancer-defining H3K4me1l modification,
waiting for additional signals to become fully activated. (D) Also located in open chromatin, active
enhancers are enriched in TF and co-factor binding and their signature includes the H3K4me1l and
H3K27ac histone marks.

A unifying feature of all enhancers is that their underlying DNA sequence is enriched in transcription
factor binding sites. However, most transcription factors can only bind to DNA where the chromatin
is open and accessible. This is the case for active enhancers (Figure 1.1D), which are depleted for the
canonical, more stable nucleosomes and partly populated by highly labile nucleosomes containing the
specialized histone variants H2A.Z and H3.3 (Jin and Felsenfeld, 2007; Jin et al., 2009). The

conventional, less mobile nucleosomes flanking the clusters of transcription factor binding sites in

31



active enhancers bear specific post-translational modifications, including acetylation of histone 3 at
lysine 27, H3K27ac (Creyghton et al., 2010) and a certain level of methylation at lysine 4 in histone 3.
Initially, monomethylation at lysine 4 in histone 3, H3K4me1, was considered the defining hallmark of
active enhancers (Heintzman et al., 2007, 2009), but later studies strongly suggested that the degree
of H3K4 methylation was a function of the local transcription intensity, with more active enhancers
often sporting H3K4me2/3 rather than, or in addition to, H3K4me1 (Core et al., 2014; Henriques et al.,
2018; Pekowska et al., 2011). Further to active enhancer signatures, the enriched transcription factor
occupancy attracts the binding of transcriptional co-factors, most notably the histone
acetyltransferases CBP (cyclic adenosine monophosphate response element binding protein (CREB)-
binding protein)/p300 (300-kD protein) (Visel et al., 2009). The DNA at active enhancers is
hypomethylated, consistent with the enrichment in Ten-Eleven Translocation 1 (Tet1) methylcytosine
dioxygenase, a DNA hydroxylase which catalyses the first step of the DNA demethylation process
(Pulakanti et al., 2013; Stadler et al., 2011; Tahiliani et al., 2009). In sum, DNase | hypersensitivity,
p300/CBP occupancy and an enrichment in H3K27ac and H3K4me1/2/3 histone marks constitute the

main characteristic signature of active enhancers.

On the other side of the spectrum, some enhancers may be found in closed chromatin, with no
transcription or co-transcription factor occupancy, unmarked by any histone modifications. Such

latent enhancers (Figure 1.1A) become activated upon appropriate stimulation (Ostuni et al., 2013).

Other enhancers found in closed chromatin, closed enhancers, are marked with the active H3K4mel
enhancer mark, but at the same time actively repressed in their endogenous context by the deposition
of the repressive H3K27me3 histone mark, which precludes the key active modification, H3K27ac

(Arnold et al., 2013).

The important transition from closed to open chromatin at enhancers was repeatedly shown to be
initiated by so-called ‘pioneer’ factors, a special class of transcription factors capable of binding to
their respective recognition motifs within the context of closed chromatin (Ghisletti et al., 2010;
Gualdi et al., 1996; Sérandour et al., 2011; Zaret, 2020). These factors often bind in cooperation with
other lineage-determining, signal-dependent or collaborating transcription factors (Adams and
Workman, 1995; Boyes and Felsenfeld, 1996; Heinz et al., 2010; Miller and Widom, 2003). Such
cooperation between transcription factors can increase their chances for the successful eviction of
the nucleosome from the closed chromatin region, which in turn opens the possibility of further
transcription factor and co-factor binding. In this way, poised (Figure 1.1B) or primed (Figure 1.1C)

enhancer states are established (reviewed in (Heinz et al., 2015)).
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Poised enhancers are found in regions of low nucleosomal density and are enriched in p300 occupancy
and H3K4mel, but, similarly to closed enhancers, are blocked from acquiring the active H3K27
acetylation mark by the trimethylation of the same residue (Bernstein et al., 2006; Rada-Iglesias et al.,
2011). A large group of enhancers was also found to be in an intermediate state between poised and
active — enriched in H3K4me1 and devoid of any H3K27 modifications, the expression levels of genes
controlled by these intermediate-state enhancers were higher than the expression levels of genes
associated with poised enhancers, but lower than the expression levels of genes linked with active
enhancers (Zentner et al., 2011). A further distinguishing factor between these two groups was the
presence of the H3K9me3 mark at poised enhancers (Zentner et al., 2011), a modification associated

with repressed or silenced chromatin (Peters et al., 2002).

On the whole, enhancer states present an intricate dynamic continuum rather than a simple on/off

switch, in consistency with the complexity of the transcriptional networks they regulate.

1.2.3 Transcriptional regulation by enhancers

1.2.3.1 Establishment of enhancer-promoter contacts

Apart from the various states of enhancer activation, the transcription of a gene is further regulated
by the physical distances between its promoter and any of its potential enhancers. In the nucleus,
chromatin regions are segregated into two main compartments based on transcriptional activity
(Lieberman-Aiden et al., 2009). On the megabase level, chromatin is further organized into
‘topologically associated domains’ (TADs), bounded by the insulator protein CCCTC-binding factor
(CTCF) binding sites, highly transcribed genes or short interspersed nuclear element (SINE)
retrotransposons, which all serve as barriers from the spread of heterochromatin (Dixon et al., 2012;
Nora et al., 2012). An even more detailed genome-wide study shows that chromatin might be divided
into domains smaller than TADs, with a median length of 185 kb (Rao et al., 2014). These so-called
‘contact domains’ are also often bounded by CTCF binding sites, show consistent histone modification

patterns and often form loops (Rao et al., 2014).

Many studies indicate that it is through looping of the chromatin in three-dimensional space that
enhancers are brought in the proximity of the appropriate gene promoters, and sequestered from
other gene promoters where the interaction is undesirable (Dowen et al., 2014; Hnisz et al., 2016a).

The earliest evidence for chromosomal looping was presented almost 40 years ago (Dunn et al., 1984),
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and reinforced since by many independent lines of evidence (Amano et al., 2009; Chambeyron and
Bickmore, 2004; Tolhuis et al., 2002). Cohesin and CTCF are strongly implicated in the formation of
loops larger than 100 kb (Figure 1.2) (Phillips-Cremins et al., 2013; Wendt et al., 2008). The latest
models indicate that cohesin is loaded onto DNA in a CTCF-independent manner (Wendt et al., 2008),
initially forming a small DNA loop. Cohesin then travels along the DNA strand in opposite directions,
extruding the intervening DNA into a dynamically expanding chromatin loop, until its further
movement is prevented by a pair of CTCF insulators (Fudenberg et al., 2016, 2018; Sanborn et al.,
2015). Importantly, the two CTCF molecules have to be bound in a convergent orientation to be able
to stop the progress of the cohesin ring and anchor the extruded loop (Rao et al., 2014; Sanborn et
al., 2015). Loop formation by extrusion is a highly dynamic process (Fudenberg et al., 2016), but
contact frequency patterns do emerge from an overlay of data from a large number of cells

(Fudenberg et al., 2018).

While the formation of these larger, insulating loop domains seems to be largely dependent on CTCF
and cohesin, the genome-wide impact on transcriptional regulation upon the depletion of either of
these architectural proteins is surprisingly quite minimal (Hyle et al., 2019; Nora et al., 2017; Rao et
al., 2017; Schwarzer et al., 2017). Loss of cohesin led to a somewhat enhanced compartmentalization
pattern between active and inactive chromatin (Rao et al., 2017; Schwarzer et al., 2017), while CTCF
depletion resulted in a minor reduction in compartmentalization (Nora et al., 2017). The preservation
of compartmentalization following CTCF or cohesin loss indicates that there are other organizational
forces at play here, governed by principles independent from the CTCF/cohesin-mediated loop
formation. Interestingly, one of the recent cohesin-depletion studies pointed out that histone
signatures remained largely unaffected upon cohesin loss (Rao et al., 2017). In keeping with this
finding, a new study suggested a model where compartmentalization of the genome is driven by the
attraction of similar histone modifications, although the forces behind this process were not discussed

(Nichols and Corces, 2021).

Enhancer-promoter contacts may be also established, reinforced or maintained by smaller loops than
the ones that arise from the collaboration of cohesin and CTCF (Figure 1.2A). The CTCF binding sites
are usually distal from the regulatory elements within the domain that they insulate, and the loops
that result from CTCF/cohesin interactions generally span 100 kb — 1 Mb of DNA (Phillips-Cremins et
al., 2013). Smaller loops (<100 kb) can be formed directly between enhancers and promoters by the
cooperation of cohesin with Mediator, the scaffold protein for transcriptional machinery (Kagey et al.,
2010; Phillips-Cremins et al., 2013). Furthermore, enhancer-promoter looping was also shown to be
facilitated by the interaction of the ubiquitously expressed Yin Yang 1 (YY1) transcription factor

(Weintraub et al., 2017). YY1 binds to its recognition motif on promoters and enhancers, its binding
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stabilized by an interaction with RNA (Sigova et al., 2015); YY1 then mediates the loop formation by
dimerization (Weintraub et al., 2017). A similar instance of CTCF/cohesin-independent enhancer-
promoter looping was described in erythrocytes, where the B-globin promoter-locus control region
(LCR) enhancer loop was mediated by the dimerization of the LDB1 transcription factor and aided by
the KLF1 factor (Krivega and Dean, 2017). This evidence collectively suggests that the interaction
between transcription factors and co-factors may be extremely important for bringing enhancers and

promoters into a closer contact both within and outside the context of CTCF/cohesin-insulated loop

domains.
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Figure 1.2: Proposed mechanisms of enhancer-promoter contact establishment.

(A) Looping can be mediated by the interactions between TFs bound at enhancers and TFs bound in
promoter regions. (B) Tracking of the RNAPII along a DNA strand can help deliver TFs from enhancer
to promoter regions. (C) Short-distance linking of TFs from enhancers to promoters can help loading
TFs on promoters. (D) Transcription of genes may proceed from dynamic transcription factories —
assemblies of RNAPII and other transcriptional machinery. (A-D) Cohesin complex in collaboration
with CCCTC-binding factor (CTCF) forms bigger loops and sequesters contact domains or TADs.

Another mechanism that may be aiding in the establishment of enhancer-promoter contacts is

tracking (Figure 1.2B). The idea was first proposed a quarter of a century ago (Blackwood and
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Kadonaga, 1998; Kong et al., 1997), and some limited evidence was since presented in its support
(Hatzis and Talianidis, 2002; Wang et al., 2005). According to this model, enhancers and their
associated transcriptional complexes are pulled into the proximity of their target promoters by virtue
of RNA polymerase Il (RNAPII) transcription from the enhancer towards the target promoter (Hatzis
and Talianidis, 2002; Wang et al., 2005). Histone acetylation of the intervening DNA portion between
the enhancer and the promoter, and the generation of sense enhancer RNAs were described as the
by-products and evidence of the progress of the RNAPII along the DNA strand (Kong et al., 1997; Wang
et al., 2005). Another proposed mechanism for enhancer-promoter interaction is linking (Figure 1.2C),
where transcription factors can create a bridge between the enhancer and the target promoter by
oligomerization (Bulger and Groudine, 1999; Morcillo et al., 1997), but direct evidence for this is
lacking. Conceivably, either of these mechanisms would likely only be able to mediate short-range
interactions. Therefore, tracking and linking could play supporting roles in the establishment of

contacts between proximally situated regulatory elements (Furlong and Levine, 2018).

An additional mechanism posited for the facilitation of enhancer-promoter contact are so-called
transcription factories (Figure 1.2D). This model was built on the observation of discrete RNAPII foci,
where genes were proposed to travel to be transcribed (reviewed in (Sutherland and Bickmore,
2009)). These transcription factories were at first believed to be spatiotemporally stable, but more
recent evidence suggests that they are, in fact, highly dynamic structures, persisting on average only
5 — 8 seconds (Cho et al., 2016; Cisse et al., 2013). Phase separation has been implicated in the

assembly of these structures (reviewed in (Hnisz et al., 2017)).

A cooperative model of enhancer action, where multiple requirements have to be fulfilled for
transcriptional activation, is consistent with a number of observations (Furlong and Levine, 2018). A
vast majority of enhancer-promoter loops seem to be already set up before the activation of the
transcription from the target promoter; the final activation step may for example take shape of the
recruitment of a specific transcription factor (Ghavi-Helm et al., 2014; Jin et al., 2013; Rubin et al.,
2017). Other enhancer-promoter contacts, however, are not pre-established, and are formed de novo,

for example in cell differentiation (Rubin et al., 2017).

Overall, many mechanisms of enhancer-promoter interaction have been described, including tracking,
transcription factories and various forms of looping. These are not mutually exclusive; on the contrary,

different mechanisms may likely contribute to the same enhancer-promoter interaction.
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1.2.3.2 Modes of enhancer regulation

The factors governing the choice of the preferred interaction between enhancers and promoters seem
to be as numerous as the mechanisms that can contribute to the interactions (Figure 1.3). One highly
important factor seems to be the mutual proximity of the promoter and its candidate enhancer (Figure
1.3A). This was well-illustrated in a genome-wide study in a human leukaemia cell line, where two
thirds of non-intronic enhancers were found to regulate their nearest gene (Gasperini et al., 2019).
However, this left 33% of enhancer-promoter pairs that skipped the nearest gene. In some cases, this
could be because enhancers are separated from their closest gene by a TAD boundary, even though
cross-TAD enhancer-promoter contacts are also not uncommon (29% of all assessed enhancer-

promoter pairs in (Gasperini et al., 2019)).

In other cases, inherent preferences of individual enhancers toward a specific type of promoter may
be at play (Figure 1.3B; (Juven-Gershon et al., 2008; Sharpe et al., 1998; Zabidi et al., 2015)). For
example, in Drosophila, a widespread enhancer-promoter specificity was described, dividing
enhancers into a group that preferentially associated with promoters of developmental genes,
sporting motifs such as TATA, DPE, Inrand MTE, and a group that preferred to interact with promoters

of housekeeping genes, bearing the DRE or TCT motif (Zabidi et al., 2015).

On the other hand, many enhancers are shared between or competed for by multiple different gene
promoters, especially within the context of the given regulatory domain (Figure 1.3C; (Cho et al., 2018;
Fulco et al., 2016, 2019; Klann et al., 2017; Ohtsuki et al., 1998; Symmons et al., 2014)). There seems
to be competition, for example, for the B-globin LCR enhancers (Klann et al., 2017) or the enhancers
regulating GATA1 and HDAC6 expression (Fulco et al.,, 2016). Interestingly, Cho and colleagues
describe a case of competition for intragenic enhancers, where the transcription of a long non-coding
RNA, PVT1, prevents the MYC oncogene promoter from engaging with the enhancers located within

the body of the PVT1 gene (Cho et al., 2018).

Some genes may also be regulated by more than one enhancer (Figure 1.3D; (Bender et al., 2012;
Kieffer-kwon et al., 2013; Rosenbauer et al., 2004)). In these cases, enhancers often work in an
additive fashion, each of them mediating a partial increase in the transcription rate of the target gene
(Bender et al., 2012; Kieffer-Kwon et al., 2013; Rosenbauer et al., 2004). Other enhancers function in
a redundant manner, buffering for potential mutations in or losses of individual enhancers to prevent
phenotypic consequences (Hong et al., 2008; Osterwalder et al., 2018). Finally, some enhancers, such
as the activation induced deaminase (AID) enhancers E1 and E2, seem to act in synergy with each
other — the ablation of either one of the pair leads to a near complete abrogation of AID expression

(Kieffer-Kwon et al., 2013).
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There is usually a number of potential enhancer-promoter interactions within a regulatory unit, and
various mechanisms contribute to the selection of the preferred contacts, including enhancer-

promoter specificity, competition for enhancers and enhancer sharing. Multiple enhancers may

regulate a single gene in an additive, synergistic or redundant manner.
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Figure 1.3: Modes of enhancer regulation.
(A) Some enhancers can work with any type of promoter, while (B) other enhancers prefer to

communicate with specific types of promoters. (C) A single enhancer can contribute to the regulation
of multiple genes, while sometimes, (D) multiple enhancers can control transcription of a single gene.

38



1.2.4 Super-enhancers

Regions of clustered enhancer elements are known as super-enhancers (Hnisz et al., 2013; Whyte et
al., 2013). Super-enhancers usually span several kilobases (kb) of DNA in length (Parker et al., 2013),
and compared to classical enhancers display an unusual enrichment in the marks typically associated
with enhancers, including high levels of cell-type-specific master transcription factors, RNAPII,
Mediator, cohesin and p300/CBP binding, as well as high levels of H3K27 acetylation (Hnisz et al.,
2013; Whyte et al.,, 2013). Concomitantly, super-enhancers generally drive higher levels of
transcription than typical enhancers (Whyte et al., 2013). Importantly, it was shown across many
dozens of different cell types that a vast majority of super-enhancers is responsible for the regulation
of cell-type-determining genes (Hnisz et al., 2013; Parker et al., 2013; Whyte et al., 2013). Super-
enhancers typically bind high levels of cell-type-specific master transcription factors, and are very
sensitive to the reduction in their amounts; the Young lab speculate that this vulnerability might have
evolved to facilitate transitions between developmental states or cell-specific gene expression
programmes (Hnisz et al., 2013; Whyte et al., 2013). Perhaps unsurprisingly, super-enhancers are
enriched in disease-associated single nucleotide polymorphisms (SNPs) compared to typical
enhancers, and dysregulated or de novo super-enhancers are implicated in a remarkably wide

spectrum of cancers (Hnisz et al., 2013; Lovén et al., 2013; Parker et al., 2013).

According to expectation, super-enhancer activity is typically confined into CTCF/cohesin-defined
loops (Dowen et al., 2014). Finally, a recent CRISPR interference (CRISPRi)-based multiplexed analysis
study offers new insights into the workings of super-enhancers (Xie et al., 2017). Intriguingly, most of
the studied super-enhancers had only one or two main contributing constituents, whose effect on the
expression of the associated genes was anywhere between 18 and 88.9%. The rest of the constituents
didn’t elicit any measurable gene downregulation when perturbed individually, although in some
cases, a loss of a combination of these weak constituents led to a measurable effect on gene
expression. This data suggests a hierarchical structure between super-enhancer constituents, with

weaker constituents supporting the one or two main ones in a redundant fashion (Xie et al., 2017).

Importantly, the model system we work with in this thesis is a cancerous de novo super-enhancer

regulating the expression of TAL1 in Jurkat cells (Chapter 1.5, (Mansour et al., 2014)).
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1.3 Enhancer RNAs

It had long been believed that transcription by RNA polymerase Il (RNAPII) only originated from
promoter regions. Since the late 1980s, accumulating evidence pointed towards the fact that this
notion is untrue. In 2005, Cheng and colleagues showed in their systematic study of 10 human
chromosomes that an extensive portion of non-coding regions in the genome is being transcribed into
polyadenylated and non-polyadenylated RNA transcripts, finally confirming that non-coding RNAs
(ncRNAs) are an abundant species rather than an exceptional oddity (Cheng et al., 2005). In a later,
more comprehensive study of the whole human genome in 15 cell lines, the ENCODE annotation group
concluded that RNA transcripts may arise from up to three quarters of the human genome (Djebali et

al.,, 2012).

The advent of transcriptome-wide approaches marked the beginning of an era in which a myriad of
ncRNA species with distinct functions has been discovered, dispelling, time and time again, well-
established misconceptions about the limits of what RNAs can do (reviewed by (Cech and Steitz,
2014)). In 2010, the sea of emerging ncRNA classes grew to encompass yet another novel species,
which was unearthed in great numbers in the mouse genome. When Kim and colleagues realized that
many enhancers bound RNAPII, they inquired whether these regions were also being transcribed.
Having employed high-throughput RNA sequencing in mouse cortical neurons, the group found that
a subset of enhancers indeed gave rise to RNAs (Kim et al., 2010). De Santa and collaborators made

the same discovery in activated mouse macrophages (De Santa et al., 2010).

Both groups noticed that the transcription from the enhancers dynamically changed in response to a
stimulus, and Kim and co-workers also noted that the resulting enhancer RNAs (eRNAs) seemed to
arise from those enhancers that actively promoted transcription of their target genes (De Santa et al.,
2010; Kim et al., 2010). This correlation was later shown to be so strong and pervasive that several
studies proposed eRNA transcription could be used as a robust annotation method for active
enhancers (Andersson et al., 2014a; Tyssowski et al., 2018). In keeping with their key role in cell-fate
determination, enhancer transcription generally represents the first wave of transcriptional response

in mammalian cells, preceding mRNA transcription (Arner et al., 2015).

1.3.1 The biogenesis of eRNAs

Transcription can only occur at enhancers that are in an active state (Chapter 1.2.2). Nucleosomes

have been evicted from such enhancers by binding of pioneer factors (Adams and Workman, 1995;
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Boyes and Felsenfeld, 1996; Ghisletti et al., 2010; Gualdi et al., 1996; Heinz et al., 2010; Miller and
Widom, 2003; Sérandour et al., 2011; Zaret, 2020), and transcriptional machinery has been recruited
to them. This machinery includes RNAPII (De Santa et al., 2010; Kim et al., 2010; Koch et al., 2011),
general transcription factors, such as TATA-binding protein (TBP) and TBP-associated factor 1 (TAF1)
(Heintzman et al.,, 2007; Koch et al., 2011), and transcription co-factors, including histone
acetyltransferases (HAT; CBP/p300) responsible for the deposition of the H3K27ac activating enhancer
mark (Tie et al., 2009; Visel et al., 2009), histone methyltransferases (MLL1, MLL2/4, MLL3), which
deposit the H3K4me1/2 activating signature (Kaikkonen et al., 2013), and H3K27me2/3 demethylases
(Kdmé6a/b), which are responsible for removing the repressive methylation imparted to chromatin by
the Polycomb repressive complex 2 (PRC2) (Agger et al., 2007; Boyer et al., 2006). Kdm6a additionally
associates with MLL2 (Issaeva et al., 2007) and helps to recruit MLL4 (Li et al., 2017), and Kdm6b
associates with CBP (Kyzar et al., 2019), illustrating a part of the orchestrated endeavour that leads to

enhancer activation.

Transcription proceeds along the enhancer with the help of Bromodomain-Containing Protein 4
(BRD4), which facilitates the movement of RNAPII along the chromatin by interacting with acetylated
histones (Kanno et al., 2014). RNAPII at enhancers is typically phosphorylated on tyrosine-1 of the C-
terminal domain (CTD) (Descostes et al., 2014), with predominant phosphorylation on serine-5
(initiating RNAPII) in comparison to serine-2 (elongating RNAPII) (Koch et al., 2011). This
representation is consistent with the short length of typical eRNA transcripts, tied to the generally
early termination of transcription at enhancers, due in turn to the common occurrence of
polyadenylation sites at enhancers (Andersson et al., 2014a; Ntini et al., 2013). This is in contrast with
long RNA transcripts such as messenger RNA (mRNA), whose bodies are marked by an
underrepresentation of polyadenylation sites, allowing, in cooperation with an enrichmentin U1 small
nuclear ribonucleoprotein (snRNP) binding sites, productive elongation along the full length of the
transcript (Almada et al., 2013; Andersson et al., 2014a; Kaida et al., 2010; Ntini et al., 2013). The
proximity of the RNAPII initiation site and the polyadenylation signal, such as encountered at
enhancers, also contributes to the instability of the resulting transcripts, possibly owing to a facilitated
interaction between the nuclear cap-binding complex and the exosome, which is responsible for the

degradation of eRNAs (Andersen et al., 2013; Andersson et al., 2014a).

Transcription termination on enhancers is also connected with the Integrator complex and the WD
repeat-containing protein 82 (WDR82) (Austenaa et al., 2015; Lai et al., 2015). The perturbation of the
Integrator complex led to an increased association of eRNAs with RNAPII, a concomitant drop in
mature eRNA levels and a significant rise in polyadenylation of eRNAs, implicating the Integrator in

the 3’-end cleavage of newly synthesized eRNA transcripts to release them from RNAPII (Lai et al.,
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2015). The depletion of WDR82 resulted in the synthesis of elevated levels of unnaturally long eRNA
transcripts, suggesting a role of WDR82 in the recognition of polyadenylation signals by the elongating

RNAPII (Austenaa et al., 2015).

Overall, enhancer transcription seems to be a rather coordinated process, with a number of
similarities to the RNAPII transcription from promoters (reviewed in (Li et al., 2016)). RNAPII is enabled
to initiate transcription in the environment of active enhancers, elongating with the help of BRD4

before the usually short eRNA transcripts are terminated with the aid of Integrator and WDR82.

1.3.2 Structural features and other characteristics of eRNAs

Following the establishment of eRNAs as a novel RNA species, a host of studies subjected them to
detailed scrutiny. They were found to be predominantly enriched in the nuclear fraction (Andersson
et al., 2014a; Djebali et al., 2012), short (median 346 nt) and generally unstable (Andersson et al.,
2014a) and rather scarce (with approximately 5 — 15 copies per cell for the majority of examined
eRNAs and 70 — 95 molecules per cell for the most abundant ones) (Li et al., 2013). For the most part,
eRNAs were shown to be capped, but rarely spliced (only 5% of all eRNAs), owing to a lack of U1 splice
sites within the body of the transcripts (Andersson et al., 2014a). The majority of eRNAs were
repeatedly found to be non-polyadenylated and bidirectionally transcribed (Andersson et al., 2014a;
Djebali et al., 2012; Kim et al., 2010), although some exceptions and contradictions have emerged

(Andersson et al., 2014a; Djebali et al., 2012; Koch et al., 2011; Kouno et al., 2019).

Koch and co-workers noticed that longer eRNA transcripts often arose from more active enhancers,
were more likely to be transcribed unidirectionally and to be polyadenylated (Koch et al., 2011).
Several studies reported bidirectional transcription from specific enhancers with a dominant
transcription from one strand (Hsieh et al., 2014; Pulakanti et al., 2013; Schaukowitch et al., 2014).
Such a dominance of one transcript over its counterpart may have functional implications (Hsieh et
al., 2014). Interestingly, for seemingly unidirectionally transcribed elements and bidirectional
transcription with a dominant transcript, it may in fact be that the transcription does proceed
bidirectionally in a more or less equal measure, but one of the transcripts is exosome-sensitive, while
the other is not (Andersson et al., 2014b). In an intriguing twist, the work of Kouno and colleagues
showed that while transcription from many enhancers may seem to proceed bidirectionally when
assessed globally, an overwhelming majority of the same loci are, in fact, transcribed unidirectionally

on a single-cell level (Kouno et al., 2019).
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Apart from the variation in length, processing and abundance, the world of eRNA also seems to boast
a kaleidoscopic range of secondary structures. According to computational analyses, many of the
structures within eRNAs mirrored those known from other RNA species, including transfer RNAs
(tRNAs), long non-coding RNAs (IncRNAs), micro RNAs (miRNAs) and small nuclear RNAs (snRNAs),
while some were previously unobserved (Cheng et al.,, 2015; Ren et al.,, 2017). Given the close
relationship between RNA structure and function, this adumbrates the potentially multifarious roles

that eRNAs might play in transcriptional regulation.

1.3.3 Function of enhancer transcription in gene regulation

The seemingly well-regulated process of eRNA transcription (Chapter 1.3.1, further reviewed in
(Arnold et al., 2019)), the similarities between the structures of eRNAs and other RNA transcripts with
known functions (Cheng et al., 2015; Ren et al., 2017), and, perhaps most importantly, the fact that
there is a positive correlation between the level of transcription of genes and the transcriptional
activity of the enhancers in their vicinity (Kim et al., 2010), begets the question of what role, if any,

eRNAs play in the mechanism of transcriptional enhancement.

Based on the body of published research, Li and colleagues proposed a classification of eRNAs
according to their function (Li et al., 2016). The categorization derives from our current understanding
that enhancer function may be linked to transcription-unrelated mechanisms, even though the vast
majority of active enhancers are transcribed (class | eRNAs), or enhancer function may lie within the
act of transcription, rather than the transcript (class Il eRNAs), or depend on the transcripts

themselves (class Il eRNAs). Some of these functions may be non-exclusive.

1.3.3.1 Class | eRNAs

Out of the imperfection of RNAPII fidelity, the probability of transcription initiation is only about 200
times lower at a random locus than at an average correct site, or about 10* times lower than at a
maximally active promoter site, as determined in yeast (Struhl, 2007). And indeed, compared to
transcripts arising from protein-coding genes, non-coding RNAs, including eRNAs, are generally of a
much lower abundance (Djebali et al., 2012). Moreover, the high accessibility of chromatin at

enhancers can cause an increased incidence of random transcription initiation. Furthermore,
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enhancer regions display a low level of conservation across species, as, for example, by comparison of
liver enhancers in 20 mammalian species (Villar et al., 2015). Taken together, these findings may point
towards a lack of biological function of eRNAs. In such a case, the purpose of an enhancer would be

limited to providing promoter regions with transcriptional machinery.

1.3.3.2 Class Il eRNAs

In an early endeavour, Cho and co-workers isolated RNAPII complexes containing several known
chromatin remodellers, including the histone acetyltransferases p300/CBP and p300/CBP-associated
factor (PCAF) (Cho et al., 1998). A later, more systematic experiment in yeast showed that RNAPII can,
in fact, bind over 100 different proteins and ribosomal proteins, by means of its differentially
phosphorylated CTD (Phatnani et al., 2004). A recent work convincingly linked H3K4 mono- and
dimethylation at enhancers to eRNA transcription (Kaikkonen et al., 2013). Importantly, methylation
levels did not decrease upon depletion of eRNAs by locked nucleic acid (LNA) antisense
oligonucleotides (ASO), which strongly indicated that the methylation was not dependent on eRNAs,
only on the act of transcription itself (Kaikkonen et al., 2013). Taken together, this evidence suggests
that as RNAPII moves along an enhancer region while elongating an eRNA transcript, the chromatin-
remodelling machinery riding on its CTD tail gets to work, dramatically changing the landscape of local
chromatin (Figure 1.4A). In other instances, the act of transcription at enhancers may interfere with
transcription of other genes (Figure 1.4B), as exemplified by Onodera’s study of two antisense eRNAs
whose increased level of transcription was correlated with preferential expression of shorter isoforms
of nearby protein-coding genes (Onodera et al., 2012), or Cinghu’s work on intragenic enhancer

transcription which attenuated the transcription of the host gene (Cinghu et al., 2017).
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Figure 1.4: The effects of the act of eRNA transcription.

(A) The CTD tail of RNAPII binds a number of chromatin modifiers, which can deposit positive marks
on proximal histones as RNAPII tracks along the DNA strand. (B) Transcription from enhancers may
interfere with a productive elongation of a gene.

1.3.3.3 Class Il eRNAs

Over the recent years, a number of functions for eRNA has been proposed, including roles in

chromatin remodelling, promoter-enhancer looping and RNAPII pause release.

1.3.3.3.1 eRNAroles in chromatin remodelling

Mounting evidence suggests that eRNAs contribute to the alterations of chromatin landscape. For
example, in an early study, the knockdown of eRNAs associated with the myogenic regulatory factors
MyoG and MyoD led to a reduction in chromatin accessibility at the gene loci (Mousavi et al., 2013).
Another study showed that cells stably transfected with short hairpin RNA (shRNA) targeting eRNA
from the enhancer of a-subunit chorionic gonadotropin alpha (Cga) displayed diminished binding of a
known chromatin remodeller (chromodomain-helicase-DNA-binding protein 1, CHD1), but also a
dramatic drop in active H3K4me3 and H3K27ac marks and an increase in repressive H3K27me3 mark
compared to wild-type cells (Pnueli et al., 2015). The majority of these effects were observed both at
the relevant promoter and enhancer region (Pnueli et al., 2015). Furthermore, an shRNA-meditated
knockdown of Epstein-Barr virus super-enhancer RNAs led to a decrease in H3K27ac marks on the

super-enhancer (Liang et al., 2016), and an antisense oligonucleotide (ASO)-mediated knockdown of
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two eRNAs associated with the prominent inflammatory monocyte gene SERPINB2 reduced H3K27ac

and H3K4me3 at the SERPINB2 promoter (Shi et al., 2017).

A couple of later studies provided direct links between eRNAs and their influence on H3K27ac levels
(Bose et al., 2017; Jiao et al., 2018). Jiao and co-workers demonstrated that binding of the heparase
(HPSE) eRNA to heterogeneous nuclear ribonucleoprotein U (hnRNPU) promoted the interaction of
hnRNPU with the histone acetyltransferase p300 and their recruitment to the heparase super-
enhancer (Jiao et al., 2018). In a genome-wide study, Bose and colleagues demonstrated that the
histone acetyltransferase CREB-binding protein (CBP) bound a wide range of eRNAs (amongst other
RNA species), likely in a locus-specific manner. Interestingly, different species of eRNA elicited distinct
and concentration-dependent response patterns of CBP activation (Bose et al., 2017). The study put
forward a mechanistic explanation as well. RNA binding to CBP was shown to be predominantly
realized through a highly basic, disordered and evolutionary conserved RNA-binding region (RBR)
within the CBP-HAT domain (Bose et al., 2017). The CBP-RBR and adjacent residues form a loop which
blocks the active site of CBP (Thompson et al., 2004). This loop can be displaced by acetylation
(Thompson et al., 2004) and by RNA binding (Bose et al., 2017). The loop displacement frees the active
site, allowing for substrate binding and rendering the CBP-HAT domain active (Figure 1.5; (Bose et al.,

2017; Thompson et al., 2004)).

Overall, eRNAs can influence chromatin accessibility and histone modifications at their enhancer of

origin and their target promoters by direct or indirect recruitment of chromatin remodellers, such as

p300/CBP.
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Figure 1.5: eRNA binding can activate CBP, resulting in increased histone acetylation.

(A) A loop blocks an active site in CBP, preventing its enzymatic activity. (B) eRNA binding can displace
the loop, open access to the active site (denoted by a star), and render the enzyme active. (Bose et
al., 2017)
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1.3.3.3.2 eRNAroles in chromatin looping

Enhancer RNAs also seem to be implicated in chromatin looping. An early paper pointed out that
actively transcribing enhancers were more likely to participate in looping than non-transcribing ones
(Sanyal et al., 2012). Since then, several works have connected the loss of eRNAs with impaired DNA

looping.

Firstly, using both small interfering RNAs (siRNAs) and LNA ASOs, Li and colleagues showed that
depletion of several eRNAs from oestrogen receptor a (ER-a)-regulated enhancers led to a loss of
promoter-enhancer looping in human breast cancer cells; additionally, the interrogated eRNAs were
found to interact with SMC3 (structural maintenance of chromosomes protein 3) and RAD21
(radiation-sensitive mutant 21), two components of the cohesin complex (Li et al., 2013). Further
studies documented interactions between the SMC1 and SMC3 (structural maintenance of
chromosomes protein 1/3) subunits of cohesin and two enhancer IncRNAs, Evf2, contributing to the
regulation of interneuron diversity (Cajigas et al., 2018) and P®®eRNA, playing a role in the regulation

of muscle cell differentiation (Tsai et al., 2018).

Moreover, several studies reported interactions between eRNAs and the Mediator complex. Lai and
collaborators investigated a couple of enhancer-like activating ncRNAs (ncRNA-a) in human HEK293
cells and concluded that they facilitated looping by interaction with the MED1 and MED12 subunits of
Mediator complex (Lai et al., 2013). Association with Mediator complex (MED1 subunit) and a
corresponding loss of looping and downregulation of target genes upon siRNA-mediated knockdown
was also demonstrated for the sense eRNA originating from Kallikrein-related peptidase 3 (KLK3)
enhancer, one of the most potent androgen-receptor (AR)-bound regulatory elements in human
prostate cancer cells (Hsieh et al., 2014). Another pro-oncogenic eRNA, ARIEL, co-precipitated with
MED12 in a significant measure, and ARIEL knockdown led to an almost entire loss of looping between

the target ARID5B enhancer and promoter (Tan et al., 2019).

In addition, heparase (HPSE) eRNA was found to increase enhancer-promoter looping through the
above-mentioned facilitation of the hnRNPU-p300 interaction (Jiao et al., 2018); super-enhancer
IncRNA CCAT1-5L promoted local looping by binding other RNA species and hnRNPK, which was shown

to dimerize and recruit RNAPII in turn (Cai et al., 2020).

Furthermore, eRNA interaction with the common transcription factor Yin-Yang 1 (YY1), mentioned
earlier in connection with looping (Chapter 1.2.3.1), led to a modest, yet significant increase in YY1
binding to its DNA recognition motif in murine embryonic stem cells (Figure 1.6A; (Sigova et al., 2015)).
Notably, similarly to the eRNA-CBP interactions, different RNAs bound to YY1 with different affinities
(Bose et al., 2017; Sigova et al., 2015).
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Finally, other studies noted the role of eRNAs in looping without putting forward a mechanistic

explanation (Liang et al., 2016; Pnueli et al., 2015).

In sum, the direct contributions of eRNAs to chromatin looping described to date seem to concern
their interactions with the Mediator complex, the cohesin complex, YY1 or the hnRNP family
members. In a lot of these interactions, eRNAs are presumed to act as scaffolding, helping to tie the

complexes of transcriptional machinery together (Figure 1.6B).
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Figure 1.6: Roles of eRNAs in promoter-enhancer looping.

(A) Nascent transcripts, such as eRNAs or promoter upstream transcripts (PROMPTSs), interact with
Yin-Yang 1 (YY1), stabilizing its binding to enhancers and promoters. YY1 facilitates looping by
dimerization (Sigova et al., 2015). (B) eRNA may act as scaffolding, for example in androgen-receptor
(AR)-associated complexes with Mediator (Hsieh et al., 2014).

1.3.3.3.3 eRNAroles in regulation of transcription machinery

Many lines of evidence suggest that eRNAs can also regulate transcriptional machinery.

A host of studies found RNAPII levels decreased at enhancers and their target promoters after the
knockdown of the corresponding eRNAs (Cai et al., 2020; Lai et al., 2013; Maruyama et al., 2014;

Mousavi et al., 2013; Rahnamoun et al., 2018; Tan et al., 2019; Yang et al., 2016). Sometimes the

recruitment of RNAPII was indirect through another factor, such as BRD4 (Rahnamoun et al., 2018) or
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hnRNPK (Cai et al., 2020), although more often no mechanism was put forward, and a direct role of

eRNAs in the recruitment of RNAPII remains an intriguing possibility.

In a fashion similar to the ‘trapping’ mechanism described for YY1 (Sigova et al., 2015), eRNAs were
found to increase the stability of BRD4 binding to acetylated histones by direct interaction with the
two BRD4 bromodomains (Rahnamoun et al., 2018). Importantly, BRD4 not only plays a major role in
transcriptional elongation (Chapter 1.3.1), but also contributes to RNAPII recruitment, as well as
RNAPII pause release (Jang et al., 2005; Kanno et al., 2014; Rahnamoun et al., 2018; Winter et al.,
2017).
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Figure 1.7: Role of eRNAs in RNAPII pausing.

(A) RNAPII pausing is initiated by the binding of DSIF, which recruits the negative elongation factor
NELF. (B) eRNAs can contribute to the recruitment of the positive elongation factor P-TEFb, which
phosphorylates both DSIF and NELF and thus precipitates the dissociation of NELF. (Shi et al., 2017)
(C) The dissociation of NELF allows RNAPII to enter productive elongation phase. (D) eRNAs can also
act as decoy for NELF, thereby lessening the frequency of RNAPII pausing (Schaukowitch et al., 2014).
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Finally, eRNAs were further implicated in RNAPII pause release by direct interaction with the positive
transcription elongation factor b (P-TEFb) and negative elongation factor (NELF) complexes (Figure
1.7; (Schaukowitch et al., 2014; Shi et al., 2017)). RNAPII pausing is a widespread transcriptional
control mechanism, which takes place on both promoters and enhancers (Henriques et al., 2018). In
pausing, RNAPII is stabilized by the dichloro-1-B-D-ribofuranosyl-benzimidazole (DRB) sensitivity-
inducing factor (DSIF) and NELF (Figure 1.7A) until such a time that P-TEFb is recruited. P-TEFb
phosphorylates NELF and DSIF, promoting the dissociation of NELF from the paused RNAPII and the
subsequent release of RNAPII into transcriptional elongation (Figure 1.7C; reviewed in (Core and
Adelman, 2019)). Enhancer RNAs were shown to come into this process at two different steps. Firstly,
by binding to the CDK9 (cyclin-dependent kinase 9) subunit of P-TEFb, eRNAs support the recruitment
of P-TEFb to the paused RNAPII complex (Figure 1.7B, C; (Shi et al., 2017)). Secondly, eRNAs seem to
act as a decoy for NELF, competing with the nascent transcripts for binding to the RNA recognition
motif of the NELF-E subunit, hence facilitating the dissociation of NELF from the paused RNAPII

complex (Figure 1.7D; (Schaukowitch et al., 2014)).

Overall, eRNAs influence the recruitment of various transcriptional machinery, including RNAPII,

BRD4, P-TEFb and NELF.

1.3.3.3.4 eRNAs with trans roles

Most eRNAs seem to exert their function within the local environment they have arisen from — acting
in cis. Investigation suggests that some eRNAs, albeit a minority, may act on targets on different
chromosomes (trans function) (Alvarez-Dominguez et al., 2017; Hsieh et al., 2014; Mousavi et al.,
2013; @rom et al., 2010; Tsai et al., 2018). Enhancer RNAs with proposed trans functions tend to be
Inc-eRNAs, polyadenylated and/or otherwise processed. Post-transcriptional processing prolongs the
half-life of such trans-acting eRNAs, which may in turn allow them to find their distant targets (Tsai et

al,, 2018).
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1.4 CRISPR/Cas9-based screening of non-coding genome

1.4.1 A case for CRISPR

Many methods have been employed to pinpoint and study the function of enhancers, and while they
all have contributed to the bulk of our current knowledge, all of them also come with their own set of
limitations (reviewed in detail in (Gasperini et al., 2020)). While the examination of primary DNA
structure for TF binding motifs and scanning of chromatin for enhancer-associated biochemical
signatures can point us in the right direction as to the whereabouts of regulatory elements, these
approaches tell us little of the interactions that the identified elements partake in, as enhancers often
don’t regulate the linearly closest gene and quite commonly also regulate multiple ones (Chapter
1.2.3.2). Methods capturing the three-dimensional conformations of chromatin, such as chromosome
conformation capture (3C) and its derivatives for the analysis of selected local architectures (Dekker
et al., 2002; Dostie et al., 2006; Zhao et al., 2006), or so-called Hi-C with the potential to map whole
genomes (Lieberman-Aiden et al., 2009), do come a step closer to unveiling the enhancer-promoter
interactomes, but the pitfall remains that spatial proximity of regulatory elements doesn’t
automatically warrant an active interaction (Chapter 1.2.3.2). On the other side, some highly practical
information about active enhancer-promoter interactions can be gleaned from studying the
correlations between genetic sequence and variation in gene expression on the level of human
populations (expression quantitative trait locus, eQTL) (GTEx Consortium, 2017), but clearly there are
various ethical limitations to these studies, including the restriction to naturally occurring variation.
These particular limitations can be easily circumvented in massively parallel reporter assays (MPRA)
(Patwardhan et al., 2009), whereby the functionality of many different candidate enhancer sequences,
cloned as a library into a reporter vector, can be tested in a single experiment. However, MPRAs take
candidate enhancers completely out of their biological context, rendering their results potentially

irrelevant on a systemic level.

This is why the programmable perturbation of DNA sequence within a biological system observed
through the lens of transcriptional output of the perturbed cells has gained a lot of traction, offering
both a high customizability and biological relevance. First arrivals in this department were zinc finger
nucleases (ZFNs) ((Kim et al., 1996); reviewed by (Jo et al., 2015)), much later followed by transcription
activator-like effector nucleases (TALENs) (Christian et al., 2010; Pu et al., 2015). Both ZFNs and
TALENs present a fusion between site-specific DNA-binding proteins and the catalytic domain from
the Fokl endonuclease, which exerts nucleolytic activity upon dimerization. To allow for the

dimerization, the fusion proteins are targeted to both sides of the cut site. The target regions on the
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DNA are recognized through a succession of specific amino acids in the DNA-binding domains of the
fusion proteins, which can thus be engineered to recognize any desired target sequence (Christian et
al., 2010; Segal et al., 2003). While both TALENs and ZFNs are highly programmable, the need to
change the primary structure of these nucleases to reach each individual target sequence presents a

challenge for a transition into a high-throughput format.

This challenge was addressed most effectively by the discovery of a new tool for programmable
genome editing: CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats (CRISPR) and
the CRISPR-associated protein 9 (Cas9); (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013)). This
system does not require any changes on the protein level, because the specificity of the Cas9 nuclease
is defined by a short associated RNA molecule. This short, specific CRISPR RNA (crRNA) forms a
structure with the scaffolding trans-activating CRISPR RNA (tracrRNA) that interacts with Cas9 and
guides it to its target DNA sequence (Deltcheva et al., 2011; Jinek et al., 2012). Without a loss of
activity, crRNA and tracrRNA can be genetically combined into one chimeric RNA molecule, known as

a single guide RNA (sgRNA) (Jinek et al., 2012).
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Figure 1.8: CRISPR/Cas9 editing and the two pathways to repair DSBs.

Cas9 (yellow) homes in on the target sequence (green) thanks to the specific portion of the sgRNA
(blue) and the PAM recognition motif (red). Cas9 cuts on both strands, and the resulting double-strand
break (DSB) is repaired either by non-homologous end joining (NHEJ), which often causes small local
mutations (indels), or homology-directed repair (HDR), which uses a template to make a precise fix.
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An sgRNA directs the Cas9 nuclease to cut at the selected DNA site, which can be any sequence that
precedes the proto-spacer adjacent motif (PAM; for example, NGG in case of the most commonly used
Cas9 from S. pyogenes) (Figure 1.8; (Jinek et al., 2012; Sapranauskas et al., 2011)). The Cas9 enzyme
inflicts a double-strand break (DSB) to the DNA three nucleotides upstream of the PAM (Jinek et al.,
2012). In eukaryotic cells, DSBs can be repaired by either non-homologous end joining (NHEJ), or
homology-directed repair (HDR) (Figure 1.8; (Scully et al., 2019)). While HDR fixes DSBs with high
precision based on a DNA template, NHEJ — quick, efficient and generally much more common than
HDR —is a less precise ligation mechanism that often introduces small insertions or deletions (indels)
into the repaired DNA strand. This can result in the disruption of the normal function of the NHEJ-

repaired regions, a feature exploited in functional CRISPR/Cas9-based experiments.

1.4.2 Non-coding genome editing with CRISPR/Cas9-based screens

The system of our choice, CRISPR/Cas9, has previously been called the King of Genome Editing Tools
(Bannikov and Lavrov, 2017), although it might be argued that it is more like Robin Hood, a renowned
marksman with a highly accurate aim. CRISPR and the associated proteins were first discovered in
bacteria and described as their adaptive immune systems, protecting them from phages and plasmids
(reviewed e.g. in (Wright et al., 2016)). A number of groups soon started tapping into the potential of
CRISPR/Cas9 for programmable mammalian genome editing (Cong et al., 2013; Jinek et al., 2013; Mali
etal., 2013), and it was only a short while before the first CRISPR/Cas9-based screen appeared (Shalem
et al., 2014). The first screens based on CRISPR/Cas9-mediated genome editing targeted protein-
coding regions (Parnas et al., 2015; Shalem et al., 2014; Zhou et al., 2014), but the application of this
screening approach on non-coding regions closely followed suit (Chapter 1.4.2.1). A whole region
deletion strategy based on CRISPR/Cas9 soon appeared as an alternative method for the dissection of
regulatory landscapes (Chapter 1.4.2.2). Simultaneously, new methods utilizing a catalytically dead
Cas9 (dCas9) fused to various effector domains were developed, perfect for the dissection of

regulatory elements (Chapter 1.4.2.3).

1.4.2.1 CRISPR/Cas9 screens introducing small insertions and deletions

The focus of CRISPR/Cas9 screens on non-coding genome has been broad, although with potential

downstream therapeutic intervention often in mind: BCL11A (B-cell lymphoma/leukaemia 11A) in the
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centre of Canver’s study (Canver et al., 2015) is a repressor of foetal haemoglobin and a therapeutic
target for B-hemoglobinopathies; p53, which is in the spotlight of Korkmaz's work, is a well-known
tumour-suppressor; ER-a, a focus of the second part of this study, has a mitogenic effect in breast
cancer (Korkmaz et al., 2016). Another study focused on describing the regulatory landscapes of three
genes (NF1, NF2 and CUL3) causing susceptibility to BRAF protein-kinase inhibitor vemurafenib in
melanoma (Sanjana et al., 2016), while yet another explores the regulatory genomic context of PD-1,

a gene whose expression marks the state of exhaustion in CD8+ T-cells (Sen et al., 2016).

Most studies to date that endeavoured CRISPR/Cas9 screening of non-coding genome were limited to
investigating the regulatory elements belonging to either just one gene (Canver et al., 2015, 2020;
Diao et al., 2016; Sen et al., 2016) or a few (Rajagopal et al., 2016; Sanjana et al., 2016), allowing for
detailed mapping of the regions. While lacking in this sort of detail, genome-wide studies of regulatory
landscapes provide invaluable information about the more global roles of functional elements in
physiological and pathological states and processes. For example, one study used CRISPR/Cas9
screening to uncover p53-bound enhancers that play a role in oncogene-induced senescence, an
important tumour-suppressive mechanism (Korkmaz et al., 2016). In the same study, the authors also
surveyed a subset of ER-a-bound enhancers, identifying enhancers that drive proliferation of breast

cancer cells addicted to ER-a.

The methods employed to select the portions of non-coding genome for dissection varied between
groups: many made use of the fact that functional regions may be predicted by means of active or
open chromatin marks, chromosome conformation, transcription factor binding sites, or, to a limited
degree, homology with the genome of a related organism, while others chose to work with whole
regions proximal to the gene of interest. Canver et al. used DNase | hypersensitivity to pinpoint three
candidate regulatory elements of human BCL11A. By homology, they identified orthologues of these
candidate enhancers in mouse (Canver et al., 2015). Diao and co-workers focused on 174 putative
regulatory elements contained in the same topological associated domain as their gene of interest,
POUS5F1 (also known as Oct4). These candidate regions were selected because they bore marks of
enhancers, contained CTCF binding sites and/or displayed DNase | hypersensitivity (Diao et al., 2016).
The 2020 Canver’s study of the regulatory landscapes of the same gene expanded the surveyed
elements to trans-regulatory elements, choosing target regions genome-wide based on an advanced
method for mapping accessible chromatin — assay for transposase-accessible chromatin coupled with
high-throughput sequencing (ATAC-seq) (Canver et al., 2020). ATAC-seq was also used by Sen et al. to
identify putative regulatory regions of PD-1, a major marker of exhausted CD8+ T-cells, in their study
of the non-coding landscapes in exhausted versus functional effector CD8+ T-cells (Sen et al., 2016).

Korkmaz and co-workers chose sgRNA target sites for their CRISPR/Cas9 screens based on either p53
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or ER-a binding, as determined by ChIP-seq, coupled with the presence of enhancer hallmarks —
various histone marks for the p53-bound enhancers, eRNA expression for ER-a-bound elements
(Korkmaz et al., 2016). Rajagopal and colleagues screened the regulatory landscape of four different
mESC-specific genes: for three of them (Nanog, Rpp25 and Zfp42), the authors chose to dissect regions
with enhancer-like signatures in the proximity of the target genes, as well as distal loci that displayed
physical interaction in ChlA-PET. In case of the last gene, Tdgf1, they decided to simply target the 40
kb of genome most proximal to the gene in an unbiased mutagenesis (Rajagopal et al., 2016). Similarly,
Sanjana et al. tiled their sgRNAs without bias across the regions 100 kb upstream and 100 kb
downstream from each of their genes of interest (Sanjana et al., 2016). While this latter, unbiased
screening strategy may uncover regulatory regions which do not bear the classic hallmarks of
regulatory function (Rajagopal et al., 2016; Sanjana et al., 2016), the approach focused on pre-selected

regions allows the inspection of a larger portion of the non-coding landscape.

While the techniques to perform the CRISPR/Cas9 screens themselves are multitudinous, the unifying
feature is the search for differentially represented sgRNAs. Broadly, two main strategies are employed
to narrow down the pool of candidate sgRNAs (Figure 1.9). Firstly, survival (Figure 1.9A) or dropout
(Figure 1.9B) screens rely, respectively, on an advantage or disadvantage that the CRISPR/Cas9-
inflicted mutations will lend the cells in the experimental group over the cells in the control group, or
the same cells at an early time point. An example of a survival screen is Sanjana’s study of regions that
convey sensitivity to the BRAF inhibitor vemurafenib in melanoma cells: sgRNAs that disrupted regions
responsible for enhancing the expression of the genes causing sensitivity to vemurafenib (as identified
in (Shalem et al., 2014)) were enriched, as they provided an advantage to cells in vemurafenib culture
(Sanjana et al., 2016). An example of a dropout screen is Korkmaz’'s study of ER-a-bound enhancers.
In ER-a-addicted breast cancer cell lines, sgRNAs targeting ER-a-bound enhancers that are depleted
after a period of culture pinpoint enhancers that drive proliferation in these cells (Korkmaz et al.,
2016). The second strategy is based on the enrichment of populations with differential expression of
the gene of interest or its endogenous fluorescent tag (Figure 1.9C). For example, Sen and co-workers
used an antibody against their gene of interest, PD-1, to sort EL4 cells transduced with an sgRNA library
targeting putative regulatory regions of PD-1 into PD-1°" and PD-1"¢" groups, and by comparison,
found eight positive regulatory elements for PD-1 (Sen et al., 2016). Canver and colleagues, in their
study of BCL11A regulatory landscapes, FACS-sorted their cells into populations with high and low
expression of foetal haemoglobin as an inverse correlative measure of BCL11A levels (Canver et al.,
2015). Meanwhile, some authors chose to endogenously tag their genes of interest with EGFP and
then used FACS to sort the cells into groups according to GFP intensity (Canver et al., 2020; Diao et al.,

2016; Rajagopal et al., 2016).
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Figure 1.9: CRISPR screen strategies.

(A) A survival screen is designed to discover what mutations lead to an increased survival or resistance
in response to a specific condition (e.g. a therapeutic drug). This type of screen usually results in a pool
of cells with a handful of different modifications. (B) A dropout screen identifies mutations that are
either lethal or increase sensitivity under the chosen screen conditions. Most of the mutations are
expected to be represented in the final sample. (C) In an enrichment screen, the expression of a gene
of interest is linked to a fluorescent signal, and cells with different levels of fluorescence can be

enriched using FACS.

When it comes to Cas9 nuclease, some studies prefer to use cell lines stably expressing Cas9 (Canver

et al., 2015, 2020; Sanjana et al., 2016; Sen et al., 2016), while others simply introduce Cas9 at the
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same time as the sgRNA library (Korkmaz et al., 2016; Rajagopal et al., 2016).
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Most of the studies relied on transduction for stable integration of sgRNAs into the genome of the
examined cells. This strategy requires working at low multiplicity of infection (MOI) to achieve the
introduction of only a single sgRNA into the majority of the cells. However, excitingly, one study
introduced a different approach that also resulted in stably integrated sgRNAs, but allowed the use of
electroporation for sgRNA library delivery. Rajagopal and colleagues created a mouse embryonic stem
cell line with one copy of a stably integrated cassette containing a dummy guide RNA (gRNA) hairpin
under control of U6 promoter. The guide RNA portion of the dummy hairpin could then be replaced
by gRNAs from a focused library via homology-directed repair. The method requires adding homology
arms to all the gRNAs in the library by PCR. This library is then electroporated into the cell line along
with Cas9 and a plasmid coding for an sgRNA targeting the dummy portion of the integrated hairpin
(Rajagopal et al., 2016). This approach guarantees the integration of a single guide RNA in each cell
without the necessity of targeting only a small number of cells to begin with (working at low MOlI),
and with the need for cloning the library into a plasmid removed, the CRISPR/Cas9 screen itself can
be put into motion within hours from when the oligomers arrive. On the other hand, there is a
dependency on the level to which the cell line uses the homology-directed repair pathway, and it

necessitates the establishment of a stable cell line before this experiment can commence.

When it came to validating the hits from the screen, most groups chose to clone the individual sgRNAs
into a vector, transduce their original cells with it and assess the expression of the target gene
(Korkmaz et al., 2016; Rajagopal et al., 2016; Sanjana et al., 2016; Sen et al., 2016), and in one case,
the change in histone modifications at the target sites (ChIP for H3K27ac and H3K4me2 at enhancers;
(Sanjana et al., 2016)). Both Canver’s studies validated their screen results by deleting the implicated
regions via pairwise sgRNA deletions (Canver et al., 2015, 2020) and one of them also by transducing
the top-scoring sgRNA individually into a different cell line (Canver et al., 2015). Diao and co-workers
validated the candidate regulatory elements that emerged from their screen in a classic reporter
assay, cloning them individually into a luciferase plasmid (Diao et al., 2016). In the same study, the
authors also confirmed the direct effect of the sgRNA-inflicted mutations by preparing monoallelic
clonal deletions of some of the candidate regions, either on the same allele as their EGFP-tagged gene,
or the wild-type allele, and comparing the EGFP output from the two clonal cultures (Diao et al., 2016).
Overall, the percentage of false-positive hits in the CRISPR/Cas9 screens was very low. Many of the
hits mapped onto predicted transcription factor binding sites (Canver et al., 2015; Rajagopal et al.,

2016; Sanjana et al., 2016; Sen et al., 2016).

