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development and contributes angiogenesis in pathological processes including cancer.
The Cas12a and Cas13a nucleases were expressed in transformed E. coli and purified via His-tag affinity followed by size exclusion
chromatography. The purified Cas12a nuclease exhibited high activity and specificity in a collateral activity assay in which the reporter sequence was
only cleaved in the presence of the Cas12a protein and target ssDNA. Similarly, Cas13a nuclease exhibited high activity and specificity in a collateral
activity assay with target ssRNA.
A CRISPR/Cas12a gRNA was designed to target exon 2 of HSPG2 and was able to cleave amplified genomic DNA extracted from human melanoma
cell line, MM200. Additionally, the collateral activity assay revealed that Cas12a nuclease dose-dependently cleaved the reporter ssDNA when used
with target HSPG2 DNA. Similarly, a CRISPR/Cas13a gRNA was designed to target exon 2 of HSPG2 RNA and was able to cleave the target RNA
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modification in both MM200 and HUVECs resulted in decreased expression of FGF2 and VEGF-A, genes involved in the perlecan signalling pathway
networks and associated with angiogenesis.
The established CRISPR/Cas12a and CRISPR/Cas13a systems provide novel and efficient nucleic acid editing tools to further study the functions of
perlecan in vitro and potentially in vivo. In addition, the LbCas12a or LwCas13a-based collateral cleavage assay enabled efficient and specific
detection of the HSPG2 genome or transcripts, suggestive of its potential in perlecan-related disease diagnoses, such as cancer or genetic disorders.
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Abstract
In the past decade, the discovery of the CRISPR/Cas system launched a new era of
genome editing and has rapidly become a universal research tool. The specific
recognition between guide RNA and target nucleic acids enables CRISPR/Cas
systems to exhibit high specificity compared to gene editing systems such as zinc
finger or transcription activator-like effector nucleases.
In this thesis, the CRISPR/Cas12a and CRISPR/Cas13a systems were designed to
modify DNA or RNA associated with the HSPG2 gene which encodes perlecan, the
major extracellular heparan sulphate (HS) proteoglycan in basement membranes.
Perlecan has essential roles in organ development and contributes angiogenesis in
pathological processes including cancer.
The Cas12a and Cas13a nucleases were expressed in transformed E. coli and
purified via His-tag affinity followed by size exclusion chromatography. The purified
Cas12a nuclease exhibited high activity and specificity in a collateral activity assay in
which the reporter sequence was only cleaved in the presence of the Cas12a protein
and target ssDNA. Similarly, Cas13a nuclease exhibited high activity and specificity
in a collateral activity assay with target ssRNA.
A CRISPR/Cas12a gRNA was designed to target exon 2 of HSPG2 and was able to
cleave amplified genomic DNA extracted from human melanoma cell line, MM200.
Additionally, the collateral activity assay revealed that Cas12a nuclease dosedependently cleaved the reporter ssDNA when used with target HSPG2 DNA.
Similarly, a CRISPR/Cas13a gRNA was designed to target exon 2 of HSPG2 RNA
and was able to cleave the target RNA extracted from MM200 cells and was active in
the collateral activity assay when used with target HSPG2 RNA.
Modification of HSPG2 nucleic acids in both MM200 cells and human umbilical vein
endothelial cells (HUVECs) was also established. The CRISPR/Cas12a system
resulted in up to 39 and 24 % reduction in HSPG2 gene expression in MM200 and
HUVECs, respectively. Moreover, the CRISPR/Cas13a system achieved up to 69
and 99% reduction in HSPG2 RNA in MM200 and HUVECs, respectively. The
6

HSPG2 mRNA modification in both MM200 and HUVECs resulted in decreased
expression of FGF2 and VEGF-A, genes involved in the perlecan signalling pathway
networks and associated with angiogenesis.
The established CRISPR/Cas12a and CRISPR/Cas13a systems provide novel and
efficient nucleic acid editing tools to further study the functions of perlecan in vitro
and potentially in vivo. In addition, the LbCas12a or LwCas13a-based collateral
cleavage assay enabled efficient and specific detection of the HSPG2 genome or
transcripts, suggestive of its potential in perlecan-related disease diagnoses, such as
cancer or genetic disorders.
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Chapter 1. Background and Aims