In sum, a number of CRISPR-Cas9-based editing screens dissected regulatory landscapes of potential
therapeutic targets in either a saturating mutagenesis fashion, or by pre-selecting regions based on

telltale signs of regulatory elements. A library of sgRNAs was most often virally transduced into cells
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that either stably expressed Cas9, or were co-transduced with it. Important regions were discovered
either by monitoring the survival or the dropout of the differentially edited cells, or by measuring —
directly or indirectly — the levels of expression of the target gene. All studies confirmed the screen hits

by at least one, and more often multiple means of validation.

1.4.2.2 CRISPR/Cas9 screens introducing long deletions

While CRISPR/Cas9 screens employing single guide RNAs have proved to be a source of valuable
information, some scientists argue that such screens can fail to identify a number of regulatory
elements. The reasoning behind this is that the mutations caused by a single gRNA often don’t cause
enough perturbation in the sequence to significantly impair the functionality of a regulatory element,
not least because frameshifts are irrelevant in non-coding genome. A number of groups proposed that
CRISPR/Cas9-based screens introducing long deletions with a pair of gRNAs could remedy such a lack
of sensitivity (Figure 1.10; (Diao et al., 2017; Gasperini et al., 2017; Zhu et al., 2016)). Indeed, this claim
was proved legitimate in Bing Ren’s group, who used a long deletion-based CRISPR/Cas9 screen on a
region they previously dissected using CRISPR/Cas9-mediated mutagenesis with sgRNAs, and found

five new regulatory elements that scored as negative in the previous study (Diao et al., 2016, 2017).

Figure 1.10: CRISPR/Cas9-mediated pairwise genomic deletions.

These deletions are achieved by the CRISPR/Cas9 system when the Cas9 nuclease is directed to two
target regions, typically several kb apart, within one cell.
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The sensitivity of a paired guide RNA (pgRNA) screen can be further improved by introducing
overlapping genomic deletions, thus increasing the coverage of the screen (Diao et al., 2017; Gasperini
et al., 2017). For example, Diao and co-workers, in their screen of POU5F1 regulatory landscape,
introduced 2-kb deletions throughout the 2-Mb locus with a 1.9-kb overlap between two adjacent
deletions, achieving a 20-fold coverage (Diao et al., 2017). Similarly, Gasperini and colleagues
programmed overlapping 1-kb and 2-kb deletions tiling the non-coding genome around HPRTI,

achieving a median 27-times redundancy per base (Gasperini et al., 2017).

A further advantage of the paired guide RNA CRISPR/Cas9-mediated deletion screen is a lower
dependence on an even distribution of PAM sites (Diao et al., 2017; Gasperini et al., 2017). In a similar
vein, it is not hard to imagine that this approach can also help, to an extent, with screening regions

containing repetitive elements.

Finally, this twist on the classic CRISPR/Cas9-mediated mutagenesis also allows to screen larger
portions of the genome due to a significantly reduced requirement for the number of guide RNA

vectors (Diao et al., 2017).

Along with these multitudinous advantages, however, this approach also brings many challenges and
limitations that are not associated with single guide RNA-mediated CRISPR/Cas9 screens. Perhaps the
most troublesome among these hurdles is the fact that the introduction of paired guide RNAs often
results in a large percentage of various unintended by-products, including inversions and indels at the
gRNA target sites with or without the intended deletion (Canver et al., 2014). The percentage of
deletions versus other modifications that take place seems to be largely dependent on the cell line,
size of the deletion, and even the individual pair of sgRNAs (Canver et al., 2014; Zhu et al., 2016). This
can be partially mitigated by increasing the coverage of the screen, as discussed above, although
sometimes even that can fail to preclude artefacts, as exemplified by the false positive signals in
Gasperini’s study of HPRT1's regulatory landscapes (Gasperini et al., 2017). These signals were
generated by deletions that were on target, but with incorrect boundaries, and thus extending into
transcribed portions of the gene. Such editing outcomes were rare initially, but became strongly
enriched during the selection process, and were only uncovered by meticulous hit validation by
sequencing (Gasperini et al., 2017). Another strategy to circumvent the problem of mixed editing
outcomes is to establish deletion clones, as done in Yamazaki’s study of NEATI IncRNA in the context
of paraspeckle assembly (Yamazaki et al., 2018), although this reduces the screen to an arrayed

format.

An early challenge of long deletion CRISPR/Cas9 screens has been finding means to increase the

efficiency of the deletion editing. In the first proof-of principle experiment, Cong and colleagues
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observed a 1.6% efficacy when endeavouring to delete a 119-bp fragment from human EMX1 locus
(Cong et al., 2013). This experiment was done in the easy-to-transfect HEK293FT cell line with a
plenitude of plasmid material (800 ng per well on a 24-well plate) and samples were collected 72 hours
post transfection. This is a rather low efficiency for a pooled screen, where cells need to be transduced
at a low MOI. Fortunately, subsequent experiments showed that increasing the incubation time after
the introduction of an sgRNA pair can substantially improve the editing efficiency (Gasperini et al.,
2017; Zhu et al., 2016). Gasperini and colleagues achieved 10 — 20% efficiency depending on the
system used and when assessed a week after transduction (Gasperini et al., 2017). Zhu and co-workers
observed a similar percentage of deletions a week post transduction, but also noted the editing
continued to take place after that, reaching a plateau about 15 days post transduction. Depending on
the pair of sgRNAs used, they observed a final efficiency of genomic deletions between 50 and 95%
(zhu et al., 2016). Time really appears to be a healer in this particular scenario, and if the setup of the
experiment permits, cells should be allowed to proliferate for at least 2 weeks after the introduction

of the paired sgRNA library to achieve the best genomic deletion efficiencies possible (Zhu et al., 2016).

Another early obstacle to pooled long genomic deletion CRISPR/Cas9 screens was the lack of a suitable
cloning technique for pools of paired sgRNA vectors. Two groups have published independent
methodology articles tackling this issue (Aparicio-Prat et al., 2015; Vidigal and Ventura, 2015),
proposing similar two-step cloning protocols. Both approaches use a pool of synthesized DNA
oligonucleotides, in which each oligonucleotide includes a unique pair of gRNAs. These
oligonucleotides are first inserted into an intermediate structure containing one Polymerase llI
promoter and one gRNA scaffold, and a second Polymerase Ill promoter and gRNA scaffold are then
added in the next step. Either of the cloning techniques provides a straightforward way for cloning
pools of paired gRNAs for long deletion CRISPR/Cas9 screens (Aparicio-Prat et al., 2015; Vidigal and
Ventura, 2015).

Yet another hurdle can be the levels of viral recombination within the paired gRNA pool (Aparicio-Prat
etal., 2015; Gasperini et al., 2017; Vidigal and Ventura, 2015). Fortunately, this can be easily prevented
to a large degree by using two different Polymerase Ill promoters, such as human U6 and human H1
promoters (Aparicio-Prat et al., 2015; Gasperini et al., 2017), or human and chimeric mouse-human

U6 promoter (Vidigal and Ventura, 2015).

While not exclusively an issue of CRISPR/Cas9 screens introducing long genomic deletions, the
ambiguity that can be caused by differential editing on the (usually) two alleles can present a complex
problem in a long deletion CRISPR/Cas9 screen, considering the breadth of potential unintended

products (Canver et al., 2014). An elegant solution to this problem is the use of haploid cells, such as
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the human HAP1 cell line (Gasperini et al., 2017; Yamazaki et al., 2018). Another graceful solution is
using a cell line with an endogenous EGFP tag of the gene of interest on one allele to pinpoint cis-
regulatory elements by examining a population of cells that has low EGFP fluorescence, but relatively
unchanged global levels of the gene of interest (Diao et al., 2017). A similar strategy based on the
same cell line was used by the same group for their sgRNA CRISPR/Cas9 screen (Diao et al., 2016), as
discussed in the previous chapter. As always, and especially if no such solution is applied to the screen
at hand, rigorous hit validation by multiple means needs to take place. For example, Zhu and
colleagues, in their search for IncRNAs that play either a positive or a negative role in liver cancer cell
(Huh7.5qc) proliferation, validated their hits by editing with additional pgRNAs, as well as with CRISPRi
or CRISPRa (Zhu et al., 2016).

In sum, pairwise genomic deletions can have the advantage of increasing the sensitivity of

CRISPR/Cas9-based editing screens, but this comes at a cost of a number of technical challenges.

1.4.2.3 CRISPR/dCas9-based transcriptional regulation

While screens using CRISPR/Cas9 for non-coding genome editing have proved to be a source of
invaluable information, and extensive optimization efforts have been deployed, some of the
associated limitations still remain. This includes variable efficiency of editing and size of the effect,
unpredictable editing by-products and differential editing of the targeted locus on each allele in non-
haploid cell lines (Gasperini et al., 2020). Transcriptional regulation based on catalytically dead Cas9
mutant (dCas9), an inactive version of Cas9 nuclease (Qi et al., 2013), can alleviate some of these
problems, as well as potentially provide an orthologous method to confirm results from editing
CRISPR-Cas9 screens. Transcriptional silencing based on CRISPR/dCas9 fusions with transcriptional
repressors is collectively known as CRISPR interference (CRISPRi; Figure 1.11A; (Qi et al., 2013));
transcriptional activation achieved with CRISPR/dCas9 fusions with transcriptional activators is termed
CRISPR activation (CRISPRa; Figure 1.11B; (Bikard et al., 2013; Cheng et al., 2013; Gilbert et al., 2013;

Perez-Pinera et al., 2013)).
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A CRISPRI

repressor

B CRISPRa activator

Figure 1.11: Transcriptional regulation by CRISPR/dCas9-fusions.

(A) Fusing a repressor, such as the KRAB domain, to a dCas9 and targeting the complex via an sgRNA
to transcribed regions results into transcriptional interference (CRISPRIi). (B) Transcriptional activators,
such as VP16 as a repeating unit, targeted via the CRISPR/dCas9 system to transcribed regions,
activate or increase transcription of the target genes (CRISPRa).

1.4.2.3.1 CRISPR interference

The idea of using a dCas9 as a transcriptional block was first successfully realized in E. coli, with up to
1000-fold repression levels (Qi et al., 2013). While the group also tested the system in human HEK293
cells, they only achieved a two-fold decrease in gene expression with the most effective of their
sgRNAs. In their following paper, the same group created dCas9 fusions with three different domains
with known transcriptional repression function, identifying a dCas9 fusion with Kriippel-associated
box domain (KRAB) as the most effective one (Gilbert et al., 2013). KRAB domain, a 75-amino acid,
highly conserved region present in many zinc finger proteins, was described as a transcriptional

repressor a quarter of a century ago (Margolin et al., 1994), and the mechanism of the gene silencing
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it mediates has been the subject of a number of subsequent studies (Groner et al., 2010; Schultz et
al., 2002; Sripathy et al., 2006). When using the dCas9-KRAB fusion for epigenetic editing in a GFP-
expressing HEK293 cell line, Gilbert and colleagues observed at least a three-fold decrease in GFP
expression for 6 out of 8 sgRNAs, and a 15-fold decrease for the best sgRNA (Gilbert et al., 2013).
Furthermore, they could knock down endogenous genes in Hela cells by means of the dCas9-KRAB
fusion, although with a lower efficiency, between two- and five-fold; and, in important news for non-
coding genome, also observed gene silencing upon targeting its promoter with the same fusion
protein. In a following study, yet the same group systematically assessed tens of thousands of different
sgRNAs, performing first CRISPRi screens and creating a set of rules for efficient, on-target gene

repression with typical knockdown efficiencies between 80 and 99% (Gilbert et al., 2014).

The first attempt at targeting an enhancer region with CRISPRi was carried out in Gao’s study, which
compared the efficiencies of TALE and dCas9 platforms for gene silencing via enhancer targeting, and
pronounced dCas9-KRAB a superior repressor to TALE-KRAB (Gao et al., 2014). By performing CRISPRIi
of a specific DNasel hypersensitivity site (HS2) within the globin locus control region, a complex
regulatory element for haemoglobin gene expression, Thakore and co-workers showed that dCas9-
KRAB binding is highly specific in genome-wide context and results in highly specific gene repression,
accompanied by near-perfect specificity of H3K9me3 deposition and DNase | hypersensitivity changes

(Thakore et al., 2015).

A number of groups went on to use dCas9-KRAB in a screen format (Fulco et al., 2016, 2019; Gasperini
etal., 2019; Klann et al., 2017; Xie et al., 2017). Two of the studies concentrated on surveying the non-
coding regulatory landscape of one gene at a time with high density of sgRNAs (Fulco et al., 2016;
Klann et al., 2017). For example, for their dissection of a 74-kb region surrounding GATA1, Fulco and
colleagues designed a library of sgRNAs with a 16-bp average spacing and used a sliding window
approach in their evaluation, averaging the effects of 20 consecutive sgRNAs. This helped them to deal
with the common problem of a varying sgRNA efficiency while providing them with high-confidence
results (Fulco et al., 2016). Other groups instead chose to focus on a higher number of candidate
enhancers at the cost of limiting the number of sgRNAs used to 2 — 4 per each element (Fulco et al.,
2019; Gasperini et al., 2019; Xie et al., 2017). As one example, a method introduced by Fulco and co-
workers, CRISPRi-FlowFISH, uses FACS to bin-sort cells labelled for an RNA of interest by fluorescence
in situ hybridization (FISH), upon an infection with a CRISPRi sgRNA library at low MOI (Fulco et al.,
2019). While infections at low MOI have been the golden standard for CRISPR screens in general, two
recent studies described how performing a CRISPRi screen at higher MOI, when coupled with single
cell RNA sequencing, can increase power while reducing the number of cells needed in an experiment

(Gasperini et al., 2019; Xie et al., 2017). The study from Hon lab probed 71 enhancer constituents of
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15 super-enhancers in a set of experiments using between 1.1 and 3.2 sgRNAs per cell, pinpointing
elements with an effect between 18 to 88.9% of target gene expression (Xie et al., 2017). Gasperini
and co-workers went even further, assessing the activity of 5779 candidate enhancers with a median
of 28 sgRNAs per cell, allowing them to discern effects ranging from 1.4% to 97.5% of target gene
expression (Gasperini et al., 2019). While these multiplexed experiments can be done on a large scope
with a much-improved power compared to classic low MOl screens, and have the ability to disentangle
penetrance (the percentage of cells in which the given enhancer is active) and the actual contribution
of the given enhancer to the target gene expression, this emerging type of screen still suffers from
several limitations common to CRISPR-based screens, and additionally bears the high costs associated

with single cell sequencing (Gasperini et al., 2019; Xie et al., 2017).

A number of other groups proceeded to explore the functionality of dCas9 fusions with other domains
known to impart repressive epigenetic marks, with varying success (Huang et al., 2017; Kearns et al.,
2015; Kwon et al., 2017; Liu et al., 2016; Vojta et al., 2016). The most interesting study from the
perspective of enhancer dissection was the work of Kearns and colleagues (Kearns et al., 2015),
showing that a dCas9 fusion with lysine-specific demethylase 1 (LSD1), a H3K4/K9-demethylase
essential for enhancer silencing (Whyte et al., 2012), efficiently repressed gene transcription through
epigenetic changes when targeted to enhancers, but not promoters (Kearns et al., 2015). This
selectivity of dCas9-LSD1 was in opposition to the broader specificity of dCas9-KRAB, which
indiscriminately repressed transcription when targeted to both enhancers and promoters (Kearns et
al., 2015). The other fusions were only used to target promoters: employing a DNA methyltransferase
fusion, dCas9-DNMT3A (DNA methyltransferase 3 alpha), consistently achieved specific methylation
at CpG islands accompanied by strong target gene repression (Huang et al., 2017; Liu et al., 2016; Vojta
et al., 2016), while the use of a histone deacetylase fusion, dCas9-HDAC3 (histone deacetylase 3), led

to opposing results under different experimental conditions (Kwon et al., 2017).

Overall, dCas9-KRAB and dCas9-LSD1 proved to be useful fusions for CRISPR interference at

enhancers.

1.4.2.3.2 CRISPR activation

CRISPR activation, or CRISPRa, emerged at the same time as its inhibitory twin, CRISPRi, and was also
first used for targeting promoters (Bikard et al., 2013; Cheng et al., 2013; Gilbert et al., 2013; Perez-

Pinera et al.,, 2013). The first dCas9-based activators were mostly created using the minimal
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transcriptional activation domain VP16 (Greaves and O’Hare, 1989; Triezenberg et al., 1988) as a
repeating unit. VP16 acts as a scaffolding for a number of transcription factors (Hirai et al., 2010).
Initially, three VP16 domains were fused into VP48, without any success at endogenous gene
activation (Cheng et al., 2013), but more fruitful fusions followed suit — four VP16 domains fused into
VP64 (Gao et al., 2014; Gilbert et al., 2013; Perez-Pinera et al., 2013) and ten VP16 domains fused into
VP160 (Cheng et al., 2013; Gao et al., 2014). Gao’s study showed that the efficiency of VP64 and VP160
was comparable (Gao et al., 2014). Additional transactivators used in early studies included the w
subunit of the bacterial RNAP (Bikard et al., 2013) and the p65 activation domain (Gilbert et al., 2013).
Overall, the dCas9-VP16-based fusions exhibited a high genome-wide specificity (Cheng et al., 2013;
Hilton et al., 2015; Perez-Pinera et al., 2013; Polstein et al., 2015) and a synergistic effect of multiple

sgRNAs against the same regulatory element (Cheng et al., 2013; Perez-Pinera et al., 2013).

Several groups used dCas9-VP64 and/or VP160 to target enhancers (Gao et al., 2014; Ginley-Hidinger
et al., 2019; Hilton et al., 2015; Sano et al., 2020; Simeonov et al., 2017). In an unbiased saturating
screen of the 135-kb CD69 locus, Simeonov and colleagues showed that dCas9-VP64, in conjunction
with a targeting sgRNA library, was able to pinpoint known regulatory elements (Simeonov et al.,
2017). The group then proceeded to screen 178 kb of genome surrounding /L2RA, discovering
previously undefined regulatory regions within the IL2RA super-enhancer. Using dCas9-VP64 together
with individual sgRNAs or sgRNA tandems, Sano and colleagues targeted multiple potential enhancer
and promoter regions of genes involved in cardio-specific differentiation, in a hope to trigger the
development of cardiomyocytes upon their loss in a heart attack, with favourable resultsin a rat model
(Sano et al., 2020). In general, most studies that assessed the target gene enrichment in response to
dCas9-VP64 or dCas9-VP160-mediated activation through enhancer targeting found the mRNA levels
of the genes of interest significantly elevated several fold compared to controls (Gao et al., 2014;
Ginley-Hidinger et al., 2019; Sano et al., 2020). However, Hilton and colleagues found a very limited,
if any, activation potential of dCas9-VP64 at all five tested enhancers, even when multiple sgRNAs

were administered for synergy (Hilton et al., 2015).

Apart from setting forth a discouraging set of results for dCas9-VP64-mediated activation of gene
expression from enhancer regions, Hilton’s work also introduced a new promising transactivating
fusion protein, dCas9-p300 (Hilton et al., 2015). p300 is a histone acetyltransferase (Ogryzko et al.,
1996) responsible for the deposition of the active H3K27ac marks on chromatin (Tie et al., 2009). In
the experimental context of Hilton’s study, the effects of the dCas9-p300 fusion were extremely
powerful when targeted to either enhancers or promoters, even by individual sgRNAs (Hilton et al.,
2015). For example, selected individual sgRNAs against enhancers increased transcription of the target

genes over 20 times. Somewhat at odds with this report, even when focused at different loci in a
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different cell line, a later study presented dCas9-p300 as only a modest transcriptional activator,
largely dependent on the RNAPII amounts already present at the targeted site (Ginley-Hidinger et al.,
2019). Nevertheless, Chen and co-workers successfully modulated transcriptional activity in neurons
by targeting dCas9-p300 to Fos and Npas4 enhancers (Chen et al., 2019), and Klann and colleagues
employed the dCas9-p300 fusion for screens of the beta-globin locus and the HER2 regulatory
landscapes, finding a generally good correlation with a CRISPRi screen they carried out alongside
(Klann et al., 2017). Interestingly, however, Kuscu and colleagues reported that sequences displaying
no features of regulatory activity could be turned into enhancer-like elements by virtue of dCas9-p300
targeting (Kuscu et al., 2019). As a result of novel H3K27 acetylation deposited by the dCas9-p300
fusion, these induced enhancers formed new 3D connections and increased expression of nearby
genes. This finding, along with the fact that some active regulatory elements failed to be identified in
Klann’s dCas9-p300 screen, means that caution should be strongly exercised when making conclusions
about existing regulatory elements within a region from gain-of-function experiments, with a loss-of-
function experiment ideally performed as a complementary method (Klann et al., 2017; Kuscu et al.,

2019).

Finally, several other transactivating fusions with varying degrees of potency have been described,
including dCas9-Tetl human demethylase (Liu et al., 2016), dCas9-CBP acetyltransferase from
Drosophila (Sajwan and Mannervik, 2019) and dCas9-ROS1 demethylase from Arabidopsis (Devesa-
Guerra et al., 2020).

In sum, a usually efficient CRISPR activation can be achieved by using dCas9 fusions with VP64, VP160
or p300, although the method may often lead to false positive as well as false negative results.
Therefore, rigorous hit validation, perhaps along a complementary CRISPRi screen, are needed to lend

credibility to CRISPRa results.

1.4.2.4 Lessons from CRISPR/Cas9-based screens of non-coding genome

Screens based on the CRISPR/Cas9 technology have been successfully deployed to dissect various
portions of non-coding genome to reveal functional relationships between specific regulatory
elements and their target genes. Moreover, though, some of the discussed studies also came to locate
new regulatory elements and to discover (or confirm) more general truths about transcriptional

regulation.
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The potential for discovery of new regulatory elements belongs to those studies that venture to
dissect the non-coding landscape in an unbiased fashion. In several such endeavours, a number of
regulatory regions was observed that didn’t coincide with features habitually associated with
enhancers or regulatory regions in general (Diao et al., 2017; Rajagopal et al., 2016; Sanjana et al.,
2016). Rajagopal and his colleagues described these genomic elements, which are often over 1 kb long
and sensitive to base substitution in parts, as unmarked regulatory regions (UREs), noting that they
influence their target gene expression at a similar level to some distal enhancers (Rajagopal et al.,

2016).

Another interesting group of regulatory elements found by virtue of CRISPR-Cas9-based screens are
temporary enhancers. These regions showed high DNase | hypersensitivity and gave weak, but
statistically significant positive results in a luciferase reporter assay. In cell culture, they temporarily,
yet detectably downregulated expression of their target gene, POU5F1 (Diao et al., 2016, 2017). The
authors theorized that the reason why these elements only function in a temporary fashion may be
that they are only needed transiently or that they are replaceable by other similar elements upon their
disruption. Speculating over the potential roles of such elements, Diao and co-workers suggest that
they may be needed at transcription initiation, or function as a scaffold of the local chromatin
architecture, or facilitate the association of their target gene with transcription factories (Diao et al.,

2016).

Examining the nature of interactions between regulatory elements, some groups noticed that
promoters can act as enhancers for neighbouring genes (Diao et al., 2017; Gasperini et al., 2019;
Rajagopal et al., 2016). For example, Rajagopal and colleagues noted that while the non-coding
landscapes of each of the four genes that they studied were different, a common denominator was
the regulation of each of the genes by promoters of other genes, some of which were up to several
Mb away (Rajagopal et al., 2016). Diao and collaborators found that there was a total of 18 promoters
which participated in the regulation of their gene of interest, POU5F1, in human embryonic stem cells

(Diao et al., 2017).

Some of the studies also confirmed established beliefs about enhancers. Several groups observed a
competition for shared enhancers and/or regulation of multiple genes by a single enhancer (Fulco et
al., 2016, 2019; Klann et al., 2017), and a single gene was often reported to be regulated by multiple
enhancers (Diao et al., 2017; Fulco et al., 2016; Gasperini et al., 2019; Ginley-Hidinger et al., 2019).
Furthermore, the range of effects of each particular regulatory element on its target gene expression
was shown to be extremely wide, from meagre 1-2% contributions to almost a full responsibility for

the gene transcription (Fulco et al., 2019; Gasperini et al., 2019). Finally, two of the works concluded
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that the level of evolutionary conservation of the dissected regulatory regions was low between
humans and non-primate species (Canver et al., 2015; Sanjana et al., 2016). Canver’s study identified
mouse orthologues of the human enhancers they were studying, but found their activity to be
different from their human counterparts (Canver et al., 2015). In Sanjana’s work, elements identified
as regulatory, while conserved in primates, were 1.7 times less likely to occupy regions of genome

near conservation peaks among mammals (Sanjana et al., 2016).

Overall, CRISPR-Cas9-based screens proved to be useful not only in unveiling the functional
importance of regulatory elements in connection to their target genes, but also in pinpointing new

functional regulatory elements and confirming previously observed phenomena.

1.5 TAL1 enhancer in Jurkat cells

The TAL1 super-enhancer in Jurkat cells is a monoallelic regulatory element that supports an
aberrantly high expression of TAL1 (T-cell acute lymphocytic leukaemia protein 1) and drives an

increased proliferation in the cell line (Mansour et al., 2014).

TAL1 is a class B basic helix-loop-helix (bHLH) protein (Hsu et al., 1994a) that functions as a
transcriptional regulatory factor (Hsu et al., 1994b). TAL1 utilizes its bHLH domain to dimerize with E
proteins, which are class A bHLH proteins such as E12 and E47 (E2A gene products), E2-2 and HEB (Hsu
etal., 1994b). TAL1 heterodimers recognize the consensual E-box sequence, AACAGATGGT (Hsu et al.,
1994b).

TAL1 plays a critical role in hematopoietic regulation (reviewed by (Porcher et al., 2017)). In normal
development, TAL1 is silenced at common lymphoid progenitor stage (Zhang et al., 2005). In T-cell
acute lymphoblastic leukaemias (T-ALL), which are haematological malignancies characterized by the
accumulation of transformed thymocytes under maturation arrest, an aberrant expression of TAL1 is
associated with up to 45% of paediatric T-ALL cases, as well as 10 — 15% of adult cases (Bardelli et al.,
2021; Sanda et al., 2012). This TAL1 dysregulation may owe to one of multiple genetic abnormalities,
including the t(1;14) (p32;q11) chromosome translocation (Begley et al., 1989; Bernard et al., 1990;
Chen et al., 1990; Finger et al., 1989), the 90kb tal® deletion (Brown et al., 1990) and a de novo TAL1
enhancer creation 7.5 kb upstream from TAL1 (Figure 1.12, Figure 1.13 and Figure 1.14; (Liu et al.,
2017; Mansour et al., 2014)).
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Figure 1.12 has been redacted for

third-party copyright reasons.

Please find the original Figure in
Mansour et al.,, 2014, where it is

designated Figure 2A.

Figure 1.12: De novo MYB-binding site at the TAL1 enhancer locus.

Mutations (in red) in T-ALL cell lines (Jurkat and MOLT-3) and in 8 different T-ALL patients all create
new MYB binding motifs in the same region of the TAL1 enhancer locus (from (Mansour et al., 2014)).

The -7.5 kb TAL1 enhancer is a monoallelic feature brought into existence by mutations that introduce
a novel MYB transcription factor binding site (“mutation of the TALI enhancer”, MuTE; (Mansour et
al., 2014)). Such newly introduced MYB binding motifs (GACGTA) were found in 5.5% or 5.7% of
examined samples from paediatric and young adult T-ALL patients (Figure 1.12; (Liu et al., 2017;
Mansour et al., 2014)). Moreover, not one, but two consecutive novel MYB binding sites were
discovered upon examination of the TAL1 enhancer locus in the Jurkat cells (Figure 1.12; (Mansour et

al., 2014)).

A ChIP-seq experiment in Jurkat cells confirmed the presence of MYB at the MuTE site and revealed
the binding of multiple other transcription factors, including GATA3, RUNX1 and HEB, as well as TAL1
itself and the histone acetyltransferase CBP (Figure 1.13; (Mansour et al., 2014)). An enrichment for
RNAPII and Mediator protein spanned downstream from the MuTE site for over 20 kb (Figure 1.13),
as did the aberrant H3K27 acetylation, which also spread for many kb in the upstream direction from
the MUTE site (Mansour et al., 2014). 3C mapping of the regulatory landscape of TAL1 in Jurkat cells
confirmed high-frequency contacts between the TAL1 promoter and the region around 500 bp
upstream from the MuTE site (Zhou et al., 2013), and the CRISPR-Cas9-mediated excision or disruption
of the aberrant MYB-binding sites led to a profound drop in TAL1 levels in Jurkat cells (Mansour et al.,
2014). Collectively, these findings strongly indicate that this region in Jurkat cells is a de novo super-

enhancer largely contributing to the regulation of TAL1 expression (Figure 1.14).
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Figure 1.13 has been redacted for

third-party copyright reasons.

Please find the original Figure in
Mansour et al.,, 2014, where it is

designated Figure 3A.

Figure 1.13: MYB and members of TAL1 co-activator complex bind at the mutation site at the TAL1
enhancer.

ChlP-seq tracks (in reads per million reads) show the presence of MYB, GATA3, HEB, RUNX1, TAL1,
CBP, RNAPII, and Mediator 1 (MED1) at the MuTE site in Jurkat cells (from (Mansour et al., 2014)).

The fact that MYB knockdown in Jurkat cells resulted in significant TAL1 downregulation, coupled with
the fact that the CRISPR/Cas9-mediated removal of one or both of the MYB-binding sites in the TAL1
enhancer in Jurkat cells led to a 55 — 85% decrease in TAL1 expression, suggested that MYB is the first
factor to bind to the MUuTE locus and nucleate the transcriptional complex present at the TAL1
enhancer in Jurkat cells (Mansour et al., 2014). In all likelihood, upon binding, MYB recruits CBP, which
in turn acetylates chromatin locally, opening it up for other transcription factors, including GATAS3,
RUNX1 and HEB (Mansour et al., 2014). These transcription factors, including TAL1, form a so-called
TAL1 (co-activator) complex (Figure 1.14). Interestingly, a number of TAL1 co-activator complex

members, namely MYB, TAL1, GATA3 and RUNX1, were found to occupy each other’s and their own
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regulatory elements and to be positively interconnected in an autoregulatory loop (Mansour et al.,

2014; Sanda et al., 2012).

TAL1 co-activator complex

——

antisense TALT-eRNA

TAL1 gene

N—— /// =
TAL1 promoter RNAP||
R -

TAL1 enhancer

Figure 1.14: The TAL1 enhancer and TAL1 co-activator complex.

The TAL1 enhancer is a de novo enhancer found in Jurkat cells and some other T-ALL cells, centred
around a novel MYB-binding site around 7.5 kb upstream from TAL1 transcription start site. MYB
binding initiates the formation of the TAL1 complex, which includes CBP, RUNX1, GATA3, HEB, E2A
and TAL1 itself. RNAPII is recruited to the enhancer and transcribes a portion of it in a bidirectional
manner.

Finally, a bidirectional eRNA transcription from the TALI super-enhancer in Jurkat cells has been
documented by precision run-on sequencing (PRO-seq) (Figure 1.15A, B; GEO accession: GSM1613182;
(Danko et al., 2015)), confirming the existence of a sense and antisense TALI-eRNA, or eTAL1 (structure

predictions in Figure 1.15C, D). It is these two eRNAs that are in the spotlight of this doctoral work.
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Figure 1.15: eRNA transcription at the TAL1 enhancer in Jurkat cells.

(A) PRO-seq of the TAL1 enhancer region documents bidirectional transcription; (B) detailed PRO-seq
tracks in the region of the TALI enhancer surrounding the MYB binding site spotlight the sense
(orange) and antisense (green) eRNAs (Danko et al., 2015). The figure was made in IGV, the Integrative
Genomics Viewer (Robinson et al., 2011), GRCh37/hg19 assembly. (C, D) Predictions of the secondary
structure of (C) sense TALI-eRNA and (D) antisense TALI-eRNA, constructed using the Fold algorithm
on the RNAstructure Web Server (Reuter and Mathews, 2010), which predicts the lowest free energy
structure.
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1.6 CRISPR/Cas9-mediated dissection of the TALI super-enhancer in

Jurkat cells

While a small wealth of information about eRNAs has been collected and a number of functions
proposed for the species (Chapter 1.3), the mechanistic basis for eRNA function remains unclear. To
address the enigma of eRNA functionality, we have decided to work with the de novo TALI enhancer
(or TAL1 super-enhancer — these two terms are used interchangeably throughout this work) in Jurkat

cells. This choice is supported by a number of reasons.

Firstly, TAL1 enhancer in Jurkat cells is very well-defined (Chapter 1.5). Secondly, the aberrantly high
TAL1 levels are crucial for the proliferation of the cell line (Palii et al., 2011; Palomero et al., 2006;
Sanda et al., 2012), which provides a convenient means of assessing changes in TAL1 expression.
Thirdly, the levels of TAL1 in Jurkat cells are largely dependent on the TAL1 enhancer, as evidenced by
an almost complete abrogation of TAL1 expression following the core TAL1 enhancer removal (to the
point that continued viability of cells edited in this manner had to be maintained by the expression of
an exogenous TAL1), and a TAL1 level drop to 15— 45% of wild-type Jurkat TAL1 levels in cells disrupted
at the TAL1 enhancer MYB-binding site by small, CRISPR/Cas9-mediated indels (Mansour et al., 2014).
Finally, preliminary experiments from our lab (Dr. Dan Bose) have implied a functional role for TAL1-
eRNAs — an ASO-/LNA ASO-mediated knockdown of the sense TALI-eRNA led not only to a substantial
dropin the levels of the TAL1-eRNA transcript itself, but also resulted in concurrently decreased levels

of TAL1 mRNA.

To study whether an eRNA has a function in itself or not, it is often sufficient to knock the transcript
down with ASO or siRNA. However, to study what structural determinants lend functionality to an
eRNA transcript, an alternative approach is called for, one that allows to inspect the functionality of
discrete regions within the eRNA transcript. For this purpose, we have decided to use a CRISPR/Cas9-

mediated saturating mutagenesis screen (Canver et al., 2015).

Because any significant reduction in TAL1 levels will lead to a decrease in Jurkat cell proliferation (Palii
et al., 2011; Palomero et al., 2006; Sanda et al., 2012), and because TALI-eRNAs seem to play a role
in the aberrant TAL1 upregulation, any mutations in the TAL1 enhancer that lead to a damage in
functionally important regions of TAL1-eRNAs should be disfavoured. The CRISPR/Cas9-mediated
mutagenesis screen is based on this reasoning — sgRNAs targeting critical regions of TAL1 enhancer

should be underrepresented in the experimental samples.
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Figure 1.16: CRISPR/Cas9-mediated saturating mutagenesis of the transcribed portion of the TAL1
enhancer in Jurkat cells.

All unique sgRNAs targeting the transcribed portion of the TAL1 enhancer will be cloned into a plasmid
and packaged into a lentiviral library for delivery into genetically modified Jurkat cells, which can
inducibly express an exogenous FLAG-TAL1 and stably express Cas9 as a component of the
CRISPR/Cas9 system. Upon the transduction of the library, the control group will be supplemented
with doxycycline to enable the FLAG-TAL1 rescue, while the experimental group will be left to its own
devices. After the editing has taken place and the editing effects have had a chance to manifest,
genomic DNA from the cells will be isolated for sequencing, and the sgRNA representation will be
compared between the experimental and the control group.
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To provide for a control group with equal representation of sgRNAs, we decided to use a system of
rescue (Figure 1.16). To this end, we have chosen to establish a cell line with doxycycline-inducible
expression of exogenous FLAG-tagged TAL1l. By comparison of the sgRNA representation in the
experimental and the control group, we aim to build a map of important functional regions within the

TAL1-eRNA molecules.

Chapter 3 of this work will deal with the establishment of the Jurkat cell line with a doxycycline-
inducible expression of FLAG-TAL1 and a stable expression of Cas9. Chapters 4 and 5 will then tell of
the validation of this cell line, and Chapter 6 will describe the necessary considerations for the

CRISPR/Cas9-based dissection of the TALI enhancer in Jurkat cells.

By learning about how the functionality of TAL1-eRNAs is conveyed, we hope to contribute to a more

general understanding of how eRNAs exert their functions.
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2 Materials and methods

2.1 Cloning and plasmid preparation

2.1.1 Buffers and media
50x TAE: 2 M Tris base, 1 M glacial acetic acid, 50 mM EDTA

Luria Broth (LB) media: each 25 g of LB Broth granules (Melford) was dissolved in 1 L Milli-Q® water

and sterilized by autoclaving for 20 min at 121°C

LB agar: each 32 g of LB Agar granules, Low Salt Formula (Melford) was dissolved in 1 L Milli-Q® water

and sterilized by autoclaving for 20 min at 121°C

2.1.2 Molecular biology kits

PCR product purification: Monarch® PCR DNA Cleanup Kit (NEB)

Gel extraction: QlAquick® Gel Extraction Kit (QIAGEN)

Plasmid DNA extraction and purification (small scale): Monarch® Plasmid Miniprep Kit (NEB)

Plasmid DNA extraction and purification (medium scale): QIAGEN® Plasmid Plus Midi Kit (QIAGEN)
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2.1.3 Plasmids

Bacterial Mammalian
Plasmid Source

resistance selection marker
pRetroX-Tet3G Ampicillin Neomycin Clontech
pRetroX-TRE3G Ampicillin Puromycin Clontech
pRetroX-TRE3G-Luc Control Ampicillin Puromycin Clontech
pVSV-G Ampicillin - Clontech
lentiCas9-Blast Ampicillin Blasticidin Addgene (#52962)
pMD2.G Ampicillin - Addgene (#12259)
pRSV-Rev Ampicillin - Addgene (#12253)
pMDLg/pRRE Ampicillin - Addgene (#12251)
pSIN4-EF1a-TAL1-IRES-Puro Ampicillin Puromycin Addgene (#61065)
lentiGuide-Hygro-dTomato Ampicillin Hygromycin Addgene (#99376)
lentiCas9-Blast Ampicillin Blasticidin Addgene (#52962)
pSpCas9(BB)-2A-GFP (PX458) Ampicillin - Addgene (#48138)
pAcGFP1-C1 Ampicillin Neomycin Clontech
Lenti-(BB)-EF1a-KRAB-dCas9- Ampicillin Blasticidin Addgene (#118154)

P2A-BlastR

Table 2.1: Plasmids used in this doctoral work.




2.1.4 Polymerase Chain Reaction (PCR)

Each PCR reaction was done in a 50 ul volume:

Component 50 pl reaction
H2.0 to 50 pl

10x PFu Ultra Il reaction buffer 5ul

DMSO (Sigma) 2.5yl

100 uM forward primer (IDT) 0.25 pl

100 puM reverse primer (IDT) 0.25 pl

10 mM dNTP mix (Roche) 5ul

PfuUltra Il Fusion High-Fidelity Polymerase (Agilent) 0.5 ul

DNA template 1u

Table 2.2: The composition of a 50 pl PCR reaction.

A ProFlex PCR thermocycler (Applied Biosystems) was employed to run the reaction:

CYCLE STEP TEMPERATURE TIME CYCLES
Initial denaturation 95°C 5 min 1
Denaturation 95°C 45s 30
Annealing 55 —59°C (depending on the primer) 45s

Extension 72°C 25 s/kb

Final extension 72°C 15 min 1

Table 2.3: The parameters for a PCR reaction run.
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2.1.5 Phenol:chloroform extraction and ethanol precipitation

DNA preparations in aqueous solutions containing unwanted ions or proteins were isolated using the
phenol:chloroform extraction and purified using ethanol precipitation. Briefly, nuclease-free H,0
(Sigma-Aldrich) was added to the sample to bring the volume up to 350 pl. Then, an equal volume of
phenol:chloroform:isoamyl alcohol, 25:24:1, pH 8.0 (Sigma) was added and the sample was mixed by
vigorous shaking for 15 seconds before a centrifugation at 12,000 x g for 10 minutes. The aqueous
fraction was removed into a fresh tube, and 0.1 volumes of 3 M sodium acetate pH 5.0, 1 ul GlycoBlue
and 2.5 volumes of cold 100% ethanol were added. The sample was mixed by inverting, then incubated
at -80°C for >60 minutes to precipitate the DNA. Afterwards, the sample was spun at 20,000 x g and
4°C for 15 minutes, the supernatant was removed, and the pellet washed with 70% and 80% cold
ethanol in two subsequent steps, each wash followed by a centrifugation for 5 minutes at 20,000 x g
and 4°C. After the final spin and removal of the 80% ethanol, the DNA pellet was allowed to air-dry

briefly before resuspension in H,0 or a desired buffer.

2.1.6 Agarose electrophoresis

UltraPure™ Agarose (Thermo Fisher) and 1x TAE buffer were used to prepare a 1% agarose gel, which
was supplemented with SYBR™ Safe DNA Gel Stain (Thermo Fisher) to a 1:10,000 dilution. Once the
gel solidified, it was placed in a gel tank, which, in turn, was filled with 1x TAE. Samples were loaded
into the wells along with an appropriate standard (Quick-Load® 1 kb DNA Ladder or Quick-Load®
Purple 100 bp DNA Ladder, both NEB) and the gel was run at 80 — 120 V for 0.5 — 1.5 hours. Gels were
visualized in blue light and photographed using a G:BOX Chemi-XRQ (Syngene).

2.1.7 Transformation of bacterial cells

Competent E. coli cells of the Stbl3 strain (genotype: FmcrB mrrhsdS20(rs", mg’) recA13 supE44 ara-
14 galK2 lacY1 proA2 rpsL20(Str?) xyl-5 Nleumtl-1; Thermo Fisher) were thawed on ice for 10 minutes.
Then, 1 pg — 100 ng (1 -5 pl) of plasmid DNA was added to 50 pl of the Stbi3 cells in an Eppendorf
tube. After a gentle mix, the suspension was placed on ice for 30 minutes, then heat-shocked at 42°C
for 40 seconds before being returned to ice for 5 minutes. 450 ul of room-temperature SOC media

(Melford) was added to the cell suspension, and cells were incubated for 1 hour at 37°C with vigorous
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shaking (500 RPM in a table-top shaking incubator) before being spun down at 3000 RPM for 5
minutes. 400 ul of the media was discarded and the cells were resuspended in the leftover medium
and plated out on LB agar plates containing 100 pg/ml ampicillin. These plates were incubated

overnight (12 — 16 hours) at 37°C and checked for colonies in the morning.

2.1.8 Plasmid preparation and sequencing

Selected colonies from the overnight plates were each transferred into a 50 ml Falcon tube with 5 ml
LB media containing 100 pug/ml ampicillin. These suspensions were incubated for 12 — 16 hours at 37°C
with vigorous shaking (220 RPM on a shaking platform). The plasmid was isolated and purified from

the cells using the Monarch® Plasmid Miniprep Kit (NEB), and sequenced by Eurofins Genomics.

To generate larger amounts of the desired plasmids, Stbl3 cells were transformed and plated as
described above, and a 5 ml starter culture was prepared from a selected colony. 100 — 500 pul of the
starter culture was used to inoculate 100 ml of LB media containing 100 pug/ml ampicillin in a 250 ml
conical flask, which was then incubated for 16 hours at 37°C and 220 RPM on a shaking platform. The
plasmid was isolated and purified using the QIAGEN® Plasmid Plus Midi Kit (QIAGEN).

2.1.8.1 Preparation of pRetroX-TRE3G-FLAG-TAL1

This plasmid was prepared by Dr. Dan Bose. FLAG-TAL1 was first amplified from an existing plasmid
(Addgene plasmid #61065; (Elcheva et al., 2014)) using PCR with the following primers:

Primer name Sequence
TRE-FLAG-TAL1_RC_FW catcatggatccccATGGACTACAAGGACGACGATGAC
TRE-FLAG-TAL1_RC_REV catcatgaattcgatccTCACCGAGGGC

Table 2.4: Primers for pRetroX-TRE3G-FLAG-TAL1 cloning.

The PCR product was purified using the Monarch® PCR DNA Cleanup Kit (NEB). The purified PCR
product and the pRetroX-TRE3G plasmid (Clontech) were digested using EcoRI-HF and BamHI-HF (10
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—17 U/1 pg DNA; both NEB) and run on an agarose gel. Appropriate bands were excised and purified
from the gel using the blue light Dark Reader transilluminator (DR-45M, Clare Chemical Research) and
the QIAquick® Gel Extraction Kit (QIAGEN), and the two components were then mixed and ligated
using T4 DNA ligase (400 U/ca. 100 ng DNA; NEB). 5 pl of the resulting ligation mixture was used to

transform 50 pl of competent Stbi3 E. coli cells, as described above.

2.1.8.2 Preparation of the plasmids for CRISPR validation of the genetically modified
cell line

The plasmids used for different CRISPR/Cas9 editing experiments were all based on lentiGuide-Hygro-
dTomato (Addgene plasmid #99376, (Ho et al., 2017)) and cloned using a slightly modified protocol
from the Zhang lab (Sanjana et al., 2014; Shalem et al., 2014). Briefly, two oligos were designed and

ordered (IDT) for each sgRNA to be cloned, in the following form:

Oligo 1 (up): 5’ — CACCGNNNNNNNNNNNNNNNNNNNN - 3’

Oligo 2 (down): 3’ — CNNNNNNNNNNNNNNNNNNNNCAAA — 5',

where Ny is the unique sequence of the sgRNA. The overhangs are compatible with BsmBI digestion

of the lentiGuide-Hygro-dTomato plasmid.

The following oligos (standard desalted, lyophilized) were utilized:

sgRNA Source/Design
name/sequence | Target Oligo name Oligo sequence tool
MYB1 TAL1 enhancer — CACCGCACAGAAAG | (Mansour et al.,
MYB binding site | sg MYBbs-up ACGGTTAGGAAA 2014)
CACAGAAAGAC AAACTTTCCTAACC
GGTTAGGAAA sg_MYBbs-down GTCTTTCTGTGC
TALL TAL1 5'-UTR — | sg TAL1 exl.1- CACCGGAGTGGAG | CRISPick
endogenous TAL1 | up ATCCTATTCAGA (Doench et al.,
2016; Sanson et
GAGTGGAGATC sg_TAL1 ex1.1- AAACTCTGAATAGG 1, 2018)
al.,
CTATTCAGA down ATCTCCACTCC
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sgRNA Target (cont.) Oligo name Oligo sequence Source/Design

name/sequence (cont.) (cont.) tool (cont.)

(cont.)

TAL4 TAL1 5-UTR —|sg_TALl exl.2- CACCGGAATAGGAT | CRISPick
endogenous TAL1 | up CTCCACTCCGC (Doench et al.,

2016; Sanson et

GAATAGGATCTC sg_TAL1 ex1.2- AAACGCGGAGTGG al,, 2018)

CACTCCGC down AGATCCTATTCC

TAL7 TAL1 exon (2/4) — | sg_TAL1_ex2.1- CACCGGCGGCCCTT | CRISPick
endogenous TAL1 | up TAAGTCTCTCG (Doench et al.,
+ FLAG-TAL1 2016; Sanson et

GCGGCCCTTTAA sg_TAL1 ex2.1- AAACCGAGAGACTT

GTCTCTCG down AAAGGGCCGCC al. 2018)

TAL10 TAL1 exon (2/4) — | sg_TAL1_ex2.2- CACCGTGAGGCTGT | CRISPick
endogenous TAL1 | up AGAGCAGCGCG (Doench et al.,
+ FLAG-TAL1 2016; Sanson et

TGAGGCTGTAG sg_TAL1 ex2.2- AAACCGCGCTGCTC al,, 2018)

AGCAGCGCG down TACAGCCTCAC

SCR1 non-targeting — | sg_Scramblel-up | CACCGGCTGATCTA | (Lawhorn et al.,
scrambled TCGCGGTCGTC 2014)
negative control

GCTGATCTATCG sg_Scramblel- AAACGACGACCGC

CGGTCGTC down GATAGATCAGCC

Table 2.5: Primers for the cloning of lentiGuide-Hygro-dTomato plasmids for CRISPR/Cas9 validation
of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line.

First, the lentiGuide-Hygro-dTomato plasmid (5 pg) was digested with BsmBI (25 U; NEB), followed by

heat inactivation, phenol:chloroform extraction and ethanol precipitation. The purified linearized

plasmid was then dephosphorylated by an incubation with Shrimp Alkaline Phosphatase (rSAP; 2 U;

NEB) and gel purified. Meanwhile, each pair of oligos was phosphorylated and annealed, at a 10 uM

concentration, in a 10 pl reaction with T4 Polynucleotide Kinase (PNK; 5U; NEB) in 1x T4 Ligation Buffer

(NEB), in a thermocycler with the temperature first set to 37°C for 30 minutes, then increased up to

95°C for 5 minutes and afterwards ramped down to 25°C at 5°C/min. The annealed oligos were then

ligated with the BsmBI-digested plasmid in an overnight 16°C reaction with the T4 DNA Ligase (400

U/50 ng DNA; NEB), and transformed into Stbl3 E. coli cells the next day.
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2.1.8.3 Preparation of the plasmids for the CRISPRi validation of the genetically

modified cell line

The CRISPR/dCas9-KRAB plasmids were based on the Lenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR

backbone (Addgene plasmid #118154, unpublished), which uses the same cloning mechanism as

lentiGuide-Hygro-dTomato. These plasmids were therefore prepared in the same way as the

CRISPR/Cas9 plasmids, using the following oligos:

sgRNA Source/Design
name/sequence | Target Oligo name Oligo sequence tool
MYBL TAL1 enhancer — CACCGCACAGAAA | (Mansour et al.,
MYB binding site | sg MYBbs-up GACGGTTAGGAAA | 2014)
CACAGAAAGAC AAACTTTCCTAACC
GGTTAGGAAA sg_MYBbs-down | GTCTTTCTGTGC
PROL TAL1 promoter CACCGTGAGTGGG | CRISPick
sg_PRO1 up ATTACAGCGCGT (Doench et al.,
2016; Sanson et
TGAGTGGGATT AAACACGCGCTGTA 1, 2018)
al.,
ACAGCGCGT sg_PRO1_down ATCCCACTCAC
PROZ TAL1 promoter CACCGGATTACAGC | CRISPick
sg_PRO2_up GCGTCGGTGGA (Doench et al.,
2016; Sanson et
GATTACAGCGC AAACTCCACCGACG 1, 2018)
al.,
GTCGGTGGA sg_PRO2_down CGCTGTAATCC
PRO3 TAL1 promoter CACCGAGGCCTCTC | CRISPick
sg_PRO3 up AGCGAAAAAGG (Doench et al.,
2016; Sanson et
AGGCCTCTCAGC AAACCCTTTTTCGCT 1, 2018)
al.,
GAAAAAGG sg_PRO3_down GAGAGGCCTC
PRO4 TAL1 promoter CACCGCCACACCGC | CRISPick
sg_PRO4 up AGCGTAACTGC (Doench et al.,
2016; Sanson et
CCACACCGCAGC AAACGCAGTTACGC 1, 2018)
al.,
GTAACTGC sg_PRO4_down TGCGGTGTGGC
SCR1 non-targeting - CACCGGCTGATCTA | (Lawhorn et al.,
scrambled sg_Scramblel-up | TCGCGGTCGTC 2014)
negative control
GCTGATCTATCG sg_Scramblel- AAACGACGACCGC
CGGTCGTC down GATAGATCAGCC

Table 2.6: Primers for the cloning of Lenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR plasmids for CRISPRi

validation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line.
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2.2 Cell culture

2.2.1 Celllines
Cell line Description Source
Jurkat Human T-cell acute lymphoblastic leukaemia Dr. Helen Bryant,

The University of

Sheffield
Jurkat-Tet3G Jurkat cells stably expressing the tetracycline-dependent | In house
transcription activator (Tet-transactivator) protein
Jurkat-Tet3G- Jurkat cells containing stably expressed Tet-transactivator | In house
TRE3G-FLAG-TAL1 | protein and doxycycline-inducible FLAG-TAL1
Jurkat-Tet3G- Jurkat cells containing stably expressed Tet-transactivator | In house
TRE3G-FLAG- protein, doxycycline-inducible FLAG-TAL1, and stably
TAL1-Cas9 expressed Cas9
HEK293T Human embryonic kidney cell line stably expressing the | Prof. Stuart
SV40 large T antigen Wilson, The
University of
Sheffield
GP2-293 Viral packaging cell line derived from HEK293 Clontech
293FT HEK293-based cell line modified to produce high viral titres | Thermo Fisher

(fast-growing and stably expressing the SV40 large T

antigen)

Table 2.7: Mammalian cell lines used in this doctoral work.
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2.2.2 Growth media and other tissue culture solutions

Jurkat and its derivatives (standard cell culture, with the exceptions below): Roswell Park Memorial

Institute (RPMI) 1640 Medium (Thermo Fisher) supplemented with 10% tetracycline-free (Tet-free)
Fetal Bovine Serum (FBS), certified, heat inactivated, United States (Thermo Fisher) and 1% Penicillin

Streptomycin (P/S) Solution (Thermo Fisher)

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, last experiment in Chapter 4.12 and all experiments in Chapter

4.13: RPMI 1640 supplemented with 10% Tet-free FBS, 1% P/S, and 5 pug/ml blasticidin

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, all experiments in Chapter 5: RPMI 1640 supplemented with

10% Tet-free FBS, 1% P/S, 1 mg/ml G418, 0.25 pg/ml puromycin, and 5 pug/ml blasticidin

HEK293T and GP-293: Cytiva HyClone™ Dulbecco's High Glucose Modified Eagles Medium (DMEM,

Thermo Fisher) supplemented with 10% Gibco™ FBS, qualified, heat inactivated, E.U.-approved, South
America Origin (Thermo Fisher) and 1% P/S for regular passaging and DMEM with 10% Tet-Free FBS

when using for virus production for experiments in Jurkat cells

293FT: DMEM supplemented with 10% FBS, 1% P/S and 500 ug/ml G418 for regular passaging and

DMEM with 10% Tet-Free FBS when using for virus production for experiments in Jurkat cells

Dulbecco's Phosphate Buffered Saline (DPBS), Ca%*- and Mg?*-free (Sigma-Aldrich)

Trypsin 0.25% dissociation reagent (Thermo Fisher)
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2.2.3 Selection antibiotics

Neomycin: G418 Sulphate, BioVision
Puromycin: Puromycin Dihydrochloride, Sigma-Aldrich
Blasticidin: Blasticidin S Hydrochloride, Melford

Hygromycin: Hygromycin B, Thermo Fisher

2.2.4 Routine culturing procedures

All cells were grown at 37°C and in 5% CO..
All cells were counted using an Improved Neubauer Haemocytometer (Hawksley).

Cryopreservation medium for all cell lines consisted of their respective full medium supplemented
with 10% DMSO (V/V) and extra FBS to a final concentration of 20% (V/V). 1 ml aliquots containing 2
— 4 x 10° cells/ml in cryopreservation medium were frozen at -80°C using Mr. Frosty™ Freezing

Container (Thermo Scientific) and transferred into -196°C the next day.

1 ml aliquots of all cells were stored in liquid nitrogen at -196°C until needed, then thawed rapidly in

a water bath at 37°C.

2.2.4.1 Sub-culturing of Jurkat cells and their derivative cell lines

Upon defrosting, Jurkat cells and their derivative cell lines were transferred into a Falcon tube with 9
ml appropriate full media, then centrifuged at 200 x g for 7 minutes. The supernatant was removed
and the cell pellet resuspended in 10 — 13 ml full media, and the cell suspension was transferred into
a new T-75 flask. Cells were passaged every 3 — 4 days outside of experiments, with cell density never
below 1 x 10° cells/ml or over 3 x 10° cells/ml. For routine passaging, cells were splitina 1:8 to 1:13
ratio by mixing the desired part of the grown cell suspension with appropriate fresh media. For
passaging before experiments, cells were spun down at 200 x g for 7 minutes, old medium was
aspirated, pellet loosened by tapping and resuspended in the required media volume. Cells were then

split according to the specific experimental needs.
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2.2.4.2 Sub-culturing of HEK293T cells and HEK293-derivative cell lines

The thawed suspensions of HEK293T cells and HEK293-derivative cell lines were transferred directly
onto a fresh 10 cm dish with 9 ml of appropriate media. The dish was cultivated for 16 — 24 hours to
allow the cells to adhere, then the media was changed to remove the DMSO traces from the
cryopreservation medium. HEK293T cells and related cell lines were sub-cultured at ratios from 1:6 to
1:12, passaged generally every 3 — 4 days. The media from the dish was first aspirated, then the dish
was washed with DPBS, 0.25% Trypsin was added and the dish was tilted from side to side to make
sure the solution reached the whole surface. Then, the Trypsin solution was aspirated, and the dish
was incubated at 37°C for 3 — 5 minutes. After the incubation, the dish was tapped on the sides to lift
the cells off the surface completely, full medium was added, cells were resuspended in the medium

and split according to the desired ratio.

2.2.5 Culturing procedures during antibiotic selection

An antibiotic pressure was often employed to select for cells with a stable integration of the gene of
interest, which in suitable plasmids is linked to antibiotic resistance. (Although in some plasmids, the
gene of interest and antibiotic resistance marker are under control of a single promoter and the
expression of the one is therefore indelibly linked to the expression of the other, this is not the case
in any of our plasmids. In all our plasmids containing antibiotic resistance cassettes, the link between
the gene of interest and the antibiotic resistance cassette is by proximity only. This is the most
common practice and the connection is usually sufficiently strong between the expression of the two

genes.)

Antibiotics were first added 24 hours after transduction, except for the first cell line establishment in
Chapter 3.2 and some of the tested conditions in the hygromycin influence examination in Chapter

4.10, where a 48-hour interval was employed.

Cells grown in antibiotic selection media were first passaged as and when needed, before the
examination of proliferation and survival patterns in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (Chapter

4.11) showed the need for more frequent passaging.

e In the antibiotic selection during the cell line establishment (Chapter 3), cells were passaged

every 2 — 3 days with a complete change of media.

87



In all the validation experiments (Chapter 4 and Chapter 5), a control group sample was always
chosen (usually, non-targeting sgRNA, plasmid without sgRNA, non-targeting siRNA) with the
highest expected proliferation rate, and the same volume adjustments that were made to the
control sample were made to all the other samples in the experimental set. In practice, this
meant that while retaining the same volume, control samples and experimental samples were

most often adjusted to different cell densities.

o In the first validation experiment with unconcentrated virus (Chapter 4.4), first
experiments with concentrated virus (Chapter 4.7), first Neon electroporation
experiments in Jurkat and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (Chapter 4.9) and the
experiment examining the influence of different hygromycin treatments (Chapter
4.10), cells were left growing without passaging up to 8 days at a time. Passaging was
dependent on detecting slight changes in media colour, based on the phenol red
indicator in RPMI media, or on detecting expansion by examination of cell density

under the microscope, or, in some cases, on counting.

o Inthe experiment concerned with the influence of maintaining an optimal cell density
in Chapter 4.11, media was changed at least every 4 days, and the cell density

adjusted every 2 days to between 3.5 x 10° and 5.5 x 10° cells/ml in the control group.

o Inthe blasticidin influence experiment (Chapter 4.12), cells in the control group were
maintained at a density between 1 x 10° and 1 x 10° cells/ml, with a change of media

at least every 4 days.

o Inthe CRISPR/Cas9 validation experiment comparing the performance of the different
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 clones and the Jurkat cell line (Chapter 4.13),
cell density in the control group was adjusted to between 1 x 10° and 2 x 10° cells/ml

every 2 days, and medium was changed at least every 4 days.

o In the doxycycline rescue validation experiments (Chapter 5), cells were passaged
every 2 — 3 days, medium was changed at least every 4 days and the cell density in
the control group was adjusted to between 1 x 10° and 2 x 10° cells/ml every 2 — 3

days.
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2.2.6 Culturing procedures following FACS

In a number of experiments, FACS was used to select cells of desirable qualities (Chapter 2.5).

In Chapter 3, FACS was used to single-cell sort cells of an expanded polyclonal cell line, selected for by
antibiotic pressure, into 96-well plates. These plates were regularly checked for expanding clones
under microscope, and when a slight change in colour of the media indicated that the clone was
steadily expanding, the contents of the well were transferred into a bigger volume and a bigger
receptacle. In this manner, viable clones travelled from 96-well plates to 24-well plates to 12-well
plates, and potentially 6-well plates, T-25 or T-75 flasks, depending on how many cells were required
for testing. Selected clones were then expanded according to the regular culturing procedures

described above.

In some experiments in Chapter 4 and 5, FACS was used for the enrichment of transduced cells. In the
CRISPR/Cas9 validation experiment with unconcentrated virus (Chapter 4.5), cells were monitored for
signs of expansion under the microscope, as well as counted, and transferred into larger volumes and
bigger receptacles as they expanded. In the FACS-sorted proof-of-principle and doxycycline rescue
experiments in Chapter 5.5, cells were spun down every 3 days at 200 x g for 10 minutes, supernatant
removed, and fresh media added to reach a cell density of 1 x 10° cells/ml in the control (SCR1 -0
ng/ml DOX) group, regardless of expansion. The same volume adjustments that were made to the

control sample were made to all the other samples in the experimental set.

89



2.3 Viral transduction

2.3.1 Transfection of packaging cells

Viral particles for lentiviral or retroviral transduction were prepared by transfection of the packaging

GP2-293 cell line (pRetroX-Tet3G, pRetroX-TRE3G-FLAG-TAL1 and pRetroX-TRE3G-Luc Control) or

HEK293T cell line (lentiCas9-Blast, lentiGuide-Hygro-dTomato, lentiCas9-Blast and Lenti-(BB)-EF1a-

KRAB-dCas9-P2A-BlastR). One day before transfection, the packaging cells were plated at 8 — 9.6 x 10*

cells/cm? of surface area in antibiotic-free, Tet-free media in 6-well plates (2 ml), T-25 flasks (3 —4 ml)

or T-75 flasks (9 — 12 ml).

The transfection mix was then prepared using plasmid DNA and the Lipofectamine 3000 reagent kit

(Thermo Fisher) according to manufacturer’s instructions. Briefly, Lipofectamine 3000 was mixed with

Opti-MEM medium (Thermo Fisher) in one tube; required plasmids and the P3000 Reagent were

mixed with Opti-MEM medium in another tube; for example:

MoMulV-based
retroviral system

HIV-1-based 3" generation lentiviral system

GP2-293 cells HEK293T cells | HEK293T cells | HEK293T cells
(Lwellona (Lwellona (T-25) (T-75)
6-well plate) 6-well plate)
Opti-MEM 125 uL 125 uL 250 uL 750 pL
L |
[F7]
g Lipofectamine 3000 | 7.5 ul 7.5 ul 15 pl 45 pl
-
Opti-MEM 125 uL 125 uL 250 uL 750 pL
Transfer plasmid 2 ug 2 ug 4 g 12 pg
Envelope plasmid 2 ug pVSV-G 0.5 ug pMD2.G | 1 ug pMD2.G 3 ug pMD2.G
Packaging plasmid | - 0.75 pg 1.5pug 4.5 pg
pRSV-Rev
Packaging plasmid | - 0.75 pg 1.5pug 4.5 pg
pMDLg/pRRE
(o]
[F7]
g P3000 Reagent 8 uL 8 uL 16 uL 48 pL
-

Table 2.8: Preparation of transfection mixtures.
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Afterwards, the contents of the two tubes were combined, gently mixed and incubated at room
temperature for 15— 20 minutes. Resulting complexes were added into respective wells. Medium was

changed 15 — 17 hours post transfection, replaced by antibiotic-free, Tet-free media.

2.3.2 Transduction with unconcentrated virus

24 hours after the medium change, the viral supernatant was collected and filtered through a 0.45 pm
filter to remove the cell debris, but not the viral particles. For cell line establishment (Chapter 3), fresh
antibiotic-free, Tet-free medium was added to the packaging cells after the removal of the viral
supernatant. In all the transduction experiments with unconcentrated virus, polybrene (Merck) was
added to the filtrate so that the final concentration in the resulting transduction suspension would be
8 ug/ml. Jurkat cells or the appropriate derivative cell line were pelleted at 200 x g for 7 minutes and
resuspended in fresh medium. 8 x 10° cells in a total of 2 ml RPMI medium were mixed with the virus-
containing media and transferred into a well on a 6-well plate. For cell line establishment (Chapter 3),
the transduced Jurkat cells were pelleted and transduced for a second time 24 hours later, using a
newly prepared, 0.45 um filtered viral medium from the packaging cells supplemented with 2 ml fresh
RPMI medium and polybrene at the same final concentration as before. In all the transduction
experiments with unconcentrated virus, 24 hours after the final transduction, viral medium was
replaced by selection medium (depending on selection marker, containing either 2000 pg/ml G418,

or 0.5 pug/ml puromycin, or 10 pg/ml blasticidin, or 500 pg/ml hygromycin).

2.3.3 Transduction with concentrated virus

24 hours after the medium change, the media containing virus was collected and spun down at 500 x
g for 10 minutes. The viral supernatant was carefully removed into a fresh tube, mixed with Lenti-X
Concentrator (Takara) in a 3:1 ratio by gentle inversion, and incubated at 4°C for >30 minutes (usually
overnight). After that, these samples were centrifuged at 1,500 x g for >45 minutes at 4°C.
Supernatants were carefully removed and the off-white pellet containing viral particles was
resuspended in DPBS to a concentration of 0.25 units/pl (1 unit, 1 U, was equal to the amount of virus
that 2.33 cm? packaging cells, grown as detailed above, produced in 24 hours). If not used

immediately, these viral stocks were aliquoted and stored at -80°C.
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To transduce the Jurkat-Tet3G-TRE3G-FLAG-TAL1 or Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line,
1.6 x 10° cells per well were seeded into 24-well plates in 0.8 ml Tet-free, antibiotic-free media with
the final concentration of 8 ug/ml polybrene. Concentrated virus was added to each well as required,
and the suspension was mixed well with a P1000 pipette tip. 1 — 17 U virus was used for optimization,
9 U for the first experiments with concentrated virus (Chapter 4.7) and 10 U for all the other
experiments since then (Chapter 4.12 and 4.13; Chapter 5). Where antibiotic selection was employed,
24 hours after transduction, viral medium was replaced by selection medium (depending on selection
marker, this was 5 — 10 pug/ml blasticidin and/or 250 — 500 pg/ml hygromycin, as detailed for each
experiment in the Results Chapters). Where FACS was to be performed, the viral medium was changed
at 24 hours post transduction for full, Tet-free medium, apart from some of the samples in the second
transduction optimization experiment, where the viral medium was left on until the day of FACS, i.e.
until day 2 or day 3, as required per experimental setup (Chapter 5.7), and the FACS-sorted experiment

with 293FT-generated virus in Chapter 5.5, where the viral medium was left unchanged until day 3.
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2.4 Neon electroporation

Cells were passaged a day before transfection so that they would be in log-phase on the following day.
Transfections using the Neon Transfection System (Thermo Fisher) were carried out according to

manufacturer’s instructions.

On the day of transfection, for each condition, 5 ml of antibiotic-free, Tet-free media was prewarmed
in a T-25 flask. Required plasmids, ASOs or siRNAs for each condition were placed in sterile 1.5 ml
Eppendorf tubes. In the proof-of-principle Neon experiments, 5 or 15 pg of pAcGFP1-C1 or
pSpCas9(BB)-2A-GFP (PX458) were used, or 50 or 100 nM Cy3-ASO (control; Table 2.9 in Chapter
2.4.1). In the first experiment with Jurkat-Tet3G-TRE3G-FLAG-TAL1 (Chapter 4.9), 15 ug of lentiGuide-
Hygro-dTomato plasmids containing sgRNAs was used. In all the following Jurkat-Tet3G-TRE3G-FLAG-
TAL1 experiments, 7.5 pg of the same plasmids was used. In all the experiments with Jurkat cells, 7.5
ug sgRNA-containing lentiGuide-Hygro-dTomato plasmids and 7.5 pg lentiCas9-Blast was used for
each sample. In siRNA knockdown experiments, 50 nM siRNA was used (Table 2.9 in Chapter 2.4.1). 3

ml Electrolytic Buffer E2 was transferred into a Neon Tube, and placed in the Neon Pipette Station.

Cells were counted, spun down at 200 x g for 7 minutes, washed with Ca?*- and Mg*-free DPBS and
centrifuged again. The cell pellet was resuspended in Resuspension Buffer R to a cell density of 2 x 10’
cells/ml. 110 pl of thus prepared cells was added to each of the tubes containing plasmids, and the
contents of the tube were mixed gently. 100 ul of each of the cell suspensions was then carefully
aspirated into a Neon Tip with a Neon Pipette, avoiding air bubbles, and placed into the Neon Pipette
Station so that the Neon Tip was submerged in the Electrolytic Buffer. Electroporation was then
carried out at 1,350 V, 3 pulses of 10 ms. Cells were immediately transferred into the prewarmed
media in T-25 flasks, and flasks were transferred into the cell incubator. Antibiotic selection was added
24 hours post transfection, except in some of the tested conditions in the hygromycin influence

examination in Chapter 4.10, where a 48 hour interval was employed.
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2.4.1 siRNAs & ASO

siRNA name Forward Reverse

TAL1 A CCUAUGAGAUGGAGAUUACUGAUGG | CCAUCAGUAAUCUCCAUCUCAUAGG
TAL1B ACACCAAAGUUGUGCGGCGUAUCUU | AAGAUACGCCGCACAACUUUGGUGU
TAL1C GCCUGGCCAUGAAGUAUAUCAACUU | AAGUUGAUAUACUUCAUGGCCAGGC
control 0 #462000, high GC Duplex from the Stealth RNAi™ siRNA
control 1 #462001, medium GC Duplex Negative Control Kit (catalogue
control 2 1462002, low GC Duplex number 12935100, Thermo Fisher)
Cy3-ASO (control) | TCACCTTCACCCTCTCC GGAGAGGGTGAAGGTGA

Table 2.9: siRNAs and ASO used for transfection by electroporation with the Neon device.

94




2.5 Flow cytometry and fluorescence-activated cell sorting (FACS)

2.5.1 Glossary and technical parameters

FSC — forward scatter

SSC — side scatter

(FSC/SSC)-A — area (under the voltage curve of the detected pulse)

(FSC/SSC)-H — height (of the voltage curve of the detected pulse)

(FSC/SSC)-W — width (of the voltage curve of the detected pulse)

dTomato = Cy3 (BD FACSMelody) — 561 nm yellow-green laser, 605LP mirror, 613/18 filter
dTomato (LSRII) — 488 nm blue laser, 550LP mirror, 575/26 filter

GFP = FITC (BD FACSMelody) — 488 nm blue laser, 507LP mirror, 527/32 filter

2.5.2 Preparations

Prior to flow cytometry measurements or FACS-based cell sorting, cells were always washed at least
once in the appropriate fresh media, twice where the medium wasn’t changed after viral transduction.
Before the final resuspension in Tet-free media, the pellet was loosened by tapping, to break up as
many clumps as possible. All flow cytometry and FACS experiments were carried out at The Medical
School Flow Cytometry Core Facility (The University of Sheffield), largely with technical support. Cells
were transferred to and from the Core Facility onice, in tubes or plates. Where plates were used, sides
were sealed with parafilm for the journey to minimize the potential for contamination and contain

potential spillage.

2.5.3 Fluorescence-activated cell sorting (FACS)

FACS was used for single-cell sorting in monoclonal cell line establishment (Chapter 3) and for the
sorting of transduced populations (Chapters 4 and 5). For the cell line establishment in Chapter 3, cells

from polyclonal cell lines selected by antibiotic pressure were single-cell sorted using the BD FACSAria
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[lu cell sorter. Cells were gated for viability (FSC-A vs SSC-A) and for singlets (FCS-A vs FSC-H), and the
resulting population of live singlets was sorted into 96-well plates containing 100 pl of fresh or pre-
conditioned Tet-free media (media in which a healthy culture of Jurkat cells has been allowed to
proliferate for 24 — 48 hours, spun down for 5 min at 500 x g and filtered through a 0.45 um filter to

remove any residual cells) without selection antibiotics.

FACS for the sorting of sgRNA-positive populations according to dTomato fluorescence from the
transduced lentiGuide-Hygro-dTomato plasmid (Chapters 4 and 5) was carried out using the BD
FACSMelody cell sorter. Cells were gated for a live population (FSC-A vs SSC-A), then live singlets (FSC-
H vs FSC-W and/or SSC-H vs SSC-W), and then dTomato-positive live singlets (dTomato-A vs SSC-A).
Autofluorescence in the MYB1 vs SCR1 experiment in Chapter 5.7 was monitored in the FITC channel
(GFP-A vs SSC-A). In the CRISPR/Cas9 validation experiment with unconcentrated virus in Chapter 4.5,
1 x 10* cells were collected into Tet-free Jurkat media on a 96-well plate. In the FACS-based sorting in
Chapter 5.5, 1 x 10° cells were collected into 0.5 ml fresh Tet-free Jurkat-Tet3G-TRE3G-FLAG-TAL1-

Cas9 maintenance media on a 24-well plate.

2.5.4 Flow cytometry

Flow cytometry was used to assess the percentage of transduced or transfected cells in proof-of-
principle and optimization experiments. 10,000 live singlet events were collected for each measured
sample. BD FACSMelody was used to measure the virus amount transduction optimizations in Chapter
4.6 and the Neon transfection proof-of-principle experiments in Chapters 4.8 and 4.9. Live cells were
gated from the FSC-A vs SSC-A plot, singlets from the FSC-H vs FSC-W and/or SSC-H vs SSC-W plots. In
the proof of principle experiment, GFP-positive cells were identified in a GFP-A vs SSC-A plot and Cy3-
positive cells in a Cy3-A vs SSC-A plot. In the optimization experiment, dTomato-positive cells were
visualized in a dTomato-A vs SSC-A plot. LSRII was used for the measurements in the transduction
optimization in Chapter 5.7. Live cells were identified on a FSC-A vs SSC-A plot, singlets on a FSC-A vs
FSC-H plot, and dTomato-positive cells on a dTomato-A vs SSC-A plot (different settings to BD

FACSMelody, see technical parameters above).
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2.6 Cell assays

2.6.1 Cell proliferation with cytotoxic drugs

To establish the minimum lethal dose of antibiotics for Jurkat and its derivative cell lines, equal
numbers of cells per well were incubated either in a 6-well or a 12-well plate with increasing
concentrations of each drug. Tested concentrations ranged from 500 to 4000 pg/ml for G418, from
0.125 to 2 pg/ml for puromycin, from 5 to 30 pg/ml for blasticidin, and from 75 to 4000 pg/ml for
hygromycin. Viability of cell culture was assessed at different time points depending on the drug

tested, using haemocytometer and Trypan Blue stain.

2.6.2 Luciferase assay

GP2-293 cells, plated the day before at 6 x 10° per well in a 6-well plate, were transfected as described
in Chapter 2.3.1, using pRetroX-TRE3G-Luc vector (Takara). Transduction medium was prepared by
mixing filtered viral medium from GP2-293 cells 48 hours post transfection with fresh RPMI at a 3:7
ratio, and polybrene was added at a final concentration of 8 pug/ml. 200 pl of this mixture was
transferred into each well of a 96-well plate with 2 x 10* cells of each tested clonal cell line. 1000 ng/ml
doxycycline was added 24 and 72 hours post transduction. Luciferase assay was performed 96 hours
post transduction using Pierce Firefly Luciferase Flash Assay Kit (Thermo Fisher) according to the
manual, using white 96-well plates (SARSTEDT) and plate reader VICTOR 3 (Perkin EImer) programmed

for luciferase assay measurements.

2.6.3 Cell viability measurements using alamarBlue HS

The alamarBlue HS reagent was used according to manufacturer’s instructions. Briefly, cell samples
were mixed well with a pipette tip of an appropriate size. Then, 90 pul of the cell suspension was taken
from the sample in duplicate to sextuplicate, depending on the available material, and transferred
into a 96-well plate. 90 ul of cell-free medium served as blank. In case of doxycycline rescue
experiments, 90 ul media with the adequate doxycycline concentration served as blank for cells that

were grown in doxycycline. When all the samples were ready in the 96-well plate, 10 ul of alamarBlue
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HS was added to each well, and the contents were mixed by vigorous shaking. The plates were then
incubated in a cell incubator at 37°C for 1 — 24 hours, depending on the number of cells present.
Afterwards, fluorescence emission at 590 nm was measured following an excitation at 560 nm using
a plate reader (Hidex Sense Beta, Type 425-311, Lablogic). In some cases, plates were kept in the dark
at 4°C for 1 — 2 days before measurement. In the experiments before Chapter 4.10 (hygromycin
influence), linear response was assumed (as per manufacturer’s information) and relative viability
counted. From Chapter 4.10 onwards, standard curves were employed to obtain absolute cell

numbers.

2.6.4 Proliferation with doxycycline

Doxycycline (DOX, Thermo Fisher) was used in our experiments to induce the expression of FLAG-TAL1
in the Jurkat-Tet3G-TRE3G-FLAG-TAL1 and the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell lines, and

luciferase in pRetroX-TRE3G-Luc-transduced Jurkat-Tet3G cells.

For functionality testing in Chapter 3.2, Jurkat-Tet3G cells transduced with pRetroX-TRE3G-Luc
plasmid were induced with 1000 ng/ml DOX 24 and 72 hours post transduction, before the luciferase
assay was carried out 96 hours post transduction. In Chapter 3.3, Jurkat-Tet3G-TRE3G-FLAG-TAL1 cells
were incubated with a single dose of 500, 750 or 1000 ng/ml DOX for 48 hours; in Chapter 3.4, Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were incubated with a single dose of 1000 ng/ml DOX for 48

hours.

To find the appropriate range of concentrations to use in the doxycycline rescue experiments
(Chapters 5.2 and 5.4), Western blots for TAL1 were first conducted 24 and 48 hours post-induction
with cells incubated with a single dose of 50— 1000 ng/ml DOX, and then, in a subsequent experiment,

24, 48 and 72 hours after induction with cells incubated with a single dose of 50 — 500 ng/ml DOX.

In all the DOX rescue experiments, cells were incubated with DOX from the day of transduction. The

subsequent supplementation of DOX varied depending on the experiment, as follows:

e In the first doxycycline rescue experiment with a panel of sgRNAs (Chapter 5.3), cells were
supplemented with 400 ng/ml DOX every 2 days until day 15, then every 3 days until day 21.
This was the only experiment where DOX was supplemented at several time points without a

change of media and based on the 24 hour half-life of DOX in media.
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In all the following experiments, cells were spun down at 200 x g for 7 minutes, old media was
removed and replaced by fresh DOX media, to attain a more precise control of the DOX

concentration in the media.

In the first rescue experiment with edited cells (Chapter 5.4), cells were supplemented with
6.25 — 400 ng/ml DOX every 3 days. Prior to this experiment, edited cells were kept in 400
ng/ml DOX, lowered to 200 ng/ml DOX for one passage immediately preceding the start of

this experiment.

In the second rescue experiment with edited cells (Chapter 5.4), the cells were supplemented
with 0.1 — 50 ng/ml DOX every 3 days. Prior to this experiment, edited cells were kept in 400
ng/ml DOX for the first 26 days, then 200 ng/ml DOX for 4 days and without DOX for the

remaining 16 days.

In the second experiment where rescue was assessed from the time of transduction (Chapter

5.4), 6.25, 25 or 200 ng/ml DOX was supplemented every 3 days.

In the rescue experiment that employed FACS (Chapter 5.5), 6.25, 25, 50 or 200 ng/ml DOX

was supplemented every 3 days.

Finally, in the last rescue experiment in this work (Chapter 5.6), cells were supplemented with

200 or 400 ng/ml DOX every 3 days.
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2.7 RT-gPCR

2.7.1 RNA isolation

Around 10° cells were pelleted at 200 x g for 5 minutes, washed with PBS, transferred into an
Eppendorf tube and recentrifuged at 200 x g for 5 minutes. Cell pellet was resuspended in 1 ml TRIzol
(Thermo Fisher) and 200 pl of chloroform was added to the suspension. The tube was then shaken
vigorously for 15 seconds, incubated at room temperature for 2 minutes and shaken again for 15
seconds. The sample was spun down at 16,000 x g for 15 minutes and supernatant was transferred
into a clean tube. 1 pl of GlycoBlue Coprecipitant (Thermo Fisher) and 500 pl of isopropanol were
added to the supernatant and sample was mixed by inversion of the tube, followed by a 10 minute
incubation at room temperature. Sample was centrifuged at 16,000 x g for 15 minutes and
supernatant was discarded. Pellet was washed in turn with 1 ml 70% ethanol and 1 ml 80% ethanol,
each time followed by centrifugation at 16,000 x g for 5 minutes and discarding of the ethanol. After
a final spin at 16,000 x g for 5 minutes, residual ethanol was aspirated from the tube and pellet was

briefly air-dried before being reconstituted in 16 ul H,0.

2.7.2 DNase | treatment and phenol:chloroform extraction

To digest contaminating DNA, samples were mixed with 2 pl 10x Turbo DNase Buffer (Thermo Fisher)
and 2 pl TURBO DNase (4 U; Thermo Fisher) and incubated at 37°C for 30 minutes. RNA from the
tested cells was isolated using phenol:chloroform extraction and ethanol precipitation, as described

in Chapter 2.1.5. The resulting pellet was dissolved in 12 ul H,0.

2.7.3 Reverse transcription

Reverse transcription (RT) was carried out using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher) according to manufacturer’s instructions. Briefly, 2 ug of RNA sample were added to
10 pl of 2x concentrated RT master mix containing 2 ul of 10x RT Buffer, 0.8 ul of 100 mM dNTPs, 2 pl
of 10x RT Random Primers, 1 ul (50 U) of MultiScribe Reverse Transcriptase, and H,O up to 20 pl.
Samples were incubated at 25°C for 10 minutes, followed by 2 hours at 37°C and a brief inactivation

at 85°C for 5 minutes.
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2.7.4 Quantitative PCR

SensiMix SYBR Hi-ROX Kit (Bioline) was employed for qPCR experiments. Each reaction was performed
at least in duplicate. Each tube contained 5 ul 2x SensiMix SYBR, 0.25 pl 10 uM forward primer, 0.25
ul 10 uM reverse primer and 4.5 pul template cDNA. The primers, synthesized by IDT and purified by

standard desalting procedure, were as follows:

Forward Reverse
FLAG-TAL1 GACGACGATGACAAGACCGA TGGCGACGCCGTTCAG
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Table 2.10: qPCR primers used in this doctoral work.

gPCR reactions were carried out in Rotor Gene 6000 Real-Time PCR Machine (Corbett Research). Initial
10 minute denaturation at 95°C was followed by 45 — 55 cycles of 15 seconds of denaturation at 95°C,
15 seconds of annealing at 58 — 59°C and 25 seconds of extension at 72°C and a plate read, and a
subsequent melt curve measurement according to the instrument recommendations. Evaluation was
performed in Rotor-Gene 6000 Series Software 1.7 using the comparative quantitation method.

Melting curves were analyzed to confirm the specificity of the RT-gqPCR reactions.
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2.8 Western Blot

2.8.1 Buffers

RIPA Cell Lysis Buffer: 50 mM Tris HCI (pH 8.0 at 4°C), 100 mM NaCl, 2 mM MgCl,, 1% Triton X-100,

0.1% sodium deoxycholate, 0.1% SDS; freshly added before each use: 1 mM DTT, 1/100 cOmplete
protease inhibitor cocktail tablet (Roche)/100 pl, 500 U benzonase/100 pl

MOPS Buffer: 50 mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% SDS
Transfer Buffer: 25 mM Tris, 192 mM glycine, 20% methanol
TBS Buffer: 20 mM Tris, 150 mM NacCl, pH 7.6

TBS-T Buffer: 0.1% Tween 20 in TBS Buffer

Blocking Solution: 5% skimmed milk in TBS-T Buffer

PBS: PBS 100 ml Tablets (Melford)

2.8.2 Antibodies

Antibody Source species type Dilution used
o-GAPDH Proteintech (60004-1-Ig) mouse monoclonal 1:10,000
a-TAL1 Proteintech (55317-1-AP) rabbit polyclonal 1:1,000
a-TAL1 Abcam (ab155195) rabbit polyclonal 1:1,000
a-TAL1 Santa Cruz (sc-393287) mouse monoclonal 1:200
o-FLAG Proteintech (66008-3-Ig) mouse monoclonal 1:1,000
a-Cas9 Abcam (ab191468) mouse monoclonal 1:500
a-mouse IgG Proteintech (SA00001-1) goat polyclonal 1:10,000
a-rabbit IgG Proteintech (SA00001-2) goat polyclonal 1:10,000

Table 2.11: Antibodies used in this doctoral work.
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2.8.3 Cell harvest and bicinchoninic acid (BCA) protein assay

Cells were harvested by centrifugation at 400 x g for 5 minutes, washed with PBS and transferred into
an Eppendorf tube. Cells were pelleted at 400 x g for 5 minutes, resuspended in 30 — 100 ul RIPA Cell
Lysis Buffer and incubated for 10 — 20 minutes, until the suspension lost its viscosity. Cell debris was
then pelleted at 20,000 x g for 10 minutes. Supernatant was transferred into a clean low adhesion
(LoBind) Eppendorf tube on ice and protein contentin the lysate was established by Pierce BCA Protein

Assay Kit (Thermo Fisher) according to manufacturer’s instructions.

2.8.4 SDS electrophoresis

Invitrogen Novex NUPAGE LDS Sample Buffer (Fisher Scientific) was added to each sample, followed
by a brief protein denaturation at 70°C for 10 minutes. The contents of the tube were collected by
brief centrifugation. XCell SureLock Mini-Cell Electrophoresis System (Thermo Fisher) gel tank was
filled with MOPS buffer and 500 pl of Invitrogen Novex NuPAGE Antioxidant (Thermo Fisher) was
added in the upper buffer chamber. Samples of cell lysate, usually containing between 30 and 50 pg
of protein per lane (same amount across all groups), were loaded onto a NUPAGE 4 — 12% Bis-Tris
gradient gel (Thermo Fisher) along with the SeeBlue Plus2 Pre-Stained Standard (Thermo Fisher).

Electrophoresis was carried out at 120 V for 1 hour and 40 minutes.

2.8.5 Protein transfer

SDS electrophoresis was followed by a transfer of proteins from gel to polyvinylidene (di)fluoride
(PVDF) membrane or nitrocellulose membrane. In Chapter 3.3, wet transfer was carried out to a PVDF
membrane (activated by a 1 minute incubation in methanol) in Transfer Buffer at 4°C overnight (16
hours) at the constant current of 60 mA. From Chapter 3.4 onwards, the transfers were made to a
nitrocellulose membrane using the semi-dry Trans-Blot Turbo Transfer System (Bio-Rad) and the
ready-to-use Trans-Blot Turbo Mini 0.2 um Nitrocellulose Transfer Packs (Bio-Rad), at 1.3 Amp for 20

minutes.
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2.8.6 Western blotting

After the transfer, the membrane bearing transferred proteins was rinsed twice with TBS and blocked
in Blocking Solution for at least 40 minutes before the desired primary antibody was added. The
membrane was then incubated with the primary antibody overnight at 4°C on a rocking platform. On
the following day, the membrane was washed three times in TBS-T for >5 minutes, then incubated
with the appropriate HRP-conjugated secondary antibody in Blocking Solution for >30 minutes before
being washed three times in TBS-T for >5 minutes once again. The membrane was then exposed to a
freshly combined solution of HRP substrate (SuperSignal™ West Pico Chemiluminescent Substrate,
Thermo Fisher) for 5 minutes and chemiluminescence was measured in a G:BOX Chemi-XRQ imager

(Syngene).
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2.9 CRISPR efficiency assay

10* Jurkat cells co-electroporated with sgRNA-containing lentiGuide-Hygro-dTomato and lentiCas9-
Blast were collected 3 days after transfection and vortexed with 0.5 ml of QuickExtract™ DNA
Extraction Solution in an Eppendorf tube for 15 seconds. The mixture was then incubated for 6

minutes at 65°C, vortexed again for 15 seconds, and incubated for 2 min at 98°C. 5 ul of this extract

was then used to set up a PCR, as set out in Chapter 2.1.4, with the following primers:

sgRNA Forward Reverse

MYB1 TCTCACCACTTGCTCTCCTG GTGTGTGTCTCCTGAACGGT

TAL1, TAL4 CTGTACCACCCGGATACAGC CACTGAACCAGACCGATCCC
TAL7* TCCAGCTAGCGCTGAGTTTC TTGTCTGTCTGTCTGCCCAC

TAL7* AGGCACACTCTTTCCTGGTA TTTGTCTGCCTCTTCTCACG

TAL7* ACATGCAGGCACACTCTTTC GTCTGCCTCTTCTCACGTCT
TAL10* GACACCAACCGGAGTACAGG GAGCCCCCAGTCATCGAAC
TAL10* GCCGGTTTCTATTCCAACCC GCCCCCAGTCATCGAACT

TAL10* AGCGCTGAGTTTCCGAATGA GAGCCCCCAGTCATCGAAC

TAL7, TAL10* | GCCACTGGGTTTAAAACGACCTCC GTGTTTCTGTCGCTGGCTGTATTCC
TAL7, TAL10* | CTGGGTTTAAAACGACCTCCTCTC CTCCTGATTTCCCCTTCTGTGTTTC
TAL7, TAL10* | CACTGGGTTTAAAACGACCTCCTC CTTCCTCCATCTCTGTCCTTTTGG
TAL7, TAL10* | CACGCACACTCTCTCTCACAGAAGG | CTCTCTGCCCTTCTCCCCTTTACC
TAL7, TAL10* | CCACAAACATCTACCTCTGCTCAC CTAACTTTGTCTGCCTCTTCTCACG

Table 2.12: Primers for CRISPR/Cas9 efficiency assays used in this doctoral work.

*These primers were all tested in turn in attempts to amplify the region of TAL1 where the TAL7 and

TAL10 sgRNAs cut, but none of the reactions returned specific products.

For each case of editing to be confirmed, two reactions were set up, one from the DNA of an edited
sample and one from the DNA of a control sample (SCR1). The PCR products were purified using the
Monarch® PCR DNA Cleanup Kit (NEB) and sent for sequencing. The resulting sequences were

compared using The Synthego ICE Analysis tool, 2019, v2.
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2.10 Design tools and genome viewers

Predictions of secondary eRNA structures in Chapter 1.5 were generated using the Fold algorithm on
the RNAstructure Web Server (https://rna.urmc.rochester.edu/RNAstructureWeb/, (Reuter and

Mathews, 2010)).

Figures featuring genomic tracks were made using IGV, the Integrative Genomics Viewer
(GRCh37/hg19 assembly, (Robinson et al., 2011)), with some help of the UCSC Genome Browser
(http://genome.ucsc.edu, GRCh37/hg19 assembly, (Kent et al., 2002)).

All sgRNAs, except where stated that these were adopted from published works, were designed using
the Broad Institute’s CRISPick (https://portals.broadinstitute.org/gppx/crispick/public, (Doench et al.,
2016; Sanson et al., 2018)).

The iBARs for the CRISPR/Cas9-mediated saturating mutagenesis of the TAL1 enhancer were
generated by Dr. Dan Bose using the Bioconductor platform (https://bioconductor.org, (Buschmann

and Bystrykh, 2013)).
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2.11 Statistical testing

Statistical testing was done in SPSS (version 28.0.1.1). All statistical tests were two-tailed unpaired T-

tests.
sign p-value
NS not significant
* p<0.05
** p<0.01
*Ak p £0.001

Table 2.13: Signs used to designate p-values in statistical testing.
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3 Establishment of a cell line suitable for CRISPR/Cas9-

mediated mutagenesis of the TAL1 enhancer

3.1 Introduction

In order to carry out a CRISPR/Cas9-mediated mutagenesis of the transcribed portion of the TAL1
enhancer in Jurkat cells, there is a need for a specific cell line on the background of the maternal one.
This is to provide for a control group for the experiment. Because the mutagenesis of some of the
regions within the TALI enhancer is expected to cause TAL1 downregulation, and because Jurkat cells
are naturally sensitive to TAL1 deficiency (Palii et al., 2011; Palomero et al., 2006; Sanda et al., 2012),
we predict that cells with disfavourable mutations will be underrepresented in the experiment. As a
minimum, this should be the case for mutations that affect transcription factor binding at the
enhancer, as demonstrated before for MYB (Mansour et al., 2014). Acting as rescue for cells in the
control group, inducible expression of TAL1 should ensure that there is no selective pressure in the
control group and the representation of all the mutations inflicted by CRISPR/Cas9 stays the same

throughout the experiment.

Aside from a doxycycline-inducible expression of TAL1, which provides for a control in this particular
case of CRISPR/Cas9-mediated mutagenesis, a useful feature in a cell line for any CRISPR/Cas9 screen
is an expression of Cas9. Cas9, an RNA-guided DNA-nuclease, is an integral part of the CRISPR-Cas9
complex. By stably integrating a gene for Cas9 in the genome of a target cell line, one can rid the
system of a variable in the form of oscillating levels of the Cas9 nuclease, which are a likely result in
the case when a Cas9 plasmid is co-transduced at the time of the experiment itself. In this system,
Cas9 is under control of a stable promoter. This allows for potential negative effects of the enzyme on

the cells to manifest themselves equally in both the experimental and control samples.

The genetically modified cell line for the CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer
was built on the background of the Jurkat cell line and established in three consecutive steps, with
each of the cell lines being more complex than the previous one (Figure 3.1). First, a monoclonal Tet-
transactivator protein-expressing cell line was established, on the background of which a monoclonal
doxycycline-inducible FLAG-TAL1 cell line was built. The second cell line was then used as background
for a monoclonal doxycycline-inducible FLAG-TAL1 cell line stably expressing Cas9. All the cell lines
created in this process were monoclonal, to reduce the variety a polyclonal cell population would

bring into the experiment, and to allow for a streamlined selection of clones that displayed the most
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favourable traits. This chapter will describe the step-by-step process of the establishment of this cell

line.

- Proescy NG — s

Jurkat-Tet3G Jurkat-Tet3G-TRE3G-FLAG-TAL1 Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9

Figure 3.1: The three individual steps in the establishment of the final cell line for the CRISPR/Cas9
mediated mutagenesis of the TAL1 super-enhancer.

Tet-On 3G — gene for a 3™ generation Tet-transactivator protein; FLAG-TAL1 — TAL1 gene with an N-
terminal FLAG-tag; Cas9 — gene for the Cas9 nuclease; Prresgy — a doxycycline-inducible promoter, 3™
generation.

3.1.1 Notes on methods for gene introduction into Jurkat cells

While the establishment of stable cell lines is common, a distinct challenge in establishing a stable
Jurkat cell line is its notorious lack of amenability to transfection, which is a rather common
characteristic of suspension cells. | tried optimizing chemical transfection of Jurkat cells for the
purposes of cell line validation, using Lipofectamine 3000, a lipid nanoparticle formula for difficult-to-
transfect cell lines from Thermo Fisher, as well as Geneluice, a non-lipid reagent from Sigma-Aldrich.
Using a plasmid containing EGFP, there was no observable change in fluorescence in any of the
transfected cell samples when measured on a plate reader (data not shown). When measured on a
flow cytometer, transfection of Jurkat cells using Geneluice resulted in a 0.2% EGFP-positive
population. This figure, however small, was recorded only about 36 hours post transfection, and as
such pertains to transiently transfected cells, out of which statistically a very small percentage comes
to integrate the gene of interest into their genome. With the odds of chemical transfection against us,
we decided to use viral transduction as a means of introduction of the desired genes into the

experimental system.

Transduction makes use of retroviral particles for delivery of genetic material into cells. Not only is
this method more efficient for hard-to-transfect cells compared to chemical transfection, it is also
designed for the integration of the genes of interest into the genome of the host cells (reviewed in
(Cockrell and Kafri, 2007)). Briefly, the virion particle, consisting of viral genomic RNA, structural

proteins and key enzymatic machinery (reverse transcriptase, integrase) fuses with the host cell
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membrane, penetrating into the cytoplasm (reviewed in (Suzuki and Craigie, 2007)). Here, reverse
transcription of the viral RNA genome takes place, with the use of the viral reverse transcriptase and
an aid of some host cellular proteins. Thus generated viral DNA, complexed with the viral and cellular
proteins, is then pulled into the proximity of the nucleus by hijacking the cytoskeleton of the host cell.
Some retroviruses, such as HIV-1, are capable to access the nucleus of their host cells by means of
active transport through nuclear pores, while others, such as MoMuLV (Moloney murine leukaemia
virus), rely on the breakage of the nuclear envelope during mitosis (reviewed in (Suzuki and Craigie,
2007)). Upon entry into the nucleus, the integration into the host genome ensues, an action
completed by the joint efforts of the viral integrase and cellular double-strand break DNA repair
machinery (Smith and Daniel, 2006). The method of retroviral transduction harnesses this excellent
infection potential for the purposes of scientific research and medicine, and we chose to use a classic

transduction protocol to make the desired genetic modifications in the Jurkat cell line.

3.2 Establishment of a Jurkat cell line stably expressing Tet-On 3G

transactivator protein

As a first step towards the final cell line, | established a cell line that expresses the Tet-On 3G
transactivator protein. A transcriptional activator (transactivator) protein, such as the Tet-On 3G
transactivator protein, is an indispensable part of any tetracycline-controlled gene expression system,
such as the one used in the final cell line to control expression of exogenous FLAG-TAL1. For
transcriptional activation to take place, doxycycline, a tetracycline derivative, needs to bind to the
transactivator protein, which responds by a change in its conformation (Figure 3.2). In this altered
state, transactivator protein becomes able to bind to a tetracycline-responsive promoter that is
inactive under normal circumstances. Upon binding, the transactivator protein recruits transcriptional
machinery and chromatin modifiers to the promoter, enabling the transcription of the gene under
control of this element (Gossen et al., 1995). The transcriptional activator used in this cell line, Tet-On
3G transactivator protein, is a highly active and highly doxycycline-sensitive variant of a transcriptional
activator, developed by spontaneous virus evolution (Zhou et al., 2006) from earlier variants (Baron

et al., 1997; Gossen et al., 1995; Urlinger et al., 2000).
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No doxycycline Doxycycline

——» transcription

Figure 3.2: Tet-transactivator protein in action.

Doxycycline binding (yellow hexagons) triggers a conformational change in Tet-On 3G transactivator
protein (green), allowing it to bind to a tetracycline-responsive promoter (red) and activate
transcription of a downstream gene of interest. Figure was adapted from Retro-X™ Tet-On® 3G
Inducible Expression System User Manual (Clontech, 2013).

To deliver the Tet-On 3G transactivator protein into Jurkat cells, | used the pRetroX-Tet3G plasmid
(Clontech). This is a plasmid for retroviral delivery, containing Tet-On 3G transactivator protein under
control of CMV promoter. As a selection marker, the plasmid includes a gene for aminoglycoside

phosphotransferase, which confers resistance against the antibiotic G418.
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Figure 3.3: Proliferation of Jurkat cells with various concentrations of G418.

Cells were counted on a haemocytometer using Trypan Blue stain. Graphs show absolute cell numbers
in the course of the experiment. (B) is a close-up of the dashed box in (A). In (A), proliferation curves
for 750 — 2000 pg/ml G418 are partially obscured by the proliferation curve for 4000 pg/ml G418.
Results show data from a single replicate.
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To determine the appropriate concentration of G418 for the selection of transduced cells,
untransduced Jurkat cells were first tested for their intrinsic sensitivity to this antibiotic. The lowest
concentration of the drug at which there were no live cells left after 7 days of culture, 2000 pg/ml,

was defined as the minimum lethal dose (Figure 3.3).

Next, as a means of introduction of Tet-On 3G transactivator protein into Jurkat cells, a transduction
was carried out using viral supernatant from GP2-293 cells following co-transfection with pRetroX-
Tet3G and the viral envelope vector pVSV-G. Transduced cells were selected for by an incubation with
2000 pg/ml G418, giving rise to a polyclonal Tet-On 3G transactivator protein cell line. To obtain
individual clones, two rounds of single-cell sorting into 96-well plates were performed 13 and 19 days
after the selection antibiotic was added. Cells for single-cell sorting were selected using basic flow
cytometry data (Figure 3.4A, B). Healthy live cells were first gated based on their forward and side
scatter parameters (Figure 3.4A) — forward scatter roughly corresponds with the particle size, while
side scatter is indicative of the internal complexity of the cell. Single cells were then selected based
on the correlation between the area under the voltage curve of the detected pulse for forward scatter
and the height of this curve (Figure 3.4B). First signs of expanding clones appeared within a week after

the sorting (Figure 3.4C). Overall, 88 clones were designated and their expansion monitored.
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Figure 3.4: Single cell sorting and clonal expansion.

(A, B) Flow cytometry figures showing the selection of the population of live, single cells for single-cell
sorting. (A) Scatter plot shows gating for a population of healthy live cells (P1). (B) Scatter plot shows
gating for single cells. SSC-A, Side scatter — area (under the voltage curve of the detected pulse); FSC-
A, Forward scatter — area (under the voltage curve of the detected pulse); FSC-H, Forward scatter —
height (of the voltage curve of the detected pulse). (C) Expanding Jurkat-Tet-On 3G transactivator
protein clone, 11 days post sorting.
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Luciferase assay testing Jurkat-Tet3G clones
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Figure 3.5: Luminescence of monoclonal Tet-transactivator Jurkat cell lines transduced with
luciferase.

Luminescence intensity of the individual clones in this graph is expressed in arbitrary units (AU). To
account for background luminescence, the luminescence intensity value of untransduced Jurkat cells
was subtracted from the luminescence intensity produced by each of the luciferase-transduced Jurkat-
Tet3G clones. Error bars represent standard deviation from 2 technical replicates. dashed box
outlines the selected clone.

To select a clone for further work, the fastest expanding monoclonal cell lines were tested for Tet-On
3G transactivator protein functionality and activity using luciferase assay. Selected monoclonal cell
lines were transduced with a packaged pRetroX-TRE3G-Luc plasmid (Clontech), which contains a gene
for luciferase under control of Prresay, a tetracycline-responsive promoter that will be used in the next
step of building the final cell line (Figure 3.5). The cell cultures were supplemented with 1000 ng/ml
doxycycline 24 and 72 hours after transduction to activate the transactivator protein and induce
luciferase expression, before being harvested 96 hours post transduction. Lysates from the tested cell
lines were subjected to luciferase assay using Firefly Luciferase Flash Assay Kit (Thermo Scientific).
Detecting any luminescence above background (luminescence of cells untransduced with luciferase)
was to be taken as an indicator of Tet-On 3G transactivator protein functionality in the given cell line,
and luminescence intensity was going to serve as a measure of Tet-transactivator protein activity.
Luminescence measurements uncovered more than three-fold differences in luminescence intensity
between the monoclonal cell lines (Figure 3.5). Based on these results, clone 85, which had the highest
luminescence intensity of all the tested clones and was one of the fastest growing clones, was chosen
for further work. Frozen stocks were prepared from this clone (designated Jurkat-85, or 85) and two

others (24 and 84) that also displayed a high luminescence and a good growth rate.
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3.3 Establishment of a Jurkat cell line expressing doxycycline-

inducible FLAG-TAL1

Continuing with the establishment of the final Jurkat cell line for CRISPR/Cas9-saturating mutagenesis
of the TAL1 enhancer, | proceeded to establish a cell line that expressed exogenous, doxycycline-

inducible FLAG-tagged TAL1.

As explained earlier, a positive doxycycline-mediated transcriptional control is based on the binding
of this tetracycline derivative to Tet-transactivator protein, a highly effective kind of which is
expressed in abundance in the newly established Jurkat-Tet3G cell line, and the subsequent binding
of this complex to a tetracycline-responsive promoter. The promoter to be used in this cell line is
designated Presgy, and is a version of the Prresg promoter (Loew et al., 2010) optimized for improved
performance in lentiviruses and retroviruses by Clontech (Retro-X™ Tet-On® 3G Inducible Expression

System User Manual, Clontech, 2013).

The Prresg promoter (Loew et al., 2010) is in itself an optimized version of the E. coli-inspired
tetracycline-responsive promoter Ptet-1, which consists of a minimal CMV promoter sequence
downstream of seven repeats of 19-bp tetracycline operator sequences, in a head-to-tail orientation
(Gossen and Bujard, 1992). These repeats are bound by homodimers of variously engineered Tet-
transactivator proteins, triggering either transcriptional repression (Gossen and Bujard, 1992) or
activation (Gossen et al., 1995). When used for transcriptional activation, however, the original Ptet-
1 promoter displayed a propensity to generate background expression of the downstream gene of
interest at levels that were non-negligible in some settings. To minimize the background levels of
expression from the promoter while maintaining its high inducibility, Loew and colleagues carefully
tinkered with the original, randomizing the spacing between the tetracycline operators and altering
the minimal CMV promoter by introducing consensus TATA-box and TFIIB-binding site sequences,
truncating the 5’-UTR, eliminating binding sites for transcription factors, and removing hairpin
structures that could trigger cap-independent translation initiation (Loew et al., 2010). The resulting
tetracycline-responsive promoter displayed more than a hundred times lower background expression
compared to Ptet-1, with the inducibility in a transient transfection being 50,000-fold, and 10,000-fold
in a stably integrated system (Loew et al., 2010). The Prresev is a version of this potent promoter,
further optimized for retroviral delivery (Retro-X™ Tet-On® 3G Inducible Expression System User

Manual, Clontech, 2013).
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In the second intermediate cell line, the newly introduced gene for TAL1 is tagged with a FLAG-epitope
tag at its N-terminus. The FLAG epitope, a short, eight amino acid-long tag (DYKDDDDK), serves as an

identifier of the exogenous protein as well as a tag for purification if necessary.

For the establishment of the cell line with doxycycline-inducible expression of FLAG-TAL1, there is a
need for a plasmid coding for the sequence in question, under control of a tetracycline-responsive
promoter. For this purpose, | set off to clone a collated sequence of the three exons coding for TAL1,
without any intronic or untranslated regions, and with the FLAG-coding sequence tagged onto its N-
terminus (as per plasmid pSIN4-EF1a-TAL1-IRES-Puro, Addgene plasmid #61065, (Elcheva et al.,
2014)), under the control of the Prresgv promoter in the pRetroX-TRE3G plasmid (Clontech) adjusted
to express the hygromycin resistance gene instead of the puromycin resistance gene. This adjustment
(Dr. Dan Bose) was done with the future CRISPR/Cas9 transductions in mind, as the plasmid we
planned to use for the downstream CRISPR/Cas9 experiments encoded the puromycin resistance
cassette. If the puromycin resistance gene was already stably integrated in the genome, we couldn’t
use it as a selection marker in the future. However, while the cloning of this pRetroX-TRE3G-Hygro-
FLAG-TAL1 plasmid seemed to have gone successfully, upon cell transduction and application of
hygromycin selection pressure we repeatedly failed to observe any surviving cells in our cell line
establishment attempts. Upon having sequenced the hygromycin resistance gene, we found that the
resistance cassette was compromised. In the interest of time, the FLAG-TAL1 sequence was cloned
into the available pRetroX-TRE3G plasmid with the original puromycin resistance gene (Dr. Dan Bose)

and downstream plans were changed with regards to the plasmid to be used for CRISPR editing.

The cell line with doxycycline-inducible expression of FLAG-TAL1 was prepared by the transduction of
a selected monoclonal Jurkat cell line (Jurkat-85) stably expressing Tet-On 3G transactivator protein
with retrovirus carrying the FLAG-TAL1 gene under control of the Prresgv promoter in the pRetroX-
TRE3G plasmid. Cells were cultured in selection medium (0.5 pg/ml puromycin, as determined by a
dose response experiment in Jurkat cells, Figure 3.6) for a week before being single-cell sorted into

96-well plates.

115



A Jurkat + puromycin B (close-up)
1 1.E+05

/ 9.E+04
;]  8.E+04
! 7.E+04
6.E+04
5.E+04
4.E+04
3.E+04
2.E+04
1.E+04
0.E+00

cells/ml
cells/ml

0 1 2 3 4 5
days in culture with puromycin days in culture with puromycin

—0—0 0.125 0.25 —#&—0.5 —¢—1 —@—2pug/ml puromycin

Figure 3.6: Jurkat cell proliferation with puromycin over the course of 5 days.

Jurkat cells were cultured with a range of puromycin concentrations and counted on a
haemocytometer with the use of Trypan Blue stain. (B) is a close-up of the dashed box in (A). In (A),
proliferation curves for 0.25 — 1 pg/ml puromycin are obscured by the proliferation curve for 2 pg/ml
puromycin. Results are from one replicate.

Several different conditions were tested for clone expansion, including using pre-conditioned media
(filtered medium in which a healthy culture of Jurkat cells was allowed to proliferate for 24 — 48 hours)
and different types of 96-well plates. The clones grown in the pre-conditioned media expanded faster
than the clones growing in unconditioned media, and were more numerous, with about 50% extra
colonies compared to clones expanding in fresh media. There was no difference between using round-
bottom and flat-bottom plates for clonal expansion of transduced Jurkat cells in terms of clone
viability, expansion rates or number of clones obtained from each type of plate. In the most prolific

plates, over a quarter of wells gave a viable clone.

Upon expansion, selected clones were subjected to a three-step elimination screening process to find
amongst them the monoclonal cell line with the most suitable behaviour: high inducibility with the
lowest possible background expression of FLAG-TAL1, and with the inducibility preferably easily fine-

tuned by increasing the concentration of doxycycline.

As a first step towards choosing the best-suited cell line, all clones that were satisfactorily expanded
within 4 weeks of single-cell sorting were tested for their FLAG-TAL1 expression upon doxycycline
induction using reverse transcription quantitative PCR (RT-qPCR; Figure 3.7) with one of the primers

directed to the FLAG tag.
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FLAG-TAL1 gPCR in doxycycline induced clones
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Figure 3.7: Expression of FLAG-TAL1 in doxycycline-induced monoclonal Jurkat-Tet3G-TRE3G-FLAG-
TAL1 clones.

Various Jurkat-Tet3G-TRE3G-FLAG-TAL1 clones (85-XX) were induced with 1000 ng/ml doxycycline
and their FLAG-TAL1 expression was assessed by RT-qPCR 48 hours later. Bars represent a fold change
in FLAG-TAL1 expression relative to a pooled sample of uninduced 85-XX clones. 85, Jurkat-Tet3G
(clone 85, maternal line to 85-XX; no FLAG-TAL1 in the genome). Data normalized to 18S rRNA
expression. Results show data from a single biological replicate. Error bars represent standard
deviation from 3 technical replicates. Pink dashed box outlines the clones that were taken into the
next stage of screening.

As a second step, six clones with the highest induced FLAG-TAL1 mRNA levels were screened for the
levels of background (uninduced) FLAG-TAL1 expression by RT-qPCR in two ways (Figure 3.8). Firstly,
uninduced FLAG-TAL1 mRNA expression in Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell lines was compared to
the signal obtained from their maternal cell line (Jurkat-Tet3G, clone 85; Figure 3.8A). Secondly, FLAG-
TAL1 levels in the individual doxycycline-induced Jurkat-Tet3G-TRE3G-FLAG-TAL1 clones were

compared to the FLAG-TAL1 levels in each of the uninduced samples (Figure 3.8B).
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Figure 3.8: Background FLAG-TAL1 expression in selected uninduced monoclonal Jurkat-Tet3G-
TRE3G-FLAG-TALI1 cell lines (85-XX).

FLAG-TAL1 levels were determined by RT-qPCR, data were normalized to 18S rRNA expression. (A)
Background expression of FLAG-TAL1 relative to maternal cells. Bars represent fold change in FLAG-
TAL1 mRNA levels of uninduced 85-XX clones normalized to Jurkat-85 (85, no FLAG-TAL1 in the
genome). (B) Induced vs uninduced FLAG-TALI1 levels. Bars represent the ratio between FLAG-TAL1
mMRNA levels in each of the induced (1000 ng/ml doxycycline (DOX+), 48-hour incubation) and the
uninduced (no doxycycline, DOX-) 85-XX sample. Results show data from a single biological replicate.
Error bars represent standard deviation from 3 technical replicates. Pink dashed box outlines the
clones that were taken into the final stage of clone selection.

Finally, the two clones with the lowest background expression of FLAG-TAL1 among the tested clones
(clone 15 and 16) were subjected to increasing levels of doxycycline and their FLAG-TAL1 inducibility
assessed by Western blotting (Figure 3.9A). Clone 16 showed a better correlation of FLAG-TAL1
protein levels with the concentration of doxycycline within the tested range (red arrow), but also
displayed additional unexpected bands on the Western blot membrane probed with anti-FLAG
antibody (purple arrows), which was not the case for clone 15. Within the range of doxycycline used,
the exogenous TAL1 expression levels were at a similar level as that of the major endogenous TAL1
isoforms combined (compare red and blue arrows, the two major isoforms run at approximately 40
kDa and 44 kDa; Figure 3.9). As clone 15 had a much lower background expression of FLAG-TAL1
(Figure 3.8) and showed no unidentifiable FLAG products (Figure 3.9), clone 15 was chosen for further

work.
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Figure 3.9: FLAG-TAL1 and protein expression in monoclonal Jurkat-85-TRE3G-

FLAG-TAL], clones 15 and 16.