Chapter 1. Background & Aims
In the past decade, the revolution in nucleic acid editing techniques has dramatically
extended our capability ranging from life sciences research to clinical application [1].
Moreover, these techniques enable researchers to modify previously inaccessible
nucleic acids and develop novel gene therapies for undruggable genetic diseases.
This thesis will explore the detection and modification of HSPG2 nucleic acids using
the CRISPR/Cas 12a and 13a systems. The following sections review pertinent
literature on nucleic acid editing approaches and the rationale for exploring HSPG2
as a model for nucleic acid detection or modification.

1.1 Approaches for nucleic acid editing
With the discovery and development of site-specific endonucleases, genome editing
has been harnessed as the major approach for fundamental research, such as in the
study of gene function, disease diagnosis and molecular therapy. To date, there have
been three main techniques available for genome editing, including ZFNs, TALENs
and CRISPR/Cas9 systems [2]. These systems are programmable to perform
double-strand breakages at specific genome sites, followed by non-homologous end
joining (NHEJ) or homology directed repair (HDR), which enables specific gene
deletion, insertion or modification. Moreover, RNA interference (RNAi), which ultilises
the non-coding double-strand RNA to precisely target messenger RNA (mRNA) in
the cytoplasm, has also become a promising tool for gene modification [3]. The
following chapter presents a review of the principles, application, advantages and
drawbacks of the existing gene-editing systems, with a more detailed introduction to
the CRISPR/Cas system.
1.1.1 Zinc Finger nucleases (ZFNs)
The engineering of zinc finger proteins fused with FokI endonuclease enabled the
modification at specific sites in the genome, which launched the era of gene editing
[4]. Each functional ZFN contains two DNA-binding domains composed of 3 zinc
finger proteins in each motif and one FokI dimer DNA cleavage domain (Figure 1.1).
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One zinc finger nuclease can be engineered to specifically target a sequence of 3-4
DNA base pairs (bp), allowing the paired ZFN motifs to recognise genome
sequences up to 24 bp in length. The dimerised FokI endonucleases are capable of
performing a double-strand break (DSB) in the DNA sequence between the two
DNA-binding sites of ZFNs [5]. The DSBs are normally repaired by cells through
nonhomologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ is the
most active repair mechanism in cells, which frequently causes insertion-deletion
mutations (indels) and leads to a loss of gene function. Alternatively, HDR utilises
exogenous DNA fragments as templates to precisely repair the DSB sites [6].
Combined with the self-repair mechanisms of cells, the artificially designed ZFNs
provided the first viable platform for gene knockout (KO) or knockin (KI) at specific
genome sites.