TAL1 expression was assayed by Western blotting. Doxycycline (DOX) concentrations are indicated in
ng/ml, induction period was 48 hours. Purple arrows indicate unidentifiable FLAG products. Red
arrows indicate FLAG-TAL1, endogenous TAL1. Antibodies used were anti-FLAG (66008-
3-lg, Proteintech); anti-TAL1 (55317-1-AP, Proteintech) and anti-GAPDH (60004-1-lg, Proteintech).
The clone selected for further work is highlighted in a dashed box.

3.4 Establishment of a Jurkat cell line expressing doxycycline-

inducible FLAG-TAL1 and Cas9

As the third and final step towards the establishment of the cell line to be used in the CRISPR/Cas9-
mediated mutagenesis of the TAL1 enhancer, the existing Jurkat cell line with doxycycline-inducible

expression of FLAG-TAL1 was to be equipped with a gene for the Cas9 enzyme.

Cas9 is an RNA-guided nuclease which cuts both the DNA strands wherever it is directed by a short
guide RNA sequence (Chapter 1.4.1; reviewed e.g. in (Bannikov and Lavrov, 2017)). It was first
described as a part of a bacterial defence system against viruses (Barrangou et al., 2007), and later
repurposed as a scientific tool for genome editing due to its fantastic programmability (Cong et al.,

2013; Jinek et al., 2013; Mali et al., 2013). The cuts in DNA resulting from Cas9 nuclease activity are
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usually repaired by non-homologous end joining, which is imperfect and often leads to insertions and
deletions (indels) in the repaired sequence. A more precise way of fixing the Cas9-inflicted cuts is
homology-directed repair, which is generally less common, although the odds depend on the
particular cell line, locus and cell-cycle phase (reviewed in (Bannikov and Lavrov, 2017)). With the
planned CRISPR-Cas9 screen, we rely on the non-homologous end joining repair pathway to create

indels that will disrupt the natural sequence of the TAL1 enhancer and thereby potentially change its

potency.
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Figure 3.10: Jurkat-Tet3G-TRE3G-FLAG-TAL1 proliferation with a range of blasticidin concentrations.

Jurkat-Tet3G-TRE3G-FLAG-TAL1 (clone 85-15) cells were cultured with blasticidin (0 — 30 pug/ml) for 7
days and counted on day 4 and day 7 on a haemocytometer using the Trypan Blue stain. (B) is a close-
up of the dashed box in (A). Proliferation curves for 10 — 20 pg/ml blasticidin are obscured by the
proliferation curve for 30 pg/ml blasticidin. Results are from a single replicate.

To build the final cell line with a doxycycline-inducible expression of FLAG-TAL1 and stable expression
of the Cas9 nuclease, a monoclonal Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line (Jurkat-85-15) was
transduced with lentivirus containing the gene for Cas9 and a blasticidin resistance cassette. After 10
days of incubation in selection medium (10 pg/ml blasticidin, the experimentally determined minimal

lethal dose of the antibiotic, Figure 3.10), surviving cells were single-cell sorted into 96-well plates.

Very few clones expanded into cell lines, so there was no need for a streamlined screening process
this time. The four clones that expanded sufficiently within 5 weeks after single-cell sorting were
tested for stable Cas9 expression using Western blot, and three of them were found to be positive for

Cas9 (Figure 3.11A). These clones were further tested to confirm that the FLAG-TAL1 inducible

120



expression had been preserved (Figure 3.11B). Clone 85-15-4 was selected for future work, as the cell

line appeared to be morphologically the healthiest out of all the positive clones.
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Figure 3.11: Cas9, TAL1 and FLAG-TAL1 expression in selected Jurkat-85-15-Cas9 clones.

(A) Expression of Cas9 in selected Jurkat-85-15-Cas9 clones. (B) Expression of Cas9, FLAG-TAL1 and
endogenous TAL1 in selected Jurkat-85-15-Cas9 clones without doxycycline induction (NO DOX) or
upon 48-hour induction with 1000 ng/ml doxycycline (1000 DOX). Maternal, maternal Jurkat cells.
Antibodies: Cas9 antibody (ab191468, Abcam), FLAG antibody (66008-3-lg, Proteintech), TAL1
antibody (55317-1-AP, Proteintech) and GAPDH antibody (60004-1-lg, Proteintech). dashed box
highlights the selected clone of the final cell line.

3.5 Discussion

The first step in conducting the CRISPR/Cas9-mediated mutagenesis of the coding portion of the TAL1
enhancer was the establishment of an experimental system, a monoclonal Jurkat cell line with a
doxycycline-inducible expression of FLAG-TAL1 and a stable expression of the Cas9 nuclease, Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9. The final monoclonal cell line was established in a stepwise manner,
through two intermediate monoclonal cell lines, to ensure that all the features newly introduced into
the experimental system were of the highest possible functionality and efficacy. The large differences
between the luminescence intensity of the tested Jurkat-Tet3G clones (Figure 3.5 in Chapter 3.2), the
striking variation in FLAG-TAL1 inducibility and background expression in the Jurkat-Tet3G-TRE3G-
FLAG-TAL1 clones (Figure 3.7 and Figure 3.8 in Chapter 3.3), and the variability in the condition and

proliferation rates in the clones of the final line, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (Chapter 3.4),
fully justified this approach.
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The step-by-step approach not only allowed for an effective, streamlined selection of the best quality
features, it also significantly decreased the number of clones that had to be screened. Besides, judging
from the available evidence — especially the low number of clones obtained for Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 and the condition of these final lines — it is also quite likely that the step-wise
approach was the only way to establish this complicated genetically modified cell line at all: a
synchronous introduction of all the features might have been too stressful for any of the cells to

survive the process.

The process of establishment of stable cell lines is a common practice, but not without potential
stumbling blocks. In the case of Jurkat cells, the challenges include extremely low transfectability and

limited options for obtaining monoclonal populations.

We circumvented the problem of low transfectability by using viral transduction, a method often
employed for hard-to-transfect cells (Chapter 3.1.1). Early results from Jurkat transfection
experiments completely justified the use of the transduction method, which, while highly efficient,
also has its drawbacks. The main disadvantage of the approach these days is an increased demand for
time and labour, which explains why it often isn’t the first method of choice for genetic manipulation.
Another drawback of using virus for delivering a genetic payload is the inherent danger it may present,
although there has been a fantastic progress in the area of developing relatively safe viral vector

systems for transduction (reviewed in (Gouvarchin Ghaleh et al., 2020)).

In the establishment of our stable cell lines, | used two different viral systems: Tet-transactivator
protein and FLAG-TAL1 were introduced by gamma-retroviral infection (Chapters 3.2 and 3.3), while
Cas9 was transduced using a 3™ generation lentiviral packaging (Chapter 3.4). The main difference
between these two systems is that lentiviruses, as opposed to gamma-retroviruses, are able to cross
an intact nuclear membrane and as a result can infect not only dividing, but also non-dividing cells
(Chapter 3.1.1). However, as Jurkat cells divide about once in every 24 hours, this distinction wasn’t a
worrisome one. Nevertheless, it is important to be mindful of what type of system one is using, as
each type of transfer plasmid (plasmid coding the gene of interest) can be efficiently packaged only
by a set of compatible components, including the appropriate viral enzymatic machinery and
structural proteins. The viral envelope is interchangeable between systems; the vesicular stomatitis
virus glycoprotein (VSV-G) envelope is most commonly used due to its wide tropism (reviewed in
(Hastie et al., 2013)), which is now understood to be owing to the interaction of the VSV-G with the

ubiquitously expressed low-density lipoprotein receptor (Finkelshtein et al., 2013; Nikolic et al., 2018).

The plasmid containing Tet-transactivator protein (pRetroX-Tet3G) and the plasmid that FLAG-TAL1

was cloned into (pRetroX-TRE3G) were both part of a MoMulV retrovirus-based doxycycline-inducible
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expression system (Retro-X™ Tet-On 3G Inducible Expression System, Clontech; Chapters 3.2 and 3.3).
This system also features GP2-293 cells, a HEK293-derived cell line with stably integrated MoMulLV
Gag and Pol genes (structural proteins and indispensable viral enzymes, respectively). To prepare
retroviral particles using this cell line, a viral envelope plasmid is co-transfected with the transfer
plasmid. The use of GP2-293 eliminates the need for co-delivering an additional (Gag-Pol) plasmid into

the cells, which is conducive to higher viral titres.

Cas9 was introduced into our intermediate Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line from an HIV-1-
based transfer plasmid, lentiCas9-Blast (Addgene plasmid #52962, (Sanjana et al., 2014)), using a 3™
generation lentiviral packaging ((Dull et al., 1998); Chapter 3.4). Regular HEK293T cells were used for
the packaging, which necessitated the co-transfection of four different plasmids: the transfer plasmid
coding for Cas9; a plasmid coding for the VSV-G viral envelope, pMD2.G (Addgene plasmid #12259,
(Dull et al., 1998)); a plasmid encoding the main structural proteins of the virion (Gag) and the
enzymatic machinery (Pol), pMDLg/pRRE (Addgene plasmid #12251, (Dull et al., 1998)); and a plasmid
coding for the essential HIV-1-regulatory protein Rev, pRSV-Rev (Addgene plasmid #12253, (Dull et al.,
1998)). Rev facilitates nuclear export of viral RNA transcripts by binding to the Rev-responsive

element, an RNA motif which is included on the Gag-Pol-coding plasmid, pMDLg/pRRE.

Both the gamma-retroviral and the lentiviral transduction were efficient in introducing genes of
interest into Jurkat cells, in a stark contrast with the inefficiency of common chemical transfection
methods (Chapter 3.1.1). Polyclonal lines expressing the proteins of interest were obtained 1 — 2

weeks after transduction, depending on the selection antibiotic (Chapters 3.2 — 3.4).

Once polyclonal lines were established and tested for the expression of our proteins of interest, the
next step was to create monoclonal cell lines, for the reasons outlined above. Growing clonal lines
from single cells can be a challenge in mammalian cell culture for several different reasons, largely
depending on the specific cell line. Perhaps the most notable challenge in producing monoclonal
Jurkat cell lines is that they grow in suspension, which makes it impossible to use the easier, more cell-
friendly methods that are habitually employed for generating monoclonal adherent cell lines, such as
trypsin discs and cloning rings. Limiting dilution, where cells are aliquoted into plates at a
concentration that should theoretically ensure monoclonality, remains an option for Jurkat cells, but
the presence of a single cell in each well at the start of the experiment is a statistical function and
cannot be easily confirmed. Therefore, limiting dilution is often repeated several times to increase the
probability of producing a true monoclonal cell line, which is a time-consuming endeavour. The

method that we chose to use instead is single-cell sorting.

123



Single-cell sorting is in principle the same as limiting dilution, but more sophisticated in execution, and
largely without the statistical uncertainty. The single-cell deposition efficiency of this method
generally exceeds 99% (99.7% for BD FACSMelody, BD FACSMelody™ Cell Sorter Brochure, BD, 2018),
and it is done using fluorescence-activated cell sorters. These instruments sort cells based on flow
cytometry data, which can include fluorescence intensity, but not as a necessity: it is possible to sort
cells according to their size and granularity, which are reflected in the values of their forward and side
scatter (Chapter 3.2). This information allows to select with a relatively high accuracy for healthy,
living, single cells. When single-cell sorting a polyclonal cell line, which, such as in our case, has
undergone an antibiotic selection, no other information is necessarily required. These minimal
requirements, along with the high confidence in single-cell deposition, make single-cell sorting using
fluorescence-activated cell sorters an attractive option. The drawback of this approach is the physical
strain it puts on the sorted cells, and the fact that after the cells have gone through this strain, they
are separated from other cells, which can introduce further stress. While the strain from FACS can be
at least partially alleviated by using lower flow rates when sorting, the stress stemming from isolation
can be helped by using pre-conditioned media. Overall, when optimal conditions were used, single
cell sorting using a FACS machine provided us with a sufficient number of clonal Jurkat cell lines every

time (Chapters 3.2 —3.4).

The subsequent streamlined testing of the obtained monoclonal cell lines using a variety of methods,
including luciferase assay (Chapter 3.2), RT-qPCR (Chapter 3.3) and Western blotting (Chapters 3.3 and
3.4), allowed us to choose the best amongst the available clones at each step. In the first instance,
based on its strong proliferation and a strong performance in the luciferase assay, clone 85 of the
Jurkat-Tet3G cell line, expressing the Tet-On 3G transactivator protein, was selected to serve as a
background for the doxycycline-inducible FLAG-TAL1 cell line (Chapter 3.2). It can, however, also serve
as a background for other potential doxycycline-inducible Jurkat cell lines that we might want to
establish in the future. Next, clone 85-15 of the Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line was chosen
for its high induced levels and low background expression of FLAG-TAL1 (Chapter 3.3). Finally, clone
85-15-4 of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line was selected for its apparent

morphological health compared to its two other competitors, 85-15-1 and 85-15-3 (Chapter 3.4).

The establishment of the final cell line, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, took overall longer than
the preparation of the two previous cell lines, and produced only four expanding clones in the first
month (Chapter 3.4). This was from the same number of 96-well plates as with the two intermediate
cell lines, which yielded, in a shorter timeframe, ten to twenty times more viable clones. Furthermore,
all of the newly established final monoclonal cell lines grew at a slower rate compared to the maternal

cell line, and their cultures contained a higher percentage of morphologically unsound cells. Taken
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together, these observations suggest that the stable expression of the Cas9 enzyme takes its toll on

the cells.

However, there are also distinct advantages in using a cell line with a stably integrated Cas9. The
effectiveness of such a system surpasses that of a co-delivery of sgRNA and Cas9 about 100 times
(Sanjana et al., 2014), likely due to the sizeable nature of the enzyme (Montalbano et al., 2017). The
stable integration together with clonal selection also leads to higher accuracy and better
reproducibility in pooled screens due to a steady level of Cas9 expression in all cells. Finally, stable
expression of Cas9 in cell lines designed for CRISPR/Cas9 screens is a common feature (for example,
(Canver et al., 2015; Shi et al., 2015)) and has been previously used in Jurkat cells as well (Chi et al.,

2016; Shang et al., 2018). These reasons led us to adopt the stable Cas9 strategy.

Concerning doxycycline concentrations for the rescue, from the first data that we collected, the
inducible FLAG-TAL1 seems to be amply responsive to doxycycline. While higher concentrations of
doxycycline can be toxic to cells, Jurkat cells seemed to be mostly unperturbed (if a little slowed down
in growth) even at the highest doxycycline concentration used, 1000 ng/ml, which, according to
current evidence, is likely much higher than the concentration that will be needed for rescue. It is also
important to note that while Tet-On 3G is highly sensitive to doxycycline (a tetracycline-group
compound), it is poorly induced by tetracycline itself, so care has to be taken to use specifically
doxycycline for the induction of this system. Finally, it is also paramount that certified, good quality
tetracycline-free FBS be used for all the doxycycline-sensitive experiments in the cell line. As the
members of the tetracycline class are used as antibiotics in cattle, they may be contained in regular
serum, at levels that can activate doxycycline-inducible transcription, hence interfering with

doxycycline-sensitive experiments.

Overall, the stepwise transduction, FACS-based single-cell sorting and streamlined testing led to the
establishment of a viable monoclonal cell line expressing doxycycline-inducible FLAG-TAL1 and

constitutive Cas9: Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9.
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4  TAL1 downregulation reduces the proliferation rate of the

newly established cell line

4.1 Introduction

In the last chapter, we have followed the steps leading to the establishment of the Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cell line. This new cell line had next to be validated. Two main points had to
be confirmed: firstly, that the newly established cell line responds to TAL1 downregulation in the same
way the maternal cell line does, i.e. by a drop in proliferation rate; secondly, that this drop in growth
rate can be rescued by the addition of doxycycline, which induces the expression of exogenous TALL.
This chapter deals with the validation of the former and the following chapter provides details about

the experiments that were done in attempts to validate the latter.
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Figure 4.1: Expected behaviour of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line in CRISPR/siRNA
validation experiments.

Control cells (green) proliferate unhampered. TAL1 enhancer knockout (blue) causes some growth
challenge, TAL1 knockout or knockdown (red) leads to a serious proliferation challenge.
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In broad terms, in an ideal experiment that validates the sensitivity of the newly established cell line
to TAL1 abrogation, cells would show a clear pattern of decreased proliferation after TAL1 knockout
or TAL1 knockdown, and possibly, in the case of the knockout, an eventual complete stop of
proliferation and cell death (Figure 4.1). This would be in contrast to control cells, transduced or
transfected with non-targeting sgRNAs or siRNAs, whose TAL1 expression has not been compromised,
and which should continue proliferating and expanding as a cell line. We would expect the viability of
cells whose TAL1 expression is downregulated to a degree (but not completely abrogated) to fall
between that of the control group and the group where TAL1 is completely abolished. This should be
the case when targeting the TAL1 enhancer, for example. As a general rule, we would expect that the
more downregulated the expression of TAL1, the slower the cells would proliferate. Meanwhile, we

would fully anticipate survival in control cell samples that were not TAL1-challenged (Figure 4.1).

4.2 Guide RNA sequences for CRISPR validation

For the screen to be viable, we expected the proliferation of the newly established cell line to be
reduced by transfection of sgRNAs targeting TAL1. It was because the planned screen of the TAL1
enhancer is based in CRISPR/Cas9-mediated mutagenesis that we first set off to validate the
dependence of the new cell line on the endogenous TAL1 levels using CRISPR. As the new cell line,
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, already expresses the Cas9 enzyme (Figure 3.11in Chapter 3.4),
the only remaining requirement for CRISPR editing to take place in these cells is the introduction of
the RNA component — the single guide RNA (sgRNA). The sgRNA directs the Cas9 enzyme to the regions

in the genome where editing is desired (Figure 1.8 in Chapter 1.4.1).

To confirm that Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 had preserved the addiction to the TAL1
transcription factor, | designed four guide RNA sequences targeting the TAL1 gene, out of which two
target the 5’-untranslated region (5’-UTR) of TAL1 (designated as TAL1, TAL4) and two target the first
exon of TAL1 (designated as TAL7, TAL10; Figure 4.2 and Table 4.1). | also adopted, from a published
paper (Mansour et al., 2014), a guide RNA sequence targeting the MYB-binding site in the TAL1
enhancer, whose mutation should be sufficient to seriously impair the function of this regulatory
element and therefore also cause a marked decrease in TAL1 expression. This guide RNA sequence

targeting the MYB-binding site was designated as MYB1 (Figure 4.2 and Table 4.1).
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Figure 4.2: An overview of sgRNAs for the CRISPR validation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
addiction to TAL1.

TAL1 and TAL4 target the 5’-UTR of TALI; TAL7 and TAL10 target the first exon of TAL1; MYB1 targets
the MYB-binding site at the TALI enhancer. All of these guide sequences are cloned under control of
the U6 promoter and in front of a full sgRNA scaffold sequence in the lentiGuide-Hygro-dTomato
plasmid. Negative controls (without predicted negative effects on growth rate) are the lentiGuide-
Hygro-dTomato plasmid containing a scrambled sgRNA (SCR1) and the lentiGuide-Hygro-dTomato
plasmid containing no guide RNA sequence (no sgRNA). Cells without the plasmid will experience a
lack of selection marker and can therefore be used as positive control for selection pressure. In the
maternal line, where experiments were later performed for comparison (Chapters 4.3; 4.9; 4.10; 4.11;
4.13), the lack of Cas9 in the genome calls for the introduction of a plasmid coding for Cas9 alongside
the sgRNA-containing plasmid. In these cells, using only the Cas9-encoding plasmid and not the sgRNA-
containing plasmid was used as an additional positive control for selection pressure (Cas9 only).

The five experimental guide RNA sequences, along with a non-targeting control — a scrambled guide
RNA sequence (Lawhorn et al., 2014) — were cloned into the lentiGuide-Hygro-dTomato plasmid
(Addgene plasmid #99376, (Ho et al., 2017)), which contains a single guide RNA scaffold, a hygromycin
resistance gene and a gene for the orange fluorescent protein dTomato. In a number of the following
experiments, the lentiGuide-Hygro-dTomato plasmid without a guide RNA sequence was used as an
additional or alternative negative control, designated as “no sgRNA”. Positive controls for selection
pressure in the CRISPR validation experiments were generally cells that didn’t receive the lentiGuide-
Hygro-dTomato plasmid, designated either as “virus only” in transduction experiments, or “PBS” in

transfection experiments.

Overall, five plasmids of the lentiGuide-Hygro-dTomato backbone encoding sgRNAs designed to
decrease TAL1 expression in Jurkat cells were prepared — TAL1, TAL4, TAL7, TAL10 and MYB1 (Figure
4.2 and Table 4.1).
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sgRNA name Target sequence Target region
GAGTGGAGATCCTATTCAGA TAL1 5'-UTR — endogenous TAL1
GAATAGGATCTCCACTCCGC
TAL7 GCGGCCCTTTAAGTCTCTCG TAL1 exon (2/4) —endogenous TAL1 + FLAG-
TAL10 TGAGGCTGTAGAGCAGCGCG | AL
MYB1 CACAGAAAGACGGTTAGGAAA | TALI enhancer — MYB binding site
SCR1 GCTGATCTATCGCGGTCGTC non-targeting control
- control using plasmid without an sgRNA
no plasmid/PBS - control for antibiotic selection (hygromycin)
Cas9 only - control for second antibiotic selection in
Jurkat cell experiments (blasticidin)

Table 4.1: sgRNAs used for the CRISPR/Cas9 validation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
cell line’s dependence on TALL.

4.3 sgRNAs are cleaving at the expected loci

To test whether the newly designed sgRNAs targeting TAL1 and the TAL1 enhancer cleave at the
expected sites, we introduced the sgRNAs into wild-type (wt) Jurkat cells by nucleofection and
checked for CRISPR editing 3 days later by sequencing analysis. Figure 4.3 shows such a CRISPR-editing
analysis using The Synthego ICE Analysis tool (v2) for a sample edited with the TAL4 sgRNA. Figure
4.3A shows the base calls from Sanger sequencing for both the experimental and the control samples
around the guide sequence (this information comes from .ab1 files, which are part of the package of
sequencing results). The sequencing signal is clean in both samples before the cut site (black dashed
line); past the cut site, the base calls in the experimental sample become mixed, while the control
signal continues to be clean. The software uses these differences to determine the actual cut site
(Figure 4.3A), the percentage of edited cells (Figure 4.3B) and even the distribution of the indels
(Figure 4.3C, D).

Using the sequencing analysis and The Synthego ICE Analysis tool (v2), we confirmed editing at the
expected loci in the case of TAL1 and TAL4 sgRNAs, which occurred with a 10% efficiency for the TAL1-

edited sample (data not shown) and 18% efficiency for the TAL4-edited sample (Figure 4.3).
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Figure 4.3: CRISPR analysis of a sample of Jurkat cells edited with an sgRNA targeting the 5’-
untranslated region of TAL1 (TAL4 sgRNA).

Jurkat cells were co-electroporated with a plasmid coding for Cas9 and the lentiGuide-Hygro-dTomato
plasmid containing TAL4-sgRNA. Jurkat cells co-electroporated with a plasmid coding for Cas9 and the
non-targeting, scrambled sgRNA, SCR1, were used as the control. (A) A comparison of the sequence
around the cut site in the control (SCR1) and the edited sample (TAL4). The TAL4 sgRNA sequence is
underlined, the red dotted line indicates the PAM sequence. The vertical dashed line represents the
cut site, as determined by the analysis software. (B) A discordance plot shows the portion of the
sequencing signal in the experimental sample (TAL4, green) which disagrees with the control sample
(SCR1, orange). The vertical black dashed line indicates the position of the cut site. (C) A distribution
of indels within the entire experimental sample (TAL4) genome population, inferred by the software.
(D) A more detailed view of the mix of sequences present in the experimental sample (TAL4) and their
relative proportions. The vertical dashed line represents the cut site. The orange plus sign (+) denotes
unedited sequence. The analysis was performed using The Synthego ICE Analysis tool (v2).
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For samples edited with TAL7 and TAL10 sgRNAs, | wasn’t able to amplify the correct sequence, and
therefore couldn’t confirm the editing outcomes by sequencing analysis. However, a Western blot
from cells collected on day 3 post-transfection showed a clear TAL1 downregulation for the TAL7- and

TAL10-edited samples (Figure 4.4).
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Figure 4.4: TAL1 expression in wild-type Jurkat cells 3 days upon TAL1 knockout.

Jurkat cells were co-electroporated with a plasmid coding for Cas9 (blasticidin resistance) and a
plasmid containing an sgRNA (hygromycin resistance) against one of the following regions: TAL1
enhancer (MYB1), TAL1 5’-UTR (TAL1, TAL4) or TAL1 exonic region (TAL7, TAL10). Negative controls
for the experiment were a non-targeting sgRNA (SCR1) and a plasmid with no sgRNA (no sgRNA).
Positive controls for selection pressure were cells mock-transfected with PBS (no plasmid), or
transfected only with the Cas9 plasmid (Cas9 only). Cells were cultured in 10 pg/ml blasticidin and 500
pg/ml hygromycin from day 1 post nucleofection to select for cells that contained both the plasmids.
In the Western blot, GAPDH served as loading control. Antibodies used were anti-TAL1 antibody
(55317-1-AP, Proteintech) and anti-GAPDH antibody (60004-1-1g, Proteintech).

The TAL1 enhancer-edited sample (MYB1 sgRNA) was impossible to check by sequencing analysis, as
TAL1 enhancer is a monoallelic feature caused by a mutation at exactly the site we are targeting with
MYB1 sgRNA — this means that even in a wild-type Jurkat cell sample, this region will have mixed base

calls in this region, regardless of any editing (data not shown).
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4.4 First experiments show a massive cell death problem and
inconsistencies

The first attempt at CRISPR validation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 dependence on TAL1
was carried out in a very similar way to how the stable cell lines were established. The aforementioned
plasmids containing anti-TALI sgRNAs were packaged using 3™ generation lentiviral packaging in
HEK293T cells; the resulting particles were used for the transduction of Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cells (clone 85-15-4), which stably express Cas9. We chose to select for transduced cells
using hygromycin (rather than the other available marker, the fluorescent protein dTomato) due to
the simplicity and ease of use of antibiotic selection pressure. We determined the minimal lethal dose
previously in maternal Jurkat cells as 500 pg/ml (Figure 4.5). Virus only control cells demonstrated no

viability 7 days post transduction, indicating that the selection with hygromycin was successful.
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Figure 4.5: Proliferation of Jurkat cells with hygromycin.

Jurkat cells were cultivated with a range of hygromycin concentrations (0 — 4000 pg/ml) and counted
on a haemocytometer using Trypan Blue; graphs show data from a single replicate. (B) shows a close
up view of (A), zooming in on the proliferation pattern of cells challenged with 250 — 4000 pg/ml
hygromycin. In (B), proliferation curves for 500, 750, 1500 and 3000 pg/ml hygromycin are obscured
by the proliferation curve for 4000 pg/ml hygromycin, and the proliferation curve for 1000 pg/ml
hygromycin is obscured by the proliferation curve for 2000 pg/ml hygromycin.

Viability measurements using alamarBlue HS reagent showed some unexpected behaviour, with most

experimental groups faring better 7 days after transduction than the non-targeting control cells
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(Figure 4.6). Furthermore, an examination of the cells under the microscope revealed virtually no
surviving cells a week after transduction. This led us to hypothesize that the unexpected behaviour

might only be a product of working with very low cell numbers.

Transduction and antibiotic selection
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Figure 4.6: Proliferation rates of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells transduced with
unconcentrated viral supernatants encoding various sgRNAs targeting TAL1 gene and TAL1
enhancer.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) cells were transduced with fresh,
unconcentrated viral particles containing the lentiGuide-Hygro-dTomato plasmid encoding a
hygromycin resistance cassette and either an sgRNA targeting the TAL1 gene (TAL1, TAL4, TAL7 or
TAL10), or an sgRNA targeting the MYB-binding site at the TALI1 enhancer (MYB1). Controls were
transduced with viral particles containing the lentiGuide-Hygro-dTomato plasmid encoding a
hygromycin resistance cassette and either a scrambled sgRNA (SCR1), or the plasmid without an
sgRNA (no sgRNA). Positive controls for antibiotic selection were cells transduced with cargo-less viral
particles (virus only). 500 pg/ml hygromycin was added to cells 24 hours post transduction. Viability,
expressed as percentage of living cells relative to the SCR1 sample, was measured at indicated time
points using alamarBlue HS reagent. These results are from a single replicate.

Such a massive cell death, however, was surprising, as it was unobserved in any of the previous
transduction experiments, where cell lines were always clearly expanding by the end of a week of
selection. One of the potential culprits was identified as the antibiotic of choice — for example, an
unfortunate mutation in the resistance gene in our plasmid, an improper expression of the resistance
gene from our plasmid or a different kinetics of expression of this resistance gene compared to the

resistance cassettes | used previously could all be to blame.
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4.5 Selection using FACS

The quickest way to see whether the massive cell death was connected to the hygromycin selection
in any way was to make use of the other selectable marker in the sgRNA-bearing plasmid, the
fluorescent protein dTomato. This strategy circumvented the need for hygromycin selection and
instead, employed FACS to select cells with presumed sgRNA expression based on fluorescence

intensity.

Importantly, the dTomato-based approach gave rise to the expected behaviour in terms of
relationships between the proliferation rates of the individual samples over time (Figure 4.7A). The
cells transduced with TALI exon-targeting sgRNAs (TAL7 and TAL10) expanded much slower than the
control samples (SCR1, no sgRNA), while cells transduced with TAL1 5’-UTR-targeting sgRNAs (TAL1,
TAL4) and the TAL1 enhancer-targeting sgRNA (MYB1) expanded slower than the control cells, but

faster than the cells edited at TAL1 exon.

Crucially, FACS data immediately highlighted the very low efficiency of transduction seen using our
original transduction protocol, with only ~1.62% of cells transduced successfully (dTomato positive
cells in Figure 4.7B). This potentially explains the high cell mortality seen using hygromycin resistance

in our first experiment.

Western blotting showed a decreased TAL1 expression with the MYB1-sgRNA on day 27 after
transduction, while the TAL7- and TAL10-edited samples showed an almost complete abrogation of
TAL1 expression (Figure 4.7C). However, TAL1 levels in the TAL1 5’-UTR-edited samples remained
largely unperturbed (Figure 4.7C).

In the first repeat of this experiment, while the cells expanded into cultures eventually, the cell
numbers at the beginning of the experiment were extremely low (as little as 5 x 10% cells in a sample
on day 3 after sorting). This was likely a combined effect of the stress caused by FACS and the low
numbers of collected cells (1 x 10* per sample). The latter was due to a very low transduction
efficiency, between 0.94 and 2.29% (Figure 4.7B and data not shown). While cells in the first repeat of
this experiment grew slowly, but expanded eventually, in the second repeat, the cells didn’t

recuperate after the sorting at all and died off by day 10 after FACS (data not shown).

Instrumentally, the experiments in this chapter pointed out the low transduction efficiency we were
achieving with our concurrent transduction protocol, highlighting this as the potential primary issue

causing the massive cell death we observed in the experiment described in the previous chapter.
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Figure 4.7: Proliferation and TAL1 expression of differentially CRISPR-edited, FACS-sorted Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cells.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) cells were transduced using fresh,
unconcentrated viral particles containing the lentiGuide-Hygro-dTomato plasmid encoding a gene for
the dTomato orange fluorescent protein and either an sgRNA targeting the TAL1 gene (TAL1, TAL4,
TAL7 or TAL10), or an sgRNA targeting the MYB-binding site at the TALI enhancer (MYB1). Controls
were cells transduced with viral particles containing a plasmid encoding the dTomato orange
fluorescent protein and either a scrambled sgRNA (SCR1), or the plasmid without an sgRNA (no
sgRNA). 1 x 10* transduced cells were collected 24 hours post transduction using FACS (FACSMelody,
BD) based on their dTomato fluorescence. (A) Percentage of living cells in the course of the
experiment, relative to SCR1. Day 0 on the graph is the day of FACS. Live cells were counted on a
haemocytometer using the Trypan Blue stain at the indicated time points. These results are from a
single replicate. (B) A flow cytometry image of the SCR1 sample at the time of FACS. (C) A Western
blot shows TAL1 expression in each sample on day 27 after transduction. GAPDH serves as loading
control. Antibodies used were anti-TAL1 (55317-1-AP, Proteintech) and anti-GAPDH (60004-1-Ig,
Proteintech).
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4.6 Optimized viral preparation improves transduction efficiency

In the belief that low transduction efficiency was the root cause of the massive cell death and the
behavioural inconsistencies we had observed in our first attempts at validating the Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cell line, we decided to explore the potential of increasing the transduction

efficiency by way of optimization of the transduction protocol.

To that end, we employed a viral concentrator formula, Lenti-X Concentrator (Takara), which allows
toincrease the viral titre up to 100 times. | transfected HEK293T packaging cells with a control plasmid
(lentiGuide-Hygro-dTomato-SCR1) and the appropriate viral components and prepared concentrated
lentivirus from the supernatant collected after the first 24 hours and the second 24 hours after the
transfection medium was changed. | transduced Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 with different
amounts of the concentrated lentivirus and measured dTomato fluorescence using a flow cytometer

in all groups 2 days later.
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Figure 4.8: Transduction optimization.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced with increasing amounts (in units, U) of
concentrated viral supernatant containing packaged template for dTomato orange fluorescent
protein. Fluorescence was measured 48 hours after transduction using flow cytometry (FACSMelody,
BD). 1U represents the number of viral particles produced by 2.33 cm? packaging cells in 24 hours.
Viral supernatant produced in the first 24 hours after the change of medium was collected and
concentrated (24 h) and replaced by fresh medium, which was again collected and concentrated 24
hours later (48 h). Numeric value indicates the percentage of dTomato-positive cells in each sample.
Red line approximately indicates median fluorescence of the main population in the dTomato channel.
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Interestingly, even the same amount of virus in concentrated form as was used for the early
supernatant transduction attempts in the previous chapter (defined as 1 unit, 1 U, which was equal
to the amount of virus that 2.33 cm? packaging cells can produce in 24 hours) gave better results in
terms of percentage of transduced cells (10.6%, Figure 4.8) compared to the 1 — 2% efficiency
observed previously in the transductions with unconcentrated virus (Figure 4.7 in Chapter 4.5 and
data not shown). This increase could also be partly due to the extended incubation time allowed after
the transduction of the sgRNA-bearing plasmids (24 hours in the previous experiment, 48 hours in this
experiment). As expected, transducing cells at a higher multiplicity of infection (MOI) led to an
increase in transduced cells; the correlation was roughly logarithmic. However, this increase in
transduction efficiency seemed to have come at a price of increased stress to the cells, as inferred
from the shift of the main population towards higher fluorescence intensity (red line, Figure 4.8),
suggesting autofluorescence of untransduced cells. Nevertheless, the viability of the cells was

comparable in all groups (data not shown).

The viral supernatant from the first 24 hours after transfection medium was changed on the packaging
cells produced better results than its counterpart collected at 24 hours after the first batch of viral
supernatant was harvested (48 hours after the initial media change; Figure 4.8). This would have been

either due to a higher content of viral particles, or a higher potency thereof.

Based on the results in this chapter, we decided to use concentrated viral stocks for future
experiments, made from supernatants collected 24 hours after transfection media change on the

packaging cell line.

4.7 Optimized transduction fails to solve the massive cell death

problem

With the new, efficient twist on the transduction method in hand, we set off to assess whether the
massive dying observed in the early experiments in all groups, including negative controls, could be
avoided by increased transduction efficiency. In the next set of experiments, which were again a
CRISPR/Cas9-based validation screen of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, | used 9 U
of concentrated viral particles containing the various anti-TAL1 sgRNAs (Figure 4.2 and Table 4.1 in
Chapter 4.2) to transduce the newly established cell line, instead of 1 U unconcentrated viral particles
as before. We chose to select for the transduced cells with antibiotic pressure (500 ug/ml hygromycin)

rather than with FACS, because it presents a simpler strategy and is arguably less stressful for the cells.
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In the first repeat of this experiment (Figure 4.9A), anti-TAL1 sgRNA-edited cells (apart from TAL10-
edited cells) showed an initial (day 4) drop in proliferation rate according to expectation, but by day
8, the differences between the groups became minimal. In the second repeat of this experiment
(Figure 4.9B), the TAL7- and TAL10-edited samples were showing the expected drop in proliferation
compared to controls on day 8, while the TAL1 5’-UTR-targeting and TAL1 enhancer-targeting sgRNAs
had an unexpected opposite effect of lending the edited cells a proliferative advantage over the
control group. Moreover, the two negative controls (SCR1 and no sgRNA) acted quite differently to
each other in the second repeat of the experiment. The general tendencies seemed grossly

inconsistent between the two repeats.
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Figure 4.9: Proliferation rates of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells transduced with
concentrated viral particles containing various sgRNAs targeting TAL1 gene and TAL1 enhancer.

(A, B) Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) cells were transduced with 9 U of
concentrated viral particles containing the lentiGuide-Hygro-dTomato plasmid encoding a hygromycin
resistance cassette and either an sgRNA targeting the TAL1 gene (TAL1, TAL4, TAL7 or TAL10), or an
sgRNA targeting the MYB-binding site at the TALI enhancer (MYB1), or a non-targeting, scrambled
sgRNA (SCR1), or the lentiGuide-Hygro-dTomato plasmid with no sgRNA cloned in (no sgRNA). 500
pug/ml hygromycin was added to cells 24 hours post transduction. Viability, expressed as percentage
of living cells relative to the no sgRNA sample, was measured at indicated time points using alamarBlue
HS. The experiment in (A) was done using a fresh viral aliquot, whereas the experiment in (B) was
done using a frozen viral aliquot; also the passaging was slightly different in each case, and the cells
used for the experiment in (B) were about a week older than the cells used for the experiment in (A).

Furthermore, by day 8 of the experiment, again, none of the groups, including control cells, showed

any signs of expansion into cultures, which was always the case by the end of week 1 in my previous
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transduction experiments with Jurkat cells (Chapter 3), and were instead dying off. Curiously,
however, cells that were transduced with empty viral particles (virus only), and served therefore as a
positive control for antibiotic selection, were almost completely dead by day 4, in contrast to the cells
in all the other groups, which received the hygromycin resistance gene during transduction (Figure
4.9A, B). This was consistent across the two repeats, which otherwise differed in almost every other
respect, and indicated that the hygromycin resistance cassette from lentiGuide-Hygro-dTomato was,

at least to a degree, successfully expressed and functional.

Taken together, the experiments in this chapter showed that the improved transduction method
didn’t solve the problem of extensive cell death in the CRISPR/Cas9-based validation screen in Jurkat-
TRE3G-FLAG-TAL1-Cas9. Furthermore, the results indicated that the hygromycin resistance cassette
was functional. These findings therefore strongly suggested that neither the low transduction
efficiency, nor a faulty hygromycin resistance cassette were at the heart of the issue that was
preventing us from a successful, viable CRISPR/Cas9 validation of the newly established cell line, and

prompted us to look for a potential solution elsewhere.

4.8 siRNA TAL1 knockdown slows proliferation in Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9

Because of such disheartening results from the CRISPR/Cas9-based validation of TAL1 dependence in
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, we decided to employ a different method for the validation of
the cell line to see whether our CRISPR/Cas9 method needed further optimization, or whether the cell
line was just not behaving in the expected manner. To this end, we chose to carry out an siRNA-

mediated knockdown of TAL1 and measure the effect on cell proliferation.

Because chemical transfection methods are generally grossly inefficient in Jurkat cells, we instead
chose to employ our latest technological addition, a Neon Transfection System (Thermo Fisher), that
transfects cells based on electroporation. | firstly trialled this system for the delivery of small
oligonucleotides (such as siRNAs or ASOs) into Jurkat cells with striking success (Figure 4.10). A control
Cy3-labelled antisense oligonucleotide (ASO) was introduced into 100% of cells in the sample when
the concentration of the ASO in the cell culture was as little as 50 nM (Figure 4.10). Therefore, this

method seemed promising for the purposes of siRNA introduction into a Jurkat-based cell line.
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Figure 4.10: Nucleofection optimization for the delivery of small oligonucleotides.

Jurkat cells were electroporated using Neon Transfection System (Thermo Fisher) with control Cy3-
labelled antisense oligonucleotide (Cy3-ASO). The final Cy3-ASO concentration in the culture medium
was either 50 nM or 100 nM. Figure shows flow cytometry images from 10,000 cells, with Cy3
fluorescence intensity on the x-axis.

To confirm that TAL1 knockdown decreases Jurkat cell proliferation in the engineered cell lines, anti-
TAL1 siRNAs of three kinds were delivered into Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells (clone 85-
15-4) and viability was monitored in regular intervals using the alamarBlue HS Cell Viability Reagent
(Figure 4.11B). As a control measure, the same experiment was also carried out in the maternal Jurkat
cell line (Figure 4.11A). Downregulation in TAL1 expression was confirmed by a Western blot (Figure
4.11C). The proliferation of both the cell lines was negatively affected by the downregulation of TAL1

expression upon the siRNA-mediated TALI-knockdown.

This set of experiments confirmed that both wild-type Jurkat cells and the newly established cell line,
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, maintain their dependence on TAL1 for continued proliferation,

a key characteristic for the planned CRISPR/Cas9 screen.
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Figure 4.11: siRNA-mediated TAL1 knockdown in Jurkat and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
cells.

siRNAs (3 anti-TAL1 siRNAs, 3 non-targeting controls) were delivered into cells on day O via
nucleofection (Neon Transfection System, Thermo Fisher) to a final concentration of 50 nM. ‘No siRNA’
is a PBS-treated sample. (A, B) Percentage of living Jurkat (A) or Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
(B) cells after siRNA-mediated TALI knockdown relative to the PBS-treated sample (no siRNA), as
measured with alamarBlue HS Cell Viability Reagent. Error bars represent standard deviation from 3
biological replicates. (C) A Western blot shows TAL1 expression in each experimental sample of Jurkat
cells on day 3 after transfection. GAPDH serves as loading control. Anti-TAL1 antibodies used were
from Proteintech (55317-1-AP) and Abcam (ab155195), anti-GAPDH antibody was from Proteintech
(60004-1-1g).
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4.9 Neon electroporation fails to solve the massive cell death problem
and inconsistent behaviour in Jurkat-Tet3G-TRE3G-FLAG-TAL1-
Cas9

As the results from the TALI-mediated knockdown experiments showed that the Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cell line maintained its addiction to TAL1, the next step was to try to optimize the ill-
fated CRISPR/Cas9 validation screen further. This was still important, because the planned
mutagenesis of the TAL1 enhancer is based on CRISPR technology, not on siRNA-mediated

knockdown.

While not entirely sufficient for the validation of the cell line, the experiments with siRNAs lent us the
idea of trying out Neon electroporation instead of transduction for the introduction of the sgRNA-
bearing plasmid. The main advantages of this approach in this particular situation were considered
the high transfection efficiency (for example, 94% transfection efficiency 24 hours after
electroporation with 10 ug of an EGFP-encoding plasmid, Neon transfection system protocol for Jurkat

cells on www.invitrogen.com, accessed 02/03/2022) and the easy scalability of the method. More

substantial samples with a large percentage of transfected cells were hoped to provide consistency
across individual repeats and a better starting point for long-term survival. Furthermore, in the
transduction method, a higher transduction efficiency requires a higher number of viral particles,
which can be somewhat stressful to the cells (Figure 4.8 in Chapter 4.6), and in combination with other
stressors (antibiotic selection, FACS) can conceivably lead to increased cytotoxicity. In Neon
electroporation, however, there is no reason why transfection efficiency and toxicity should be
inherently correlated. According to the Neon Transfection System protocol for Jurkat cells, the viability
of Jurkat cells electroporated with 10 pug of an EGFP-encoding plasmid was close to 98% at 24 hours

after the Neon electroporation (www.invitrogen.com, accessed 02/03/2022). Finally, as an additional

benefit, Neon transfection is much less onerous than transduction, saves time and cuts on a number

of experimental variables.

In a proof-of-principle experiment, two differently sized GFP-coding plasmids, 4.7 kb and 9.3 kb, were
introduced into Jurkat cells using the Neon Transfection System (Thermo Fisher; Figure 4.12A, B). The
transfection efficiency was positively correlated with the amount of DNA used and negatively
correlated with the size of the plasmid, with a maximum efficiency of 72.7% achieved for the 4.7 kb
plasmid and 38.3% achieved for the 9.3 kb plasmid. In both cases, this far exceeded the 1.6% efficiency
achieved in our first transduction experiments with unconcentrated viral particles (Figure 4.7 in

Chapter 4.5). The transfection efficiency achieved with 15 pg of the 9.3 kb plasmid, which is close to
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the size of our experimental lentiGuide-Hygro-dTomato plasmids (9.5 kb), was comparable to the
efficiency achieved with the highest tested MOI in our transduction optimization experiment using
concentrated virus (Figure 4.8 in Chapter 4.6) — but while the cells transduced with 17 U of viral
particles showed signs of intense stress in the form of a shift in their autofluorescence values, the cells
transfected with the Neon Transfection System seemed completely unperturbed (compare red lines
in Figure 4.8 in Chapter 4.6 and Figure 4.12). | therefore decided to use Neon electroporation to

transfect constructs for my validation experiments.
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Figure 4.12: Nucleofection optimization.

Jurkat cells were electroporated using Neon Transfection System (Thermo Fisher) with (A) a 4.7 kb
plasmid containing GFP (pAcGFP1-C1, Clontech); (B) a 9.3 kb plasmid containing GFP (pSpCas9(BB)-
2A-GFP (PX458), Addgene plasmid #48138, (Ran et al., 2013)). Percentage of transfected cells was
assessed 48 hours after transfection using flow cytometry. Results are from a single replicate. Red line
approximately indicates median fluorescence of the untransduced population in the GFP channel.
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Figure 4.13: Proliferation rates of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells transfected with
various sgRNAs targeting TAL1 gene and TAL1 enhancer.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) cells were transfected by electroporation with
the lentiGuide-Hygro-dTomato plasmid encoding a hygromycin resistance cassette and either an
sgRNA targeting the TAL1 gene (TAL1, TAL4, TAL7 or TAL10), or an sgRNA targeting the MYB-binding
site at TAL1 enhancer (MYB1), or a scrambled sgRNA (SCR1) as a negative control. 500 pg/ml
hygromycin was added to cells 24 hours post transfection. Viability, expressed as percentage of living
cells relative to the SCR1 sample, was measured every 2 days using alamarBlue HS. These results are
from a single replicate.

| proceeded to carry out the CRISPR validation experiment in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9,
using the Neon electroporation method and the anti-TAL1 sgRNA-containing plasmids described
earlier. While these plasmids are primarily designed for transduction, we were unable to conceive of
any reason why they shouldn’t work for transfection as well as transduction. Cells were electroporated
and selection with 500 pg/ml hygromycin was applied after 24 h. The results from the first part of this
experiment looked promising, with a number of surviving cells and the TAL1-challenging sgRNAs
having the expected effect of decrease in proliferation rate (Figure 4.13). However, about a week into
the experiment, the proliferation rate of the cells bearing the experimental sgRNAs began to surpass
the proliferation rate of the non-targeting control sgRNA (SCR1), in all cases except for the TAL7-edited
sample, which had virtually died off after the first week. This occurrence was similar to the results
seen in one of the previous transduction experiments (Figure 4.9B in Chapter 4.7). However, in
contrast to the transduction experiment, in which this phenomenon started only 4 days after
hygromycin had been added, here the change in proliferation patterns started occurring 8 days

following the addition of hygromycin.
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In addition to the strange rebound of the experimental proliferation rates from day 8 onwards, there
were again no visible signs that the cells were expanding into cell lines. The viability was only assessed
in relative terms (with alamarBlue HS), but an expanding cell culture can be easily identified under the
microscope, and by a colour change in the growth media. While the bigger initial size of the sample
for Neon electroporation (2 x 10° cells, compared to 1.6 x 10° cells used for my previous transduction
experiments) helped to maintain a pool of live cells for a slightly longer time compared to the
transduction experiments, none of the Neon-transfected cell cultures were expanding by day 12 post

electroporation.

Jurkat electroporation
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Figure 4.14: Wild-type Jurkat cells are met with a growth challenge upon TAL1 knockout.

Jurkat cells were co-electroporated with lentiCas9-Blast (Addgene plasmid #52962, (Sanjana et al.,
2014)) coding for Cas9 (blasticidin resistance) and the lentiGuide-Hygro-dTomato plasmid
(hygromycin resistance) containing an sgRNA against one of the following regions: TALI enhancer
(MYB1), TAL1 5-untranslated region (TAL1, TAL4) or TAL1 exonic region (TAL7, TAL10). Negative
controls for the experiment were a plasmid with a non-targeting sgRNA (SCR1) and a plasmid with no
sgRNA (no sgRNA). Positive controls for selection pressure were cells mock-transfected with PBS (no
plasmid), or transfected only with the Cas9 plasmid (Cas9 only). Cells were cultured in 10 pg/ml
blasticidin and 500 pg/ml hygromycin from day 1 post electroporation to select for cells that contained
both the plasmids. Graph shows cell viability in each sample, as measured with alamarBlue HS Cell
Viability Reagent, and normalized to no sgRNA sample viability. Error bars represent standard
deviation from 3 biological replicates.

To investigate whether this behaviour was specific to Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, the same

experiment was carried out in the maternal Jurkat cell line (Figure 4.14). Here, the behaviour of the
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experimental samples was much more in keeping with our expectations. All targeting sgRNAs
consistently caused a reduction in growth compared to control sgRNAs; the numbers of cells in the
experimental samples were falling steadily from the beginning of the experiment and reached down
to 35 — 60% of no sgRNA control by day 9. The cell numbers were visibly high throughout the course
of each repeat of this experiment. In short, the CRISPR/Cas9 validation experiment, as designed for
the validation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, seemed to be perfectly functional

in the maternal Jurkat line.

In the maternal Jurkat cell experiment, the TAL10 sgRNA elicited the most profound decrease in
proliferation rate, and the no sgRNA control performed better than the SCR1 control. To reduce the
complexity of subsequent validation experiments, the experimental plasmid bearing TAL10-sgRNA
and the control plasmid bearing no sgRNA were selected for further experiments on the Jurkat-Tet3G-

TRE3G-FLAG-TAL1-Cas9 cell line.

In sum, while using Neon electroporation instead of transduction enabled us to easily increase the
number of starting cells in the CRISPR/Cas9-based validation experiment, the approach did not save
any of the transfected Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell groups, control or experimental, from
ultimately succumbing to death. Moreover, strange and unexpected rebound patterns were observed
in the proliferation of the anti-TAL1 sgRNA-edited cell samples. On the other hand, the CRISPR/Cas9
validation experiment appeared to be fully functional in wild-type Jurkat cells, both in terms of
expected outcomes and cell survival. Taken together, these findings indicated that the protocol for
the CRISPR/Cas9-based validation experiment required further tweaking for the use with the Jurkat-

Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line.

4.10 Exploring the role of hygromycin in the massive cell death problem

As the CRISPR/Cas9 validation screen proved to be functional in the maternal Jurkat cell line, and the
TAL1 dependence of the newly established Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line was
confirmed by siRNA-mediated knockdown, it seemed to logically follow that the CRISPR/Cas9
validation screen should also work in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line. However, with
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, there was the problem of the massive cell death following
application of hygromycin, and the problem of unexpected and often inconsistent results, with a
potential connection between the two issues. Taken together, the observations we had made up to

this point seemed to indicate that further adjustments were needed in the CRISPR/Cas9 validation
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screen protocol for the use with the newly established cell line. And to find the right adjustments to
be made, we looked for the differences between the maternal cell line and the genetically modified

one.
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Figure 4.15: Proliferation of all the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 monoclonal cell lines
compared to the proliferation of the maternal Jurkat cells.

The same set of data is expressed as (A) absolute cell numbers, (B) percentage of living cells relative
to maternal Jurkat. Cells were counted on a haemocytometer using Trypan Blue; graphs show data
from a single replicate.

Perhaps the most perceptible difference between the maternal Jurkat cell line and the newly
established Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 clonal lines is one of overall fitness. Unchallenged
Jurkat cells grow faster than any of the final clonal Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 lines (Figure
4.15); they are also morphologically healthier and more viable. It is a likely speculation that as a result,
they would also be more resilient and robust. This led us to hypothesize that gentler conditions were
perhaps needed throughout the course of the CRISPR/Cas9 validation experiment in order for the

genetically modified cell lines to survive the challenges the screening conditions posed.

As the first port of call, hygromycin concentrations were taken into question. We hypothesized that if
the newly established lines are less resilient than the maternal cells, perhaps their sensitivity to
antibiotics has increased. In order to test whether the 85-15-4 line that we had used until now was
uniquely susceptible to hygromycin, we compared all the newly established monoclonal cell lines in a
minimal lethal dose experiment, where Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 along with the maternal
Jurkat cells were cultured with a range of hygromycin concentrations for 7 days (Figure 4.16). Notably,

all the cell lines seemed to perform with high comparability in the hygromycin challenge. Even so, the
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experiment served as an invitation to consider if a lower concentration of hygromycin could possibly

be used.
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Figure 4.16: Proliferation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 clones with a range of
hygromycin concentrations.

Graphs show proliferation rates of the maternal Jurkat cell line (A) and the three Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 clones (B — D) when cultured with 0 — 500 pg/ml hygromycin. Cells were counted on
a haemocytometer using Trypan Blue; graphs show data from a single replicate.

Cells in this experiment were passaged on day 3, 5 and 7, in contrast to the Jurkat cells in the earlier
minimal lethal dose experiment, which were left to proliferate without any passaging (at the time,

only a very approximate result was required). The results from the new experiment were just a little
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different from the results of the earlier experiment (Figure 4.5 in Chapter 4.4). 500 pug/ml and 375
pg/ml hygromycin killed virtually all cells by day 5. After 7 days of culture, there were no living cells of
any cell line in the 250 pug/ml hygromycin group. The 125 pg/ml hygromycin group allowed the survival
of a very few cells by the end of the week. Therefore, lower concentrations of hygromycin than 500

pg/ml can be used for selection if we are mindful of the varying timeframes.

To test the influence of the hygromycin concentration on the outcome of the CRISPR/Cas9 validation
experiment, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) and Jurkat cells were
electroporated with either the lentiGuide-Hygro-dTomato-TAL10-sgRNA plasmid targeting the TAL1
gene, or the plasmid without an sgRNA (no sgRNA), with PBS used as a positive control for hygromycin
resistance. Different hygromycin concentrations were added at either 24 or 48 hours post transfection
(Figure 4.17). The two different time points for adding the selection antibiotic were another variable
to investigate: if it takes a longer time for the expression of the hygromycin resistance cassette to
start, adding the antibiotic at a later time point might potentially affect the survival rates beneficially.
The relative viability of the cells in each group was assessed using alamarBlue HS, but absolute

numbers were also monitored to determine whether the cells were expanding into viable cultures.

In wild-type Jurkat cells, according to expectation, the TALI1-knockout cells (TAL10) showed a
pronounced decrease in proliferation relative to the negative control (no sgRNA) transfected cells.
This trend was independent of the concentration of hygromycin or the time point that hygromycin
was added (Figure 4.17A —E). This was not the case in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, however.
Strange patterns emerged with this cell line. Under every tested hygromycin condition, TAL1-knockout
cells were outgrowing the control by day 11 (Figure 4.17F —J). The trend was more pronounced at

higher hygromycin concentrations, regardless of the time of hygromycin addition.

Importantly, absolute numbers (calculated from the alamarBlue HS viability data using a standard
curve, data not shown) of both Jurkat and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in all groups,
control and experimental, steadily declined after a short initial expansion (day O to day 3) and a
plateau (day 3 to day 5) until the experiment was ended on day 11. While this would be an acceptable
observation for the TALI-knockout cells, in keeping with the Jurkat cell addiction to TAL1, the
expansion of the control cells in this experiment is absolutely crucial —in our planned screen, we need
to be able to collect a substantial sample of edited cells 2 to 3 weeks after the introduction of the

sgRNA library.
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Figure 4.17: Influence of hygromycin concentration on proliferation of TALI-edited Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cells and TAL1-edited maternal Jurkat cells.

Both maternal Jurkat cells (A — E) and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4; F—J) were
transfected by electroporation with the lentiGuide-Hygro-dTomato plasmid encoding a hygromycin
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resistance cassette and either an sgRNA targeting the TALI gene (TAL10), or no sgRNA (no sgRNA) as
negative control. The maternal line was co-transfected with the lentiCas9-Blast plasmid coding for
Cas9 and a blasticidin resistance marker. Hygromycin (hygro) was added to cells either 24 hours post
transfection (24h PT; A = C and F — H) or 48 hours post transfection (48h PT; D, E, 1, J) to different
concentrations: 500 pg/ml (A, D, F, 1); 250 pug/ml (B, E, G, J) or 125 pg/ml (C, H). The maternal line (A
— E) was also grown in 10 pug/ml blasticidin for the selection of Cas9-positive cells. Viability was
measured every 2 days using alamarBlue HS reagent and is expressed as percentage of viable cells in
the no sgRNA sample within each group. These results are from a single replicate of a single
experiment.

The steady decline in cell numbers in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 control (no sgRNA)
group confirmed previous observations, but in the control Jurkat cells was unexpected, at odds with
the previous observation. However, this previous observation was made without absolute cell
counting; Jurkat cells proliferate faster than the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells (Figure
4.15), and could therefore have reached higher cell numbers throughout the early-stage expansion
(day 0 to 3) in the CRISPR/Cas9 validation experiment, which could then potentially have obscured the

trend of the steady decline in cell numbers.

In summary, while the tolerance to hygromycin was extremely alike in Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 clones and the maternal Jurkat cells, changes in hygromycin concentration in the
CRISPR/Cas9 validation experiment caused a pronounced difference in the proliferation patterns of
the edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells, but not the edited maternal Jurkat cells.
Furthermore, both the cell lines failed to show any signs of expansion over the course of 11 days under

any of the tested conditions. We had to look for other factors to adjust.

4.11 Understanding the influence of cell density on the survival and
proliferation rates in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, and

reconsidering the experimental time frame

The Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line grows relatively well when unchallenged, if
somewhat slower than its maternal counterpart. Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells are
commonly passaged every 3 — 4 days, often only by discarding a portion of the cell suspension and

adding fresh medium in a desired split ratio. However, in the CRISPR/Cas9 validation experiments until
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this point, cells were often left in the same medium for more than 4 days at a time, similarly to when

clones are being expanded into cell lines.
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Figure 4.18: Proliferation patterns of unchallenged Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells (clone
85-15-4).

Cell culture was started on day 0 in a range of cell densities. Cells were not passaged, but mixed and
counted every 24 hours on a haemocytometer using Trypan Blue stain. (A) All concentrations. (B) is a
close-up on the lower starting concentration curves, area as designated by the dashed box in (A).
Results are from a single replicate.

To investigate whether passaging conditions might be a contributing factor in the massive cell death
issue, | analyzed the proliferation patterns of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) by

growing these cells from a range of starting cell densities, without passaging, and by counting the cells
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every day for 6 days (Figure 4.18A and B). In this experiment, cultures as sparsely populated as 2.5 x
103 cells/ml and as dense as 1.0 x 10° cells/ml made a healthy start. After 2 days, cell density in the
two most populated samples reached a plateau (this was around 4 x 10° cells/ml) and started
plummeting. Cultures that started at cell densities between 1.0 x 10° and 5.0 x 10° cells/ml proliferated
roughly exponentially for 3 days and cultures that started at 2.5 x 10* to 7.5 x 10* cells/ml proliferated
roughly exponentially for 4 days before the cell numbers started to drop. There was a mixed success
in the expansions of the low density samples (1.0 x 10* cells/ml; Figure 4.18B). Importantly, we
learned that while the range of cell densities for a healthy Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
culture is broad, the cells seem to require a change of media at least every 4 days, even when the

media is not obviously spent (change of colour due to the pH indicator).

To put the new findings into practice, a CRISPR/Cas9 validation experiment was conceived where the
medium was to be changed at least once in 4 days and the cell density was to be adjusted every 2 days
to between 3.5 and 5.5 x 10° cells/ml. The choice of cell densities in the higher range of the exponential
growth window was designed to further assist the survival of the stressed cells. To further relieve the
cells, 250 pg/ml hygromycin was used instead of the previously employed 500 pg/ml, in accordance

with the results in the previous chapter (Figure 4.17 in Chapter 4.10).

As another adjustment, after reviewing the results from the comparative experiments between Jurkat
cells and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, blasticidin was to be added not only to Jurkat cells,
but also to Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, which were previously not grown in blasticidin
because the gene for Cas9 was already incorporated into their genome. This incorporation should
technically be stable, but it is conceivable that the newly established cell line, less robust than its
maternal counterpart, could be losing the Cas9 gene under the pressures of the validation experiment.
To prevent this potential loss of Cas9, blasticidin, which was the selection marker for Cas9 during the
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line establishment, was supplemented into the hygromycin

selection media in the CRISPR/Cas9 validation experiment at a maintenance concentration of 5 ug/ml.

In this new tweak on the CRISPR/Cas9 validation screen experiment, neither of the cell lines was again
expanding by day 11 of the experiment (Figure 4.19A, B). However, when cells were checked on day
17 after transduction, after having been left to grow without passaging or cell density adjustments (as
a final hope), both the no sgRNA control and the TAL10-edited Jurkat cells showed signs of expansion,
and grew into healthy cultures in the following days (Figure 4.19A). None of the Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cell groups started expanding by day 21, when the experiment was ended (Figure
4.198B).
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Figure 4.19: The influence of maintaining an optimal cell density on proliferation of TAL1-edited
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells and TALl-edited maternal Jurkat cells, along with
blasticidin supplementation.

Maternal Jurkat cells (A, C) and Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4; B, D) were
transfected by electroporation with the lentiGuide-Hygro-dTomato plasmid encoding a hygromycin
resistance cassette and either an sgRNA targeting the TALI gene (TAL10), or no sgRNA (no sgRNA) as
negative control. Positive control for antibiotic selection was a PBS mock-transfected sample. The
maternal line was co-transfected with the lentiCas9-Blast plasmid coding for Cas9 and a blasticidin
resistance marker. Cells were kept in 250 pg/ml hygromycin and 5 pg/ml blasticidin from 24 hours
post transduction. Cell density was adjusted every 2 days throughout the initial — selection — phase
(until day 9, yellow rectangle in graphs) to between 3.5 and 5.5 x 10° cells/ml in the control group. The
media volumes in the other groups were adjusted based on the control group, such that the cell
density in these other groups could have been outside the 3.5 — 5.5 x 10° cells/ml density window set
for the control group. In the outgrowth phase following day 9, cells were not passaged, but counted
at the indicated time points to check for potential expansion later into the course of the experiment.
(A, B) Absolute cell numbers throughout the experiment. (C, D) Percentage of live cells relative to no
sgRNA sample in each group. Cells were counted on a haemocytometer using Trypan Blue stain.
Results are from a single replicate.
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Encouragingly, however, the relationship between the proliferation rate of the TAL10-edited cells and
the no sgRNA control was in the expected pattern for both Jurkat (Figure 4.19C) and Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 (Figure 4.19D), with the no sgRNA controls overgrowing the TALI-knockouts.
This highlighted the importance of the blasticidin addition into the selection media for maintenance

of Cas9 expression.

In sum, the adjustments implemented so far (lower hygromycin concentration, regular passaging of
cells, cell density adjustments) did not prevent the massive cell death of Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 in the CRISPR/Cas9 validation experiment. Furthermore, Jurkat cells showed us that we
might need to rethink the timeframes for this experiment — expansion into proliferating cell lines
might be a much more lengthy process in this particular case than we expected based on previous
data. Finally, the behaviour of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 in the last experiment suggested
that blasticidin in the selection media might potentially remedy the issue of unexpected proliferation

patterns in the CRISPR/Cas9 validation and should therefore be subject for further testing.

4.12 The role of blasticidin, the last piece of the puzzle

Even though a number of factors, including hygromycin concentration and cell passaging patterns,
were adjusted for the CRISPR/Cas9 validation screen protocol, we were still encountering the problem
of the massive cell death and the problem of unexpected proliferation patterns in Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9. The latest experimental evidence indicated that the addition of blasticidin
into the selection media after the introduction of the sgRNA plasmid into the cells could remedy the
latter issue, possibly by improving maintenance of the Cas9 construct. This was a possibility that we

were keen to explore further.

To this end, the CRISPR/Cas9 validation experiment was carried out again in Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 (Figure 4.20). Cells were transfected with either the lentiGuide-Hygro-dTomato
plasmid with the TAL10-sgRNA (TAL10), or lentiGuide-Hygro-dTomato without an sgRNA as a control
(no sgRNA) using Neon electroporation with all the wellbeing adjustments made to date. To determine
whether blasticidin made a difference to the cell proliferation under these conditions, cells were

grown without blasticidin or with the addition of 5 pg/ml blasticidin to the selection media.
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Figure 4.20: The influence of blasticidin addition into the selection media in the course of the TAL1-
editing of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) were transfected by electroporation with
lentiGuide-Hygro-dTomato encoding a hygromycin resistance cassette and either an sgRNA targeting
the TALI gene (TAL10), or no sgRNA (no sgRNA) as negative control. Positive control for antibiotic
selection were cells mock-transfected with PBS. Cells were kept in 250 pug/ml hygromycin and either
without blasticidin (A, C) or with 5 ug/ml blasticidin (B, D) from 24 hours after transduction. Cell
density in the control group was maintained above 1 x 10° cells/ml and below 1 x 10° cells/ml
throughout the experiment. The media volumes in the other groups were adjusted based on the
control group, such that the cell density in these other groups could have been outside the 1 x 10° -1
x 10° cells/ml density window set for the control group. (A, B) Absolute cell numbers throughout the
experiment. (C, D) Percentage of live cells relative to no sgRNA sample in each group. Cells were
counted on a haemocytometer using Trypan Blue stain. Results are from a single replicate.
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In the group whose selection media contained blasticidin, the relationship between the proliferation
patterns of the TAL1-edited and control cells was as expected (and as previously repeatedly observed
for Jurkat cells; Figure 4.20D; Figure 4.14 in Chapter 4.9; Figure 4.17A —E in Chapter 4.10; Figure 4.19C
in Chapter 4.11), with TALI-edited cells showing reduced proliferation relative to the negative no
sgRNA control. In the group that was cultured without blasticidin, the proliferation patterns were
decisively different from the blasticidin group, with the TAL1-edited cells displaying a proliferative
advantage over the no sgRNA control group (Figure 4.20C). These observations, in addition to the
experiment with added blasticidin in the previous chapter (Figure 4.19 in Chapter 4.11), strongly
pointed towards the importance of blasticidin addition into the selection media for the CRISPR/Cas9

validation experiment in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9.

In terms of viability, however, the no-blasticidin group had the advantage: after an initial expansion,
cell numbers dropped for a few days before the cells started expanding from day 9 onwards (Figure
4.20A). In comparison with earlier results, this suggested that the regular cell density adjustments,
which we adopted in the previous chapter, were having a positive effect on the viability of the Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line. Meanwhile, the control (no sgRNA) cells in the blasticidin
group fell to extremely low numbers before starting to make a very slow expansion from about 2
weeks into the experiment; the TALI-edited cells in this group didn’t manage to expand at all (Figure

4.20B).

The addition of blasticidin into the selection media in the CRISPR/Cas9 validation experiment in Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 seemed to be the antidote to the strange proliferation patterns we had
been observing; at the same time, however, its negative impact on the viability of the cell line was
astounding. This suggested that the loss of Cas9 (and the connected blasticidin resistance) was quite
pervasive; the question offered itself whether it was only the stress of the CRISPR/Cas9 experiment
that was to blame, or whether the cell line had been losing the Cas9 expression even before being
confronted with the pressures of the CRISPR/Cas9 experiment. To address this potential issue, |
started supplementing the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 growth medium with blasticidin (5
pg/ml). This step was designed to eliminate from the culture such cells that have lost their Cas9

expression, maintaining Cas9 expression in the growing culture.

With Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 thus preconditioned, | was able to strongly mitigate the
viability drop in the CRISPR/Cas9 validation experiment. Figure 4.21 shows absolute cell numbers of
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4), control (no sgRNA) and TALI-edited, in the
course of a transduction experiment using concentrated viral supernatants and 5 pg/ml blasticidin

and 250 pg/ml hygromycin added 24 hours post transduction. In this experiment, cells were counted
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every 2 days, media changed at least every 4 days and cell density adjusted every 2 days to between
1 and 2 x 10° cells/ml in the control group. Expansion of the cells into a cell line started between day
5 and day 7 after transduction in this set-up (Figure 4.21). Importantly, with this final optimized
experiment we have returned to transducing cells rather than electroporating them, as this is the
method we are preferentially planning to use for the CRISPR/Cas9-mediated mutagenesis of the TAL1

enhancer.
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Figure 4.21: Proliferation of blasticidin-conditioned Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells after
TAL1-CRISPR challenge.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line (clone 85-15-4) was transduced with viral particles
encoding a hygromycin resistance cassette from the lentiGuide-Hygro-dTomato plasmid and either an
sgRNA targeting the TAL1 gene (TAL10), or no sgRNA (no sgRNA). Empty viral vector (virus only) was
included as a positive control for antibiotic selection. Cells were cultured in 5 pg/ml blasticidin from
at least a week prior to the experiment, and 250 pug/ml hygromycin was added 24 hours after
transduction. Every 2 days, cell density was adjusted to between 1 and 2 x 10° cells/ml according to
the cell counts in the negative control group, medium was changed at least every 4 days. Graph shows
the percentage of live cells relative to the no sgRNA sample, as counted on a haemocytometer using
Trypan Blue stain. Error bars indicate standard deviation of the mean of three biological replicates.

In brief, the presence of blasticidin in both the maintenance and the selection media in the
CRISPR/Cas9 validation protocol plays a key role in the functionality of the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line. Blasticidin supplementation, in combination with a number of the other
adjustments and improvements, helped us arrive at a functional, reproducible and optimized

CRISPR/Cas9 validation protocol for the use with the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line.
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4.13 A comparison of the effect of TALI knockdown between all Jurkat-

Tet3G-TRE3G-FLAG-TAL1-Cas9 clones

The understanding of the importance of blasticidin supplementation of Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 culture media allowed us to formulate a functional protocol for the TAL1-dependence
CRISPR/Cas9 validation experiment in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9. We next used this
optimized protocol to compare and validate the behaviour of the three monoclonal Jurkat-Tet3G-

TRE3G-FLAG-TAL1-Cas9 cell lines, 85-15-1, 85-15-3 and 85-15-4.

The optimized protocol for the CRISPR/Cas9-based validation experiment included the following
changes compared to the original transduction protocol used for the establishment of the stable cell
lines: preconditioning of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in 5 pg/ml blasticidin for at
least a week prior to the experiment; transducing the cells with 9 U of concentrated viral particles;
selection media containing a lowered selection dose of 250 pg/ml hygromycin and a maintenance
dose of 5 pug/ml blasticidin; adjustment of cell densities to between 1 — 2 x 10° cells/ml every 2 days
during the course of the CRISPR/Cas9 experiment, with a change of the selection growth media at

least every 4 days.

To carry out the optimized experiment, the maternal Jurkat cells and the cells of the Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cell line were again transduced with the lentiGuide-Hygro-dTomato plasmid
bearing the TAL1 exon-targeting sgRNA (TAL10), or the lentiGuide-Hygro-dTomato plasmid without an
sgRNA (no sgRNA) as a control; Jurkat cells were co-transduced with lentiCas9-Blast at the same time,
to deliver the editing enzyme into their genome. Cells transduced with an empty vector (virus only)
served as a positive control for hygromycin selection pressure. While in the first part of the experiment
(day 0 — 5), the TAL10-edited cells outcompeted the no sgRNA control sample at some of the time
points, from day 7 into the experiment, the viability in the TAL10 group was diminished in all cell lines
compared to the no sgRNA control. Furthermore, the viability in the TAL10 groups relative to no sgRNA
controls decreased steadily from day 7 until the experiment was ended on day 13. This was in keeping

with the expected behaviour.
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Figure 4.22: Proliferation of TAL1-challenged monoclonal Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell
lines compared to maternal Jurkat cells.

Maternal Jurkat cells (A) and three clones of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line (85-15-
1, -3 and -4; B — D) were transduced with viral particles encoding a hygromycin resistance cassette
from the lentiGuide-Hygro-dTomato plasmid and either an sgRNA targeting the TAL1 gene (TAL10), or
no sgRNA (no sgRNA) as a non-targeting control. Positive control for antibiotic selection was empty
vector (virus only). Cells were kept in 250 pug/ml hygromycin and 5 pug/ml blasticidin from 24 hours
after transduction. Every 2 days, cell density was adjusted to between 1 and 2 x 10° cells/ml according
to the cell counts in the no sgRNA control group, medium was changed at least every 4 days. (A — D)
Graphs show the percentage of live cells relative to no sgRNA sample in each group, i.e. Jurkat (A), 85-
15-1(B), 85-15-3 (C), and 85-15-4 (D). (E) Bar graph shows percentage of live cells in control (no sgRNA)
vs TALI-edited (TAL10) samples on day 13 post transduction for maternal Jurkat cells and all Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 clones, relative to the no sgRNA control within the group. Cells were
counted on a haemocytometer using Trypan Blue stain. Results are from three biological replicates;
error bars indicate standard deviation of the mean. Statistical analysis in (E) is a two-tailed unpaired
T-test. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 4.23: TAL1 expression in maternal Jurkat cells and in clones of Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 upon CRISPR/Cas9-mediated knockout.

Cells were treated as described in Figure 4.22 legend. Cells for Western blot analysis were harvested
on day 21 after transduction. (A) A representative Western blot. Membranes were probed with anti-
TAL1 antibody (sc-393287, Santa Cruz) and anti-GAPDH antibody (60004-1-lg, Proteintech). (B, C)
Relative downregulation of the 44 kDa TAL1 band (B) or the 40 kDa TAL1 band (C) normalized to
GAPDH and compared to the no sgRNA sample in each group. Band intensities were read from the
Western blot images using the Fiji software (Schindelin et al., 2012). Results are from two (Jurkat) or
three (all Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 clones) biological replicates, error bars indicate
standard deviation of the mean. Statistical analysis in (B) and (C) is a two-tailed unpaired T-test. NS —
not significant, * p <0.05, ** p<0.01, *** p < 0.001.

This validation experiment confirmed a preserved TAL1-dependence in all the three clones of Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 (Figure 4.22). Importantly, in comparison to the maternal Jurkat cell
line (Figure 4.22A), all the three clones (Figure 4.22B — D) showed a more marked downregulation in
the proliferation rate of the TAL10-edited sample compared to the no sgRNA control (Figure 4.22E).

On the last day of the experiment, day 13 after transduction, the number of cells in the TAL10-edited
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sample of 85-15-4 dropped on average to only 8% of the number of cells in the control sample (Figure
4.22D, E). This was the most pronounced decrease in proliferation rate recorded among the tested
cell lines, although the other two clones were not far behind with the average drop in the number of
cells in the TAL10-edited sample to 13% in 85-15-1 and 11% in 85-15-3 (Figure 4.22E). In Jurkat cells,
the decrease was to 41% (Figure 4.22E). This highlighted a further benefit of the stable Cas9 expression
in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line compared to the expression from a co-transduced

Cas9 plasmid.

To confirm that the drop in the proliferation rates was indeed caused by diminished TAL1 expression,
and to compare the magnitude of TAL1 downregulation in all the cell lines, a Western blot was
performed, which showed a marked decrease in the two main TAL1 isoforms, observed at 40 kDa and
44 kDa, in all the TALI-edited samples (Figure 4.23A). This decrease was again most pronounced in
85-15-4 (Figure 4.23B and C), although overall, the measure of TAL1 downregulation by Western blot

did not seem to tally with the decrease in proliferation rate (data not shown).

Overall, a CRISPR/Cas9-mediated TAL1 challenge was detrimental to the proliferation rates of all the
three clones of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9; the timeframe for the differences to play out
was about 2 weeks from the time of transduction. Clone 85-15-4 performed the best of the three
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 monoclonal cell lines, with the most marked decrease in viability
compared to a no sgRNA control (8%) and the most pronounced reduction in TAL1 expression (14 and

17% of control for the 40 kDa and the 44 kDa band, respectively).

4.14 Discussion

In this chapter, we described the first half of the two-part validation process of the newly established
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line — the confirmation of its dependence on the
transcription factor TAL1. This addiction is well-described in the Jurkat cell line (Palii et al., 2011;
Palomero et al., 2006; Sanda et al., 2012) and the planned CRISPR/Cas9-mediated screen of the TAL1
enhancer hinges on this property, so it is paramount that the newly established cell line had preserved
this TAL1-dependence. We perceived a potential danger to this property in the multiple genetic
modifications we had introduced into the cell line and the long months of culturing, often in stressful
conditions, which were nevertheless inevitable in the process of the establishment of the new cell

line.
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In practical terms, the viability of the downstream CRISPR screen experiment is dependent on our cells
showing a drop in TAL1 expression upon TALI gene or TALI enhancer knockout or TALI knockdown,
coincident with a decrease in proliferation. Furthermore, the control cells, targeted with non-targeting
sgRNAs or siRNAs, need to demonstrate the ability to survive the screening conditions and expand

into healthy cultures.

Because a well-functioning CRISPR/Cas9-based experiment for the TAL1-dependence validation in the
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line would give a good basis for the protocol for the planned
CRISPR/Cas9 screen of the TALI enhancer, we first attempted to use and optimize this method. We
were going to test five different guide RNA sequences for this purpose, yielding, upon cloning into a
plasmid with an sgRNA scaffold, two sgRNAs targeting the TAL1 exonic region (TAL7, TAL10), two
sgRNAs targeting the 5’-untranslated region of TAL1 (TAL1, TAL4), and one sgRNA targeting the MYB-
binding site at the TALI enhancer (MYB1; Figure 4.2 and Table 4.1 in Chapter 4.2). The exonic sgRNAs
targeted the first of the TALI exons — the consensus is that the closer to the 5’-end of the gene Cas9
cuts, the more effective the resulting knockout in terms of (dis)functionality of the gene (Doench et
al., 2014). While the exonic sgRNAs would knockout both the endogenous TALI and the newly
introduced FLAG-TAL1 in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, the TAL1 5'-UTR-targeting sgRNAs
were designed to only target the endogenous TAL1, leaving the FLAG-TAL1 intact, which means that
the proliferation rate of the cells edited with these sgRNAs should be rescuable by the intact,
doxycycline-inducible FLAG-TAL1 — a useful feature for the second half of the validation process. The
sgRNA designated here as MYB1, which targets the MYB binding site at the monoallelic de novo TAL1
enhancer in Jurkat cells, had been used previously in one of the papers our project is based on
(Mansour et al., 2014). In this study, TALI expression was decreased considerably in MYB1-edited

Jurkat cells, by 55 —85% compared to the maternal cell line.

To introduce these sgRNAs into Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9, we initially chose viral
transduction, as this is the traditional way of performing CRISPR/Cas9-based screens (Shang et al.,
2017). Transduction is the go-to method because of its high efficiency, even in difficult-to-transfect
cells, and because of its unparalleled rate of stable integration (Dong and Kantor, 2021). For example,
based on published data, the integration frequency of the gene of interest following transduction with
HIV-1-based viral particles was about 1 in 3 —4 cells (Bayer et al., 2008; Kantor et al., 2011), while the
integration of the DNA of interest following electroporation was reported to be anywhere between 1
in 10% to 10° cells depending on cell type (Potter, 2003). The integration of the exogenous DNA into
the genome is paramount, as the typical output of a CRISPR/Cas9 screening experiment is the

sequencing of the introduced sgRNAs.
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From the first of our experimental endeavours, we observed two serious problems arising: firstly, a
lack of long-term survival not only in the TAL1-CRISPR-edited, but also the non-targeting control
Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 in the context of the CRISPR/Cas9 validation experiment (“the
massive cell death issue”); and secondly, unexpected and inconsistent proliferation patterns upon the
sgRNA introduction, where TAL1-challenged cells often outperformed the non-targeting controls. Our
initial suspicions of malfunctioning or delayed hygromycin resistance gene or protein expression were
replaced by flow cytometry evidence of extremely low transduction efficiency (Figure 4.7 in Chapter

4.5).

To fix the low transduction efficiency, we have introduced a step to concentrate the viral stock. The
method of our choice used a chemical reagent (Lenti-X Concentrator, Takara) to increase the viral titre
up to 100-fold, without the common need for ultracentrifugation. The procedure also allowed us to
obtain a purer preparation — in the concentration process, PBS replaces the medium from the
packaging cells, which is likely to be depleted, contain stress factors and other undesirable substances;
additionally, the medium used for the HEK293T packaging cell line is of a different kind (DMEM) than
the medium used for Jurkat cells (RPMI). From optimization results, the method seemed highly
efficient. However, when applied in the context of the CRISPR/Cas9 validation experiment, the
promising new step failed to help with either the massive cell death or the inconsistency of the results

(Figure 4.9 in Chapter 4.7).

Suspecting that perhaps the newly established cell line was too dysfunctional to be used for TAL1-
challenge-based experiments, we turned to a completely different method of validation, siRNA-
mediated knockdown of TAL1. Encouragingly, this method confirmed that TAL1 depletion poses a
challenge for the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line (Figure 4.11 in Chapter 4.8), and the

cell line is, in this sense, functional.

This meant that further optimization was needed for the CRISPR/Cas9 experiment. The first
adjustment we made was a transition from transduction to electroporation with the Neon
Transfection System (Thermo Fisher). Neon electroporation is highly efficient (Figure 4.12 in Chapter
4.9) and easy to scale up, although much of the transfection is only transient (Potter, 2003). The
integration of the sgRNA sequence into the genome is important from the viewpoint of the ultimate
goal of this work, the CRISPR/Cas9 screen. The low rate of plasmid integration into the genome
encountered in all transfection methods is in contrast with transduction, which is much better suited
for integrating new sequences into the genome and is consequently also the commonly employed
method for CRISPR/Cas9 screens in the literature. Nevertheless, a small percentage of transfected

cells do integrate the new genetic information into their genome; these cells can be selected for by
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standard methods, and so Neon electroporation would potentially be a viable alternative to

transduction.

Swapping transduction for electroporation in the CRISPR/Cas9 validation experiment did not,
however, solve either the massive cell death issue or the unexpected and inconsistent results problem
in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9. Curiously, however, using the same experimental setup
(+Cas9 co-transfection), we saw a clear and reproducible pattern of TAL1-dependency in the maternal

Jurkat cell line (Figure 4.14 in Chapter 4.9).

The next avenue we explored in order to alleviate either or both of the problems we were
encountering with Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 in the context of the CRISPR/Cas9
experiment were the possibilities for a gentler treatment of the cell line throughout the experiment.
The cell line is clearly more sensitive and less robust than its maternal counterpart, and a gentler
approach might be needed in order to keep the cells alive in the course of the CRISPR/Cas9
experiment, which brings a combination of stressors to the cells. Firstly, we reconsidered the
hygromycin concentration used for selection of the sgRNA-transfected cells and halved it. Secondly,
we ventured to gain a deeper understanding of the proliferation patterns of the Jurkat-Tet3G-TRE3G-

FLAG-TAL1-Cas9 cell line in order to find optimal conditions for the passaging of these cells.

The exploration of the latter yielded some interesting information (Figure 4.18 in Chapter 4.11). Cells
of a wide range of starting cell densities, from 2.5 x 10* to 1.0 x 10° cells/ml, seemed to proliferate
well and roughly exponentially without any passaging unless they either reached the plateau (4 x 10°
cells/ml), or became overgrown, as indicated by a change of colour due to the pH indicator in the
media. This successful proliferation pattern, however, only continued until day 4 of the experiment.
Cells in all the cultures started dying off after that point, even cells in cultures which were not visibly

overgrown and the medium colour didn’t indicate the need for a change.

In trying to explain this phenomenon, we arrived at two possible, yet quite implausible hypotheses:
the first one considered that even when the colour of the media didn’t indicate a need for an
exchange, some of the nutrients may already have been depleted, and the cells were therefore not
being nourished properly; the second hypothesis was concerned with the fact that L-glutamine, a
common additive in growth media, is unstable and over time degrades to ammonia (Tritsch and
Moore, 1962), whose build-up may have a toxic influence on the cells (Schneider et al., 1996), although
this is not usual at the concentrations of ammonia that can arise from L-glutamine degradation in
media (Jagusic¢ et al., 2016). Whatever the reason of the demise of the cells was, it brought to our

attention the importance of the change of the growth media at least every 4 days for this cell line.
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Another important message of the proliferation experiment was that Jurkat-Tet3G-TRE3G-FLAG-TAL1-
Cas9 cells are not always comfortably expanding at very low cell densities (under 2.5 x 10* cells/ml).
This may be tied to catalase concentrations in the medium. Catalase is an enzyme that breaks down
toxic reactive oxygen species; it was previously recognized as a survival factor in high-density activated
T-cell cultures, and its protective powers were demonstrated in low-density cultures (Ma et al., 2010).
Higher cell-density cultures secrete enough catalase for their own protection from oxidative
apoptosis; it follows that lower cell density cultures may not (Ma et al., 2010). While this behaviour
was not reported in Jurkat cells, it is not a stretch of imagination that these cells, being T-lymphocytes
as well, could behave similarly. Conceivably, this could also become more pronounced under stress;
therefore, while unchallenged Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells may be happy at cell
densities above 2.5 x 10* cells/ml, it is conceivable that the cells undergoing the CRISPR/Cas9
validation experiment will require higher cell densities for their survival. It is also important to
recognize that while the cell density in an unchallenged culture generally increases over time, this may
not be the case when antibiotic selection is applied to transfected cells. Cell density may actually be
decreasing in such cultures for a time. A practical implication of these inferences, in conjunction with
the available results, is to keep the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in inherently stressful
experiments at higher cell densities, at least above 1 x 10° cells/ml starting cell density and potentially
higher, up to 7.5 x 10° cells/ml where cell density adjustments and media exchange are done every 2

days, up to 2.5 x 10° cells/ml| where these are done every 3 days.

Another important discovery came with the exploration of the role of blasticidin, the resistance to
which is linked to the Cas9 expression in our cell line. When selection media was supplemented with
blasticidin in our CRISPR/Cas9 TAL1-dependence validation experiment in Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9, the resulting proliferation patterns of TALI-edited cells relative to control were as
observed with the maternal Jurkat cells and as expected, whereas when blasticidin was omitted from
the selection media, we observed different, varying and unexpected patterns. This clearly pointed
towards the paramount importance of exerting selection pressure linked to the Cas9 gene during the
CRISPR/Cas9 experiments. As previously discussed, Cas9 is a bulky enzyme and likely has negative
effects on the proliferation rate of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, and as such is a
prime candidate for silencing or complete loss of expression levels, especially in response to further
stress. Using blasticidin during the CRISPR/Cas9 validation screen is designed to keep the population

of cells Cas9-positive.

Going a step further, we hypothesised that the loss of Cas9 expression might be an ongoing process
in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 even under normal conditions. To counter this potentiality,

we started growing the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in blasticidin. This had an
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immensely beneficial effect on the performance of the cell line in the CRISPR/Cas9 validation
experiment carried out with blasticidin in the selection media (compare Figure 4.20B in Chapter 4.12
and Figure 4.21 in Chapter 4.12), and along with the aforementioned adjustments led to the

establishment of a protocol where the cells were able to survive and expand into polyclonal cell lines.

In answer to this development, we also started supplementing the Jurkat-Tet3G-TRE3G-FLAG-TAL1-
Cas9 growth media with G418 and puromycin, to prevent the potential loss of the other exogenes.
There is a number of reasons why many labs avoid the maintenance use of antibiotics. In general, the
addition of each new component into the growth medium presents an additional variable. Cells
cultured in low antibiotic concentrations can develop resistance phenotypes; antibiotics can mask
contamination and infections. Furthermore, if the gene of interest and the selectable marker are not
expressed from a single promoter, the expression of the two is not indelibly linked, and the gene of
interest may be silenced regardless of the fate of the resistance gene. Despite all that, it is common
practice to culture stable cell lines in maintenance antibiotic concentrations, and in the case of our

newly established cell line, this seems to be both a functional and a necessary measure.

Considering the two major issues, the unexpected behaviour and the inconsistencies in proliferation
patterns were chiefly due to the presumed loss of Cas9 expression, and were largely remedied by
supplementing the growth media with blasticidin; the massive cell death issue was possibly owing to
a combination of factors, and was counteracted by a combination of measures —increasing the sgRNA-
introduction efficiency, lowering the hygromycin concentration for selection, adopting optimal
passaging patterns and maintaining cells in blasticidin-supplemented growth media prior to the

experiment.

An important consideration was the timeframe of the experiment, from at least two perspectives.
Firstly, a key factor to bear in mind is the amount of time it takes for the CRISPR editing to take place.
Various timeframes were reported in connection with various experimental systems; for example,
Shalem and colleagues found over 90% of their EGFP-expressing cells edited by day 11 post
transduction with Cas9 and their best targeting sgRNA (Shalem et al., 2014); Zhu and colleagues
explored the kinetics of paired gRNAs action in a cell line with stable Cas9 expression, which reached
a plateau around 2 weeks after transduction (Zhu et al., 2016). From our Western blot experiments,
it was clear that the TALI-exon-targeting sgRNAs (TAL7, TAL10) acted very fast, as 3 days after
transfection, there already was a considerable decrease in TAL1 levels (Figure 4.4 in Chapter 4.3). The
TAL1 enhancer-targeting sgRNA, MYB1, needed more time to act, as 3 days post transfection, the
decrease in TAL1 levels wasn’t yet noticeable (Figure 4.4 in Chapter 4.3), while 4 weeks post

transduction the downregulation of TAL1 was unmistakeable (Figure 4.7C in Chapter 4.5). This delay
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in TAL1 downregulation after MYB1 vs TAL7/TAL10 targeting could have been due to the fact that
TAL7 and TAL10 target the TAL1 gene directly, whereas MYB1 targets a regulatory element responsible
for TAL1 expression, and the effects may therefore have taken longer to play out; or it could have
been due to a different speed of action of each of the sgRNAs. Taken together, the kinetics of CRISPR
editing seem to depend not only on the particular system and experimental setup, but also on the

particular sgRNA being used.

Secondly, regarding the timeframe of our CRISPR/Cas9 validation experiment in Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9, a curious occurrence was observed in the final experiment (Figure 4.22 in Chapter
4.13) and likely, in various forms, in the preceding experiments as well. Before the viability rate of the
TAL1-edited sample sank beneath the viability rate of the control sample, it rose for several days, often
after an initial dip in the first 24 hours. We theorize that this is due to the addition of hygromycin
selection 24 hours after transduction. The hygromycin resistance might likely take a longer time to
come into functional existence in comparison with the sgRNAs, which are shorter and function as RNA
transcripts, while the hygromycin resistance cassette requires not only transcription, but also a
translation and post-translational processing to become a functioning entity. Hygromycin, just as most
other antibiotics, acts faster on more actively dividing cells. Therefore, in the early phase of the
experiment, the decrease in proliferation rate due to TALI-editing may actually provide the edited
cells with a level of protection against the antibiotic, and as a result, for some time, the TAL1-edited
cells may be outgrowing the controls. Therefore, enough time has to be allowed for this effect to be

neutralized and for the effect of the TAL1 depletion to fully manifest itself.

When the three clones of the final Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line were compared to
each other in terms of their behaviour in the CRISPR/Cas9 validation experiment, there were only
small differences between them (Figure 4.22 in Chapter 4.13). 85-15-1 and 85-15-3 had a more
pronounced reaction to the addition of hygromycin than 85-15-4, which could have been due to the
higher proliferation rates of 85-15-1 and 85-15-3 controls compared to the 85-15-4 control (data not
shown). It could also be attributed to a more effective TAL1 downregulation in 85-15-4 TALI-edited
samples compared to the other two cell lines (Figure 4.22 in Chapter 4.13). In any case, all the clones
of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 were dependent on TAL1 expression, and 85-15-4 seemed to

be the best-performing clone.

Interestingly, all three clones of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 showed a more pronounced
phenotype after TALI knockout than the maternal cell line (Figure 4.22 in Chapter 4.13), which was
likely due to the fact that the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line enters the experiment
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with a Cas9 already stably integrated in the genome, whereas Jurkat cells are co-transduced with Cas9

at the time of the sgRNA introduction.

In summary, through a number of various experiments, we succeeded in the optimization of the
CRISPR/Cas9 protocol for the use with the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line and showed

that the newly established cell line has preserved its addiction to TAL1.
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5 Growth rate of the newly established cell line upon TAL1
downregulation can be partially rescued by the

doxycycline-inducible FLAG-TAL1

5.1 Introduction

For the purposes of our planned CRISPR/Cas9 screen, we established the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line with a doxycycline-inducible expression of FLAG-TAL1 and stable expression of Cas9
(Chapter 3). Before the screen itself could be carried out, the behaviour of this cell line had to be
examined and two particular points validated. Firstly, it was key to ascertain that the newly established
cell line has preserved its dependency on the transcription factor TAL1. The validation on this point
was eventually successful, although it required extensive optimization of experimental conditions
(Chapter 4). Nevertheless, we ultimately arrived at a robust and reproducible protocol for a
CRISPR/Cas9-based validation of TAL1-dependency, which formed a useful basis both for the

validation experiments in this chapter and for the planned CRISPR/Cas9 screen.

This chapter describes the testing of the second key characteristic of the cell line indispensable for the
successful undertaking of the planned CRISPR/Cas9 screen (Figure 5.1) — the doxycycline-inducible
FLAG-TAL1-mediated rescue of proliferation rate in response to a TAL1 downregulation. In general,
the idea of the rescue rests in the intention to functionally replace the depleted endogenous TAL1 by
the exogenous doxycycline-inducible FLAG-TAL1. In practice, we expect doxycycline-treated samples
of TAL1-challenged Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells (except for the cell samples edited with
sgRNAs that also target the exogenous FLAG-TAL1) to proliferate at the same speed as doxycycline-
treated Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells transduced with non-targeting sgRNAs.

This behaviour is key for our planned CRISPR/Cas9 screen. If the rescue is functional, we would expect
an sgRNA library containing anti-TALI sgRNAs to be equally represented in doxycycline-treated Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cells, while differentially represented in untreated Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cells. The comparison between the sgRNA representation in the doxycycline-
treated (control) sample and untreated (experimental) sample should then highlight sgRNAs whose

editing has a potential to downregulate TALL.
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Figure 5.1: CRISPR/Cas9-mediated saturating mutagenesis of the transcribed portion of the TAL1

enhancer in Jurkat cells (copy from Figure 1.16).

All unique sgRNAs targeting the transcribed portion of the TAL1 enhancer will be cloned into a plasmid
and packaged into a lentiviral library for delivery into genetically modified Jurkat cells, which can
inducibly express an exogenous FLAG-TAL1 and stably express Cas9 as a component of the
CRISPR/Cas9 system. Upon the transduction of the library, the control group will be supplemented
with doxycycline to enable the FLAG-TAL1 rescue, while the experimental group will be left to its own
devices. After the editing has taken place and the editing effects have had a chance to manifest,
genomic DNA from the cells will be isolated for sequencing, and the sgRNA representation will be

compared between the experimental and the control group.
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5.2 Doxycycline induces FLAG-TAL1 expression in Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 and leads to increased proliferation rates

over the first 2 days of culture

In order to form an idea about what concentration of doxycycline is needed for the FLAG-TAL1-
mediated rescue, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (clone 85-15-4) cells were incubated with
increasing doxycycline concentrations for 24 hours (Figure 5.2A) and 48 hours (Figure 5.2B). No
doxycycline addition was made after the initial supplementation. Taking into account both the
endogenous TAL1 isoforms, represented by a 40 kDa and a 44 kDa band on Western blot, the addition
of 750 ng/ml doxycycline induced an amount of FLAG-TAL1 closest to the endogenous TAL1 amounts
after 24 hours in culture (Figure 5.2A), while at 48 hours, 400 ng/ml doxycycline induced FLAG-TAL1

expression at levels comparable with the endogenous TAL1 levels in uninduced cells (Figure 5.2B).

The proliferation rate of the doxycycline-induced Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells during
the first 2 days after induction was elevated compared to uninduced controls and positively correlated
with the concentration of doxycycline up to the concentration of 750 ng/ml and up to an increase in
cell numbers of around 25% relative to an uninduced sample (Figure 5.3). This could be explained by

the cell line’s addiction to TAL1 and requirement for TAL1 expression for proliferation.

Taken together, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells expressed increasing levels of FLAG-TAL1
when induced by increasing concentrations of doxycycline, and proliferated faster with doxycycline in

a concentration-dependent manner.
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Figure 5.2: Titration of doxycycline for the purposes of FLAG-TAL1 induction in the final line, Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9.

Western blots show FLAG-TAL1 expression 24 hours (A) and 48 hours (B) after doxycycline induction.
Red arrows represent FLAG-TALL, point out the two endogenous TAL1 isoforms.
Membranes were probed with anti-TAL1 antibody (ab155195, Abcam) and anti-GAPDH antibody
(60004-1-1g, Proteintech).
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Figure 5.3: Viability of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 upon a 24-hour and 48-hour incubation
with increasing concentrations of doxycycline.

Measured by alamarBlue HS fluorescence. Results show data from a single replicate.

5.3 Effect of doxycycline on the proliferation rate of the newly

established cell line

In a first attempt to put the FLAG-TAL1 rescue into action using CRISPR/Cas9 editing of the Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, cells were transduced with either the lentiGuide-Hygro-
dTomato plasmid carrying hygromycin resistance and one of the five previously described anti-TAL1
sgRNAs, which are expected to generate a growth defect, or the lentiGuide-Hygro-dTomato plasmid
carrying hygromycin resistance, but no sgRNA. The optimized protocol for Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 transduction was used. To induce the expression of FLAG-TAL1, cells were supplemented
with 400 ng/ml doxycycline every 2 days until day 15, then every 3 days until the end of the
experiment. Viability measurements on day 13 (Figure 5.4A) and day 21 (Figure 5.4B) showed a level
of rescue in the cells transduced with the TAL1 exon-targeting sgRNAs (TAL7 and TAL10) and the TAL1
enhancer-targeting sgRNA (MYB1), while there was no such trend discernible in the cells transduced
with the TALI 5’-UTR-targeting sgRNAs (TAL1 and TAL4). These two sgRNAs, in fact, didn’t seem to
cause a growth challenge in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line at all, which was in

contrast with the effect exhibited on the wild-type Jurkat cells (Figure 4.14 in Chapter 4.9).
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Figure 5.4: The effects of cultivation of TAL1-challenged Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells
in doxycycline.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced with a panel of sgRNAs — an sgRNA
targeting MYB-binding site in the TAL1 enhancer (MYB1), sgRNAs targeting the 5’-UTR of TAL1 (TAL1,
TAL4) and sgRNAs targeting TAL1 exons (TAL7, TAL10) — and cultured from the point of transduction
(day 0) either without the addition of doxycycline or with the addition of 400 ng/ml doxycycline.
Viability in all groups was measured using alamarBlue HS on day 13 post transduction (A) and day 21
post transduction (B) and is normalized to viability levels in the control groups, transduced with
plasmid without sgRNA (no sgRNA), for each doxycycline concentration separately. DOX- (light green
bars) — cells cultured without doxycycline; DOX+ (dark green bars) — cells cultured in 400 ng/ml
doxycycline. Results show data from a single replicate. (C) and (D) show Western blots of lysates
prepared from samples treated as outlined above and harvested on day 24 after transduction. (C)
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Samples maintained in selection media with 400 ng/ml doxycycline; (D) Samples grown in selection
media without doxycycline. Red arrow represents FLAG-TALL, point out the two
endogenous TAL1 isoforms. Membranes were probed with anti-TAL1 antibody (sc-393287, Santa Cruz)
and anti-GAPDH antibody (60004-1-lg, Proteintech).

Western blots on day 24 post transduction confirmed the expected endogenous TAL1 downregulation
inthe MYB1, TAL7 and TAL10-edited samples (Figure 5.4C and D) and showed an abundant FLAG-TAL1
expression in the control, MYB1-, TAL1- and TAL4-edited samples, as well as low-level FLAG-TAL1
expression in the TAL7- and TAL10-edited samples (Figure 5.4C). This latter was somewhat
unexpected, as the TAL7- and TAL10-sgRNAs target both the endogenous TAL1 and the exogenous
FLAG-TAL1. However, the truth remains that as with each knockout, there will always be a proportion
of non-deleterious mutations in an edited population, even in such cases where the editing efficiency

reaches close to 100%. As a result, a partial rescue of TAL7- or TAL10-edited cells is a real possibility.

Apart from these findings, the first CRISPR/Cas9 rescue experiment further strongly indicated that
long-term exposure of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 to doxycycline might have a negative
effect on the proliferation rate of the cell line (Figure 5.5). Comparing the expansion of the control
cells in the rescue experiment, we noted that while both groups eventually expanded into cell lines
(Figure 5.5A), the relative viability of the doxycycline-cultured control group surpassed that of the no-
doxycycline control group in the early stages of the experiment, consistent with the increase in
proliferation we observed in the titration experiment in the last chapter, then plummeted in the
second half of the experiment (Figure 5.5B). Similarly, the viability of the MYB1-edited sample in later
stages of the experiment was higher in the no-doxycycline group compared to the group
supplemented with doxycycline (Figure 5.5C). However, importantly, from day 15 after transduction,
the viability rates of the control and MYB1-edited sample were much more similar to each other in
the doxycycline group than in the no-doxycycline group (Figure 5.5C). Figure 5.5D shows again the
viability measurements from day 21 of the experiment, but here all of them are shown relative to the
no doxycycline control group, further highlighting the relationship between the viability in the two

groups.
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Figure 5.5: The effect of long-term doxycycline exposure on variously edited Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells.

From the day of transduction (day 0), cells were cultured in either selection media without doxycycline
(lighter colours), or selection media containing 400 ng/ml doxycycline (darker colours). (A) Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced with control plasmid containing no sgRNA (no
sgRNA); live cells were counted every 2 to 3 days with the use of a haemocytometer and the Trypan
Blue stain. (B) Percentual representation of (A). (C) A comparison between the growth of cells
transduced with either the control plasmid (no sgRNA, green) or the plasmid containing sgRNA
targeting TAL1 enhancer (MYB1, blue), with or without the addition of 400 ng/ml doxycycline. Cells
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were counted with the aid of a haemocytometer and the Trypan Blue stain. NB this graph starts on
day 9. (D) Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced with a panel of sgRNAs as
detailed in Figure 5.4. Bars represent cell viability on day 21 as assessed by alamarBlue HS, relative to
control (no sgRNA) group without addition of doxycycline. DOX+ (dark green bars) — cells cultured in
400 ng/ml doxycycline. Horizontal bars represent 100% of control in DOX+/DOX-. NB this is the same
experiment as in Figure 5.4B, with different normalization. (A) to (D) show results from a single
replicate.

In sum, while the addition of doxycycline seemed to have a rescue-like effect on some of the edited
samples, linked to it was also a marked decrease in the growth rate of the control cells. The strong
FLAG-TAL1 bands we observed on our day 24 Western blot (Figure 5.4C) along with the cytotoxicity
that arose in the doxycycline-supplemented group (Figure 5.5) made us hypothesize that the
doxycycline concentration used and/or the frequency of doxycycline supplementation might be

excessively high.

5.4 Optimization of the use of doxycycline for rescue in Jurkat-Tet3G-

TRE3G-FLAG-TAL1-Cas9

Because the first rescue experiment suggested that the doxycycline concentration used might have
been too high, we repeated the doxycycline titration experiment first. We started using a new anti-
TAL1 antibody (sc-393287, Santa Cruz) in the lab which, from comparison, seemed to be more
sensitive to the FLAG-TAL1 signal than the anti-TAL1 antibody from Abcam (ab155195; data not
shown). Employing the new anti-TAL1 antibody showed that much lower concentrations than 400
ng/ml of doxycycline might actually be needed for the rescue, and that the expression of FLAG-TAL1
was still high 72 hours post induction (Figure 5.6), suggesting that in the rescue validation experiment,
a supplementation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 with doxycycline every 3 days (rather than

every 2 days) should be sufficient to keep FLAG-TAL1 at desirable levels.
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Figure 5.6: Titration of doxycycline for the purposes of FLAG-TAL1 induction in the final line, Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9, Il.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were incubated in media containing increasing
concentrations of doxycycline. Samples were collected 24 hours (A), 48 hours (B) and 72 hours (C)
post induction. Membranes were probed with anti-TAL1 antibody (sc-393287, Santa Cruz) and anti-
GAPDH antibody (60004-1-Ig, Proteintech).

While the Western blots gave us some idea of the range of doxycycline concentrations to consider,
the concentration of doxycycline that would serve best in the rescue validation experiment was
something that needed to be closer determined in the experimental system itself. For that purpose,
we carried out a 15-day long doxycycline-rescue experiment in the polyclonal cell lines that had been
edited either by the MYB1-sgRNA, or the TAL10-sgRNA (as obtained from the doxycycline-rescue
experiment in Chapter 5.3). These cells, along with a control group, were cultured with a range of

doxycycline concentrations.

Proliferation of TAL10-edited cells was positively influenced by concentrations over 50 ng/ml
doxycycline, with the best effect produced by a concentration of 200 ng/ml (Figure 5.7A). In contrast,
however, doxycycline concentrations of 200 and 400 ng/ml influenced the proliferation of control and
MYB1-edited cells most negatively of all tested concentrations. Concentrations of doxycycline below
50 ng/ml seemed to initially encourage the growth of the control, although not MYB1-edited cells

(Figure 5.7A).
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Figure 5.7: Proliferation of edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells with a range of
doxycycline concentrations in selective media.

Experiment was done with cells edited with an sgRNA targeting MYB-binding site at the TAL1 enhancer
(MYB1), cells edited with an sgRNA targeting the TAL1 gene (TAL10) and a plasmid without an sgRNA
(no sgRNA) as control. This experiment started 30 days after transduction with the appropriate
sgRNAs. Prior to this experiment, edited cells were kept in 400 ng/ml doxycycline, lowered to 200
ng/ml doxycycline for one passage immediately preceding the start of this experiment. Cell viability
was measured every 3 days with alamarBlue HS and is expressed as (A) percentage of live cells relative
to the 0 ng/ml doxycycline sample within each group, grouped by the type of cell line editing, and (B)
percentage of live cells relative to the 0 ng/ml doxycycline sample in the control (no sgRNA) group,
shown as single concentration graphs. These results are from a single replicate of a single experiment.

Single concentration graphs (Figure 5.7B) highlight the relationships between all the samples, as they
are all normalized to the viability of the control sample cultured without doxycycline. Looking at the
final point (day 15) for simplicity, the increasing doxycycline concentrations have elicited a spectrum
of responses. In the relationship between the control and the TAL10-edited sample, there seemed to
be doxycycline concentrations (‘low’, up to 50 ng/ml) that made little or no difference to the
relationship, a doxycycline concentration that brought the viability rate of the two samples close
together (100 ng/ml) and concentrations of doxycycline (‘high’, over 200 ng/ml) that caused the
TAL10-edited sample to outgrow the control sample. However, there was no such clear relationship

between the MYB1-edited sample and the control (Figure 5.7B).

A plausible reason for this lack of a spectrum of effects in the relationship between the MYB1-edited
sample and the control was that we were looking in the wrong range of doxycycline concentrations.
The TAL1 enhancer knockouts tend to have more TAL1 expression preserved compared to the TAL1
exon knockouts, as we had repeatedly observed from our Western blotting (e.g. Figure 4.7C in Chapter
4.5). We therefore argued that we might need to look into a lower range of doxycycline concentrations
to find the concentration of doxycycline optimal for the rescue of cells with TAL1 enhancer mutations.
In the next experiment, we set off to explore the effects of various doxycycline concentrations in the

range between 0 and 50 ng/ml on the MYB1-edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells.
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Figure 5.8: Proliferation of edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells with a range of
doxycycline concentrations in selective media.

Experiment was done with cells edited with an sgRNA targeting MYB-binding site at the TAL1 enhancer
(MYB1) and a plasmid without sgRNA (no sgRNA) as control. This experiment started 46 days after
transduction with the appropriate sgRNAs. Prior to this experiment, edited cells were kept in 400
ng/ml doxycycline for the first 26 days, then 200 ng/ml doxycycline for 4 days and without doxycycline
for the remaining 16 days. Cell viability was measured every 3 days with alamarBlue HS and is
expressed as (A) percentage of live cells relative to the 0 ng/ml doxycycline sample within each group,
grouped by the type of cell line editing, and (B) percentage of live cells relative to the 0 ng/ml
doxycycline sample in the control (no sgRNA) group, shown as single concentration graphs. These
results are from a single replicate of a single experiment.
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Figure 5.9: TAL1 expression in edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells cultivated with a
range of doxycycline concentrations in selective media.

Cells were treated as described in Figure 5.8 legend. Western blots were performed on day 18 from
the start of the experiment, and obtained using an anti-FLAG antibody (66008-3-lg, Proteintech), anti-
TAL1 antibody (sc-393287, Santa Cruz) and anti-GAPDH antibody (60004-1-lg, Proteintech).

Asinthe previous experiment, we worked with cells that were already edited — a polyclonal population
generated in the most recent CRISPR/Cas9 experiment (Chapter 5.3). Yet again, none of the selected
doxycycline concentrations seemed to be able to boost the viability rate of the MYB1-edited sample,
which was in stark contrast with the behaviour of the control sample (Figure 5.8A). Doxycycline
concentrations between 12.5 and 50 ng/ml seemed to produce a similar response in the MYB1-edited
and the control cells (Figure 5.8B). The expression of FLAG-TAL1 was at the expected levels in both the

polyclonal cell lines (Figure 5.9). However, most unexpectedly, in this experiment, the MYB1-edited
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cells cultured without any addition of doxycycline were growing faster than the control cells (Figure

5.8B).

While the source of the edited cells used for both of the two most recently discussed experiments was
the same (i.e. the CRISPR/Cas9 rescue experiment in Chapter 5.3), the two experiments differed, apart
from the range of doxycycline concentrations used, in the treatment of the cells prior to the first day
of the experiment. Prior to the first set of experiments (Figure 5.7), cells were cultured in rather high
doxycycline concentrations — 400 ng/ml doxycycline for 26 days followed by 200 ng/ml for 4 days; in
case of the second set of experiments (Figure 5.8), cells were kept without doxycycline for 16 days
before the start of the cultivation. Furthermore, while both of these experiments used already edited
polyclonal cell lines, the first experiment used cells that were cultured for about 4 weeks since the
introduction of the sgRNAs, the second experiment used cells that were cultured for about 6 weeks
since the transduction. These were practical implications of the experimental timelines that we work

with.

Over the course of the experiments with the edited cells, it became clear that the inducible FLAG-TAL1
rescue system in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line is very sensitive to the particulars
of the doxycycline treatment. Moreover, another possibility that was brought into consciousness was
that over time, the edited polyclonal cell lines may undergo a selection process where cells with the

least disruptive mutations gradually take over the initially more heterogenous population of cells.

To address the potential problems stemming from these observations, we decided to test out selected
doxycycline concentrations within the experimental system of the CRISPR/Cas9 rescue validation
(Figure 5.10), rather than to keep testing the already edited cells. The concentration of 200 ng/ml
doxycycline was selected as the best concentration to rescue the TAL10-edited sample, 25 ng/ml
doxycycline was in the middle of the range of concentrations that worked best for the MYB1-edited
cells, and 6.25 ng/ml doxycycline was chosen as a low boundary, a concentration which boosted the
viability of the control sample the most, while affecting the other two groups very little. Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cells were transduced with either the TAL10-sgRNA, the MYB1-sgRNA or a
control plasmid, and the cultures were supplemented with doxycycline on the day of transduction.
The proliferation of these cells was then monitored over 3 weeks, with alamarBlue HS assays
conducted on day 13 (Figure 5.10A and C) and on day 22 (Figure 5.10B and D). Graphs show the cell
viabilities on the given days relative to SCR1. This control was reintroduced for a new comparison in a
transduction experiment in the newly established cell line — the data that led us to select the plasmid
without an sgRNA came from a nucleofection experiment in Jurkat cells — and SCR1 proved a better

control in the context of the transduction CRISPR/Cas9 experiment in the new cell line.
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Figure 5.10: Proliferation rates of variously edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells
cultivated in a range of doxycycline concentrations.

Cells were cultured in selection media with the relevant doxycycline concentration (0 — 200 ng/ml)
from the day of transduction (day 0) with plasmids containing sgRNAs targeting either TAL1 gene
(TAL10) or TAL1 enhancer (MYB1), or with control plasmids containing either a scrambled sgRNA
(SCR1), or no sgRNA (no sgRNA). Cells were counted on day 13 (A, C) and day 22 (B, D) after
transduction using alamarBlue HS. (A, B) Graphs show the percentage of live cells in each sample
normalized to SCR1 in each group defined by a specific doxycycline concentration in selection media.
(C, D) Graphs show percentage of live cells in each sample relative to the viability of the SCR1 - 0
ng/ml doxycycline sample. (A) to (D) show results from a single replicate. (A) and (C), as well as (B)
and (D), are using the same data presented in a different form.
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In Figure 5.10A and B, viability data was normalized to the SCR1 sample viability in each group defined
by doxycycline concentration. These graphs confirm that 200 ng/ml was the best concentration of
doxycycline for the rescue of the TAL10-edited sample. In this format of the experiment, the results
also suggested this concentration might be the best for the rescue of the MYB1-edited sample,
especially over a longer period of 22 days (Figure 5.10B), where the supplementation of 200 ng/ml

doxycycline was the only tested condition that produced a clear rescue effect (117% of SCR1).