Since its discovery, ZFNs have been widely used for genetic modification in a wide
range of mammalian cells, including human embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), and also developed for in vivo genome
engineering in animal models, such as zebrafish and rats [7][8][9]. Despite the
advantages of ZFNs, some drawbacks remain. Notably, the target region screening
by ZFNs is limited to every 200 bp, causing the assembly of high-affinity ZFNs for
specific genome sites to be very complex and time-consuming [10]. Another major
concern about ZFNs is the DSB performed on undesired genome sites, referred to as
off-target effects. Various studies have been conducted to predict off-target mutations
generated by ZFNs in cells, such as in iPSCs and tumour cells [11]. The site-specific
binding of ZFN effectors is easily affected by adjacent motifs, which also leads to a
potentially high off-target frequency [10]. Furthermore, the non-specific binding or
cleavage on unintended genomic sites could induce significant toxicity in ZFNsmodified cells [12]. Several studies have shown that the rational engineering of ZFNs
or FokI domain was able to reduce the off-target effects [13][14]. This allowed ZFNs
to perform high-fidelity DNA cleavage without sacrificing the on-target efficiency,
which lowered cytotoxicity and improved application in gene therapy [15].
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Figure 1.1. Schematic of ZFN gene editing. A pair of DNA-binding domains (each
containing three ZFNs) recognise a specific genome site. Each ZFN recognises
approximately 3-4 bp of DNA. The FokI nuclease dimers fused to the ZFNs are
introduced to form a double-strand break. Reproduced with permission [16].
1.1.2 Transcription-like effector nucleases (TALENs)
The discovery of a cluster of nucleases referred to as transcription activator-like
effectors (TALEs) provided an alternative tool for precise gene editing. The TALEs
were fused to the FokI endonuclease domain, termed TALENs, which performed
double-strand DNA (dsDNA) binding and cleavage in a similar way as ZFNs (Figure
1.2) [10]. The TALE repeats are typically 33-50 amino acids in length, which could be
programmed into tandem arrays to form the TALE domain [2]. TALENs are normally
engineered to target 18 bp or longer specific sequences while each TALE motif
independently recognises a single nucleotide [17]. In contrast to ZFNs, TALENs are
easier to assemble and there are fewer restrictions on target sites, making it a
universal tool for endogenous gene modification in various organisms and cell lines,
including iPSCs, human somatic cells and mice [10][18].

There is evidence that TALENs performed DSBs on target gene sites with
comparable efficiency as ZFNs in rats and somatic zebrafish cells [19][20]. Like ZFNs,
off-target cleavage is a major limitation for TALENs. However, the off-target
frequency of TALENs is generally lower than ZFNs due to its base recognition
mechanism [21]. When targeting the same CCR5 (C-C chemokine receptor type 5
gene) locus in human cells, there were fewer off-target activities at CCR2 locus by
TALENs than ZFNs, indicating that TALENs performed genome editing with a higher
precision [22]. In addition, the cells modified with TALENs showed a significantly
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higher survival rate than those modified with ZFNs, due to reduced cytotoxicity and a
higher target specificity. Moreover, the TALE nickases and obligate heterodimer FokI
domains were introduced to minimise the off-target efficiencies of TALENs [10][23].
Nevertheless, an obvious drawback is that the cDNA used for encoding TALENs is
much larger than that of ZFNs. Thus, TALENs need to be delivered through viral
vectors where the loading and delivery efficiency could be impacted due to the highly
conserved repeats [24].

Figure 1.2. Schematic of TALEN gene editing. The DNA binding domain of
TALENs are made up of a highly conserved 33-34 amino acid sequence, which can
be engineered at the 12 and 13 positions to target the specific double-strand DNA
sequence. The FokI nuclease dimers fused to the TALENs are introduced to form a
DSB. Reproduced with permission [16].
1.1.3 CRISPR/Cas system-based gene editing
The CRISPR/Cas system was discovered in Escherichia coli (E. coli), which was the
natural adaptive immune system to defend against invading virus or plasmids [25].
The CRISPR/Cas system protects bacterial cells from foreign genome sequences in
a three-step manner [26]. Firstly, the CRISPR/Cas system acquires part of the
genetic fragments of invaders called spacer after recognition which will be integrated
into the host genome sequence. Then, the recombinant CRISPR array is expressed
as pre-CRISPR RNA (crRNA) that forms an RNA duplex with the trans-activating
CRISPR RNA (tracrRNA) which is partially complementary to pre-crRNA.

The

tracrRNA triggers the processing of pre-crRNA by Ribonuclease III (RNase III) and
the formation of crRNA [27]. After that, the crRNA/tracrRNA hybrid guides the
associated Cas protein to search for the invasive genetic sequences. The final step
occurs when the Cas/crRNA ribonucleases find a match that is complementary to the
crRNA, the Cas nuclease will perform site-specific cleavage on the bound DNA or
RNA fragments. The programmable crRNAs and Cas protein endow the
CRISPR/Cas system with the potential for precise gene editing. In the past few years,
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the development of the CRISPR/Cas systems launched the new era of genome
editing.