In Figure 5.10C and D, data from the same experiment was normalized to the SCR1 sample cultured
without doxycycline, and the data was grouped according to the type of editing. This view better
shows the interplay of the rescue effect and the long-term negative impact of doxycycline on the
proliferation rate of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line. When presented this way, the
data highlights that the doxycycline-mediated rescue effect takes place at the heavy cost of a strikingly
negative effect of doxycycline on the proliferation of control and MYB1-edited cells (for example, the
viability of the SCR1 sample cultured in 200 ng/ml doxycycline for 22 days sinks to 4% of the SCR1

sample untreated with doxycycline, Figure 5.10D).

Taken together, the experiments in this chapter showed that the rescue of proliferation with the
doxycycline-inducible FLAG-TAL1 in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line is very sensitive
to the doxycycline concentration used, as well as the particular stage of the experiment evaluated. An
accumulation of benign mutations during the course of the experiments might also be at play. This
means that all further rescue attempts should be carried out within the context of the transduction
experiment, rather than from polyclonal cell lines representing already edited cells, and with a highly

consistent doxycycline treatment schedule.

5.5 Using FACS as selection in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
validation experiment generates a clearer trend, but kills all cells

in combination with doxycycline

As the results from the previous chapter showed, the rescue of the proliferation rate of the Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line was dependent not only on the concentration of doxycycline,
but also on the point in the course of the experiment that we assessed it. These sensitivities, we
realized in the light of our observations in the previous chapter, might have been in part due to the

combined effect of hygromycin and doxycycline. Both of these agents have both a positive and a
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negative effect on the proliferation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in the rescue
validation experiment. The early positive effect of hygromycin on the proliferation rate of TAL1
knockouts (Figure 4.22 in Chapter 4.13) results in the requirement of a 2- to 3-week long cultivation
for the system to reach an equilibrium state where the relative viability of the cells correlates with the
toxicity of the editing. At the same time, such long cultivation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
in doxycycline is toxic to the cells. Therefore, the hope arose that removing the hygromycin selection

could provide clearer rescue results in a shorter timeframe.
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Figure 5.11: Proliferation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 after TAL1 challenge and FACS-
sorting.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 were transduced with sgRNAs targeting the TAL1 gene (TAL10)
or TAL1 enhancer (MYB1), or one of the negative controls, scrambled sgRNA (SCR1) or a plasmid
containing no sgRNA (no sgRNA). 5 x 10* transduced cells were collected 2 days after transduction
using FACS, and passaged regularly to ensure optimal cell density. (A) Flow cytometry images of the
transduced cells 2 days after transduction, at the time of FACS. Y-axis shows the distribution of
dTomato fluorescence intensity (dTomato is a fluorescent marker present in the sgRNA plasmids). (B)
Graph shows percentage of live cells in the variously edited samples relative to SCR1, starting on the
day of FACS (day 0). Results show data from a single replicate.

186



To avoid using the hygromycin selection, we used the other marker present in the sgRNA plasmids,
the dTomato orange fluorescent protein, to sort transduced cells using FACS. We had previously
abandoned this method but had since optimized the transduction protocol for a higher transduction
efficiency, which addressed the primary issue we had with the method (low cell numbers, Chapters

4.5 and 4.6).

To test the feasibility of this approach, Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced
with the TAL10, MYB1, SCR1 and no sgRNA lentiGuide-Hygro-dTomato plasmids and FACS-sorted 48
hours later (Figure 5.11A). No addition of hygromycin was made; cells were counted and passaged
regularly. Proliferation reached expected levels 3 days after FACS (5 days after transduction) with both
the TAL10- and MYB1-edited cells gravely affected in growth compared to the controls (Figure 5.11B).
Taking the hygromycin selection process out of the equation seemed to simplify the relationships
between the differentially edited cells enormously, and shorten the timeframe in such a manner that

the longer-term negative effects of doxycycline might potentially not even have to come into play.

However, the transduction efficiencies recorded in the latest experiment (6.26% for SCR1, done with
10 U of viral stock, Figure 5.11A) were considerably lower than in the previous optimization
experiments (for example, 28.7% SCR1-positive cells after a transduction with 7 U of viral stock, Figure
4.8 in Chapter 4.6). To further improve the chances of the promising potential of using FACS within
the doxycycline-rescue experiment, we decided to extensively optimize transduction in the Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line again, examining the influence of previously untested factors.
The results of this optimization are provided in Chapter 5.7. Based on this process, we decided to use
293FT cells (a HEK293-derived cell line developed for the generation of high viral titres) for lentiviral
packaging instead of the HEK293T cells used previously, transduce with freshly prepared virus, leave

the virus in the cell suspension until FACS, and sort on day 3 rather than day 2 after transduction.

We proceeded to carry out a doxycycline rescue experiment in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
cells with a FACS-sorting step. Cells were transduced with fresh 293FT-generated virus and sorted on
day 3 post transduction (Figure 5.12), as the optimization experiment suggested was best for
efficiency (Figure 5.14 in Chapter 5.7). Cells were kept in a range of doxycycline concentrations from
the day of transduction. While FACS-sorted cells unsupplemented with doxycycline started expanding
within several days after the sorting, none of the cells supplemented with doxycycline made a
recovery within the scope of the experiment (Figure 5.12A and B). This strongly indicated that the
addition of doxycycline to Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells distressed by the FACS-sorting

had a profound negative effect on the proliferation of these cells, and effectively prevented us from

187



using FACS-sorting as a strategy to select transduced Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in the

context of the doxycycline rescue validation experiment.
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Figure 5.12: Proliferation of control or TAL1 enhancer-edited, FACS-sorted Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells with doxycycline.

Cells were transduced with fresh 293FT-generated virus containing the RNA copy of the gene for
dTomato fluorescent protein and either a control scrambled sgRNA (SCR1), or an sgRNA targeting the
MYB-binding site in the TAL1 enhancer (MYB1). Cells were cultivated in various concentrations of
doxycycline (0 — 200 ng/ml) from the day of transduction. 3 days upon transduction (day O on the
graphs), FACS was performed to collect 1 x 10° dTomato positive cells (as detailed in Figure 5.16 in
Chapter 5.7). Cells were then counted with the use of Trypan Blue and a haemocytometer and
passaged every 3 days. (A, B) Absolute numbers of living cells in each sample, control cells transduced
with a scrambled sgRNA in (A) and TAL1 enhancer (MYB1-)edited cells in (B). (A, B) Results are from a
single replicate.

It also is worth noting that the differences between the cell numbers in the SCR1 control group and
the MYB1-edited group culture without doxycycline were very small (MYB1 viability on day 9 was 95%
of SCR1 viability), which is in stark contrast with the previous experiment done with HEK293T-
generated virus (MYB1 viability on day 9 was 30% of SCR1 viability, Figure 5.11).

In sum, sorting transduced Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells on FACS for the doxycycline
rescue experiment, despite its initial promise, did not seem to be a viable strategy for running the
rescue experiment (and the future screen), as the combined pressures of the FACS process and the

doxycycline presence interfered strongly with Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell survival.
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5.6 Doxycycline partially rescues proliferation rates in Jurkat-Tet3G-
TRE3G-FLAG-TAL1-Cas9 cells of the final line upon TAL1

downregulation

Because our data from the FACS-based doxycycline rescue experiment (Figure 5.12 in Chapter 5.5)
indicated a lack of feasibility for this approach, we decided to return to using hygromycin for the
selection process. We wanted to show a reproducible doxycycline rescue in Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells that would normally be retarded in growth by anti-TALI CRISPR-editing. We
hoped to create a robust rescue protocol that could be used as a basis for the CRISPR/Cas9 saturating
mutagenesis of the TAL1 enhancer, where the doxycycline-rescued cells would form the control group

with equal representation of control and TAL1-challenging sgRNAs.

Using the optimized transduction protocol (described in Chapter 4.13), Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cells were transduced with the MYB1, TAL10 or SCR1 lentiGuide-Hygro-dTomato plasmids
and subjected to 250 pg/ml hygromycin selection. The cells were treated with 0, 200 or 400 ng/ml
doxycycline from the day of transduction, regularly passaged and assessed for viability using
alamarBlue HS 22 days after transduction (Figure 5.13). In the context of this experiment, we again
observed the complicated interplay of the rescue effect (Figure 5.13A) and the longer-term negative

impact of doxycycline on the proliferation of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (Figure 5.13B).

Firstly, Figure 5.13A shows the viability of the cells in each tested sample relative to the viability of the
non-targeting SCR1 control in each doxycycline group (0, 200 or 400 ng/ml). Grouping our data in this
way is important because it mimics the fashion in which the planned CRISPR/Cas9 screen experiment
will be carried out, with all cells either untreated or treated with a single doxycycline concentration.
This grouping shows us that in the 0 ng/ml doxycycline group, the non-targeting SCR1 control group
was more viable on day 22 than both the MYB1-edited cells (87% of SCR1) and TAL1-edited cells (1%
of control), which is in keeping with our expectation. When 200 or 400 ng/ml doxycycline was added
to these cells, both MYB1-edited and TAL10-edited cells became more viable than the SCR1 control,
the TAL10-edited cells more so than the MYB1-edited cells. This data suggests that the rescue was
happening, which is in keeping with the general trends observed in previous experiments throughout
this chapter (e.g., Figure 5.4 in Chapter 5.3 and Figure 5.10 in Chapter 5.4), although the proliferation
of the individual samples was largely varied, in contrast to our initial expectation of an equal

proliferation in all samples within a single doxycycline concentration group (Chapter 5.1).
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Figure 5.13: The effects of a range of doxycycline concentrations on the proliferation of variously
edited Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells.

Cells were cultured with the relevant doxycycline concentration (0, 200 or 400 ng/ml) from the day of
transduction (day 0) with sgRNAs targeting either the TAL1 gene (TAL10) or TAL1 enhancer (MYB1), or
a non-targeting scrambled sgRNA (SCR1). Viral particles were generated in 293FT cells and used fresh
after concentration, medium was changed a day after transduction to introduce hygromycin selection,
then every 3 days to maintain doxycycline levels. Viability of cells was assessed using alamarBlue HS
reagent on day 22 and is expressed relative to SCR1 within each group (A) or relative to SCR1 in the 0
ng/ml doxycycline group (B). Results are from a single replicate.

Secondly, the negative effect of doxycycline on unedited cell proliferation came into plain view when
cell viabilities in the tested samples were plotted out as relative to the viability of the sample
transduced with non-targeting sgRNA (SCR1) and untreated with doxycycline (Figure 5.13B). The
viability of SCR1-transduced cells proliferating in 400 ng/ml doxycycline for 22 days was only 46% of

the viability of the sample untreated with doxycycline.

Meanwhile, the absolute number of cells in the TAL10-edited group treated with 400 ng/ml
doxycycline was twice as high as in the SCR1 0 ng/ml doxycycline group, which pointed towards the
potential existence of at least a third type of doxycycline effect (or a mixture of additional influences)
on Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells, apart from the FLAG-TAL1 doxycycline-mediated
rescue effect and the cytotoxicity. However, it is worth mentioning that we did not observe this effect
previously (Figure 5.10 in Chapter 5.4), where the experimental setup was identical apart from the
difference in the packaging cell line used for the production of the virus. On day 22, absolute numbers
of TAL10-edited cells treated with 200 ng/ml doxycycline in the previous experiment were 4% those
of doxycycline-untreated SCR1 sample (Figure 5.10D in Chapter 5.4), whereas in the most recent
experiment (Figure 5.13B), absolute numbers of TAL10-edited cells treated with 200 ng/ml
doxycycline were 137% of the absolute numbers in the doxycycline-untreated SCR1 sample. This

further testifies to the overall lack of robustness of the whole experimental setup.
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An additional issue with this experiment was that the number of surviving cells was unexpectedly low
throughout the selection process (as low as 3 x 10* cells in a sample on days 7 — 10). In comparison
with earlier experiments with HEK293T-packaged virus, the absolute cell numbers were similar or even
lower on any given day. Furthermore, in the two following repeats of this experiment, the transduced
cells failed to expand and didn’t survive the selection process at all (data not included). This was very
surprising, given that we had established that the transduction efficiency of the 293FT-packaged viral
preparation was at least 4-fold higher than the transduction efficiency of the HEK293T-packaged virus
(Figure 5.14 in Chapter 5.7), and therefore we would expect a 4-fold higher survival rate. Moreover,
as one of the requirements for a viable screen is the continued expansion of the control doxycycline-
untreated cell lines (Chapter 4.1), as well as control and edited doxycycline-treated cell lines (Chapter
5.1), the experimental setup with the 293FT-generated virus used in this chapter is infeasible, as

insufficient cell numbers survive the process.

Overall, the effects of doxycycline on the proliferation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell
line in the context of the rescue validation experiment are, at the very least, two-fold — the negative
effect due to doxycycline cytotoxicity on a longer-term scale (>1 week), and the positive effect
stemming from the induction of the exogenous FLAG-TAL1, to which the cell line is addicted. The
comparison of our attempts at doxycycline rescue led us to conclude that the results are extremely
sensitive to a number of factors, including the transduction conditions and the choice of sgRNA,
achieved transduction efficiency, doxycycline supplementation regime and concentration, and
possibly other unknown factors. Unfortunately, this renders the system impracticable for the use with
the planned CRISPR/Cas9 screen, as the effects of the mutations in the TALI-eRNAs on the
proliferation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line are expected to be very subtle, and

would highly likely get covered up by the effects of doxycycline.

5.7 Transduction optimization and evaluation of the new packaging

cell line, 293FT

Due to the relatively low transduction efficiencies recorded in the experiment in Chapter 5.5 (e.g.,
6.26% for SCR1), we decided to further optimize our transduction protocol to improve the
transduction rate for the use with the FACS-based approach to the doxycycline rescue experiment

(Chapter 5.5).
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Figure 5.14: Transduction optimization for further FACS-based doxycycline-rescue experiments.

Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells were transduced with a plasmid containing dTomato as a
fluorescent marker and a scrambled sgRNA (SCR1). The SCR1 virus was generated either in HEK293T
cells (HEK), or in 293FT cells (FT) and was used either immediately (fresh), or frozen for 24 hours at
-80°C and used after thawing (frozen). Medium containing virus was either changed on day 1 after
transduction (Ch), or left on until the time of flow cytometry (Lea). The same number of arbitrary units,
based on virus produced by cm? of cells, was used for all transductions. Data was collected on day 2
and 3 post transduction. (A, B) Percentage of transduced (dTomato-positive) cells in each sample with

192



fresh (A) or frozen (B) virus, as determined by flow cytometry. (C, D) Absolute cell numbers in each of
the samples with fresh (C) or frozen (D) virus. Viability was measured using alamarBlue HS. (E, F)
Absolute numbers of transduced cells in each sample 2 and 3 days after transduction with fresh (E) or
frozen (F) virus. This is a combination of flow cytometry data and alamarBlue HS cell counts. (A — F)
are data from a single replicate.

This time, we didn’t work with an increasing viral titre, but instead tested the influence of different
transduction conditions on the transduction efficiency: the difference between a fresh and a frozen
viral stock, the difference between changing and not changing media after transduction, as well as the
difference between a 2-day and a 3-day incubation period after the transduction. Furthermore, a
newly acquired packaging cell line, 293FT (Thermo Fisher), was tested against the routinely used

HEK293T cells. 293FT is a HEK293-based cell line genetically modified to yield high viral titres.

To carry out the optimization experiment, 10 U of lentiGuide-Hygro-dTomato-SCR1 virus produced in
either HEK293T, or 293FT was transduced into Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells either
immediately after concentration with Lenti-X Concentrator, or after 24 hours of storage at -80°C. The
viral media was then either changed a day after transduction, according to the protocol used hitherto,
or left on until the day of the flow cytometry assay on day 2 or 3 after transduction, exposing the cells

to the viral particles for 24 or 48 hours longer than in the former case.

The biggest increase in transduction efficiency was observed in relation to the employment of the new
packaging cell line, 293FT (Figure 5.14). While Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells transduced
with the HEK293T-generated virus achieved 7 — 11% efficiency, the 293FT-generated virus from the
same initial number of packaging cells seemed to achieve transduction efficiencies of 43 —86% (Figure
5.14A, B). The number of surviving Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells was very similar
between the groups (Figure 5.14C and D). A function of the absolute cell numbers in each sample and
the transduction efficiency of each of the conditions, the number of transduced cells was highest in
the group transduced by fresh 293FT-generated virus on day 3 after transduction, where media wasn’t
changed 24 hours post transduction (Figure 5.14E). Overall, there was little difference between the
use of fresh and frozen viral stocks in terms of the resulting efficiency, and day 3 after transduction

provided a larger number of transduced cells than day 2 (Figure 5.14E and F).
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Figure 5.15: Representative results from the transduction optimization experiment as described in
Figure 5.14.

(A) Percentage of dTomato-positive Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in samples transduced,
3 days prior, with fresh viral particles encoding the dTomato fluorescent marker and a scrambled
sgRNA (SCR1). Virus was generated in either the HEK293T (HEK) or 293FT (FT) cell line, medium was
changed on day 1 post transduction (Ch) or left until day 3 (Lea). This Figure is using the same data as
Figure 5.14A. (B) Flow cytometry images of cells transduced as described in (A) with either SCR1 or
with empty viral particles (virus only) as negative control. Fluorescence intensity of dTomato is plotted
on the x-axis. Gates for dTomato-positive (ds Tomato +ve) cells were based on negative control (virus
only) samples, each of which was treated in the same way as the respective experimental sample.

A closer look at the flow cytometry images from the transduction optimization experiment showed a
difference in the appearance of the populations of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells in the
samples which were transduced using the HEK293T-generated virus, and those that were transduced
using the 293FT-generated virus (Figure 5.15B). In cells transduced using the HEK293T-generated
virus, we observed two distinct populations — a main population of untransduced cells, of low

dTomato intensity, and a smaller population of transduced cells with a decisively higher dTomato
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intensity (gated and highlighted in blue). In the cells transduced using the 293FT-generated virus,
there were no such two distinct populations. Rather, we observed a shift of the whole population
towards higher dTomato intensities. When compared to the virus only control, the shift seems to
testify to a large percentage of dTomato-positive cells (Figure 5.15B). However, we had previously
seen similar shifts in the populations of cells transduced with an increasing viral titre of HEK293T-
generated virus (Figure 4.8 in Chapter 4.6), which we then attributed to autofluorescence due to
increased stress. However, in the previous experiment, untransduced cells were used as control,
whereas here, we compared the samples transduced with the dTomato plasmid to samples
transduced with empty viral particles (virus only). This led us to believe that we were looking at
dTomato fluorescence, not autofluorescence of stressed cells, as we reasoned that the empty viral

vector should cause as much stress as functional viral particles.
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Figure 5.16: 293FT packaging does not result in increased autofluorescence.

Flow cytometry on cells transduced with: empty viral particles (virus only); viral particles bearing a
transfer plasmid without a gene for a fluorescent protein (lentiGuide-Puro); non-editing control
plasmid coding for a scrambled sgRNA and dTomato (SCR1); sgRNA targeting the MYB-binding site in
TAL1 enhancer and dTomato (MYB1). Flow cytometry data shows the intensity of fluorescence in the
dTomato channel and the autofluorescence in the FITC channel. The MYB1- and SCR1-tranduced cells
were used for the experiment in Figure 5.12 (Chapter 5.5), and the gating shows the area from which
cells were collected in the experiment. Gating for dTomato positive cells was first done on negative
controls (virus only, lentiGuide-Puro) and then adjusted to include only the top 50% of SCR1
population for collection from FACS. For easy comparison, a red bar is drawn at 8 x 10?> AU of
fluorescence intensity in all plots showing fluorescence in the FITC channel.
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To gain more confidence in this matter, we transduced the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells
with either dTomato-encoding plasmids (SCR1 or MYB1) or with non-fluorescent controls (either
empty viral particles, or viral particles carrying a plasmid without a fluorescent marker). We then
recorded fluorescence of these cells 3 days post transduction in the dTomato channel and in the FITC
(fluorescein isothiocyanate) channel. FITC is a common channel where autofluorescence may be
observed, while dTomato fluorescence would be undetectable in this channel. Therefore, any shifts in
this channel could easily be attributed to autofluorescence (resulting from cellular stress), and warn
us that the shift we observed in the dTomato-transduced samples may not be solely due to dTomato
fluorescence. We saw the expected shifts in the dTomato channel, but no shifts in the FITC channel.
This deepened our confidence that we were looking at a bona fide effect of dTomato fluorescence,

rather than an autofluorescence resulting from the experimental stress.

In sum, our optimization led us to start using the 293FT packaging cell line instead of the previously
used HEK293T, and to FACS-sort on day 3 rather than on day 2 after transduction. We decided to leave
the viral particles in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell suspension until the day of FACS,
and to keep using fresh virus in our future transduction experiments, as per the usual practice, even
though the difference between the efficiency achieved by the transduction of fresh vs frozen virus

was minimal.

5.8 Validation of doxycycline rescue using CRISPR interference

(CRISPRI)

Repeated failures to develop a viable protocol for the doxycycline rescue of CRISPR/Cas9-edited cells
drove us to look for alternative avenues to demonstrate the potential of the doxycycline rescue in a
more robust fashion. While it was becoming clear that we would not be able to use the doxycycline
rescue in the planned pooled CRISPR/Cas9-mediated saturating mutagenesis of the TAL1 enhancer in
the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, we nourished a hope that we could still use the
doxycycline rescue feature for later validation experiments in an arrayed format (more on this in
Chapter 6). The general trends in all the TALI-CRISPR/Cas9 doxycycline rescue experiments we have
done strongly suggested that the doxycycline rescue was functional, but we wanted to evidence this

in @ more robust and reproducible fashion.

While siRNAs served us very well in showing the TAL1 dependency in the Jurkat-Tet3G-TRE3G-FLAG-

TAL1-Cas9 cell line in Chapter 4.8, demonstrating the potential of FLAG-TAL1 doxycycline rescue with
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these would be problematic, as our siRNAs target not only the endogenous TAL1, but also the
exogenous doxycycline-inducible FLAG-TAL1. Instead, we decided to employ TALI-CRISPR
interference (CRISPRi). CRISPRi has proved to be a robust approach to transcriptional regulation, and
with the application of a set of rules to sgRNA design/selection, the method typically results in

knockdown efficiencies of 80 — 99% (reviewed in Chapter 1.4.2.3.1).

Unfortunately, TALI-CRISPRi could not be carried out in the final cell line, Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9, because it expresses Cas9, which would compete for the experimental sgRNAs with the
dCas9-KRAB in CRISPRi. On that account, we decided to attempt the TAL1-CRISPRi in the second
intermediate cell line, Jurkat-Tet3G-TRE3G-FLAG-TAL1, which only differs from the final line by the
lack of Cas9 expression. This difference should not have any impact on the functionality of the
inducible FLAG-TAL1, and the results of a CRISPRi validation in the intermediate cell line could be

therefore reasonably extended to the final line.

For the TAL1-CRISPRi in the intermediate cell line, the Lenti-(BB)-EF1a-KRAB-dCas9-P2A-BlastR
(Addgene plasmid #118154, unpublished) plasmid was used, containing a gene for blasticidin
resistance, a gene for dCas9-KRAB and an sgRNA scaffolding. We cloned the following guide sequences
into the plasmid: (1) PRO1 and PRO2, targeting the core promoter of TAL1 (as defined in (Andersson
and Sandelin, 2020); (2) PRO3 and PROA4, targeting the 5’-UTR of TALI (top anti-TAL1 CRISPRi sgRNAs
identified by CRISPick (Doench et al., 2016; Sanson et al., 2018)); (3) MYB1, targeting the MYB-binding
site at the TAL1 enhancer in Jurkat cells (Mansour et al., 2014); and (4) SCR1, a scrambled non-
targeting sequence (Lawhorn et al., 2014). We also planned to use a plasmid without sgRNA (no

sgRNA) as an alternative control.

Due to former experience with hygromycin in the final cell line, the intermediate cell line, Jurkat-
Tet3G-TRE3G-FLAG-TAL1 (clone 85-15), was tested for its sensitivity to blasticidin. Wild-type Jurkat
and 85-15 cells were grown in media supplemented with 1 — 10 pg/ml blasticidin for 7 days, and
viability was measured using the alamarBlue HS Reagent on day 3, 5 and 7. The Jurkat-Tet3G-TRE3G-
FLAG-TAL1 cell line exhibited a very similar sensitivity to the antibiotic as the maternal cell line (Figure

5.17A and B).
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Figure 5.17: The sensitivity of Jurkat-Tet3G-TRE3G-FLAG-TALI1 to blasticidin.

Proliferation of (A) Jurkat-Tet3G-TRE3G-FLAG-TAL1, the intermediate cell line, and (B) Jurkat, the
maternal cell line, with a range of blasticidin concentrations. Cell viability was assessed using
alamarBlue HS reagent. Graphs show data from a single replicate.

Having demonstrated the expected behaviour under blasticidin selection, Jurkat-Tet3G-TRE3G-FLAG-
TAL1 cells were then transduced with the CRISPRi plasmids and their viability was monitored with
alamarBlue HS between day 1 and day 26. Surprisingly, apart from the MYB1-CRISPRi group, the TAL1-
CRISPRi didn’t elicit the expected drop in proliferation (Figure 5.18A). We wondered whether this
might have been down to blasticidin creating a similar early advantage for transduced cells as
hygromycin was in the case of the TALI-CRISPR in the final line, and to test this hypothesis, we used 1
x 10° cells from each of the samples on day 13 post transduction to set up an independent culture
(Figure 5.18B). The trends, however, remained similar, and only the MYB1-CRISPRi led to a decided

drop in proliferation rate in both the experimental setups (Figure 5.18A and B).

To investigate whether CRISPRi reduced TAL1 expression according to the primary expectation, we
carried out a Western blot for all groups on day 26 of the experiment. The Western blot confirmed
TAL1 downregulation in all the experimental groups apart from PRO2 (Figure 5.18C), which made the

lack of effect on proliferation seem mystifying.
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Figure 5.18: TAL1-CRISPR interference in Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line using single
sgRNAs.

Cells were transduced with viral particles encoding a blasticidin resistance gene, dCas9-KRAB and
various sgRNAs for TALI-CRISPRI, targeting either different sites in the TAL1 promoter (PRO1 — PROA4)
or the MYB-binding site at the TAL1 enhancer (MYB1); negative controls were cells transduced with
virus encoding the blasticidin resistance marker, dCas9-KRAB and either scrambled sgRNA (SCR1) or
no sgRNA (no sgRNA). Cells were supplemented with 5 pg/ml blasticidin on day 1 after transduction.
(A) Cells in all groups were counted using alamarBlue HS reagent 13, 22 and 31 days post transduction.
(B) 1 x 10° cells from each of the samples on day 13 upon transduction (i.e., cells selected with
blasticidin for 12 days, therefore with presumed CRISPRi) were used to start an independent culture,
and viability was measured 9 and 18 days into the experiment using alamarBlue HS. (C) TAL1
expression in all CRISPRi samples, as determined by Western blot on day 26 after transduction.
Antibodies used were anti-TAL1 antibody (sc-393287, Santa Cruz) and anti-GAPDH antibody (60004-
1-lg, Proteintech). Results are from a single replicate.

To achieve a more pronounced CRISPRi effect, the literature suggests combining several targeting
sgRNAs (Qi et al., 2013). Therefore, we next tried to use various combinations of selected sgRNAs

(MYB1, PRO1, PRO3) in our CRISPRi experiment in the intermediate cell line. The experiment was

199



otherwise set up in the same way as the previous one. On day 13, cell viability was assessed using
alamarBlue HS (Figure 5.19), but similarly to the previous experiment, we again observed the
unexpected proliferation-boosting effect in all TALI-CRISPRi groups relative to the control groups. This

experiment was therefore abandoned on day 13.
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Figure 5.19: TAL1-CRISPR interference in Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line using
combinations of sgRNAs.

Cells were transduced with either selected single sgRNAs as described in Figure 5.18, or various
combinations thereof. Cell viability was measured using alamarBlue HS reagent 13 days post
transduction. Graph shows data from a single replicate.

Overall, while TALI-CRISPRi decreased the expression of TAL1 (Figure 5.18C), there was no
accompanying decrease in growth rate (Figure 5.18A, B and Figure 5.19) — rather the opposite was
true. This indicated that TALI-CRISPRi in the Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line, in the tested
setup, could not be used for the validation of the functionality of the doxycycline-inducible FLAG-TAL1

rescue without significant additional work.

5.9 Discussion

In this chapter, we tried to validate the rescue potential of the doxycycline-inducible FLAG-TAL1 in the
newly established cell line, which is a non-negotiable feature in the context of the CRISPR/Cas9-

meditated screen of the transcribed portion of the TALI enhancer as we had originally planned it. The
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growth of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells is hampered upon TAL1 challenge, as we have
shown in Chapter 4; we need to be able to counteract this trend by inducing the exogenous FLAG-

TAL1 in our genetically modified cell line.

To demonstrate this rescue ability of the doxycycline-inducible FLAG-TAL1 in our Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cell line, we first planned to build on the optimized CRISPR/Cas9 transduction
protocol from the previous chapter and compare the behaviour of the TAL1-challenged Jurkat-Tet3G-

TRE3G-FLAG-TAL1-Cas9 cells cultured with or without the addition of doxycycline.

In an early set of experiments, we noted that increasing concentrations of doxycycline induced an
increasing FLAG-TAL1 expression in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 (Figure 5.2 in Chapter 5.2
and Figure 5.6 in Chapter 5.4), and that 400 ng/ml doxycycline supplementation of unedited cells
initially caused an increase in proliferation (Figure 5.3 in Chapter 5.2 and Figure 5.5B in Chapter 5.3),
but over time led to a drop in proliferation compared to uninduced, unedited cells (Figure 5.5B in
Chapter 5.3). This pointed towards a certain toxicity of either the doxycycline itself, or the doxycycline-
induced FLAG-TAL1 in a longer-term culture of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells. Despite the
unexpected negative effect of doxycycline, we also observed a rescue-like effect on the TAL1-
challenged cells (Figure 5.4A and B in Chapter 5.3), which led us to go on to explore the options of

reducing the toxic effect of doxycycline.

Firstly, while the half-life of doxycycline in media is 24 hours, we discovered that there is still an
abundance of FLAG-TAL1 expressed in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells 72 hours post
induction even when as little as 50 ng/ml doxycycline is used (Figure 5.6 in Chapter 5.4). This reflected
the high sensitivity of the Tet-On system in our cell line to doxycycline, and indicated that a pool of
FLAG-TAL1 mRNA/protein might take days to deplete. Taken together, these results showed that

doxycycline supplementation doesn’t need to be renewed more often than every third day.

Next, we explored the effects of doxycycline concentrations lower than 400 ng/ml on polyclonal TAL1-
challenged Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell lines (TAL10- and MYB1-edited cells established
inthe first attempt at doxycycline rescue in Chapter 5.3; Figure 5.7, Figure 5.8 and Figure 5.9 in Chapter
5.4). While these experiments on already edited cells provided us with a slightly better idea of the
range of doxycycline concentrations to use, these experiments couldn’t be used as validation
experiments per se, especially not in the case of MYB1-edited cells, which seemed unrescuable in this
context. This was somewhat surprising; we suspected that polyclonal cell lines that resulted from the
initial editing were possibly undergoing an ongoing selection process where the edited cells with the
most viable mutations were becoming more and more prominent as time progressed. This could, in

theory, continue to the point where the surviving cells in the MYB1-edited group were no longer TAL1-
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challenged. The comparison of the band intensities on the Western blots from the rescue experiment
on the edited cells (Figure 5.9 in Chapter 5.4; intensity measurements not shown), along with the fact
thatin the latter experiment from edited cells, MYB1-edited cells without doxycycline grew faster than
the control cells (Figure 5.8 in Chapter 5.4), somewhat confirmed these suspicions and indicated the
need to carry out validation experiments that start from the day of the sgRNA introduction.
Nevertheless, why the MYB1-edited cells were almost completely resistant to any viability booster
effect, such as we saw with the control cells at lower doxycycline concentrations (Figure 5.7 and Figure

5.8 in Chapter 5.4), remains a mystery.

A rescue validation experiment carried out from the day of transduction and using three different
doxycycline concentrations again indicated a level of rescue, especially in the cultures incubated with
200 ng/ml doxycycline, but the rescue effect was once more mixed with a strong negative effect on

proliferation rate.

This negative effect of doxycycline could be avoided if the experimental timeframe was shortened.
Conducive to that, CRISPR/Cas9-editing seems to take place rather fast in the Jurkat cell line (for
example, TAL7- and TAL10-edited samples showed strong TAL1 downregulation on day 3 after the
introduction of the sgRNAs, Figure 4.4 in Chapter 4.3), as well as in our Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line (Western blot data from day 3 after sgRNA introduction were not included in this
work). On the other hand, we previously observed that selecting cells with hygromycin leads to an
early proliferation advantage in TAL1-challenged cells (e.g. Figure 4.22 in Chapter 4.13), possibly due
to the fact that antibiotics in general act faster on more rapidly dividing cells. These two countereffects
need time to play themselves out. We previously tried to take the hygromycin selection out of the
equation by means of FACS-sorting of the transduced cells; this approach failed at the time due to low
transduction efficiency. Since then, however, we had successfully raised the transduction efficiency
many fold by means of optimization, and therefore a return to this method held a distinct promise.
First results reinforced this hope — the viability of the TALl-challenged cells sank to the expected
relative levels within days after the sorting (Figure 5.11 in Chapter 5.5). However, when FACS-sorted
cells were cultivated with doxycycline for the FLAG-TAL1-mediated rescue, a massive cell death
occurred as a result, in both control (SCR1) and experimental (MYB1) groups, even with the lowest of
doxycycline concentrations used (Figure 5.12 in Chapter 5.5). Conceivably, the immense stress of
sorting with FACS rendered the cells more vulnerable to the negative effects of doxycycline and at an
earlier time point in the experiment. These results revealed the unfeasibility of using FACS in

conjunction with doxycycline rescue.
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The drop in viability of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line in response to doxycycline
could be either due to the toxicity of the exogenous FLAG-TAL1 and its overexpression, or due to the
toxicity of doxycycline to the cells. Literature suggest that some types of cancer cells, as well as primary
cells, are sensitive to doxycycline at concentrations of 500 ng/ml and higher, with a reduction in
proliferation rate (Ahler et al., 2013; Dijk et al., 2020; Liu et al., 1999; Xie et al., 2008) and disruptions
to glycolysis (Ahler et al., 2013; Dijk et al., 2020) and normal mitochondrial function (Ahler et al., 2013;
Dijk et al., 2020; Moullan et al., 2015). Some changes in gene expression were already measurable at
100 ng/ml doxycycline in selected cell lines (Ahler et al., 2013). In Jurkat cells in particular, high
doxycycline concentrations were shown to lead to apoptosis (Liu et al., 1999). The doxycycline
concentrations used in this study (5000 ng/ml and above) were much higher than the concentrations
used in our experiments, but the observed effects were radical even at 24 hours after doxycycline
supplementation. It is therefore plausible that over a longer time period, lower doxycycline

concentrations can also become detrimental to the Jurkat growth rate.

In our doxycycline rescue validation experiments in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line,
we likely observed a combination of the rescue effect of the doxycycline-induced FLAG-TAL1 and the
effect of doxycycline cytotoxicity. Potentially, there might have been a third element to the effect of
doxycycline on the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell proliferation, similar to the hygromycin
effect discussed earlier: doxycycline killing more rapidly dividing cells faster than cells that are slower
to proliferate. Nevertheless, encouraged by the information from Western blotting, which repeatedly
testified to an ample FLAG-TAL1 expression in doxycycline-treated samples (e.g., Figure 5.2 in Chapter
5.2; Figure 5.6 in Chapter 5.4 and Figure 5.9 in Chapter 5.4), and the early proliferative advantage
observed in unedited or non-targeting sgRNA-transduced doxycycline-treated Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells (e.g., Figure 5.3 in Chapter 5.2; Figure 5.5B in Chapter 5.3; Figure 5.7 and Figure
5.8 in Chapter 5.4), we believe we were able to discern a distinct rescue effect of doxycycline on the
TAL7- and TAL10-edited cells, and a less pronounced, but rather consistent rescue effect on MYB1-

edited cells (Figure 5.4A, B in Chapter 5.3; Figure 5.10 in Chapter 5.4; Figure 5.13 in Chapter 5.6).

The rescue effect on TAL7- and TAL10-edited cells (TAL1 exon-edited) was unanticipated; both these
sgRNAs target both the endogenous TAL1 and the exogenous FLAG-TAL1, and a lack of rescue effect
was therefore expected in these cells. However, as with all CRISPR editing, some of the cells within
these samples retained some level of functionality of the exogenous FLAG-TAL1, and as a result, their
fate could be altered by doxycycline addition. The partial retainment of the doxycycline-inducible
FLAG-TAL1 in TAL7- and TAL10-edited cell populations is also evidenced by Western blotting (Figure
5.4C in Chapter 5.3).
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On the other hand, cells edited with TAL1 and TAL4 sgRNAs (targeting the TAL1 5’-UTR) in our initial
experiment in this chapter (Figure 5.4 in Chapter 5.3) did not display any signs of being rescued by
doxycycline, or indeed any signs of needing a rescue — the proliferation rate of these cells without
doxycycline was at least comparable to the controls. This was at odds with an earlier experiment
where TAL1 and TAL4 sgRNAs lowered the growth rate of Jurkat cells (Figure 4.14 in Chapter 4.9),
although this earlier experiment was done in the maternal cell line, by electroporation rather than
transduction, and by co-transfection of Cas9 and sgRNAs rather than just the introduction of the
sgRNAs. TAL1 and TAL4 sgRNAs were therefore abandoned in the context of the doxycycline rescue

validation experiment.

The rescue effect of doxycycline on the MYB1-edited (TAL1 enhancer-edited) Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells showed steadily across the experiments where doxycycline rescue was
administered and monitored from the day of sgRNA transduction (Figure 5.4A, B in Chapter 5.3; Figure
5.10 in Chapter 5.4; Figure 5.13 in Chapter 5.6), although not in the experiments where already

selected populations of MYB1-edited cells were used (Figure 5.7 and Figure 5.8 in Chapter 5.4).

The doxycycline-rescue effects were strongly dependent on doxycycline concentration and treatment
schedule, the sgRNA used, but also differed between the individual experimental setups, and the time
points in the experiment when we did our measurements (Figure 5.4A, B in Chapter 5.3; Figure 5.7,
Figure 5.8 and Figure 5.10 in Chapter 5.4; Figure 5.13 in Chapter 5.6). Other factors also seemed to
play a role, such as the growth rate of the cell line immediately prior to the experiment, the passaging

and the transduction efficiency achieved in each individual case.

Upon finding that FACS-sorting couldn’t be used because the cell line was too sensitive to withstand
the joint stress of the FACS and the doxycycline, we returned to the hygromycin selection setup,
however flawed, to generate replicates for the doxycycline rescue validation experiment. The
experiments were done using the 293FT-generated viral particles, as our new transduction
optimization experiment indicated this packaging cell line produced much higher viral titres than the
regular HEK293T cell line. However, in the first experiment, the absolute numbers of surviving cells at
each point (data not shown) were at least as low or even lower than in case of the experiments done
with the HEK293T-produced virus. In the second and third repeat of this experiment, the cells failed
to expand into polyclonal cell lines, and died off by 2 weeks into the experiment. These findings
suggested that something about the exchange of the HEK293T-generated virus for the 293FT-
generated virus caused increased stress to the cells in the context of the transduction experiment. A
higher toxicity of the 293FT-generated viral particles, due to their quality or quantity, could

conceivably be at fault, but in samples where cells transduced with 293FT-generated virus were left
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without selection pressure, the proliferation was hardly inhibited (data not shown), making this
explanation somewhat weak. The other explanation that offered itself was the fact that the flow
cytometry images (Figure 5.15 in Chapter 5.7) could have been read wrongly, and the whole
population shift was not due to the intake of the sgRNA plasmids by the whole population, but rather
due to autofluorescence. This would be in keeping with the patterns we believed to have seen in the
first optimization experiment (Figure 4.8 in Chapter 4.6), although the possibility of the opposite
explanation also arises (We evaluated the first set of optimization experiments wrongly, and did in
fact see a whole-population shift due to successful transduction.). The autofluorescence theory would
also be in line with the unexpectedly small difference between the viability of MYB1-edited cells and
the SCR1 control cells in the doxycycline rescue experiment with 293FT-generated virus that employed
FACS (Figure 5.12 in Chapter 5.5) — the explanation would be that most of the sorted cells were in fact
not successfully transduced, but only autofluorescing. To address this issue further, we checked for
autofluorescence in the FITC channel (a channel where autofluorescence is common, and where we
would expect to see some if there was any in the dTomato channel; personal communication, Dr. Jan
Svoboda) — but we found none. Taken together, it is quite possible that the transduction efficiency
obtained with the 293FT-produced virus was perhaps nowhere near as high as we initially thought,
and indeed was perhaps even lower than with the HEK293T-generated viral particles. On the other
hand, it is also plausible that if the viral titre was high, as our original evaluation would suggest (Figure
5.15in Chapter 5.7), then the combined stress of a high viral titre and hygromycin selection could have
caused the massive cell death in the last set of doxycycline rescue validation experiments. To explore
this matter further, we could titrate the virus either by physical titration (ELISA for Gag (p24), (Logan
et al., 2004)), and/or by functional titration using the dTomato fluorescence. If the viral titre of the
293FT-generated viral stock turns out to be a lot higher than that of HEK293T-generated viral stock
prepared under the same conditions, further experiments might be in order to find out whether
employing a lower MOI might help with the viability of cells in validation experiments. If these
experiments are successful, we could use the 293FT cell line to generate the viral stocks of the sgRNA

library for our CRISPR/Cas9 screen.

In any case, to try to avoid all the pitfalls of the doxycycline rescue validation experiment in Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cells encountered so far, we decided to completely change tack and
attempt to show a doxycycline rescue in the intermediate cell line, Jurkat-Tet3G-TRE3G-FLAG-TAL1,
upon TALI-CRISPR interference (TALI-CRISPRi). The hope for this approach was that it might
potentially provide us with a more robust system than the CRISPR-knockout. The experiment couldn’t
be performed in the final line, as Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 stably expresses Cas9, which
would compete for the provided sgRNAs with the dCas9-KRAB for CRISPRI, but we felt the results of a
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doxycycline rescue experiment in Jurkat-Tet3G-TRE3G-FLAG-TAL1 could be extrapolated to the final
cell line. Unfortunately, the CRISPRi experiment in the intermediate cell line did not show the expected
drops in proliferation upon the attempted interference with TAL1 expression (Figure 5.18A, B and
Figure 5.19 in Chapter 5.8), despite the fact that TAL1 downregulation did take place in these cells
(Figure 5.18Cin Chapter 5.8). As we repeatedly observed that TALI knockout definitely had a negative
impact on the growth rate of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, as well as Jurkat cells
(e.g., Figure 4.14 in Chapter 4.9; Figure 4.22 in Chapter 4.13), it seemed as though something in the
experimental setup was interfering with the natural proliferation rates of the cells. Possibly, this could
have been the antibiotic selection process again, only in this case, because the CRISPRi effects were
not as strong as the CRISPR effects (compare e.g. Figure 4.23 in Chapter 4.13 or Figure 5.4C in Chapter
5.3 with Figure 5.18C in Chapter 5.8), it was taking much longer to clear up. However, the effect
persisted even when already edited and selected cells were started in independent cultures (Figure
5.18B in Chapter 5.8). Furthermore, the stark differences between the two controls, no sgRNA and
SCR1, were also quite startling. In sum, the TALI-CRISPRi provided us with highly unexpected results;
to start to understand the factors contributing to the mystery, we would probably want to begin by
cloning the sgRNAs and the dCas9-KRAB into a plasmid sporting a fluorescent marker, which would
allow us to measure the transduction efficiency, use FACS to collect positive cells for a proliferation

experiment to see if the trend changes, and carry out potential optimizations.

In terms of other potential ways of validating the doxycycline rescue in the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line, we briefly considered attempting CRISPRI in the final line with dCas12-KRAB, but
logistical issues prevented us from embarking on this course. The rescue could not be carried out using

our siRNAs for TAL1 knockdown, as these siRNAs target both the endogenous and the exogenous TAL1.

Overall, the intricate interplay of the effects of doxycycline, hygromycin selection and sensitivity of
the final cell line within and without the constraints of the rescue experiment render the system
impracticable for the use in a pooled screen format with the originally planned doxycycline rescue.
However, since the Jurkat-Tet3G-TRE3G-FLAG-TAL1 cell line displays the TAL1-dependency
phenotype, it can still be used for a pooled screen where the control sample is collected at the
beginning of the experiment (Chapter 6). Furthermore, it can also be used for the validation of
individual sgRNAs with doxycycline rescue in an arrayed format, as we can trace the proliferation of
the cell line in answer to each of the individual sgRNAs throughout the course of the experiment,

rather than just check at a defined final end-point.
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6 Initial considerations and experimental outline of the

CRISPR/Cas9-mediated mutagenesis of the TALI enhancer

For the reasons outlined in the previous chapter, most prominently the double impact of doxycycline
on the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, the newly established cell line seems to be unfit
for use with the original screen design, where the control group would be treated with doxycycline
(Figure 6.1A in Chapter 6.1). However, as the cells do demonstrate a growth defect when the TAL1
enhancer is targeted by CRISPR/Cas9 (Chapter 4), they can still be used for the CRISPR/Cas9-mediated

mutagenesis, with the employment of an adjusted protocol (Figure 6.1B in Chapter 6.1).

6.1 The adjusted experimental design

In the adjusted protocol for the CRISPR/Cas9-mediated mutagenesis of the TALI enhancer (Figure
6.1B, Figure 6.2), we will take an advantage of the stably transduced Cas9 in the Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cell line, and the fact that we have successfully validated this cell line’s dependence
on TAL1, having shown that both a CRISPR/Cas9-mediated TALI knockout (e.g., Figure 4.22 in Chapter
4.13) and TAL1 enhancer knockout (e.g., Figure 5.4 in Chapter 5.3) lead to a decrease in proliferation
in Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9.

In the adjusted experimental design, the difference in sgRNA abundance reflecting the altered growth
phenotypes will be provided by the comparison of a control group that will be collected at an early
time point (T = 0) and an experimental group collected some time into the experiment (T = exp.; Figure

6.1B; Figure 6.2).

The control group of cells will be harvested at an early time point (T = 0). This will be likely on day 2 or
3 after transduction — at a time when the genomic incorporation of the sgRNAs will hopefully have
taken place, but either the editing still hasn’t occurred, or at the very least, the effects of the editing
haven’t had the chance to play themselves out yet. Alternatively, we might deep-sequence the sgRNA
plasmid library as the initial time point (Canver et al., 2018), or we might transduce the sgRNA library
into a cell line that is either independent of TAL1 expression, and/or does not express Cas9 (e.g.,

HEK293 cells or the Jurkat-Tet3G-TRE3G-FLAG-TALI1 cell line).
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Figure 6.1: Comparison of the original and the adjusted design for the CRISPR/Cas9-mediated
mutagenesis of the TAL1 super-enhancer in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line.

(A) In the original doxycycline (DOX)-based rescue design, both the control (DOX+) and the
experimental (DOX-) sample were to be collected on the last day of the experiment (approximately 3
weeks post sgRNA library introduction). Control sample was to be treated with doxycycline (DOX) to
induce the exogenous FLAG-TAL1 expression, which was meant to rescue the proliferation rate of any
TAL1-challenged cells, bringing the growth rates of TAL1-challenged and control cells to the same
level. (B) The new approach operates without the doxycycline rescue, collecting a control (T = 0)
sample early on in the course of the CRISPR experiment, and the experimental (T = exp.) sample at the
end of the 3-week proliferation period.
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Figure 6.2: Workflow for the CRISPR/Cas9-mediated saturating mutagenesis of the TAL1 enhancer,
reimagined.

All unique sgRNAs targeting the transcribed portion of the TALI enhancer are designed, synthesized
and cloned into a plasmid, which is then encased in lentivirus packaging. Such lentiviral library with an
equal representation of all designed sgRNAs is then transduced into the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line. At an early time point (T = 0), cells are collected to provide for a control group.
After negative selection has taken place, the remainder of the cells is collected as the experimental
group. Both samples are sequenced, abundance of sgRNAs is compared. sgRNAs responsible for
functionally important mutations are expected to be depleted in the experimental group.
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Before or at T = 0, the selection for transduced cells will commence, to keep cell numbers at a
manageable level throughout the experiment. Edited cells can technically be selected for either by
FACS, or by hygromycin selection. The advantage of employing FACS is the avoidance of the need for
hygromycin selection, which can obfuscate the results possibly by acting on edited cells in more than
one way (Chapter 4). On the other hand, FACS and the associated time on ice, as well as prolonged
periods at room temperature, are very stressful for the cells, especially since they have already been
stressed by viral infection, and result in significant cell losses and/or growth retardation in the sorted
cells. Both methods might be employed in due course as we optimize the experimental protocol for

the CRISPR/Cas9-screen.

The experimental sample (T = exp.) will be collected when the effects of editing have had the time to
come into effect, at around 3 weeks from the introduction of the sgRNA library, representative of

approximately 17 cell doublings (Figure 6.1B).

Genomic DNA from both the control and the experimental group will be isolated and a sequencing
library prepared. By comparing the abundance of sgRNAs in the two samples, as obtained from the
sequencing data, we will pinpoint important regions within the TAL1 enhancer. We will then focus on
these regions to understand whether their functional importance is connected to underlying
transcription factor binding motifs on the DNA, or if they might be pointing towards important

structural features within the TAL1-eRNA transcripts.

6.2 sgRNA design and library preparation

To design the library of sgRNAs for the CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer,
there is a need for experimental sgRNAs (targeting the TAL1 enhancer) and control sgRNAs (with
expected results on the cell line). We used the following information, tools and approaches to design

the library.

The sgRNAs for the screen were designed using the Broad Institute’s CRISPick (Doench et al., 2016;
Sanson et al., 2018). Based on the presence of PAM sites, the software generates all possible sgRNAs
targeting a selected region, but flags sgRNAs targeting more than one region in the genome and
sgRNAs with problematic structural features, such as poly-T sequences. This allows users to avoid

subpar or non-unique sgRNAs.
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For our screen, we wanted to dissect the portion of the TAL1 enhancer that is transcribed into eRNAs.
| set off to pinpoint this region by performing a rapid amplification of cDNA ends (RACE, (Frohman et
al., 1988)). RACE uses PCR to amplify the full length of unknown transcripts based on the knowledge
of a short part of the sequence within the body of the transcript. In the first instance, | attempted
circular RACE (cRACE), which is a variation on RACE that enables a simultaneous identification of both
the ends of the transcript by circularization with ligase followed by nested inverse PCR (McGrath,
2011). Unfortunately, from the number of rounds of cRACE | performed, none of the obtained PCR
products corresponded to either of the eTAL1s, which | was trying to amplify. | then tried the more
classic take on RACE, which uses universal anchor sequences attached to either 3’- or 5’-end of the
transcript to amplify either the sequence 3’ or 5’ from the short known sequence. | used the SMARTer®
RACE 5’/3’ Kit (Takara) for the job, but the sequences of all the products that | managed to amplify
again did not correspond to the eTAL1 sequences. It is highly likely that we did not manage to amplify

the eTAL1 sequences because of their low abundance.

Instead of the information we were hoping to acquire by RACE, we decided to let ourselves be guided
by a published set of precision run-on sequencing (PRO-seq) data obtained for Jurkat cells (Figure 6.3,
GEO accession: GSM1613182, (Danko et al., 2015)). PRO-seq is a highly sensitive method that captures
the 3’-ends of nascent transcripts to a precision of several nucleotides, creating a quantitative map of

transcriptional activity (Mahat et al., 2016), and can thus be used with a high confidence.

For our screen, we chose to tile the TAL1 enhancer-targeting sgRNAs across a 2400 bp stretch of the
TAL1 enhancer centred on the de novo MYB binding site. This region covers not only the signal from
the Jurkat PRO-seq, but also the signal from an unpublished ChromRNA-seq (Dr. Ramin Shiekhattar,
personal communication). All possible unique sgRNAs tiling this region were designed; some regions,
however, were left untiled, because repeating elements didn’t allow for unique sgRNA design. (Figure

6.3).

Positive controls for the experiment, i.e. sgRNAs causing mutations which are expected to slow down
the proliferation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, will target the members of the
TAL1 complex (TAL1, MYB, GATA3, HEB, RUNX1, CBP) and the TAL1 promoter region. Negative
controls, i.e. sgRNAs that shouldn’t affect the proliferation of the Jurkat-Tet3G-TRE3G-FLAG-TAL1-
Cas9 cell line, will include sgRNAs targeting a safe harbour locus in Jurkat cells (Aznauryan et al., 2021),
sgRNAs targeting a locus within the TAL1 TAD without known function and no PRO-seq or chromatin
modification signal (Danko et al., 2015; Hnisz et al., 2016b), and non-targeting sgRNAs (Canver et al.,

2017). In total, there will be around 640 unique sgRNAs (see Appendix 1 for sequences).
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Figure 6.3: Experimental sgRNAs targeting the TAL1 super-enhancer in Jurkat cells.

Experimental sgRNAs were designed against the TALI enhancer sequence in Jurkat cells, +/- 1200 bp
from the MUTE site (mutation of the TALI enhancer; MYB-binding site is labelled in red). The sgRNAs
span the active transcription region as per the Jurkat PRO-seq data (GEO accession: GSM1613182)
(Danko et al., 2015) plus generous overhangs on each side. MYB-binding site targeting sgRNAs are in
red, MYB1 sgRNA is labelled. Repeat elements in the region of the TALI enhancer are shown in lime
green (long interspersed nuclear elements, LINEs), pink/violet (short interspersed nuclear elements,
SINEs) and blue (simple repeats). Figure was made using IGV, the Integrative Genomics Viewer
(Robinson et al., 2011), GRCh37/hg19 assembly, and repeats were added according to information
from the UCSC Genome Browser (http://genome.ucsc.edu, GRCh37/hg19 assembly, (Kent et al.,
2002)).

6.3 Using iBARs for internal replicates

To increase the accuracy and the precision of our screen, we plan to introduce a barcoding strategy
that will supply us with internal replicates for each of our sgRNAs within each biological replicate of
our CRISPR/Cas9 screening experiment. Several strategies have recently been developed for sgRNA
barcoding (Michlits et al., 2017; Schmierer et al., 2017; Zhu et al., 2019), and these are further
discussed in Chapter 6.12. From these approaches, we chose to use the internal barcode (iBAR)
strategy, in the manner described by Zhu and co-workers (Zhu et al., 2019). In this work, four 6-nt long
randomly generated barcodes were assigned to each sgRNA, providing internal repeats that led to
decreased background noise, increased accuracy and enhanced statistical significance of results. The
barcode was inserted into the tetra loop of the sgRNA scaffolding, which, together with an extension

of the stem loop in question, placed it physically outside of the sgRNA/Cas9 complex (Figure 6.4). This
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ensured that the adjustment bore minimal impact on the functionality of the ribonucleoprotein (RNP)

complex (Zhu et al., 2019).

internal barcode
(iBAR)

target-specific
guide sequence

Figure 6.4: The sgRNA®AR-Cas9 complex.

If extended, the upper stem loop in the sgRNA scaffold juts out of the Cas9/sgRNA complex, providing
a convenient spot for alterations such as internal barcodes (iBARs). (Zhu et al., 2019)

In our own work, we chose to use a unique iBAR for each sgRNA®AR and the iBARs were therefore
made 10 nt in length so that we could reach a sufficient number of them. The iBARs were generated

by Dr. Dan Bose using the Bioconductor platform (https://bioconductor.org, (Buschmann and

Bystrykh, 2013)).

6.4 Vectors and cloning strategies

To house the sgRNAs for the CRISPR/Cas9-meditated mutagenesis of the transcribed portion of the
TAL1 enhancer, we plan to use the lentiGuide-Hygro-dTomato plasmid backbone (Addgene plasmid
#99376; (Ho et al., 2017)), which will be packaged using pMDLg/pRRE, pRSV-Rev and pMD2.G
(Addgene plasmids #12251, #12253 and #12259; (Dull et al., 1998)), as per our previous experiments
(Chapter 4 and 5). This is advantageous because having worked with these plasmids previously, we
already have optimized protocols for their use. Furthermore, the lentiGuide-Hygro-dTomato plasmid
will allow us to use either hygromycin selection or FACS to select for transduced cells, lending us some

flexibility in the experimental design.
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Figure 6.5: Improvements in the sgRNA scaffolding for CRISPR/Cas9-mediated mutagenesis of the
TAL1 enhancer.

(A) Original sgRNA structure, as expressed from the lentiGuide-Hygro-dTomato plasmid prior to
adjustments. Secondary structural features were annotated according to (Briner et al., 2014). (B)
Improved sgRNA structure with an ‘A-U flip’ for increased stability (Chen et al., 2013), a stem extension
for an improved sgRNA-Cas9 assembly (Chen et al., 2013), and the internal barcode (iBAR) (Zhu et al.,
2019), capping the first stem loop. The left (L) and the right (R) part of the sgRNA scaffold are
designated here, pertinent to the adjusted lentiGuide-Hygro-dTomato cloning strategy (Figure 6.6 and
Figure 6.7).
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Figure 6.6: The adjustment of the original lentiGuide-Hygro-dTomato plasmid.

We opted to replace the U6/sgRNA region by a polynucleotide fragment, to introduce all the
adjustments at the same time. For the sequence of the fragment, see Appendix 2. UPBS — unique
primer binding site; L/R — left(5’)/right(3’) side of the sgRNA scaffolding, as per Figure 6.5; cPPT/CTS —
central polypurine tract/central termination sequence of HIV-1.
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We will adjust the lentiGuide-Hygro-dTomato plasmid in several ways, to meet the cloning needs
associated with the iBAR strategy, and for increased efficiency and result clarity. Firstly, we will
introduce changes into the sgRNA scaffolding that should lead to a higher stability and efficiency of
our sgRNAs — an ‘A-U flip’ in the lower stem and an extension of the upper stem (Figure 6.5B; (Chen
et al., 2013; Zhu et al., 2019)). The elongated upper stem will be capped with the iBAR (Figure 6.4,
Figure 6.5B; (Zhu et al., 2019)). Secondly, to make use of the iBAR sgRNA cloning strategy, we will have
to alter the location of the BsmBlI restriction sites in our plasmid (Figure 6.6; (Zhu et al., 2019)). Finally,
to ensure high purity and lessen the potential for cross-contamination of our samples with other
lentiGuide constructs used in the lab, we will introduce a unique primer binding site (UPBS) in front of

the U6 promoter (Figure 6.6; (Michlits et al., 2020)).

We chose to introduce all the adjustments in a single step by means of a custom-made polynucleotide
fragment (Figure 6.6; Appendix 2), both for simplicity and to avoid the need for PCR in the cloning
procedure. The latter is important as the lentiGuide-Hygro-dTomato plasmid has a number of
repeating elements, which can be problematic features to amplify by PCR. Using available restriction
enzyme sites (PpuMI/Xmal), the fragment will replace the region starting with the U6 promoter and
ending with the central polypurine tract/central termination sequence of HIV-1 (cPPT/CTS) in the
lentiGuide-Hygro-dTomato plasmid, introducing the unique primer binding site (UPBS), adjusted
locations for the BsmBlI restriction sites, and a part of the optimized sgRNA scaffolding (sgRNA scaffold
right (R), Figure 6.6).

The other part of the sgRNA scaffold (sgRNA scaffold left, (L)) is to be cloned into the adjusted
lentiGuide-Hygro-dTomato plasmid as a part of the oligonucleotide containing the sgRNA targeting
sequence and the iBAR in the sgRNA®"® library cloning step (Figure 6.7B). This is because the iBAR
sequence is localized between the left and the right part of the scaffold, so that it forms a loop at the
end of the first stem of the sgRNA scaffolding (Figure 6.5B). The cloning into the adjusted lentiGuide-
Hygro-dTomato plasmid requires the synthesis of a 90-bp-long oligo library. Each oligo will contain
(left to right): left-side overhang and BsmBI restriction site, target-specific guide sequence, left part of
the sgRNA scaffolding, iBAR, right-side overhang with a BsmBI restriction site. The sgRNA®*® |ibrary
will then be cloned into the adjusted lentiGuide-Hygro-dTomato plasmid using BsmBl-mediated
Golden Gate Assembly (Figure 6.7B). This is in contrast with the original cloning strategy, where BsmBI
restriction was used to remove a long stuffer sequence between the U6 promoter and the sgRNA
scaffold in the original lentiGuide-Hygro-dTomato plasmid, and pairs of annealed oligonucleotides

representing the target-specific guide sequence with appropriate overhangs were ligated into the
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plasmid in place of the stuffer (Figure 6.7A). For the sgRNA®® oligo library synthesis and cloning of

the library, we will employ the services of a bioscience company, Twist Bioscience.

Original cloning strategy

A
BsmBI BsmBI
e S O s
.~ sgRNA
\‘\\ target- /// Scaffold
specific
sequence

Adjusted cloning strategy

B
BsmBl BsmBlI
s auaal - - W s

/ sgRNA
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! target- ‘

:" specific

Asequence
sgRNA
scaffold

BsmBI BsmBI

Figure 6.7: Comparison of the original and adjusted cloning strategies.

(A) Cloning of a pair of annealed oligonucleotides (25 nt in length) with appropriate, single-stranded
overhangs into the original, BsmBI-digested lentiGuide-Hygro-dTomato plasmid. (B) A double-
stranded oligonucleotide (90 nt in length) containing appropriate overhangs, BsmBlI restriction sites,
target-specific guide sequence, left part of the sgRNA scaffold (L, see Figure 6.5) and an iBAR is
digested using BsmBI and cloned into a BsmBI-digested adjusted lentiGuide-Hygro-dTomato plasmid.
UPBS — unique primer binding site; R — right side of the sgRNA scaffolding; cPPT/CTS — central

polypurine tract/central termination sequence of HIV-1.
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6.5 Viral packaging

We will likely use the HEK293T cell line to generate the lentivirus. While virus generated in 293FT cells
showed some initial promise (Chapter 5.7), it was also associated with high cell mortality in Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 transduction experiments (Chapter 5.6; discussed in Chapter 5.9).

Unless we find a solution to the latter, we will turn to our originally employed cell line, HEK293T.

6.6 Multiplicity of infection (MOI)

Cells will be transduced with concentrated viral particles at a low multiplicity of infection (MOI), to
ensure that most cells either receive just one sgRNA, or no sgRNA at all. Using low MOI has been the
golden standard for CRISPR/Cas9-mediated screens since their conception, because the combined
effects of multiple sgRNAs in a single cell may confound the screen results. However, the advent of
sgRNA barcoding diminished the need for low MOI, as the barcoding strategies are efficient at
disentangling the effects of individual sgRNAs in experiments where multiple sgRNAs are present per
cell. Nevertheless, it has been shown that screens carried out both with barcodes and at a low MOI
can unearth elements that play relatively weak roles within the examined context, which would go
otherwise unnoticed (Zhu et al., 2019). As we are expecting the mutations in TALI-eRNAs to only have
a subtle (if any) effect on the overall TAL1 expression and cell viability, using a low MOI for our screen,
along with the iBARs, should increase the probability of identifying the regions important for the TAL1-
eRNA function. Another reason for keeping the MOI low in our experiment is the tiled nature of our
screen —in cells receiving more than one of the experimental sgRNAs, pairwise deletions might result

instead of local indels.

Low MOI screens habitually use a range of MOls between 0.1 and 0.5 (Diao et al., 2017; Doench et al.,
2016; Gasperini et al., 2017; Klann et al., 2017; Korkmaz et al., 2016; Parnas et al., 2015; Sen et al.,
2019; Shi et al., 2015; Zhu et al., 2016), which corresponds to a 9.5 — 39.3% transduction efficiency.
CRISPR screens with Jurkat cells were previously carried out at low MOlIs, 0.3 — 0.5 (Shang et al., 2018;
Wang et al., 2018). MOl is inherently linked to transduction efficiency through the Poisson distribution
equation:

AXxe=2

x!

P(x) =

7
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where x is an input variable that represents the number of sgRNAs a single cell receives, P(x) is the
probability of a cell receiving x sgRNAs, and A is MOI (the average rate of event occurrence). As a
practical example, if MOI = 0.3, then out of the definition of MOI, each 100 cells will bear, on average,
30 sgRNAs between them. The Poisson distribution teaches us how these 30 sgRNAs will be

statistically distributed amongst any given 100 cells:

0.3 x 703
P(0) = —— =0.741
0!
0.3 % 703
P(1)= ——=10.222
1!
0.3%2 x 703
P(2)= —— =10.033
2!
0.33 x 703
P(3) = T = 0.0033
0.3* x 703
P(4) = T = 0.000

This means that in a culture transduced at MOI = 0.3, there will be 74.1% cells containing no sgRNA
whatsoever, 22.2% cells containing one sgRNA, 3.3% cells containing two sgRNAs, and 0.3% cells

containing three sgRNAs. Taken together, 25.9% cells will be transduced (by one or more sgRNAs).

This indelible link between the MOI and the transduction efficiency can be exploited for the purposes
of the functional titration of viral stocks. Conveniently, our system, which includes the fluorescent
protein dTomato in the transfer vector, allows for the measurement of transduction efficiency by flow
cytometry. Fluorescent proteins have been used for functional viral titration before (Reiser, 2000;
Zhang et al., 2002, 2004). Briefly, increasing viral stock volumes are used to transduce the same
number of cells in parallel, and after a period of incubation, fluorescence in cells is measured using
flow cytometry. The amount of viral stock necessary for a transduction at any chosen MOI can then
be worked out from the titration curve. In a similar vein, if the transfer vector contains an antibiotic
resistance cassette, functional titration can also be achieved by measuring viability in antibiotically
challenged versus unchallenged cell populations transduced with different volumes of viral stock (Diao

et al., 2017; Doench et al., 2016; Joung et al., 2017).

A range of methods is also available for physical titration of the virus — for example, ELISA assays for

determining the levels of viral proteins, such as Gag (p24) (Logan et al., 2004), or RT-qPCR for various
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viral components (Kutner et al., 2009; Scherr et al., 2001). However, as a very small percentage (0.1 —
1%) of the total viral particles may be infectious, physical titration assays should be run from lysates
or genomic DNA of transduced cells, rather than the viral stocks or supernatants, to provide

acceptable levels of accuracy (Scherr et al., 2001).

Considering the available choices for the titration of our viral stocks, a functional titration through
flow cytometry for dTomato is our least time-consuming and most precise option to assess the
amount of virus necessary for our chosen MOI. To integrate the functional titration into the context
of our CRISPR/Cas9 screen, virus will be generated according to the optimized protocol (Chapter 2.3),
concentrated using Lenti-X Concentrator (Chapter 2.3.3), and frozen at -80°C in aliquots for at least 24
hours before the functional titration is performed. Because the functional titration of the virus needs
to precede the CRISPR/Cas9 screen transduction, the CRISPR screen will always have to be carried out
with viral stocks that had gone through a freeze-thaw cycle. Performing the functional titration with
viral stocks that had been frozen and thawed before use will account for the small potential

differences in the potency of a fresh and a frozen viral stock (Figure 5.14 in Chapter 5.7).

6.7 Representation and cell numbers

Several factors influence the required initial and ongoing cell number for the CRISPR/Cas9 screen
experiment. These include the number of sgRNAs, the number of iBARs used for each sgRNA, the
representation we want to maintain for each unique sgRNA/iBAR combination (the number of cells
that are transduced with the sgRNA/iBAR combination at any given time point, also known as

coverage), and the MOI at which we decide to work.

The number of sgRNAs in our case is 640. The recommended coverage for CRISPR screen experiments
ranges between 300- and 1000-fold per unique sgRNA (Miles et al., 2016). The original iBAR studies
used 4 iBARs per sgRNA, at a representation of 100- or 500-fold for each sgRNA/iBAR combination
(cumulatively, 400- or 2000-fold coverage per each sgRNA, (Zhu et al., 2019)), although we decided to
work with 9 iBARs per sgRNA on the practical account that this will further increase the accuracy of
our results compared to the 4 iBARs per sgRNA strategy, and it is at no extra cost from Twist
Bioscience, who will be preparing our sgRNA®AR library. The lowest MOI used in the original iBAR study

was 0.3 (Zhu et al., 2019).

To work out how many cells would be needed to start a CRISPR/Cas9 experiment under a specific set

of circumstances, the equation would be:
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starting cell number

__ number of sgRNAs * number of iBARs per sgRNA  representation per sgRNA/iBAR
B MoI1

Table 6.1 shows the required starting cell numbers for a range of low MOIs and representations in our
CRISPR/Cas9-mediated mutagenesis, which uses 640 unique sgRNAs, each with 9 different iBARs. For
example, if we choose to proceed with MOI = 0.3 and a representation of 250-fold per sgRNA/iBAR
(2250-fold per sgRNA cumulatively), we will require 4.8 x 10° cells to begin the screen. Throughout the
duration of the screen, the cells will be maintained at such numbers so that the coverage of the

sgRNA®R library is always at least as high as the initially chosen representation.

representation cumulative Cells required to start the screen experiment at MOI =
per sgRNA/iBAR | representation
(-fold) per sgRNA (-fold) 0.1 0.2 0.3 04 0.5
500 4500 | 2.88E+07 | 1.44E+07 | 9.60E+06 | 7.20E+06 | 5.76E+06
250 2250 | 1.44E+07 | 7.20E+06 | 4.80E+06 | 3.60E+06 | 2.88E+06
100 900 | 5.76E+06 | 2.88E+06 | 1.92E+06 | 1.44E+06 | 1.15E+06
50 450 | 2.88E+06 | 1.44E+06 | 9.60E+05 | 7.20E+05 | 5.76E+05

Table 6.1: Starting cell numbers required for the CRISPR/Cas9-mediated saturating mutagenesis of
the TAL1 super-enhancer in Jurkat cells, for common representation and MOI ranges.

The example expounded in the main text is highlighted in pink.

The selected conditions directly influence practical parameters for the CRISPR/Cas9 screening
experiment, such as the volume of media and Lenti-X Concentrator required, and the time needed for
FACS-sorting of these cells (should we use FACS for the selection of transduced cells). For example,
using the transduction protocols established for our validation experiments, 4.8 x 106 cells would be
transduced in 24 ml media, at a cell density of 2 x 10° cells/ml, which could take place in a T-75 flask.
Alternatively, as recommended in a recent review paper for increased transduction efficiency (Canver
et al., 2018), cells could be transduced at a higher cell density of 5 x 10° cells/ml in small aliquots on a

24-well plate. Using the latest figures from optimization of virus generation, the making of the
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concentrated lentiviral stock needed to transduce 4.8 x 106 cells at MOI = 0.3 would require around
300 ml Lenti-X Concentrator with the HEK293T cell line, according to the most recent optimization
experiments (Figure 5.14 in Chapter 5.7). If the interpretation of our 293FT-generated virus
transduction efficiency results is correct (Chapter 5.7; discussed in Chapter 5.9), and provided we find
a solution to the extensive cell death of Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells treated with the
293FT-generated virus (Chapter 5.6; discussed in Chapter 5.9), we would be able to use the 293FT cells
to generate the virus, which would bring down the requirement for Lenti-X Concentrator down to 40
— 70 ml (according to the optimization experiment, Figure 5.14 in Chapter 5.7). Assuming the highest
possible sorting flow rate, 3000 cells/s, the net time required to FACS-sort 4.8 x 10° cells should be

about 28 minutes. This set of conditions would constitute a feasible screening experiment.

It might also need to be taken into consideration, however, that in reality a lot of cells do not survive
the FACS, and that to maintain the representation as high as initially, we would need to collect more
cells to account for the deaths. The available absolute cell number counts from my previous FACS
experiments (Chapter 5.5; absolute cell number data not shown), compared to the absolute cell
number counts of unsorted cells (for example, Figure 4.15A in Chapter 4.10), suggest that the death
toll of FACS might be as high as 9 out of 10 cells for our rather sensitive Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line, although an initial post-FACS decrease in proliferation, brought about by the stress
of the procedure, likely contributes to this apparent (and highly approximate) rate of mortality. If we
assume that the approximate survival rate of FACS-sorted Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cells
is 1 in 10, we would have to sort 4.8 x 10’ cells (instead of 4.8 x 10° cells) to maintain the 250-fold
sgRNA/iBAR representation, which would take around 5 hours. With this in mind, we might need to
employ a lower representation of 100-fold per sgRNA/iBAR, which would achieve a very respectable
900-fold cumulative representation per sgRNA. This would require the sorting of 1.92 x 107 cells (Table
6.1), which would take ca. 1 hour and 45 minutes. These numbers could be further decreased by the
employment of a slightly higher MOI — for example, if we transduce at MOI = 0.5, the number of cells
we would need to sort would drop to 1.15 x 107 cells, which at the top recommended sorting speed
of 3000 cells/s would take just over an hour to FACS-sort. Taken together, a range of feasible and high

quality CRISPR/Cas9 screen execution options are available to us with our design.
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6.8 Genomic DNA isolation

After samples for T = 0 and T = exp. (Figure 6.1B and Figure 6.2) have both been collected, genomic
DNA will be isolated from the cells. Both samples will be obtained from enough cells to maintain the
chosen representation per sgRNA/iBAR. For instance, if we’re working with 5760 sgRNA/iBAR
combinations, the representation of 100-fold per sgRNA/iBAR, and the MOI of 0.3, we will need to
collect at least 1.92 x 106 cells at T = 0 (before sorting — 74.1% of these cells are untransduced), and at
least 4.8 x 10° cells at T = exp. (sorted cells only include transduced cells). As an average human diploid
cell contains around 6.6 pg DNA (Forslund et al., 2003), 1.92 x 10° cells (T = 0) should result into 12.7
pg of DNA material and 4.8 x 10° cells (T = exp.) into 3.17 pg of DNA material. The genomic DNA
isolation will be carried out using a commercially available kit (for example, The Blood & Cell Culture

DNA Mini/Midi Kit from QIAGEN) and according to manufacturer’s instructions.

6.9 Library preparation

A two-step PCR will be employed to amplify the genome-integrated sgRNA cassettes from the isolated

genomic DNA (Figure 6.8).

In the first step, we will make use of the unique primer binding site (UPBS) in front of the U6 promoter,
which is comprised of 11 nt completely unique sequence and 11 nt of the P7 lllumina adapter
sequence. The reverse primer for the first PCR step will be composed of the sequence corresponding
to ca. 20 nt of the sgRNA scaffold sequence immediately 3’-from the iBAR; a sample barcode; a short
stretch of balancer DNA; and a part of the Multiplexing Read 1 Illumina sequencing primer (Figure
6.8). The balancer DNA is inserted to base-balance the sequence immediately following the
Multiplexing Read sequencing primer, which is necessary for an optimal Illumina performance
(Optimizing Cluster Density on lllumina Sequencing Systems technical note, Illlumina, 2016), and is
used whenever the sequence immediately following the Multiplexing Read sequencing primer would

otherwise be non-random, such as a sample barcode (e.g., (van der Lelij et al., 2020)).

In the second PCR step of the sequencing library preparation, the rest of P7 lllumina adapter sequence
will be attached to the 5’-end of the product from the first PCR step, and the rest of the Multiplexing
Read 1 lllumina sequencing primer, along with the P5 Illumina adapter, will be attached to the 3’-end

of the product (Figure 6.8).
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Figure 6.8: lllumina sequencing library preparation strategy.

Two rounds of PCR are employed to gain the desired product for Illumina sequencing. The first round
amplifies the sgRNA cassette and the iBAR from the genomic DNA. The second round introduces the
rest of the appropriate Illumina adapter sequences. UPBS — unique primer binding site; L/R — the
left(5’)/right(3’) part of the sgRNA scaffolding; P7 — Illumina P7 adapter; SB — sample barcode; BB —
base balancer; MR1 — Multiplexing Read 1 Illumina sequencing primer; P5 — lllumina P5 adapter. The
colourful arrows indicate primers.

We will use a high fidelity polymerase (e.g., PfuUltra Il Fusion HS DNA Polymerase) for both the
amplifications, to minimize PCR errors. As template, we shall use 1 pg of the isolated genomic DNA
per PCR (van der Lelij et al., 2020) or less, and set up multiple PCR reactions as needed to maintain the
selected representation of the sgRNA®AR |ibrary. To reduce the potential for PCR bias, the
amplifications will take place at low cycle numbers. The products will be pooled, subjected to agarose

electrophoresis, isolated and cleaned using a commercially available kit (Canver et al., 2018).
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6.10 Next-generation sequencing

To sequence our sgRNA®B*R |ibrary, we will use Illumina paired-end sequencing of 150 nt from each
end of our product (PE150) on the NovaSeq 6000 S4 platform. All the information that we need
(sample barcode, iBAR and sgRNA sequence) will be acquired from one direction, but paired-end
sequencing is the most cost-effective option with Novogene, which is the company that we will

commission to carry out the sequencing of our library.

A recent review recommended, for a library of 1 x 10° elements, a sequencing depth of 1 — 2 x 10’
reads at T=0and 1 x 108 reads at T = exp. when the screen is based on negative selection and expected
changes are subtle (Miles et al., 2016). For our modest library of 5760 sgRNA/iBARs, this would
translate to 5.76 x 10° — 1.15 x 10° reads for T = 0 and 5.76 x 10° reads for T = exp. lllumina NovaSeq

6000 S4 is capable of delivering 2.66 x 10° reads per run if required.

For help with the evaluation of our data, we have enlisted the help of the Sheffield Bioinformatics
Core. In general terms, the data will be trimmed to only contain the sgRNA sequences, the iBARs and
the barcodes. The sgRNA sequences will be mapped onto the reference sgRNA library, and we will
assess the fold change between the reads at T = exp. and the reads at T= 0. The iBARs will be used as
internal replicates. A piece of software based on the MAGeCK algorithm (Li et al., 2014) — MAGeCK?BAR

(Zhu et al., 2019) — has been developed for the analysis of sgRNA®"® library sequencing results.

6.11 Hit validation

However much we will be able to increase the accuracy of our screen results with the barcoding
approach, there still remains the need for validating the potential hits from our CRISPR/Cas9 screen.
As a minimum, we expect to register the sgRNAs that target the TAL1 complex TF binding sites, such

as the MYB1 sgRNA in our validation experiments (Chapter 5).

To validate the results of the screening experiment, we will clone each of the sgRNAs that registered
as a hit individually into a plasmid and transduce the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line
with these plasmids in an arrayed screen format, monitoring the cell viability for each sample. We will
also attempt doxycycline rescue in this format, where each differentially transduced sample can be
tracked individually. We will test for TAL1 decrease with RT-gPCR and TAL1 downregulation with
Western blotting. To better understand the nature of the changes leading to the loss of TAL1

expression, we will also employ ChIP-seq for histone modifications associated with enhancers, such
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as H3K27ac, and for the TAL1 complex TFs (e.g., MYB, RUNX1, GATA3). The latter will be instrumental
in helping us discern between the hits caused by the loss of TF binding at the TAL1 enhancer, and the
hits that might have resulted from unfavourable changes in the structure of either of the TAL1-eRNAs.
Finally, individual sgRNA transductions will enable us to sequence the TAL1 enhancer locus, allowing
us to learn about the mutations linked to each individual hit. The range of mutations associated with
each hit can be further studied by the generation of mutated eRNA sequences in vitro, and the

assessment of their performance in in vitro assays (e.g., the CBP-HAT activity assay).

6.12 Discussion

In the light of the validation results for doxycycline rescue in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9
cell line, which showed that doxycycline had mixed effects on the cells, we decided that the best way
to proceed with our CRISPR/Cas9 screen would be to procure a control sample from an early stage in
the experiment, instead of a doxycycline-rescued control sample collected at the same time as the

experimental sample (Figure 6.1 and Figure 6.2 in Chapter 6.1).

There would have been several advantages to the doxycycline rescue method. The first advantage
would have been the removal of potentially toxic sgRNAs from the control sample, which can
otherwise emerge as false positive hits. However, with a combination of hit validation methods, we
should be able to distinguish between the true and the false positive hits from our adjusted T = 0/T =
exp. screen. Secondly, avoiding the need for a T = 0 control sample would have also been
advantageous because technically, there is no perfect T= 0 - one must find a reasonable compromise
to allow enough time for the incorporation of the sgRNAs into the genome of the host cell line, but to
avoid as much of the editing effects as possible. This might prove problematic to achieve in our case,
as some of our validation experiments suggested that the editing effects in the Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells might be manifesting as soon as 1 day post transduction (Figure 4.22 in Chapter
4.13). Furthermore, the sgRNA integration into the genome does not happen at the same time in all
the cells and the editing may take place at different rates with different sgRNAs. These problems could
be solved by using the information from the plasmid library sequencing (Canver et al., 2018), although
this approach, in turn, does not account for potential differences in sgRNA integration efficiency.
However, the collection of a T = 0 sample from cells, as well as using the plasmid library sequencing
data as the control group, are common approaches, which have been successfully applied in the past

(Canver et al., 2018). Yet another potential solution would be to transduce the plasmid library into a
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cell line that does not express the Cas9 enzyme, and/or is not dependent on TAL1 (personal
communication, Dr. Julian Jude). Taken together, even if they might all have their small potential
disadvantages, there is a range of options to choose from in terms of a T = 0 control sample for our
CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-

Cas9 cell line.

In addition to the two time points, T=0and T = exp., we might also choose to collect samples at times
between the start and the end of the screen (previously done in e.g. (Dixit et al., 2016; Thompson et
al.,, 2021; Wang et al., 2019)). While collecting a single experimental end-point sample is common
practice in CRISPR/Cas9 screens, sequencing samples collected at extra time points can sometimes
provide additional information (Bock et al., 2022). In our case, this might be useful especially if we end
up using hygromycin for the selection of transduced cells in our screen, because the antibiotic
selection can partly cloud the effects of CRISPR editing (Chapter 4), and learning more about the
representation of individual sgRNAs throughout the course of the screening experiment could help us

flag sgRNAs that could go unnoticed in the comparison of the starting point and the end-point sample.

For our screen, we will use experimental sgRNAs that cover the transcribed portion of the TAL1
enhancer (20% of our sgRNA library), and a large number of positive (14%) and negative (66%) control
sgRNAs. The changes we expect from the experimental sgRNAs are subtle — MYB1 sgRNA, which is
designed to bring the entire TAL1 enhancer down by damaging the MYB-binding site, and is therefore
the experimental (TAL1 enhancer-targeting) sgRNA with the highest possible effect on cell growth,
generated a modest 13% decrease in proliferation compared to control on day 22 in our most recent
experiment (Figure 5.13 in Chapter 5.6), although with the use of FACS, there was a 60% drop in cell
proliferation compared to control on day 15 after FACS-sorting (Figure 5.11 in Chapter 5.5). The
growth challenge resulting from eTAL1 alterations is expected to be much lower. This is why we chose
to employ an especially high number of negative control sgRNAs: the hope is that a more robust
baseline might help us to better distinguish the small, but real changes in sgRNA representation from

the background.

Another approach we will integrate in order to increase the signal to noise ratio is sgRNA barcoding.
While CRISPR/Cas9 editing is a powerful tool, it may often result in harmless or even favourable
mutations rather than deleterious ones. Innocuous mutations may then confound the overall screen
results. To tackle this issue, several recent papers (Michlits et al., 2017; Schmierer et al., 2017; Zhu et
al., 2019) described a few different ways for tracking the separate fates of different cells or subgroups
of cells transduced with the same sgRNA in CRISPR/Cas9 experiments, providing an insight into the

distribution of the range of effects caused by an sgRNA, rather than just the average of these effects
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in the whole of the cell population. Two groups used a large number of randomly generated barcodes,
which they randomly combined with the sgRNAs in a pooled cloning step, so that each sgRNA was
associated with many different barcodes, and each barcode was associated with many different
sgRNAs (Michlits et al., 2017; Schmierer et al., 2017). The advantage of this approach is that the large
number of the sgRNA-barcode combinations enables a so-called lineage dropout analysis (LDA), in
which each single editing outcome (originating from one cell), or a very small group of editing
outcomes (originating from a very small group of cells), can be tracked separately. The drawback of
this approach is that it can be quite technically challenging to achieve an equal sgRNA representation
in the library, because the sgRNA-barcode library has to be cloned in two steps; as a result, bioscience
companies shy away from this option (personal communication, Dr. Julian Jude). The other study that
introduced barcodes in recent years was the previously mentioned iBAR paper (Zhu et al., 2019). This
study uses barcodes that are randomly generated, but non-randomly assigned. Each sgRNA is
combined with a small number of barcodes (this can be the same set for each sgRNA); the sgRNA-
barcode combination is synthesized in one step, as a single oligonucleotide and cloned into an sgRNA
expression vector. This approach doesn’t allow for LDA, but increases the precision and accuracy
through enabling internal replicate analysis (IRA), where each unique sgRNA-barcode combination
acts as an internal replicate within the pooled screen. This approach to sgRNA library preparation is
offered and recommended by Twist Bioscience, which is the company whose services we are planning

to use.

To improve the stability and the efficiency of our sgRNAs, we will change a couple of things in the
sgRNA scaffolding in our plasmid. Firstly, an ‘A-U flip’ at the base of the first stem loop (Figure 6.5B in
Chapter 6.4) will remove four consecutive U’s, a putative termination sequence for RNA Polymerase
[II (RNAPIII) (Chen et al., 2013; Nielsen et al., 2013) — the enzyme that transcribes sgRNAs from the
commonly used U6 promoter in mammalian cells. Secondly, an extension of the stem leading up to
the tetra loop (Figure 6.5B in Chapter 6.4) will contribute to an enhanced sgRNA-Cas9 assembly (Chen
et al., 2013). Both of these alterations were tested separately and jointly in a dCas9-EGFP imaging
system, and their combination was shown to have the most favourable impact on increasing the
precise localization of the incapacitated enzyme and decreasing the background noise (Chen et al.,
2013). The altered sgRNA scaffolding (with both the ‘A-U flip’ and the extended stem) was also tested
in a small essential gene CRISPR/Cas9 screen against the natural design, and found supreme in terms
of performance and speed of editing, without any apparent off-target effects (this was inferred from
the negative control sgRNA enrichment, rather than detailed testing by global genome sequencing)
(Cross et al., 2016). The doubly-improved sgRNA structure was also successfully used in a CRISPRi
screen (Qi et al., 2013), as well as in the iBAR-CRISPR/Cas9 screens in Zhu’s study (Zhu et al., 2019).
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While our strategy for the CRISPR/Cas9-mediated mutagenesis of the TAL1 super-enhancer originally
relied on doxycycline rescue for a control sample, an alternative strategy is available to us in the form
of an early time point control sample. The associated challenges can be hopefully overcome by a
combination of measures, including a large number of negative sgRNA controls present in the screen,

barcoding, and rigorous hit validation.
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7/ Discussion

The aim of my doctoral project was to functionally dissect the transcribed portion of the TALI super-
enhancer in Jurkat cells, to learn more about the workings of the two enhancer RNAs (eRNAs) that
arise from this enhancer, the sense and the antisense eTAL1. In a very broad sense, this endeavour
was to further contribute to the gargantuan mass of information that has been collected to date about
the non-coding genome. The enormous extent of existing knowledge about non-coding genome
reflects its paramount importance in health and disease. At the same time, however, there are still

many gaps in our knowledge to fill.

Within the vastness of the non-coding genome (98% of human genome, or about 3 billion base pairs,
(ENCODE Project Consortium, 2012), Chapter 1.1), our lab is interested in enhancers, regulatory
elements that are capable of increasing transcription rates of their target genes up to several hundred
times (Chapter 1.2). This makes enhancers one of the key players in transcriptional regulation and
highlights their immense importance of their correct functioning. The repercussions of enhancer
malfunction can be multifarious and severe: embryonic lethality, developmental defects, autoimmune
disorders, Alzheimer’s disease, cancer. A substantial body of research has been conducted on the

subject of enhancers since their discovery in 1981, but much still remains obscured or unexamined.

7.1 The particularities and problematics of working with eRNAs

One of the largely obfuscated areas in our understanding of enhancers is the importance, biology,
structure and function of eRNAs, transcripts that arise from enhancers in a genome-wide (and not yet
fully understood) manner (Chapter 1.3; (De Santa et al., 2010; Kim et al., 2010)). Since their discovery
as a ubiquitous RNA species in 2010, relatively sporadic reports of the functional implications of eRNA
existence have been trickling into the vast pool of enhancer knowledge. There are multiple reasons as

to why eRNAs as a species have not enjoyed more spotlight.

Firstly, eRNAs generally exist in relatively low numbers (one study reported eRNA numbers per cell to
be less than 100 in the most abundant of cases (Li et al., 2013)), which can make it difficult to obtain
enough material for an experiment. The low abundance is likely due to the instability of a typical eRNA
molecule. This is also the reason why a lot of information that we have about eRNA function comes
from probing eRNAs that are IncRNAs at the same time (i.e., IncRNAs arising from enhancers). These

e-IncRNAs are usually polyadenylated and much more stable than classic eRNA transcripts.
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Secondly, further to why studying especially the function of eRNAs is complicated, many methods
available to study the functionality of eRNAs do not make it possible to disentangle the function of
the act of transcription of the eRNA and the function of the transcript in its own right. Enhancer RNA
synthesis may be blocked at various steps with a palette of inhibitory substances, such as flavopiridol,
a-amanitin, actinomycin D or triptolide, but while some of these are specific to RNAPII (Martin et al.,
2020), none of these are specific to eRNA transcription, let alone eRNA transcription at a specific locus.
Enhancer RNA transcription can be can be specifically silenced by CRISPR interference (CRISPRIi)
(Chapter 1.4.2.3.1; (Blank-Giwojna et al., 2019; Che et al., 2020; Huang et al., 2021)) or specifically
activated by CRISPR activation (CRISPRa) (Chapter 1.4.2.3.2; (Blank-Giwojna et al., 2019; Carullo et al.,
2020)), but both of these methods, while highly targeted and clinically relevant, do not allow to
distinguish between the effect of enhancer transcription and the role of the eRNA transcript per se.
Similarly, long CRISPR-mediated deletions (Chapter 1.4.2.2), which can be used to excise a part (or the
whole) of a transcribed portion of an enhancer (Lidschreiber et al., 2021; Sakaguchi et al., 2018), again

fail to unambiguously ascribe a role to the eRNA molecule in itself.

A strategy that can distinguish between the role of the act of eRNA transcription and the role of the
eRNA transcript in its own right is the specific knockdown of the selected eRNA transcript using siRNAs,
shRNAs or (LNA) ASOs. This is how the majority of the discoveries about eRNA transcript function were
made (Chapter 1.3.3.3). While bringing us a step closer to understanding what the functions of eRNAs

are, eRNA knockdown cannot answer how the eRNAs carry these functions out.

The question of how eRNAs work is a tricky one to tackle, and to our knowledge, it has not been
attempted previously. By comparison with other RNA species, it is a highly likely speculation that the
eRNA functionality will be closely connected to its structure (Chapter 1.3.2). We decided to base our

investigation of eRNA function on this hypothesis.

To exploit the relationship between structure and function, we chose to employ the CRISPR/Cas9
technology (Chapter 1.4.1) in a screen format (Chapter 1.4.2.1) to generate point mutations in the
underlying DNA sequence of a pair of selected functionally important eRNAs and then assess the
functional consequences of the genetic manipulations. This assessment should allow us to start

mapping the functionally important regions within these eRNAs.
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7.2 Our chosen approach to studying the functionality of eRNAs

For our experimental system, we decided to use the transcribed region of the monoallelic TAL1 super-
enhancer in Jurkat cells, which gives rise to a sense and an antisense eRNA (eTAL1, Chapter 1.5,
(Mansour et al., 2014)). Previous experiments from our lab confirmed that as a minimum, the sense
eTAL1 transcript plays an important role in the upregulation of TALI (Chapter 1.6). TAL1 is a key
transcription factor in the Jurkat cell line; survival and growth of the cells is dependent on high TAL1
levels (Palii et al., 2011; Palomero et al., 2006; Sanda et al., 2012). Taken together, this means that in
such cells where the CRISPR-inflicted mutations disrupt important regions or structures and render
the eTAL1s less functional, TAL1 levels will drop, and so will, concomitantly, the proliferation of these

cells.

Concerning methodology, we chose to dissect the transcribed portion of the TAL1 enhancer by a
CRISPR-Cas9-mediated saturating mutagenesis in a dropout screen format (Figure 1.9 in Chapter
1.4.2.1, Figure 1.16 in Chapter 1.6; Figure 6.1 in Chapter 6.1; Figure 7.1). This means using a pooled
library containing all the possible unique sgRNAs against the selected sequence, introducing this
library into Jurkat cells, and assessing which sgRNAs caused a decrease in proliferation as a

consequence of a drop in TAL1 levels.

CRISPR/Cas9-mediated saturating mutagenesis has been done for enhancers previously (Canver et al.,
2015, 2020), but without a focus on eRNAs. In one of the papers, in which BCL11A enhancer was
dissected, the top hits were mapped onto transcription factor binding sites (Canver et al., 2015). In
the other study, the approach was used to identify regulatory elements of Oct4, rather than to dissect
them (Canver et al., 2020). Instead, we set off to work with an enhancer that has already been
identified and very well described (Mansour et al., 2014). Similarly to the BCL11A enhancer saturating
mutagenesis (Canver et al., 2015), we would expect our top hits to map onto the binding motifs for
the transcription factors important for the TAL1 enhancer transcription. These would be the
transcription factors of the TAL1 complex at the heart of the TAL1 enhancer that bind directly to DNA
— GATA3, RUNX1, MYB, HEB and likely also E2A (Figure 1.13 and Figure 1.14 in Chapter 1.5; (Mansour
et al., 2014)). Apart from the presumably strong hits that damage the transcription factor binding
sites, however, we would also look for potentially weaker hits that disrupt the body of the eTAL1
transcripts in ways that prevent them to fully perform their function. These are the hits that are of
primary interest to us, the hits that would begin to tell the story of the important functional regions

within eRNAs.
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Figure 7.1: Workflow for the CRISPR/Cas9-mediated saturating mutagenesis of the TAL1 enhancer,
reimagined (copy from Figure 6.2).

All unique sgRNAs targeting the transcribed portion of the TALI enhancer are designed, synthesized
and cloned into a plasmid, which is then encased in lentivirus packaging. Such lentiviral library with an
equal representation of all designed sgRNAs is then transduced into the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line. At an early time point (T = 0), cells are collected to provide for a control group.
After negative selection has taken place, the remainder of the cells is collected as the experimental
group. Both samples are sequenced, abundance of sgRNAs is compared. sgRNAs responsible for
functionally important mutations are expected to be depleted in the experimental group.
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In our CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer, we are interested in the sgRNA
representation in an experimental group of Jurkat cells that were affected by TALI enhancer
mutations and the potentially linked decrease in TAL1, and left to proliferate for 2 — 3 weeks to allow
for the effects of the inflicted mutations to play out. As a reference base point, a control group with
an equal representation of all the sgRNAs in the pooled TAL1 enhancer-targeting library is needed. To
this end, we originally planned to use a group of cells expressing an exogenous, doxycycline-inducible
FLAG-TAL1 as rescue. This rescue strategy was to ensure that any lack of TAL1 caused by the
CRISPR/Cas9 targeting of the TALI enhancer during the 2 — 3 weeks of proliferation after the sgRNA
library introduction would be replenished by the exogenous variant. In other words, both the control
and the experimental cells would be collected after a period of proliferation at the same time point,
except the control group would have been treated with doxycycline for the whole time to keep a
steady store of TAL1 for potential rescue of growth rate in affected cells, whereas the experimental

group would have been left to its own devices (Figure 1.16 in Chapter 1.6).

For this purpose, on the background of the Jurkat cell line, | established the Jurkat-Tet3G-TRE3G-FLAG-
TAL1-Cas9 cell line, which expressed a doxycycline-inducible FLAG-TAL1 (Chapter 3). The cell line also
boasted a stable expression of Cas9, which removed the need for Cas9 co-transduction at the time of
the introduction of the sgRNA library. This removed cell-to-cell variability between Cas9 expression
levels (Chapter 3.4) and likely also decreased the reaction time of the system (compare graphs in

Figure 4.22 in Chapter 4.13).

Because the cells were genetically modified multiple times and passaged for many months before one
of them became the final monoclonal Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line, we first tested
whether the cell line had preserved its dependability on TAL1, a feature key for a viable CRISPR/Cas9
screen as we planned it. If the cell line had lost its TAL1 addiction during the months of passaging and
genetic alterations, the rescue strategy would have been unviable. Fortunately, after a set of
optimizations, we succeeded in proving that the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line was

dependent on TAL1 in the same way as the Jurkat cell line is (Chapter 4).

The second aspect of the newly established cell line crucial for a viable CRISPR/Cas9 screen as we
planned it was a well-functioning doxycycline-mediated FLAG-TAL1 rescue (Chapter 5). In the process
of confirming the functionality of this feature, we realized that the exposure of Jurkat-Tet3G-TRE3G-
FLAG-TAL1-Cas9 cells to doxycycline caused cytotoxicity, and that while we observed some rescue-like
effects on the cell line upon doxycycline treatment of TAL1-challenged cells, the measure of the rescue
was variable and heavily dependent on a number of factors, which included the type of sgRNA

(Chapter 5). Realizing the lack of robustness of the doxycycline rescue approach was irremediable, we
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proceeded to look for another way the screen could be carried out, without the use of the FLAG-TAL1

rescue.

While the doxycycline rescue strategy that we chose to employ to begin with has its theoretical
benefits and an indisputable elegance to it, it is a common approach to collect control cells early on
in a CRISPR/Cas9 screening experiment, ideally before the effects of Cas9 editing start taking place,
but after the sgRNAs have been introduced into the genome (discussed in Chapter 6). There are also
other strategies that allow for the procurement of a control group with an equal sgRNA representation
(sequencing of the plasmid stock; transduction of the library into a different cell line that is not
sensitive to TAL1 depletion). Therefore, we were able to continue with the planning of the
CRISPR/Cas9 screen in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line (Chapter 6). The benefit of
employing this cell line for the pooled CRISPR/Cas9 screening experiment is that we can use the
doxycycline rescue on it in an arrayed format once we proceed into the hit validation stage, as the
viability of the cells can be monitored throughout the rescue process in this format, allowing us to
follow the viability patterns, rather than just to check an end point without reference to prior
developments (discussed in Chapter 6). Moreover, the cell line already expresses Cas9, so practically,

we are also avoiding the need to establish and validate a new cell line.

7.3 Further potential adjustments to our current system

A couple of further adjustments could be applied to the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line
to potentially improve the system for the CRISPR/Cas9-mediated mutagenesis of the TALI enhancer,

to achieve an increased precision, accuracy and sensitivity.

Firstly, a useful addition to the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line would be an EGFP tag on
the endogenous TAL1 on the allele that carries the TAL1 enhancer in Jurkat cells (Chapter 1.5,
(Mansour et al., 2014)). This would furnish us with a convenient way of monitoring TAL1 expression
levels and allow us to carry out an enrichment screen instead of, or alongside the currently planned
dropout screen. Enrichment screens can be very sensitive and powerful (Miles et al., 2016), which
would be a valued asset in our experimental system since we are expecting only small differences in
TAL1 expression upon eTAL1 targeting. On the other hand, there is always the unwelcome possibility
that the EGFP-tagging would influence the functionality of the endogenous protein, as well as the
difficulty of obtaining a monoallelic EGFP tag. Importantly, EGFP-based enrichment screens of non-
coding genome have been successfully carried out before (Canver et al., 2020; Diao et al., 2016, 2017;

Rajagopal et al., 2016).
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Secondly, a further adjustment to our system that could theoretically enable us to acquire even more
power and sensitivity would be the deletion of the TAL1 gene on the allele that does not feature the
monoallelic TAL1 enhancer. That way, the only source of TAL1 in the Jurkat cell line would be the allele
where TAL1 expression is under control of the TAL1 super-enhancer, simplifying the experimental
system as it currently is. This would be technically similar to using the haploid cell line HAP1, in which
each chromosome, and by extension, each allele, is represented only once (Gasperini et al., 2017,
Yamazaki et al.,, 2018). However, data from Mansour’s study strongly indicated that the TAL1
overexpression in Jurkat cells is almost exclusively due to the TAL1 super-enhancer, with the other
allele contributing possibly a few percent of the overall TALI expression at best (Mansour et al., 2014).

Therefore, this alteration might just be more work than it is worth.

7.4 Other CRISPR/Cas-based strategies for the dissection of the TALI

enhancer in Jurkat cells

Aside from the alterations described above, there would be many other potential approaches to
performing the TAL1 enhancer CRISPR/Cas9-mediated saturating mutagenesis in Jurkat cells starting
from the maternal cell line. An elegant choice would be Rajagopal’s multiplexed editing regulatory
assay (MERA; described in Chapter 1.4.2.1; Figure 7.2; (Rajagopal et al., 2016)), in which a single copy
of a cassette containing the U6 promoter and a dummy sgRNA is first integrated into the cells; then
sgRNAs, with homology arms attached by a PCR reaction, are introduced into the cells; a double-strand
break (DSB) is induced at the dummy sgRNA site; and the dummy site is replaced by an sgRNA from
the introduced library via homology-directed repair (HDR). This strategy would help us avoid the need
for plasmid library cloning (cutting the work load, the time requirement and the costs) and ensure a
single sgRNA integration per cell, as well as permit us to use the much simpler Neon electroporation
approach instead of the rather onerous transduction procedure. For the targeted integration of the
sgRNA expression cassette, Rajagopal and colleagues used the mouse ROSA locus as they worked with
mouse embryonic stem cells (Rajagopal et al., 2016); in Jurkat cells, we could use, for example, the
adeno-associated virus integration site 1 (AAVS1) or the chemokine (C-C motif) receptor 5 (CCR5) safe
harbour loci (Lombardo et al., 2011), or potentially even acquire the Flp-In-Jurkat cell line (Thermo
Fisher). MERA relies on HDR (Rajagopal et al., 2016); the HDR rates in Jurkat cells vary immensely
depending on the integration site (Schubert et al., 2021), for example with around 18% efficiency at
the CCRS5 locus following the electroporation of the Cas9/GFP donor template complex (Jayavaradhan

et al., 2019). The HDR rate can be further increased (for instance, from 18 to 25% in the previous
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example) by the employment of a NHEJ-suppressive Cas9-DN1S fusion, DN1S being a dominant
negative version of the pro-NHEJ factor p53-binding protein 1 (Jayavaradhan et al., 2019). A small
issue with MERA is that there is no selection mechanism for transfected cells, although with the
modest size of our sgRNA library, this would be a perfectly manageable matter. Taken together, MERA
would be a viable and advantageous alternative option for our CRISPR/Cas9-mediated saturating

mutagenesis of the TAL1 enhancer in Jurkat cells.
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Figure 7.2: Targeted integration of sgRNAs into the genome based on HDR recombination that could
be used as an alternative to our system.

Method published in (Rajagopal et al., 2016).
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Another option would be the establishment of a cell line with an inducible Cas9 expression on the
background of our first intermediate cell line, Jurkat-Tet3G (Figure 7.3A). Inducible Cas9 has been
previously used in several studies (Cao et al., 2016; Gonzalez et al., 2014; Lundin et al., 2020; Wang et
al., 2014) and a plasmid for doxycycline-inducible Cas9 expression is also commercially available from
Takara (the Lenti-X Tet-On 3G CRISPR-Cas9 System). In this setup, doxycycline would only be needed
in the culture for a short time, to allow for the CRISPR/Cas9 editing to happen, which would help us
avoid the problem of doxycycline cytotoxicity observed with longer term supplementation.
Furthermore, an inducible expression of Cas9 could also help us avoid the lack of robustness that we
observe in the Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9 cell lines, which is likely linked, at least in part, to
the stable expression of the enzyme, rather bulky (160 kDa) and exogenous in nature. On the other
hand, as we have seen with our doxycycline-inducible FLAG-TAL1, the Tet-on system that we are using
can be fairly leaky (Chapter 3.3), and the levels of Cas9 needed for on-target editing are very low (Shen
et al., 2019). Therefore, we would definitely have to establish monoclonal cell lines, and be extremely
rigorous when choosing the one to work with (possibly, RT-gPCR to narrow down the options, but
followed by stringent functional testing — for example with an anti-TAL1 sgRNA — to make sure the

background expression does not lead to editing).

Aside from the doxycycline-inducible Cas9 system, which could be established in a single step on the
background of our Tet-transactivator protein-expressing Jurkat cell line (Chapter 3.2), there is a host
of other tried and described strategies to regulate the expression of Cas9 in a cell line, with many of
them more leak-proof than the Tet-on system (reviewed in (Zhang et al., 2019)). One approach is to
place a loxP-poly-A-loxP cassette between the Cas9 promoter and the Cas9 gene (Figure 7.3B; (Hans
et al., 2021; Platt et al., 2014)). Cas9 expression in this system is activated at the desired timepoint by
the Cre recombinase-mediated removal of the loxP-flanked poly-A signal. This can be as
straightforward as the introduction of a plasmid encoding the gene for Cre recombinase (Platt et al.,
2014). A potential disadvantage of this system is that the Cas9 cannot be turned off once it’s been

switched on.
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Transcriptional regulation of Cas9 expression
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Figure 7.3: Transcriptional regulation of Cas9 expression that could be used as an alternative to our
system.

(A) Doxycycline-inducible Cas9 cell line could be built on the background of our Jurkat-Tet3G cell line.
(B) A Cre-inducible Cas9 system could be established in one step by the introduction of a Cas9
controlled by CMV promoter with an interposed floxed (poly-A), cassette (‘stop’).

Another approach to generating inducible Cas9 is to use the chemically induced proximity (CIP)
method, in which two binding partners, each fused to a portion of Cas9, are brought into physical
proximity by a small molecule, precipitating the unification of the associated Cas9 enzyme. Such
regulation has previously been achieved with the use of rapamycin, which leads to the binding
between the 12 kDa FK506 binding protein 12 (FKBP) and the 12 kDa FKBP rapamycin binding domain
(FRB) (Figure 7.4A; (Nguyen et al., 2016; Zetsche et al., 2015)). To avoid high background editing rates
due to the self-assembly of the split Cas9, Zetsche and colleagues sequestered the N-terminal part of
the Cas9 fused with FRB in the cytoplasm using a nuclear export sequence (NES) (Zetsche et al., 2015),
while Nguyen and co-workers sequestered both of the Cas9 moieties in the cytoplasm by adding a

further fusion with the ligand-binding domain (LBD) of the oestrogen receptor (ER) (Nguyen et al.,
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2016). Under normal circumstances, ER is sequestered in the cytoplasm by heat shock protein 90
(Hsp90), but upon ligand binding (oestrogen or ER modulators, such as 4-hydroxytamoxifen (4-OHT)),
the ER-LBD undergoes a conformational change, Hsp90 binding is lost and the ER with the bound
ligand translocates into the nucleus (reviewed e.g. in (Okat, 2018)). Both groups were able to achieve
efficient editing with the reconstituted Cas9 upon rapamycin/4-OHT induction and very low levels of

background editing in the absence of the inductors (Nguyen et al., 2016; Zetsche et al., 2015).

A set of further interesting Cas9 induction strategies has been based on the 4-OHT-mediated
regulation of the ER-LBD or its oestrogen-insensitive mutants (Figure 7.4B — D; (Buskirk et al., 2004;
Davis et al., 2015; Oakes et al., 2016; Zhao et al., 2018)). Firstly, Cas9 regulation was accomplished
with a 4-OHT-responsive intein (self-splicing protein element) (Figure 7.4B; (Davis et al., 2015)). A
directed evolution in M. tuberculosis rendered a version of ER-LBD flanked by a pair of intein that
underwent self-cleavage only upon 4-OHT stimulation (Buskirk et al., 2004). This intein was inserted
into the Cas9 structure, blocking the enzyme activity until the self-splicing of the intein was induced
by 4-OHT (Davis et al., 2015). While this system showed an increased on-target specificity compared
to wild-type Cas9, and an only slightly diminished activity in the presence of 4-OHT compared to the
wild-type enzyme, the differences between 4-OHT-treated and 4-OHT-untreated samples ranged,
depending on the target, between 3.4 — 9.6-fold (Davis et al., 2015). While this seems like a relatively
high background compared to the Tet-On approach in our experience (Chapter 3.2), it is essential to
mention that these experiments were done in polyclonal cell lines, and it is therefore highly likely that
if monoclonal cell lines were established and tested, much lower background editing levels could be

achieved.

Secondly, regarding the use of 4-OHT ER-LBD-inducible systems, a recent study made use of the fact
that ER translocates from the cytoplasm into the nucleus upon ligand binding. Zhao and co-workers
added two NES sequences and two modified, selectively 4-OHT-responsive ER-LBDs to the C-terminus
of their Cas9, creating a 4-OHT-inducible Cas9 system based on nuclear translocation (Figure 7.4C;
(zhao et al., 2018)). The efficiency of this translocating Cas9 upon induction was about twice lower
than the efficiency of a nucleus-localized Cas9, and the difference in on-target editing efficiencies
between a 4-OHT-treated and 4-OHT-untreated sample was between 5- and 15.7-fold depending on
the individual experiment (Zhao et al., 2018). These experiments were again done in polyclonal cell
lines, and so it is virtually without a doubt that a much less leaky performance could be achieved
through monoclonality. Zhao and colleagues compared their translocation-based Cas9 system to a
standard doxycycline-inducible one, and in their setup with polyclonal cell lines, their system achieved

a 2.8-times lower background level of editing than the doxycycline-inducible one.
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Translational regulation of Cas9 expression
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Figure 7.4: Translational regulation of Cas9 expression that could be used as an alternative to our
system.

(A) Cas9 split into two portions, N- and C-terminal (Cas9(N), Cas9(C)), is reconstituted after the
addition of rapamycin, which induces the binding of FKBP and FRB, two light-weight domains, each
fused to one of the Cas9 moieties. NES — nuclear export sequence; NLS — nuclear localization sequence;
FKBP — FK506 binding protein 12; FRB — FKBP rapamycin binding domain. Figure adapted from (Zetsche
et al., 2015). (B) An oestrogen receptor ligand binding domain (ER-LBD)-based intein blocks Cas9
activity in the absence of 4-hydroxytamoxifen (4-OHT); 4-OHT supplementation triggers the self-
splicing of the intein and activates Cas9. Figure adapted from (Davis et al., 2015). (C) Cas9 targeted
into cytoplasm by a NES and fused to ER-LBD is translocated into the nucleus upon 4-OHT addition.
(D) Cas9 engineered to be allosterically incapacitated by a fused ER-LBD undergoes an allosteric
change upon 4-OHT binding to the ER-LBD, becoming activated.

Finally, in the realm of 4-OHT ER-LBD-inducible systems, Oakes and colleagues created an allosterically
regulated Cas9 (arCas9) by first preparing a library of Cas9 with ER-LBD insertions at various positions
within the structure of the enzyme and then scanning this library for positive response in the presence
of 4-OHT and lack of response in the absence of 4-OHT (Figure 7.4D; (Oakes et al., 2016)). The authors
first targeted the arCas9 into the nucleus with a nuclear localization sequence (NLS), and achieved a
6-fold difference in editing between the 4-OHT-treated and 4-OHT untreated samples. As this
represented a rather high background of 10.9% editing efficiency in the absence of 4-OHT, Oakes and
co-workers went on to employ nuclear translocation as a second level of arCas9 regulation. By simply
removing the NLS, the group succeeded in further decreasing the background of their inactivated
arCas9 editing to just over 1% editing efficiency, although the editing efficiency of the exported arCas9
in the presence of 4-OHT decreased from 66% to 30% due to the added regulatory step (Oakes et al.,
2016). Once again, these results were obtained from polyclonal cell lines, and could therefore be

undoubtedly improved by establishing clonal ones.

The 4-OHT-inducible Cas9 strategies proved to be effective systems that offer tight, reversible and
dose-dependent regulation of Cas9 activity (Buskirk et al., 2004; Davis et al., 2015; Oakes et al., 2016;
Zhao et al., 2018). As an additional benefit, apart from the easy-to-supplement 4-OHT, the systems do
not rely on any other components to function (in the way that the Tet-On system relies on the Tet-
transactivator protein, for example), which would make the potential establishment and testing of

monoclonal cell lines easy and relatively fast to accomplish.
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Transcriptional regulation of sgRNA expression
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Figure 7.5: Transcriptional regulation of sgRNA expression that could be used as an alternative to
our system.

(A) A Tet-operator (Tet-O) interposed between the U6 promoter and the sgRNA sequence binds the
Tet-repressor protein in the absence of doxycycline, blocking the progress of transcription from the
U6 promoter. Upon addition, doxycycline binds to the Tet-repressor protein, inhibiting its ability to
bind the Tet-O. Without the Tet-repressor barring the way, transcription of the sgRNA from the U6
promoter can proceed. (B) A floxed poly-T cassette (‘loxP-stop-loxP’) is placed past the targeting
sequence (blue) and left part of the scaffolding (sgRNA-L), interrupting the transcription of the full
sgRNA, rendering a truncated, non-functional sgRNA lacking the right part of the scaffolding (sgRNA-
R). Upon delivery/activation, Cre recombinase removes the loxP-stop-loxP site, which enables the
transcription of a full uninterrupted functional sgRNA sequence.
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While the choice of options for effective Cas9 regulation is wide, a further alternative to render our
CRISPR/Cas9 system inducible would be to regulate the expression of the sgRNAs (Figure 7.5), rather
than the Cas9 enzyme. Previously, this was achieved by either a doxycycline-inducible system (Aubrey
et al., 2015) or a Cre/loxP system (Chylinski et al., 2019). The system based on doxycycline induction
(Figure 7.5A) employed a Tet-operator site placed between the sgRNA and its promoter. The binding
of the Tet-repressor to the Tet-operator in the absence of doxycycline blocked the transcription of the
sgRNA. Added doxycycline would then bind to the Tet-repressor, precipitating its dissociation from
the Tet-operator, and allowing the transcription of the sgRNA (Aubrey et al., 2015). There were several
systems described based on the Cre/loxP system (Chylinski et al., 2019). Amongst these, the system
that would be most applicable to our CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer would
be the Cre/loxP activation system featuring a floxed poly-A signal inserted into the sgRNA scaffolding
(Figure 7.5B). The poly-A signal could be removed by the action of the Cre recombinase, rendering the
sgRNA scaffolding fully transcribable and the sgRNA active (Chylinski et al., 2019). Both the
doxycycline-inducible sgRNA system and the Cre/loxP-based sgRNA regulatory system were shown to

be highly efficient and tightly regulated (Aubrey et al., 2015; Chylinski et al., 2019).