Unlike ZFNs and TALENs that rely on protein-DNA interactions, the specificity of the
CRISPR/Cas system derives from the complementary base pairing between the
crRNA and target nucleic acids [2]. The guide RNA (gRNA) in the CRISPR/Cas
system is a single-strand RNA (ssRNA) that is the chimerically designed to perform
the function of both bacterial crRNA and tracrRNA. The design and engineering
simplicity of gRNA sequences give the CRISPR/Cas system such an enormous
power to target nearly any site of the genome. In addition to the base-pairing
recognition, a protospacer adjacent motif (PAM) sequence in the target DNA is
required for the initiation of Cas nuclease cleavage [28]. The PAM sequence is
normally located 2-6 base pairs downstream of the target region on the non-target
DNA strand [29]. The PAM sequences vary between different bacterial strains and
Cas nucleases, for instance, the S. pyogenes Cas9 (SpCas9) requires a 5’-NGG
sequence while the Lachnospiraceae bacterium Cas12a (LbCas12a) recognizes a 5’TTTN motif (N could be A, T, C or G) [30] [31]. The site-specific dsDNA break
performed by CRISPR/Cas9 nuclease forms blunt ends on both ends of cleaved
DNA, which are repaired by either NHEJ or HDR mechanics in cells (Figure 1.3) [32].
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Figure 1.3. Schematic of CRISPR/Cas9 gene editing. Cas9 nucleases form
functional complexes with gRNA to target the region of interest in the genome after
PAM recognition. The activated Cas9 nucleases generate blunt-ended DSBs at the
desired genome sites. The DSBs can be repaired by NHEJ which frequently leads to
indel mutations, resulting in loss of gene function. Alternatively, a donor DNA
template can be introduced to assist HDR in cells. Reprinted with permission [33].

In recent years, more Cas nucleases were discovered with unique RNA-guided
endonuclease functions in addition to Cas9 protein, including Cas12a, Cas13a and
Cas14 (also referred to as Cas12f) (Figure 1.4). The well-known Cas9 nuclease from
the type-II CRISPR systems utilises either the combination of crRNA and tracrRNA or
single-strand gRNA to achieve the cleavage of dsDNA through the His-Asn-His (HNH)
and RuvC domains. The Cas9 HNH domain enables the cleavage of the target
strand (tDNA) which is partly complementary to the gRNA, while the RuvC domain is
responsible for cutting the non-target strand (ntDNA) [34]. The Cas12a nuclease
derives from the type-V CRISPR systems which only contain RuvC-like domain
primed for target DNA cleavage [35]. The PAM-distal cleavage on both strands of
target dsDNA is performed by single RuvC domain, generating cleaved DNA
segments with sticky ends containing 5-7 nt overhangs [36]. Notably, Cas12a is also
specifically capable of specific ssDNA cleavage, while there is no PAM-recognition
required to activate the endonuclease activity of Cas12a [37]. Cas12f, which was
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previously referred to as Cas14, has similar functions with Cas12a nuclease but a
much smaller size in contrast to Cas9 or Cas12a proteins. Both of the Cas12
subtypes generally adopt a T-rich PAM sequence while targeting dsDNA sequences
[35]. Strikingly, in addition to the cis-cleavage function that generates specific ssDNA
or dsDNA break, the Cas12 nucleases also cut the nearby short ssDNA
indiscriminately after activation by target DNA sequences, which is referred to as
trans-cleavage or collateral cleavage activity [36].

Figure 1.4. Fundamental components of (A) CRISPR-Cas9, (B)-Cas12a, (C)Cas12f, and (D)-Cas13a systems. Pink triangles indicate cis-cleavage sites. [38]
Table 1.1. Key features of each CRISPR–Cas system [38].

In contrast to Cas9 and Cas12 systems, the CRISPR/Cas13 system specifically
binds and cleaves ssRNA [39]. The specific nucleotides at the 3’ end of the
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protospacer are preferred for some Cas13 variants, termed to as a protospacer
flanking sequence (PFS), which is analogous to the PAM sequence for Cas9 and
Cas12 nucleases [40]. For instance, the PFS for Cas13a from Leptotrichia shahii
(LshCas13a) was determined as an 3’-H (A, U or C) sequence in both bacterial and
mammalian cells [41]. The Cas13 nucleases belongs to the type-VI systems, which
cleave the bound ssRNA target through the two higher eukaryote and prokaryote
nucleotide-binding (HEPN) domains. Similarly, Cas13 nucleases such as Cas13a
possess the trans-cleavage activity whereas it non-specifically cleaves short ssRNA
after recognising the target sequence [42].

Compared with the ZFNs and TALENs, the most remarkable advantage of the
CRISPR/Cas system is the ease of the design and construction of site-specific
endonucleases [43]. For gRNA design, various bioinformatics tools have been
developed for identifying the optimal target sites [44]. Incorporated with diverse Cas9,
Cas12 and Cas13 variants across cell types and organisms, the CRISPR/Cas
systems enable modification of nearly any DNA or RNA sequence of interest [35].
Moreover, multiplexed nucleic editing with the CRISPR/Cas system could be
performed simultaneously through integrating Cas nucleases with different sitespecific gRNAs [45]. In the past decade, the simplicity and versatility of CRISPR/Cas
systems have revolutionized genome editing for research ranging from fundamental
science to disease treatment [35][46][47][48]. Despite the huge advantages of the
CRISPR/Cas systems, some drawbacks remain to be addressed. The off-target
effect of CRISPR/Cas systems is still the major hurdle for its in vivo application [49].
Although the off-target frequency could be minimised through the rational design and
engineering of Cas nucleases and gRNAs, the potential risk of certain disorders
induced by unintended modification on off-target sequences still largely limits its
power in gene therapy and clinical research [50][51][52][53]. Another concern for
CRISPR/Cas systems is the immune response to the introduced Cas nucleases or
plasmids which can result in immunogenic toxicity [54]. The existence of anti-SpCas9
T cells and antibodies within healthy individuals has been reported suggesting the
presence of pre-existing immunity to Cas systems in humans [55]. In addition,
delivering the CRISPR/Cas systems into specific cells with high efficiency is also a
crucial challenge [49]. Currently, three main cell delivery methods include plasmids or
engineered Cas nucleases and gRNAs [56]. Each delivery approach has its inherent
strengths and drawbacks. For instance, viral vectors enable high delivery efficiency
whereas the potential risk of mutagenesis and off-target effects is a serious obstacle
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for clinical application [49]. Non-viral vectors, such as liposomes and nanoparticles,
has been harnessed as another universal tool for CRISPR/Cas delivery due to their
safety and flexibility [57][58].
Table 1.2 Comparisons between different genome editing tools: ZFNs, TALENs,
CRISPR/Cas9 system.

1.1.4 RNA interference (RNAi)
Before the advent of the CRISPR/Cas system, RNA interference (RNAi) was widely
recruited for gene silencing in various organisms [59]. RNAi was discovered in 1998
demonstrating

that

the

injection

of

double-stranded

RNA

(dsRNA)