Finally, to increase the resolution of our CRISPR-based saturating mutagenesis of the TAL1 enhancer,
we could employ multiple Cas variants in our screen (Canver et al., 2017), not just the S. pyogenes
Cas9, which is the most commonly used Cas9 species and also the one stably integrated in our Jurkat-
Tet3G-TRE3G-FLAG-TAL1-Cas9 cell line. Because different Cas nucleases have different PAM
recognition sites, the gaps between the editing sites in a saturating mutagenesis shorten with the
concomitant use of multiple Cas nucleases, providing a higher resolution (Canver et al., 2017). For
example, our S. pyogenes Cas9 (PAM = NGG) could be complemented by S. pyogenes VQR variant Cas9
(PAM = NGA) (Canver et al., 2017), Cas12a from Acidaminococcus sp. BV3L6 (PAM = TTTV, where V =
A, Cor G) (Gier et al., 2020) or one of the enhanced versions of Cas12a with a significantly broadened

range of PAMs (Kleinstiver et al., 2019).

7.5 Conclusion

In this doctoral work, | have set forth the set of experiments and designs that will ultimately lead to a
CRISPR/Cas9-mediated saturating mutagenesis of the transcribed portion of the TAL1 super-enhancer
in Jurkat cells, with the view of identifying the molecular determinants of TAL1-eRNA functionality

(Chapter 1.6).
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The understanding of the importance of eRNA transcripts in transcriptional regulation and its
implications for health and disease has been growing steadily over the last decade (Chapter 1.3), but
to our knowledge, no studies to date have ventured to probe the ways in which eRNAs exert their
functions. Here, we hope to pinpoint the functionally important regions in TALI-eRNA structure by
inflicting small mutations to the underlying DNA sequence of the transcribed portion of the TAL1
enhancer, then assessing the changes in the functionality of the enhancer. The TALI enhancer is a
powerful regulatory feature in Jurkat cells, responsible for the expression of >95% of all Jurkat-
generated TAL1 (Mansour et al., 2014). TAL1 drives the fast proliferation of the Jurkat cell line, and a
drop in TAL1 expression ties in with a decrease in the growth rate of the cells (Palii et al., 2011;
Palomero et al., 2006; Sanda et al., 2012). TAL1-eRNA transcripts have been shown to play a role in
the expression of TAL1 (Chapter 1.6), and therefore we argued that any mutations leading to a
functional defect in eTAL1s would lead to a drop in proliferation in the (genetically modified) Jurkat

cell line.

To perform our screen, | have established and validated a cell line that stably expresses the S.
pyogenes Cas9, as well as a doxycycline-inducible FLAG-TAL1 (Jurkat-Tet3G-TRE3G-FLAG-TAL1-Cas9;
Chapters 3 — 5). The latter feature had been intended for our original design where a control group
(aiming to provide an equal sgRNA representation) would be rescued with the addition of doxycycline,
but this design had been abandoned because of the unexpected negative effects of doxycycline on
the genetically modified Jurkat cell line. Instead, we have chosen to proceed with an alternative
strategy where a control group, representing an equal sgRNA distribution, would be collected before
or at the very beginning of the screen (Figure 7.1). The newly established and validated cell line, Jurkat-

Tet3G-TRE3G-FLAG-TAL1-Cas9, is fit for the purpose.

We integrated several cutting-edge approaches into our TAL1 enhancer CRISPR/Cas9 screen design
that will increase the precision, accuracy and power of our screen, as well as decrease potential
background effects (Chapter 6). Amongst these are an improved sgRNA scaffolding design and the use
of internal barcodes (iBARs). The combined effects of these adjustments will provide us with a better
chance at uncovering the relatively small effects that we are expecting to be caused by the TAL1-eRNA

mutations.

The CRISPR/Cas9-mediated mutagenesis of the TALI enhancer was conceived to contribute the first
set of results towards the goal of uncovering the underlying mechanisms of eRNA functionality. The
results of this experimental work, which will hopefully highlight the functionally important regions
within TAL1-eRNA transcripts, will form a basis for further study of the eTAL1s, e.g. in vitro functional
assays, such as the histone acetyltransferase (HAT) assay, or structural assays, such as the selective 2'-

hydroxyl acylation analyzed by primer extension (SHAPE). Furthermore, the methodology, while not
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original in conception, is original in application, and if this screen proves to be successful, the strategy
could be adopted for the study of other eRNAs in future endeavours to further illuminate the

molecular determinants and underlying mechanics of eRNA action.

Overall, this study hopes to have laid a solid basis for a contribution to the pool of eRNA knowledge,
by combining a number of recently developed strategies, and leading a previously unattempted foray

into the field of underlying mechanisms of eRNA action.
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Appendices

Appendix 1: sgRNA sequences for the CRISPR/Cas9-mediated mutagenesis of the TAL1 enhancer.

BsmBl BsmBlI
recognition recognition
site. tariet-sieciﬁc siRNA | Site
/ T left side T }
{  BsmBlI cut site BsmBl cut site

]
1
\

5’ TTGTGGAAACGTCTCACACCGNNNNNNNNNNNNNNNNNNNNGTTTAAGAGCTATCCTGCANNNNNNNNNNAACATGAGACGGAGCTAGAG 3/
3’ BAACACCTTTGCAGAGTGTGGCNNNNNNNNNNNNNNNNNNNNCAAATTCTCGATACGACCTNNNNNNNNENTTGTACTCTGCCTCGATCTC 5

i
I
1
’
'

Type:

, EXP = experimental
PC = positive control
/ NC = negative control

Target-specific guide sequence ’:I'ype ‘:I:arget

CACAGAAAGACGGTTAGGAAA EXP TAL1 enhancer
AACTGAGGGTCACAGAAAGA EXP TAL1 enhancer
AGGGTCACAGAAAGACGGTT EXP TAL1 enhancer
GAAACGGTAACCCTACTTCC EXP TAL1 enhancer
ATGAGTTAGACTGTAACGGA EXP TAL1 enhancer
ACAGGTACCCCATAGAAGCA EXP TAL1 enhancer
GACAACATAAGATTGATGTG EXP TAL1 enhancer
TTCCTATTACAGATAAACTG EXP TAL1 enhancer
AGAGGTAAAAATAACACATG EXP TAL1 enhancer
AAAAAAGGATCTGTAGACAA EXP TAL1 enhancer
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AATGGCAAAGCTCAGATCAG EXP TAL1 enhancer
CATGAGTTAGACTGTAACGG EXP TAL1 enhancer
CTATCAGCTATATGGGACTG EXP TAL1 enhancer
ACATGCGCTTAAAATAGAGA EXP TAL1 enhancer
AGAGGCATTCTAGTCCAGGG EXP TAL1 enhancer
GTTCAGGAGACACACACGCC EXP TAL1 enhancer
AAAGGATCTGTAGACAAGGG EXP TAL1 enhancer
TCCTATTACAGATAAACTGA EXP TAL1 enhancer
CAAAAAAGGATCTGTAGACA EXP TAL1 enhancer
TATAGCTGATTAAGAGCACA EXP TAL1 enhancer
ATGTGCTCTTAATCAGCTAT EXP TAL1 enhancer
AGGCGTGTGTGTCTCCTGAA EXP TAL1 enhancer
GGACAACATAAGATTGATGT EXP TAL1 enhancer
GTTTATCTGTAATAGGAATG EXP TAL1 enhancer
ATGCTAATCAGGAGAGCAAG EXP TAL1 enhancer
TGGACAACATAAGATTGATG EXP TAL1 enhancer
GAGGACATATGACTGCAAAG EXP TAL1 enhancer
TATCTGTAATAGGAATGGGG EXP TAL1 enhancer
TGCGAAAGAGTTCTCCAAAG EXP TAL1 enhancer
CAGTCCAGAACCCATGCCAC EXP TAL1 enhancer
TTAATGTACAGGTGTTCTTG EXP TAL1 enhancer
AGTCTAACTCATGCTGCTCA EXP TAL1 enhancer
GGTCCAGCCTGTCGGGAATG EXP TAL1 enhancer
AGGAGATATAAATGCAGCTG EXP TAL1 enhancer
AGGAAGGAGGCAATGATGAG EXP TAL1 enhancer
CTCTCCTGATTAGCATACCC EXP TAL1 enhancer
GCCTGGTACACTGGATGCAG EXP TAL1 enhancer
GACTGTAACGGAGGGCTCCA EXP TAL1 enhancer
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GAAGTGATGTAACTTGCTTA EXP TAL1 enhancer
CTGTGGCCCTCTCCTCCACA EXP TAL1 enhancer
CAGCTATAGGCTGTGTCCTG EXP TAL1 enhancer
CCTGTTAGAAAGGCATAAGC EXP TAL1 enhancer
ACATCAATCTTATGTTGTCC EXP TAL1 enhancer
TAAAAATAACACATGAGGCC EXP TAL1 enhancer
CGGCATGCCTTGCTTCTATG EXP TAL1 enhancer
CAGCATGAGTTAGACTGTAA EXP TAL1 enhancer
TCTGCTCCTCTTTCCTACCC EXP TAL1 enhancer
GGAGAGCAAGTGGTGAGAGG EXP TAL1 enhancer
GAGACCAAAAAAGAGGAAGG EXP TAL1 enhancer
GGGTTCTGGACTGGGCACAC EXP TAL1 enhancer
CTGAACAGAGACCAAAAAAG EXP TAL1 enhancer
GGTGAATGGTAAACAAATTG EXP TAL1 enhancer
TCAGGAGAGCAAGTGGTGAG EXP TAL1 enhancer
AACAACAGGCTCAGTGAAAG EXP TAL1 enhancer
CGCCTGGTACACTGGATGCA EXP TAL1 enhancer
GATTTGGAAAGTCACCGTTC EXP TAL1 enhancer
TTGCCACATTCCCGACAGGC EXP TAL1 enhancer
AATATAGACCTCTCAACAAC EXP TAL1 enhancer
GAATGGGGTGGGGCAACCAC EXP TAL1 enhancer
AAAGCTCAGATCAGGGGTGA EXP TAL1 enhancer
AGGCAGATTAAAGACAGAGA EXP TAL1 enhancer
TTCTAACAGGTCCAGCCTGT EXP TAL1 enhancer
TCACTGAGCCTGTTGTTGAG EXP TAL1 enhancer
ACAGGGCCGGGGTAGGAAAG EXP TAL1 enhancer
TGCTCAGGGCCAGGCACACA EXP TAL1 enhancer
ACAGGGAACTTTCTGCATAA EXP TAL1 enhancer
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CAATTCAACTATCCATCAAC EXP TAL1 enhancer
TGGGTTCTGGACTGGGCACA EXP TAL1 enhancer
CCGGCAAAGCTAATTTCTAA EXP TAL1 enhancer
TTCACATCCTCAGCAATACT EXP TAL1 enhancer
ACGCCTGGTACACTGGATGC EXP TAL1 enhancer
TCTATCAGCTATATGGGACT EXP TAL1 enhancer
GGCACACGGGCTGGGCCGTG EXP TAL1 enhancer
GAGACATCTGCCAGGAAGTA EXP TAL1 enhancer
ATCTGTAATAGGAATGGGGT EXP TAL1 enhancer
ACAGGCTGGACCTGTTAGAA EXP TAL1 enhancer
TTGACTATAAACGTTCTTTG EXP TAL1 enhancer
CTAATGGCAAAGCTCAGATC EXP TAL1 enhancer
TAAGAGCTCCAGCTGTGCAC EXP TAL1 enhancer
GGTTGACTTTCACGCCACCC EXP TAL1 enhancer
TAGGCTGTGTCCTGTGGCAT EXP TAL1 enhancer
TCCCTTGAACCCCACCTCCC EXP TAL1 enhancer
ACCCTCAGTTTATCTGTAAT EXP TAL1 enhancer
TTCTATCACTGTTAATGTAC EXP TAL1 enhancer
GACACACACGCCTGGTACAC EXP TAL1 enhancer
TCCCCTGCATCCAGTGTACC EXP TAL1 enhancer
TTTATAAACTGCACATTCAT EXP TAL1 enhancer
ACCCGGGAGGTGGGGTTCAA EXP TAL1 enhancer
TGAGGATGTGAAGGAGCAAC EXP TAL1 enhancer
GCTGGGCCGTGTGGAGGAGA EXP TAL1 enhancer
CAGTTTATCTGTAATAGGAA EXP TAL1 enhancer
GGCTCCAGGGTATGCTAATC EXP TAL1 enhancer
TTCTCCAGCAACATTGTTGA EXP TAL1 enhancer
CAAAAATTACTCAGCCACTT EXP TAL1 enhancer
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TCGGCATGCCTTGCTTCTAT EXP TAL1 enhancer
AGGCACACAGGGCACAAAAA EXP TAL1 enhancer
TTGCAGTGAGAAGGAGAGGC EXP TAL1 enhancer
AGACTGTAACGGAGGGCTCC EXP TAL1 enhancer
TTGTTGAGAGGTCTATATTC EXP TAL1 enhancer
ACACGGGCTGGGCCGTGTGG EXP TAL1 enhancer
CTGGACTGGGCACACGGGCT EXP TAL1 enhancer
CGGGAATGTGGCAAGAGAAT EXP TAL1 enhancer
AGAAGTGATGTAACTTGCTT EXP TAL1 enhancer
ATTGATCAGAAAAGGTTTCC EXP TAL1 enhancer
ATCCCTTGAACCCCACCTCC EXP TAL1 enhancer
CCAGCTTATGCCTTTCTAAC EXP TAL1 enhancer
GTCTATCAGCTATATGGGAC EXP TAL1 enhancer
AGAAATTAGCTTTGCCGGCC EXP TAL1 enhancer
AAGAGATGATAAGAGATAAA EXP TAL1 enhancer
AAGCTGGTCTATCAGCTATA EXP TAL1 enhancer
CTGTGGCATGGGTTCTGGAC EXP TAL1 enhancer
CAGTCTAACTCATGCTGCTC EXP TAL1 enhancer
CAAGGGAGGAACTGAATTAA EXP TAL1 enhancer
TCTAACAGGTCCAGCCTGTC EXP TAL1 enhancer
AGTTTATCTGTAATAGGAAT EXP TAL1 enhancer
ATTTCCTTCAACAATGTTGC EXP TAL1 enhancer
AGCTGGTCTATCAGCTATAT EXP TAL1 enhancer
AATGAAAAGAAGGGTAGAAA EXP TAL1 enhancer
CTATATGGGACTGGGGAGAA EXP TAL1 enhancer
AACTCATGCTGCTCAGGGCC EXP TAL1 enhancer
TACACTGGATGCAGGGGATT EXP TAL1 enhancer
TTTCAGCTGTCTCAGTAAAT EXP TAL1 enhancer
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ATAGGCTGTGTCCTGTGGCA EXP TAL1 enhancer
TGTGGCATGGGTTCTGGACT EXP TAL1 enhancer
AGCTTCTGCCAGAGTCCAGC EXP TAL1 enhancer
AAATGAAAAGAAGGGTAGAA EXP TAL1 enhancer
ATCGGCATGCCTTGCTTCTA EXP TAL1 enhancer
CCATTAGAAATTAGCTTTGC EXP TAL1 enhancer
TCTGGACTGGGCACACGGGC EXP TAL1 enhancer
CCTGCAGTTACGCTGCGGTG PC TAL1 proximal regulatory elements
AGGCCTCTCAGCGAAAAAGG PC TAL1 proximal regulatory elements
ATCTCCACTCCGCCGGAAAG PC TAL1 proximal regulatory elements
GAGGAAGAGGATGCACACCC PC TAL1 proximal regulatory elements
CCAGACCGATCCCAGTTGGA PC TAL1 proximal regulatory elements
ACTATCCCTTCGCGGTGTAG PC TAL1 proximal regulatory elements
ACTATTCGCCTTTCCCAACA PC TAL1 proximal regulatory elements
TAAGCAGGGAGGTGTCTACG PC TAL1 proximal regulatory elements
AATAGTCTTCAGACTCTGGT PC TAL1 proximal regulatory elements
GAGTGCGTTCATGAGAACTG PC TAL1 proximal regulatory elements
CCGAGTGTGGTGTGCCTGCG PC TAL1 proximal regulatory elements
GCGTTGGCTGCTTCTAAGTG PC TAL1 proximal regulatory elements
AAACGCAGAAGGGCCTCGAA PC TAL1 proximal regulatory elements
TGCGTACGATTGTGCTCCGT PC TAL1 proximal regulatory elements
CATTTGGCCCATAATGGCCG PC TAL1 proximal regulatory elements
TGAGTGGGATTACAGCGCGT PC TAL1 proximal regulatory elements
CAGAGATAAGGCACTGCCGC PC TAL1 proximal regulatory elements
GTTCCAGGCCTCGTTAGCAT PC TAL1 proximal regulatory elements
CCACACCGCAGCGTAACTGC PC TAL1 proximal regulatory elements
GTGGGATTACAGCGCGTCGG PC TAL1 proximal regulatory elements
GCGGCCCTTTAAGTCTCTCG PC TAL1
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TATGAGATGGAGATTACTGA PC TAL1
GCGCCCAGTTCGATGACTGG PC TAL1
GTTGGTGGTGAACATAGGGA PC TAL1
GATGTGTGGGGATCAGCTTG PC TAL1
CGCGCCCGCCTCGGTTACAG PC TAL1
GGTCTGCACAGCTCGGTGGT PC TAL1
GTGACCCCCAGCTAGAGGGA PC TAL1
TGAGGCTGTAGAGCAGCGCG PC TAL1
AGACTTAAAGGGCCGCGACG PC TAL1
AGTCTGGAAAGCGTCACTTG PC MYB
ACCAGGCACACAAGAGACTG PC MYB
TATTTACATGTAACGCTACA PC MYB
CGTCGGAAGGTCGAACAGGA PC MYB
ACCCGGGGTAGCTGCATGTG PC MYB
AGAAATACGGTCCGAAACGT PC MYB
CTCCACTCCATCTCTGCCAG PC MYB
AGTTATTGCCAATTATCTCC PC MYB
GACGCATTGTAGAATTCCAG PC MYB
ACTGGAATTCTACAATGCGT PC MYB
TCCAAGACGTCCATCCACCA PC GATA3
CAGGGAGTGTGTGAACTGTG PC GATA3
GGAGCTGTACTCGGGCACGT PC GATA3
GGTAGGGATCCATGAAGCAG PC GATA3
CTGGAGTCGTCCCACTCCCG PC GATA3
AGCCTGGGGTGGACAGCGAT PC GATA3
AGGCCCGGTCCAGCACAGGT PC GATA3
GCCATCTCGCCGCCACAGTG PC GATA3
GGGCAACCTCGACCCCACTG PC GATA3

278




Target-specific guide sequence Type Target
CGACGAGGAGGCTCCACCCA PC GATA3
CCAATGTCCAGCTTTCATCG PC HEB
GTGCTAGCGAACATACTGGT PC HEB
AGTCGATTAGGAGCCCATGA PC HEB
CTGGGAAGCAGTCAATTCAG PC HEB
TGTGCTGCGGAACCATGCTG PC HEB
AGAGGTGAAGGTGATCCAAC PC HEB
ACTACTGGATTGAGACATGT PC HEB
GTCTCCTGAGACAAGATCTG PC HEB
CTCCATGACTCTGCAGCGCT PC HEB
CCGCGATGAAAGCTGGACAT PC HEB
CTGATCGTAGGACCACGGTG PC RUNX1
TGCTCCCCACAATAGGACAT PC RUNX1
GGATGTTCCAGATGGCACTC PC RUNX1
GGTCATTAAATCTTGCAACC PC RUNX1
GAGTGGTTCAGGGAGGCACG PC RUNX1
GAGCCCAGGCAAGATGAGCG PC RUNX1
GAGGTGCTGGCCGACCACCC PC RUNX1
CCAGCAACGCCCATTTCACC PC RUNX1
GACTGATCGTAGGACCACGG PC RUNX1
GTATTGGTAGGACTGATCGT PC RUNX1
TAATTAATCAGGCTTCACAA PC CBP
TGGCAACTGGACGTTCCCCA PC CBP
ATTGCCCCCCTCCAAACACG PC CBP
CTTAGCCCACTGATGAACGA PC CBP
TCCAGCACACGACACCACCT PC CBP
CAGGACGGTACTTACGTCTG PC CBP
TTTGTCGTGAAGATGCACAA PC CBP
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ATGATGGAGGAGGATTTGCA PC CBP
TGCAGCCAGTGAAACCACTG PC CBP
CTGGACAGAGTGGTTCATTG PC CBP
TTCACGTGCCAGTACAGGGT PC Tet-transactivator protein
AGAGAAACAGTACGAAACCC PC Tet-transactivator protein
TAGCCCCGTCGCGATGTGAG PC Tet-transactivator protein
GCCCAGTGTAAAGTGGCCCA PC Tet-transactivator protein
TGCCTGTCCAGCATCTCGAT PC Tet-transactivator protein
GCCATGACTCGCCTTCCAGG PC Tet-transactivator protein
GTATCGAAGGCCTGACGACA PC Tet-transactivator protein
CAGTGTAAAGTGGCCCACGG PC Tet-transactivator protein
CTGTACGCTCTGTCCGCCGT PC Tet-transactivator protein
GACGGGGCTAAAGTGCATCT PC Tet-transactivator protein
TATTTACTATGATAGGGTGA NC safe harbour GSH2
TATTTAAGCCACTAGGTGCT NC safe harbour GSH2
GTACTTAAGCCTCTAGAAAC NC safe harbour GSH2
CTGGCATTATTTACTATGAT NC safe harbour GSH2
TGGCATTATTTACTATGATA NC safe harbour GSH2
TCTTATACCTTTCTCTCATC NC safe harbour GSH2
CTGCATTGTCCAGTTTCTAG NC safe harbour GSH2
GTATTTAAGCCACTAGGTGC NC safe harbour GSH2
AGAACTCTGAGTGTTACGGA NC safe harbour GSH2
TGGACATGAAATGAATACCC NC safe harbour GSH2
GCCCTGAAAGAACCAACTTG NC safe harbour GSH2
ATATCGTGCTAATGTCAGTG NC safe harbour GSH2
CATATCGTGCTAATGTCAGT NC safe harbour GSH2
ATCCACGTCCTGGTTATCAA NC safe harbour GSH2
CAGAAGTCGCAACCCCAAGT NC safe harbour GSH2
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CAATTCTAGAATCCACGTCC NC safe harbour GSH2
TCCACGTCCTGGTTATCAAA NC safe harbour GSH2
TAAAGGGGATGAGCAAGCCA NC safe harbour GSH2
GCGACTTCTGAGTCATCAGA NC safe harbour GSH2
CATCAGAAGGATAGCCAGAG NC safe harbour GSH2
TGTCTCCAGAATGATGATGA NC safe harbour GSH2
GCCCTTTGATAACCAGGACG NC safe harbour GSH2
CTCCAGAATGATGATGAGGG NC safe harbour GSH2
ACAAAGATGCAGACATGTAC NC safe harbour GSH2
AGATGAACACATTGTGTGAA NC safe harbour GSH2
TTGTCTCCAGAATGATGATG NC safe harbour GSH2
GGGCCCTGAAAGAACCAACT NC safe harbour GSH2
GGCCCTGAAAGAACCAACTT NC safe harbour GSH2
GGCACTGCCCTTTGATAACC NC safe harbour GSH2
CAGGACGTGGATTCTAGAAT NC safe harbour GSH2
TATAAGAACTCTGAGTGTTA NC safe harbour GSH2
CTCACTCTAAGGTAAGTAAC NC safe harbour GSH2
GAATAAAGGAGAATCATAAA NC safe harbour GSH2
CAATGTGTTCATCTCCTCTC NC safe harbour GSH2
ACCCAGGTACAGAAGAATAA NC safe harbour GSH2
TCCTTTATTCTTCTGTACCT NC safe harbour GSH2
ACCCCAAGTTGGTTCTTTCA NC safe harbour GSH2
GTCCACCCTCATCATCATTC NC safe harbour GSH2
AGTTGGTTCTTTCAGGGCCC NC safe harbour GSH2
CTCCTTTATTCTTCTGTACC NC safe harbour GSH2
GAAACTGCACTCCCAATGAC NC safe harbour GSH2
GGCTCTGGCATCTCACTCTA NC safe harbour GSH2
GCACTCCCAATGACAGGCTC NC safe harbour GSH2
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AGATGCCAGAGCCTGTCATT NC safe harbour GSH2
CTAATGTCAGTGGGGTGAGA NC safe harbour GSH2
ACAGATACAGTGTATTAAAA NC safe harbour GSH2
TTATGTTAAGTATCCTACAG NC safe harbour GSH2
TGAATAGGAGAACCCACTGT NC safe harbour GSH2
ATTTCTATCACTGATATCCA NC safe harbour GSH2
GATTTGTCATTGAAATTCCC NC safe harbour GSH2
AATTTCTATCACTGATATCC NC safe harbour GSH2
TTTGATACAAGTGAAAGTCA NC safe harbour GSH2
GACTATCCAAAGTCAGACAT NC safe harbour GSH2
GAGGAACTTTGTCTTAAGTG NC safe harbour GSH2
CATCAGACTTGATAGCACTG NC safe harbour GSH2
TTGATACAAGTGAAAGTCAT NC safe harbour GSH2
AAAGCAGAGTCATCCCTCCT NC safe harbour GSH2
TTCAAGGATGAGCTTGGATG NC safe harbour GSH2
GAGGGCTTCAAGGATGAGCT NC safe harbour GSH2
AGGAACTTTGTCTTAAGTGA NC safe harbour GSH2
GAGCAGGCAGAAGGGATGGG NC safe harbour GSH2
CTTCAAGGATGAGCTTGGAT NC safe harbour GSH2
GGTTCAGACCATGCCAGAGC NC safe harbour GSH2
ACCATGCCAGAGCAGGCAGA NC safe harbour GSH2
AAGGATGAGCTTGGATGGGG NC safe harbour GSH2
TGTCTTAAGTGAGGGCTTCA NC safe harbour GSH2
CCAGAGCAGGCAGAAGGGAT NC safe harbour GSH2
GCTTCAAGGATGAGCTTGGA NC safe harbour GSH2
CCCTTCTGCCTGCTCTGGCA NC safe harbour GSH2
CCCATCCCTTCTGCCTGCTC NC safe harbour GSH2
GAGAACCTAAAACCCTGCTT NC safe harbour GSH2
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ACTGCTAGGAATGCCGAAGC NC safe harbour GSH2
AGAACAAATGAAACCAGGCA NC safe harbour GSH2
CAAAAAGAACAAATGAAACC NC safe harbour GSH2
AACTGAACTGTGACACTGCT NC safe harbour GSH2
CAGGGCAATTAATAGGCAAA NC safe harbour GSH2
AACCAGGCAGGGCAATTAAT NC safe harbour GSH2
TGCCTATTAATTGCCCTGCC NC safe harbour GSH2
TCATATCGTGCTAATGTCAG NC safe harbour GSH2
TCCCAAGACATTCCTTTGAC NC safe harbour GSH2
TCTGAGATATTCATCAGTTT NC safe harbour GSH2
CAGCCTAACGGTGTTTAAGG NC safe harbour GSH2
CTCAGGTAAAATACCACCAT NC safe harbour GSH2
CATAAAGGAGATACAACTCT NC safe harbour GSH2
CAGTGATACATATCACACAA NC safe harbour GSH2
ACATAAAGGAGATACAACTC NC safe harbour GSH2
ACTCAGGTAAAATACCACCA NC safe harbour GSH2
AGTTTGATTTCAAGTGGTGA NC safe harbour GSH2
TTTCCTCCTTAAACACCGTT NC safe harbour GSH2
TTAAACACCGTTAGGCTGCT NC safe harbour GSH2
GAATCAAGTTTGATTTCAAG NC safe harbour GSH2
AAACTTGATTCAAGTTACTC NC safe harbour GSH2
AAAAAGGATGCCACCCATGG NC safe harbour GSH2
AAGCAGCCTAACGGTGTTTA NC safe harbour GSH2
AAGCTGACTGGGAAAGAAGT NC safe harbour GSH2
TGGGAAAGAAGTGGGCATGA NC safe harbour GSH2
TAAGCTGACTGGGAAAGAAG NC safe harbour GSH2
ACCTGTCAAAGGAATGTCTT NC safe harbour GSH2
AATGTTGTAGTCTTCCAGAA NC safe harbour GSH2
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TCAGCACTACAGAGACAATC NC safe harbour GSH2
CTCTTTAGAAATGCTATTTG NC safe harbour GSH2
CACCTGTCAAAGGAATGTCT NC safe harbour GSH2
CAAGTGGTGATGGTTTCGTT NC safe harbour GSH2
CAATTATAAATAAGCTGACT NC safe harbour GSH2
GTCATGTGAAATTTGTGAAT NC safe harbour GSH2
TTTGGCACAACTTGAAATAT NC safe harbour GSH2
AAGTTGTGCCAAAGAGATTT NC safe harbour GSH2
GGTTTGATCCAAAATCTCTT NC safe harbour GSH2
TCATTGAGCTCTAAATATTT NC safe harbour GSH2
CTTTGGCACAACTTGAAATA NC safe harbour GSH2
CTGCTAGGAATGCCGAAGCA NC safe harbour GSH2
ACTATCCAAAGTCAGACATG NC safe harbour GSH2
AAAAAAAAGGATGCCACCCA NC safe harbour GSH2
TATGTTAAGTATCCTACAGT NC safe harbour GSH2
TCAAAATAAACACCTGTCAA NC safe harbour GSH2
TCAATATAACATTGTGTCAA NC safe harbour GSH2
AGACAATCTGGAGAAAACAG NC safe harbour GSH2
GAGCTCAATGAGTCTAAACT NC safe harbour GSH2
GGGGGTATCTATCTGAACTG NC silent site within TAL1 TAD
CTGGAAGAATGGTCCGAACA NC silent site within TAL1 TAD
GATGACGATGAGTCCCAGTG NC silent site within TAL1 TAD
ACACCACACAATGAGCTGAT NC silent site within TAL1 TAD
TCTAGTTTAAAAAATAGCAC NC silent site within TAL1 TAD
TATTCAAAAGAGTACAATCA NC silent site within TAL1 TAD
GTCCTAGAGGAGTGCCTCCA NC silent site within TAL1 TAD
ATGACACGGTCCAGGATAGG NC silent site within TAL1 TAD
ATGCCCTGAAATGTGAGGTG NC silent site within TAL1 TAD
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TAGGGTAAGACTACAAGCAT NC silent site within TAL1 TAD
TGCAAACAGCCTGTCCACAC NC silent site within TAL1 TAD
TTTAGGCAAAGATGCGATGT NC silent site within TAL1 TAD
CCTGTGAGCTCCCTTTGGCA NC silent site within TAL1 TAD
AGGAATGCCAGACCAAAACA NC silent site within TAL1 TAD
CACAGGAAGACACCTACGAA NC silent site within TAL1 TAD
ACACTGGGACTCATCGTCAT NC silent site within TAL1 TAD
CCGTGCCAAAGGGAGCTCAC NC silent site within TAL1 TAD
TCATTTAACACACCTTTCGT NC silent site within TAL1 TAD
CAGTGCACAGAGAGAATTGG NC silent site within TAL1 TAD
CCCTCCCCATCCATTTAAGC NC silent site within TAL1 TAD
CCTGCTTAAATGGATGGGGA NC silent site within TAL1 TAD
AATGGTCCGAACAGGGAAGT NC silent site within TAL1 TAD
TGGTACTTTAGAACAGTGCT NC silent site within TAL1 TAD
TTTCTCTCTCTAGGTCCTAG NC silent site within TAL1 TAD
CAGCTTATGGATGGTGACTG NC silent site within TAL1 TAD
TCCACATGCCCTGAAATGTG NC silent site within TAL1 TAD
GAGAAAATCTGCAACAACTG NC silent site within TAL1 TAD
CGCATCTCTTAGGTCCTGCA NC silent site within TAL1 TAD
GATGACACGGTCCAGGATAG NC silent site within TAL1 TAD
AACACCTGCTTAAATGGATG NC silent site within TAL1 TAD
AGCTCCACAGCCGTGCCAAA NC silent site within TAL1 TAD
GGAATTCAACAGCTTATGGA NC silent site within TAL1 TAD
CAGCACCCGGAGGACATCTC NC silent site within TAL1 TAD
GGGATTGAGGAGAGGGCATG NC silent site within TAL1 TAD
AACTAGAAGAGCAGCAAGCT NC silent site within TAL1 TAD
ATCTGCAACAACTGGGGTTG NC silent site within TAL1 TAD
ACTGTCTGAATCAGAAGACG NC silent site within TAL1 TAD
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GCTTGTAGTCTTACCCTAAG NC silent site within TAL1 TAD
TTTAAAAAATAGCACCGGCC NC silent site within TAL1 TAD
AGAGATAATACAGATAATAC NC silent site within TAL1 TAD
ACTAACCTGTGAGCTCCCTT NC silent site within TAL1 TAD
ATTTAAGCAGGTGTTGCTTA NC silent site within TAL1 TAD
CTGCTTAAATGGATGGGGAG NC silent site within TAL1 TAD
CGATGAGTCCCAGTGTGGAC NC silent site within TAL1 TAD
AAGGGAGCTCACAGGTTAGT NC silent site within TAL1 TAD
TAAGCAGGTGTTGCTTAGGG NC silent site within TAL1 TAD
AAGCAGGTGTTGCTTAGGGC NC silent site within TAL1 TAD
TGATGATGACCGCATCTCTT NC silent site within TAL1 TAD
CACACCACACAATGAGCTGA NC silent site within TAL1 TAD
CCTCCAGGTTGGGAGGAGCA NC silent site within TAL1 TAD
TTTGGTCTGGCATTCCTGGG NC silent site within TAL1 TAD
CATTGTCTTCTAGACCACTT NC silent site within TAL1 TAD
GCTGGAAGAATGGTCCGAAC NC silent site within TAL1 TAD
CTGGACCGTGTCATCCCTGC NC silent site within TAL1 TAD
AGCCGTGGAGGCACTCCTCT NC silent site within TAL1 TAD
CGGCAGGGATGACACGGTCC NC silent site within TAL1 TAD
AGAGCAGCAAGCTGGGATTG NC silent site within TAL1 TAD
AGAGAAAATCTGCAACAACT NC silent site within TAL1 TAD
GCAGTGAGCAGGCTGTGGAA NC silent site within TAL1 TAD
GCAACACCTGCTTAAATGGA NC silent site within TAL1 TAD
GACCGTGTCATCCCTGCCGG NC silent site within TAL1 TAD
GGCCTCCGGCAGGGATGACA NC silent site within TAL1 TAD
TTTCAGGGCATGTGGAGTCA NC silent site within TAL1 TAD
ATTTAAGGGGTACAAGTGGC NC silent site within TAL1 TAD
ACCTGCTTAAATGGATGGGG NC silent site within TAL1 TAD
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CCCTGCTCCTCCCAACCTGG NC silent site within TAL1 TAD
TCCCAGCACAGATCCCTCCC NC silent site within TAL1 TAD
ATTGTCTTCTAGACCACTTA NC silent site within TAL1 TAD
TGTGGAAGGGATCCAGGAGA NC silent site within TAL1 TAD
TAGCTCCACAGCCGTGCCAA NC silent site within TAL1 TAD
ACAATGAGCTGATGGGAGAT NC silent site within TAL1 TAD
GCAAACAGCCTGTCCACACT NC silent site within TAL1 TAD
GGTGACTGAGGCCTCCGGCA NC silent site within TAL1 TAD
AGAAGAGAGCACCTCCAGGT NC silent site within TAL1 TAD
AGCAAGCTGGGATTGAGGAG NC silent site within TAL1 TAD
TCCTGGGAGGGATCTGTGCT NC silent site within TAL1 TAD
TGCGTCCTGAGATGTCCTCC NC silent site within TAL1 TAD
GAGCTGATGGGAGATGGGCC NC silent site within TAL1 TAD
GGGATCTGTGCTGGGAATAG NC silent site within TAL1 TAD
TTCAGACAGTGCTTGAAACT NC silent site within TAL1 TAD
CACAATGAGCTGATGGGAGA NC silent site within TAL1 TAD
AGGATGGAAGAGCAATTTAA NC silent site within TAL1 TAD
CATTTAAGCAGGTGTTGCTT NC silent site within TAL1 TAD
AATCTGCAACAACTGGGGTT NC silent site within TAL1 TAD
TGTGGGAAAGTCTTGCATTT NC silent site within TAL1 TAD
GCAAGCTGGGATTGAGGAGA NC silent site within TAL1 TAD
GACAGGCTGTTTGCAGCACC NC silent site within TAL1 TAD
AGAGGTCTCGAGAGCCTTGC NC silent site within TAL1 TAD
AGCTTCTCATCCCCCTATCC NC silent site within TAL1 TAD
GGGATGACACGGTCCAGGAT NC silent site within TAL1 TAD
CAGGACGCAGCTCCATGTTT NC silent site within TAL1 TAD
CAACACCTGCTTAAATGGAT NC silent site within TAL1 TAD
GAATGGTCCGAACAGGGAAG NC silent site within TAL1 TAD
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GAGAGCACCTCCAGGTTGGG NC silent site within TAL1 TAD
TATTATCTGTATTATCTCTA NC silent site within TAL1 TAD
GGATGACACGGTCCAGGATA NC silent site within TAL1 TAD
TGGCCACACCTCACATTTCA NC silent site within TAL1 TAD
TCACTGCCCACTTCCCTGTT NC silent site within TAL1 TAD
AGCTCCCTTTGGCACGGCTG NC silent site within TAL1 TAD
CTGCGTCCTGAGATGTCCTC NC silent site within TAL1 TAD
AAATATCTTGCTTGTCCCCC NC silent site within TAL1 TAD
AAACAGTGCACAGAGAGAAT NC silent site within TAL1 TAD
GGGACATGTGGGTGCAGCCG NC silent site within TAL1 TAD
AAATCTGCAACAACTGGGGT NC silent site within TAL1 TAD
GCAGGCTGTGGAAGGGATCC NC silent site within TAL1 TAD
ATAGCACCGGCCAGGTGCGG NC silent site within TAL1 TAD
TTGGCACGGCTGTGGAGCTA NC silent site within TAL1 TAD
TTGGTCTGGCATTCCTGGGA NC silent site within TAL1 TAD
TTCCTGGGAGGGATCTGTGC NC silent site within TAL1 TAD
TGGTGACTGAGGCCTCCGGC NC silent site within TAL1 TAD
AAGCTCTCTCCAACTGCAGC NC silent site within TAL1 TAD
AGCCATCACCATCCTTCTCC NC silent site within TAL1 TAD
GGCAGTGAGCAGGCTGTGGA NC silent site within TAL1 TAD
TCCAACTGCAGCTGGAAGAA NC silent site within TAL1 TAD
GAGAGAAAATCTGCAACAAC NC silent site within TAL1 TAD
ACCTCCAGGTTGGGAGGAGC NC silent site within TAL1 TAD
TGATGAAAAGAGTCACTGGG NC silent site within TAL1 TAD
ACAGAGATGACCCTGAAAGG NC silent site within TAL1 TAD
AAAGGCAAAATTAGTAACAA NC silent site within TAL1 TAD
GACGTACATTTGGGACATGT NC silent site within TAL1 TAD
CCAAGTATTTAACAGACTAA NC silent site within TAL1 TAD
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GGATGATGAAAAGAGTCACT NC silent site within TAL1 TAD
AGAAACCTTGAGCTTCCAGA NC silent site within TAL1 TAD
GTTTCTATTCACATACCTCT NC silent site within TAL1 TAD
ATGACAGAGATGACCCTGAA NC silent site within TAL1 TAD
CTGAAGAGTAGCAGTCTCAG NC silent site within TAL1 TAD
TCTGTCTCCAGATATCTGCA NC silent site within TAL1 TAD
AGAAAGGAATGTGAGTCTGG NC silent site within TAL1 TAD
TAAAGGCAAAATTAGTAACA NC silent site within TAL1 TAD
GAGACTGCTACTCTTCAGGC NC silent site within TAL1 TAD
ATCCTCAGCTCCATGCTCAG NC silent site within TAL1 TAD
TTGAGCTTCCAGAAGGAGGT NC silent site within TAL1 TAD
AACCTTGAGCTTCCAGAAGG NC silent site within TAL1 TAD
AGGGGCAGGATTCACGAGTT NC silent site within TAL1 TAD
TGGAGAAAGGAATGTGAGTC NC silent site within TAL1 TAD
CAGGATTCACGAGTTTGGTT NC silent site within TAL1 TAD
GGAGGTCAGAACTGAGGTCC NC silent site within TAL1 TAD
TCCTCAGCTCCATGCTCAGA NC silent site within TAL1 TAD
GCCCTCTGAGCATGGAGCTG NC silent site within TAL1 TAD
TTAGTCTGTTAAATACTTGG NC silent site within TAL1 TAD
ATTCACATACCTCTGGGAAT NC silent site within TAL1 TAD
GGTTTCTATTCACATACCTC NC silent site within TAL1 TAD
GGGAAGCTCACCACCTTTCA NC silent site within TAL1 TAD
TATTCACATACCTCTGGGAA NC silent site within TAL1 TAD
TGCTCTGTGCCCTCTGAGCA NC silent site within TAL1 TAD
CACAGTTTCTCTCTCTGATC NC silent site within TAL1 TAD
AGTCACTGGGAGGCTGGATT NC silent site within TAL1 TAD
CTCTGTCTCCAGATATCTGC NC silent site within TAL1 TAD
CTCTGAGACTGCTACTCTTC NC silent site within TAL1 TAD
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AGCAAGGGGTGTCCAATGTG NC silent site within TAL1 TAD
TAGCCCAAAAGTTGAACCAG NC silent site within TAL1 TAD
GTGGCTTCTTGACTGAGCAA NC silent site within TAL1 TAD
AGAAGCCACATCCAAACCCT NC silent site within TAL1 TAD
CCAAGTGTGAAAGGGTCCGA NC silent site within TAL1 TAD
TCCAAGTGTGAAAGGGTCCG NC silent site within TAL1 TAD
GGACAGATTCTCTGGCAAAG NC silent site within TAL1 TAD
AAGATTATTTAGTTGAGGGG NC silent site within TAL1 TAD
TAATAAAGATTATTTAGTTG NC silent site within TAL1 TAD
TGGCTTCTTGACTGAGCAAG NC silent site within TAL1 TAD
ATAAAGATTATTTAGTTGAG NC silent site within TAL1 TAD
AGATTATTTAGTTGAGGGGA NC silent site within TAL1 TAD
ACAAAAGCTCCAAGTGTGAA NC silent site within TAL1 TAD
TGTGGCTTCTTGACTGAGCA NC silent site within TAL1 TAD
AGGGTCCGAGGGTTTGGATG NC silent site within TAL1 TAD
AATACATAAATGGGTGATCT NC silent site within TAL1 TAD
AATAAAGATTATTTAGTTGA NC silent site within TAL1 TAD
AATCTTTATTATAGAAACTC NC silent site within TAL1 TAD
TGTGAAAGGGTCCGAGGGTT NC silent site within TAL1 TAD
GACAGATTCTCTGGCAAAGT NC silent site within TAL1 TAD
CCCTCGGACCCTTTCACACT NC silent site within TAL1 TAD
AGGGGTGTCCAATGTGTGGC NC silent site within TAL1 TAD
TAATACATAAATGGGTGATC NC silent site within TAL1 TAD
TGCAATTATAATTTCATAGA NC silent site within TAL1 TAD
TGAAGATGACTTTAAAAAGC NC silent site within TAL1 TAD
TGGGCAGTGAGAGGTGTTGC NC silent site within TAL1 TAD
TCGAGCGTTGATCGACAACG NC non-targeting (Canver et al. 2017)
AGTCGCTTTATACGCCGCTT NC non-targeting (Canver et al. 2017)
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CAGGGCATTACGCGAGTCGG NC non-targeting (Canver et al. 2017)
CGCCGCTCGCTATCGTTATT NC non-targeting (Canver et al. 2017)
TCTGCGTGAGCGTAATACGC NC non-targeting (Canver et al. 2017)
CCGATATCGCGATCGTCGGT NC non-targeting (Canver et al. 2017)
ATTCGACCCCGTAGCGCGGG NC non-targeting (Canver et al. 2017)
TAATGTCGAACCGACGGGTC NC non-targeting (Canver et al. 2017)
CGTCGATAGGGTCCGATTCG NC non-targeting (Canver et al. 2017)
CTCGTAGGCCTTTATCGCGC NC non-targeting (Canver et al. 2017)
CGCGGATGCTCGTACTCCGA NC non-targeting (Canver et al. 2017)
CACCGGCCGATCGGGTCGAT NC non-targeting (Canver et al. 2017)
ACGACTACCAGCGGCGGTAA NC non-targeting (Canver et al. 2017)
CGCCGATATATGGCGGTCAA NC non-targeting (Canver et al. 2017)
TCATAGGCCTTTCGCCGGCG NC non-targeting (Canver et al. 2017)
ACGGGCTCGTGTCGCAATAG NC non-targeting (Canver et al. 2017)
GTGACATTCCGTTGCGCGAG NC non-targeting (Canver et al. 2017)
TGAGCTTCATCGGGCGCGAC NC non-targeting (Canver et al. 2017)
TGCGGAATGCATTCGACCGC NC non-targeting (Canver et al. 2017)
CGCGCGCCGGGTAAGTTAGC NC non-targeting (Canver et al. 2017)
GTTGCGTTAACGCTTAACGC NC non-targeting (Canver et al. 2017)
TTTCGCCGACGCAACACGTA NC non-targeting (Canver et al. 2017)
GGTTTGCGGTCCGTTACCCG NC non-targeting (Canver et al. 2017)
ATTCGCGGCGGCGGATAACC NC non-targeting (Canver et al. 2017)
TTGCAGCAGTTACGGCGCGC NC non-targeting (Canver et al. 2017)
GTAGACGTCGCCTGCGACGT NC non-targeting (Canver et al. 2017)
CGTGCCGTCCGTACTGATAC NC non-targeting (Canver et al. 2017)
TCCATGGCGCGTTCCGATAC NC non-targeting (Canver et al. 2017)
CAGCAATCTACGCTCGCGAC NC non-targeting (Canver et al. 2017)
GTATCAGGCCTGTACGACGG NC non-targeting (Canver et al. 2017)
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ACCCATCGTCGGCGACCGGA NC non-targeting (Canver et al. 2017)
GTTCACCCCCGGCGAACGTT NC non-targeting (Canver et al. 2017)
TTCAGCGTAGCCCGAACCGT NC non-targeting (Canver et al. 2017)
CGCCCCGGTAAACTCGATCA NC non-targeting (Canver et al. 2017)
CCCGCGAATTTAGTGCCGAA NC non-targeting (Canver et al. 2017)
CAACTCCGTTACGCCGAGTC NC non-targeting (Canver et al. 2017)
AGCGCGCGCGAAACACTACT NC non-targeting (Canver et al. 2017)
AGCGACGTACCGGACGCTAA NC non-targeting (Canver et al. 2017)
CCACCGTTGTTCCCGCGTAT NC non-targeting (Canver et al. 2017)
TCTTGTAAGATCCCGCGATT NC non-targeting (Canver et al. 2017)
CCAACCGTTGGGTCGACGTT NC non-targeting (Canver et al. 2017)
TTGGCCTATCGTATCGCGGC NC non-targeting (Canver et al. 2017)
ATCGATATTTCGACGTAGTC NC non-targeting (Canver et al. 2017)
CGCCTAACTACTACGGCGGG NC non-targeting (Canver et al. 2017)
GGGCATCGCAGTAATACGCG NC non-targeting (Canver et al. 2017)
TCGTCGAGCTGGTTATCGAC NC non-targeting (Canver et al. 2017)
CCTTCGACTAGTGACGCCGG NC non-targeting (Canver et al. 2017)
CCGCTAGATGTTCAACGCGC NC non-targeting (Canver et al. 2017)
CGTTATGCGCGTATACCGCC NC non-targeting (Canver et al. 2017)
TCGATAGTGCGCCGATTTAC NC non-targeting (Canver et al. 2017)
CGCCGATGAGAATAGCGTCG NC non-targeting (Canver et al. 2017)
AAAAGCGCTCGGTACGGATC NC non-targeting (Canver et al. 2017)
TTTCGTCCAGTCGTGCCGTA NC non-targeting (Canver et al. 2017)
TTATAGGTCGGCGAGTCGAC NC non-targeting (Canver et al. 2017)
TAACTACGAGGACGAATCGT NC non-targeting (Canver et al. 2017)
CCTCCGGCGCACCGCGAAAC NC non-targeting (Canver et al. 2017)
ATCGCGCGTCCTTCGGCAAT NC non-targeting (Canver et al. 2017)
GTAGTGTGCGCCCGACGGCA NC non-targeting (Canver et al. 2017)
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AGGTACCCGCCTGACGCGAT NC non-targeting (Canver et al. 2017)
CATTGCGTACATGCGTAGCG NC non-targeting (Canver et al. 2017)
ACGTCGCGATTGACGGTTCC NC non-targeting (Canver et al. 2017)
TGTCGGCAAATGCGACCGTT NC non-targeting (Canver et al. 2017)
ACCCGCGGCATATTCGCCGT NC non-targeting (Canver et al. 2017)
ACCGACCGCGACTCACGTCG NC non-targeting (Canver et al. 2017)
CGATCTCGGACGATTACGGC NC non-targeting (Canver et al. 2017)
CAACGCAACACGTCCGCGGC NC non-targeting (Canver et al. 2017)
AACCTCGCAGAGTCGACTCG NC non-targeting (Canver et al. 2017)
GCCGTAGGCATACGCGATAG NC non-targeting (Canver et al. 2017)
CTACTCGACTCCGGTCGGGT NC non-targeting (Canver et al. 2017)
CCGAGTTACTTGCGCGAGTT NC non-targeting (Canver et al. 2017)
AAACGCGGCACGTACGTCAG NC non-targeting (Canver et al. 2017)
TACATAGGTACGCGAACCCG NC non-targeting (Canver et al. 2017)
AGTGGATCGAGTCGCGTATT NC non-targeting (Canver et al. 2017)
AATTGCCCGCCGTTGCGCGT NC non-targeting (Canver et al. 2017)
GCGCGATAACCCGTTCCGTC NC non-targeting (Canver et al. 2017)
CCGACCTTGATCGCGAAAAT NC non-targeting (Canver et al. 2017)
GCGGACCGTCCAACGGAAGT NC non-targeting (Canver et al. 2017)
TACGTGCCGCTAATCGTCTG NC non-targeting (Canver et al. 2017)
CTCGGATGCAGCGCGTTATA NC non-targeting (Canver et al. 2017)
ACGATGACGCGTTCGCATCT NC non-targeting (Canver et al. 2017)
GGCCGGCGGCGTATCAACGG NC non-targeting (Canver et al. 2017)
CCAAGGCGCCTTCGACGTCG NC non-targeting (Canver et al. 2017)
AGATCCCCGGTCCGTACGGA NC non-targeting (Canver et al. 2017)
GTTATAATTATGCGGTCCGC NC non-targeting (Canver et al. 2017)
CCGTTGCATCGCGTACCGAT NC non-targeting (Canver et al. 2017)
GGCCGTCGCGACATGATTCG NC non-targeting (Canver et al. 2017)
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ATATAGGATCATCTACGCGC NC non-targeting (Canver et al. 2017)
TTCGACTACATCGTTCGTCG NC non-targeting (Canver et al. 2017)
GTATCCGGAGTACGTTCGGC NC non-targeting (Canver et al. 2017)
GCTATGAATGACGTCCGCGA NC non-targeting (Canver et al. 2017)
TCACCTATGCGCGCGATTCT NC non-targeting (Canver et al. 2017)
GTTACGCTCGAATACGAGTC NC non-targeting (Canver et al. 2017)
CCGATTCGTTCTAGACGGGG NC non-targeting (Canver et al. 2017)
TGGTACGGAAGGTACGTCCG NC non-targeting (Canver et al. 2017)
CGCTTGACGTATGAACGATC NC non-targeting (Canver et al. 2017)
ATAATCGGGGCGACGACGAC NC non-targeting (Canver et al. 2017)
GTCACTGCGCATACGACTCG NC non-targeting (Canver et al. 2017)
ATACTACACGAGGACGTCGT NC non-targeting (Canver et al. 2017)
TCGAGCTAATTACGCGACCT NC non-targeting (Canver et al. 2017)
AGTCGAAAGACGCGCTATCG NC non-targeting (Canver et al. 2017)
GCGCGCGCGCTATCGTGGTC NC non-targeting (Canver et al. 2017)
TAATCACGGAGACGCGCTAG NC non-targeting (Canver et al. 2017)
CAATGTCGCCCACCCGATCG NC non-targeting (Canver et al. 2017)
CCGCGAGTCGGTTTGTCGCA NC non-targeting (Canver et al. 2017)
CGCTCTACCGGTCCCGATAA NC non-targeting (Canver et al. 2017)
GACGCGCACGTCGCGTTGCA NC non-targeting (Canver et al. 2017)
TTAGGATCGGAACGACTCGA NC non-targeting (Canver et al. 2017)
GAAACTCGATTACGTGTCGT NC non-targeting (Canver et al. 2017)
GTGAAAGTACGCCCGGACGA NC non-targeting (Canver et al. 2017)
GCCGAACCCCCGGCGTATAA NC non-targeting (Canver et al. 2017)
TTATCGATACGCGCTACCGT NC non-targeting (Canver et al. 2017)
GTCGAGACCAACGTCGATTG NC non-targeting (Canver et al. 2017)
TATTTGTGTTAACGCGGTCG NC non-targeting (Canver et al. 2017)
AGGTTACGATCGGACTCGAA NC non-targeting (Canver et al. 2017)

294




Target-specific guide sequence Type Target
GTGACGACCACGAACTCGTA NC non-targeting (Canver et al. 2017)
TCGAATGACGACGCCGTTCA NC non-targeting (Canver et al. 2017)
ACCTGGCGTAACGATTACGA NC non-targeting (Canver et al. 2017)
CGGATCATCTACGTACCGCC NC non-targeting (Canver et al. 2017)
GATGTGCACCCGTCGCACGC NC non-targeting (Canver et al. 2017)
CCATACGATCAGACTTCGCG NC non-targeting (Canver et al. 2017)
CGCCTTATTTACCGGGCGCA NC non-targeting (Canver et al. 2017)
TCGATTGCCGACTGTACCGC NC non-targeting (Canver et al. 2017)
ATTGAGGCGACACGTACGCG NC non-targeting (Canver et al. 2017)
CACGCTTACGGCGTACTTCG NC non-targeting (Canver et al. 2017)
AATTACTCGATGCAACGCGT NC non-targeting (Canver et al. 2017)
non-targeting (SCR1) (Lawhorn, Ferreira,

GCTGATCTATCGCGGTCGTC NC and Wang 2014)
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Appendix 2: The sequence of the polynucleotide fragment synthesized for the adjustment of the
lentiGuide-Hygro-dTomato plasmid.

ttcagacccacctcccaacccecgagiiiig-gacCATACCACAT IS sscctatt

e PG aaGgas s 2 2 2 cacc fBEEE - t catgcaggatcaaattettacaaca

ttttaatgtttcatagggataacagggtaatcataatacatttaacaac atgtgatccagctgc-

Eegaacagcatagcaagtttaaataaggctagtecgttatcaacttgaaaaagtggecaccgagteggt

.tttttttaagcttggc gtaactagatcttgagacaaatggc agtattcatccacaa_

cgggtttattacagggacagcagagatc
cactttggcgccggctcgagggggecccgggtgcaaagatggataaagttttaaac

part of P7 lllumina primer

Xmal restriction site

A 735 bp fragment to replace the original lentiGuide-Hygro-dTomato sequence between bp 8904 and
bp 11337 as per the published map of lentiGuide-Hygro-dTomato (https://www.addgene.org/99376/,
(Ho et al., 2017)). The diagram detailing the replacement is in Figure 6.6 in Chapter 6.4.
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