into

Caenorhabditis elegans (C. elegans) could efficiently interfere with specific gene
expression [60]. As shown in Figure 1.5, RNAi achieves knockdown on specific
messenger RNA (mRNA) through a six-step mechanism [60]. The engineered
dsRNA strands that are delivered into cells bind with a certain type of RNase III
enzyme called Dicer in the cytoplasm. The bound dsRNA sequences are cleaved into
small fragments (normally 21-23 nucleotides in length) by the ribonuclease activity of
Dicer, termed as small interfering RNA (siRNA). In the next stage, the siRNA is
recruited by the RNA-activated silencing complex (RISC) which separates the siRNA
into a sense-strand and an antisense-strand. After that, the RISC associated with
either strand of siRNA is capable of binding with the complementary mRNA
sequence. The captured mRNA is cleaved at a specific site and then degraded in the
cell, which enables the suppression of corresponding protein expression [61]. The
dsRNA can be synthesised through chemical or biological processes that relies on
T7-phage polymerase or recombinant RNase-III enzyme [62][63][64].
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Figure 1.5. Schematic of RNA interference (RNAi). The injection of dsRNA into
cells triggers RNAi. The dsRNA binds with the cytoplasmic enzyme Dicer and is
cleaved into smaller fragments, referred to as siRNA. The siRNA binds with the RISC
and is separated into two strands (sense and antisense). The RISC associated with
one of the siRNA strands targets the mRNA that has the complementary sequence to
the siRNA. The matched mRNA is cleaved and degraded in cells and thus
suppresses the expression protein that it encodes. Reprinted with permission [65].
The first use of RNAi in mammalian cells was achieved using 21-nucleotide siRNA
duplexes which enabled efficient and specific gene suppression in both human
embryonic kidney (HEK-293) and HeLa cells [66]. This success paved way for the
widespread application of RNAi in mammalian research ranging from fundamental
science to therapeutics [67]. The siRNA duplexes could be directly injected or infused
into some mammalian tissues, such as the lung and central nervous system, without
the requirement of delivery platforms [68][69]. In addition, common viral and non-viral
vectors were widely used to deliver siRNA in vitro and in vivo [67].

The ease of use and robustness of RNAi have made it widely used for RNA-based
research and therapeutics [70]. RNAi can achieve relatively high efficiency for
specific gene silencing compared with ribozyme-based systems owing to its unique
catalytic mechanism. Wittrup et al. reported that a low amount of siRNA duplexes
(less than 2,000 copies) was required to conduct efficient green fluorescent protein
(GFP) RNA knockdown in HeLa cells [71]. Moreover, RNAi is also feasible for noncoding RNA knockdown, providing powerful tools for gene function research on a
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large fraction of non-coding genes [72]. In terms of time validity, RNAi achieved a
longer inhibition effect in clinical trial compared with other oligonucleotide molecules
[73]. Despite the advantages of RNAi, its application has met some major challenges.
The siRNA duplexes are less stable than other forms of oligonucleotides, making its
delivery into specific tissues even harder, especially in vivo [74]. For its application in
therapeutics, such as cancer treatment, the single siRNA-based gene silencing may
not achieve sufficient efficacy, thus combined therapies need to be considered for
clinical purposes [75]. Other common drawbacks include off-target effects, toxicity
and immunogenicity as observed in a wide range of studies that attempted to
translate RNAi for clinical research [70].

1.2 Applications of CRISPR/Cas systems
Since inception, the CRISPR/Cas system has been harnessed as the most powerful
tool for specific nucleic acid manipulation in vitro and in vivo for multiple purposes
including gene function research, therapeutics, biosensing and imaging. The
following chapter will review the major outcomes of CRISPR/Cas systems in these
fields, with a focus on gene function research.
1.2.1 Models to study gene function
1.2.1.1 Gene knockout for gene silencing
Gene knockout is a major type of gene-editing technique, which utilises site-specific
nucleases to silence specific genes in cells or model organisms. Given its simplicity
and versatility, CRISPR/Cas systems have emerged as the dominant tool for gene
knockout techniques to study gene function in the past decade. As the first
developed system, CRISPR/Cas9 has been most widely used for efficient and
specific gene disruption in various cell types, such as mouse ESCs and humaniPSCs [76][77]. An increasing number of Cas9 variants, including deadCas9 (dCas9),
SpG and xCas9, has been recruited with enhanced power to target nearly any site of
the genome, dramatically expanding the genome-editing capabilities [78] [79]. More
importantly, the success of gene knockout (KO) animals generated by the
CRISPR/Cas9 system established a novel platform for exploring specific gene
function and disease modelling. ES cells transfected with plasmids or mRNAs that
expressed Cas9 nuclease and gRNA were screened and injected into mouse
blastocysts to generate mice deficient in Bcl11a enhancer, validating its in vivo role in
β-haemoglobin disorders [80] (Figure 1.6A). In addition, the Cas9/gRNA plasmids or
mRNAs could also be directly delivered to mouse zygotes through microinjection,
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resulting in KO mice with 80% reduction in Tet1 and Tet2 genes [77] (Figure 1.6B).
Apart from the germline animal models, the CRISPR/Cas9 system has also been
applied to somatic cell editing via delivery of the Cas components into target tissues
through either ex vivo or in vivo approaches. For example, stem cells transduced or
transfected with expression vectors or direct Cas9/gRNA ribonucleoproteins (RNPs)
and then orthotopically transplanted into nude or syngeneic mice [81] (Figure 1.6C).
Using this approach the function of the mixed-lineage leukemia 3 (MLL3) gene was
able to be studied in a murine model which exhibited a 50% reduction in MLL3
expression [82]. This model enabled MLL3 to be identified as a haploinsufficient
chromosome -7 /del (7q) tumour-suppressor gene, while its deletion induced
leukemia in cooperation with other acute myeloid leukemia (AML) mutations, such as
cellular tumour antigen gene p53. Another type of somatic gene knockout can be
conducted by direct tissue delivery of Cas components, which is normally feasible for
certain organs, including the brain and liver (Figure 1.6D). Several studies have
described the application of this approach for the delivery of the CRISPR/Cas9
system in vivo to explore the role of various tumour suppressor genes in cancer
formation and progression, such as Phosphatase and tensin homolog (Pten) and p53
genes [83][84].

In recent years, the CRISPR/Cas12-medicated gene knockout became an alternative
approach to Cas9 owing to its low off-target effects and diverse sequence restriction
[52]. Various studies have validated the high efficiency and specificity of Cas12
systems in gene knockout (e.g., B-Raf proto-oncogene (BRAF), CCR5 and Runt
related transcription factor 1 (RUNX1)) in mammalian cells [85][86][87]. In addition to
wild-type Cas12 nuclease, a group of Cas12 variants, such as enhanced
Acidaminococcus

sp.

Cas12a

(enAsCas12a)

and

improved

LbCas12a

(impLbCas12a), offer site-specific gene disruption with improved targeting ranges,
activities and fidelity [88][89]. For example, transformation-related protein 53 (Trp53)
gene knockout in mouse embryos through microinjection of mRNAs that translated
Cas12 nuclease and gRNAs, achieved up to 80% knockout efficiency [90]. Similar
studies obtained three out of seven mice with Forkhead box protein N1 (Foxn1) gene
deficiency after being transfected with the Cas12/gRNA components at the embryo
stage [91].

32

Chapter 1. Background and Aims

Figure 1.6. Summary of in vivo CRISPR strategies for mouse model production.
Generation of germline models with CRISPR/Cas. CRISPR-edited mouse models
can be produced via electroporation of ES cells (A), or by direct injection of Cas9 and
the appropriate sgRNA into zygotes at the single-cell stage (B). In vivo somatic cell
editing with CRISPR/Cas. Cas9 can be delivered to primary stem/progenitor cells in
culture via transient transfection or in retro-or lentiviral vector also carrying the
sgRNA (C). Edited cells can then be expanded and transplanted. CRISPR
components can be delivered directly to somatic cells (D). Reprinted with permission
[81]. (Copyright Clearance Centre, RightsLink, License no. 5162291199114)
As a versatile RNA-targeting platform, the CRISPR/Cas13 system has been applied
for disease-associated gene function research [92]. Most frequently, the Cas13a
system is used to target tumour-related RNA in cancer cells, such as in glioblastoma
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cells and pancreatic cancer cells [93][94]. Compared with RNAi, the CRISPR/Cas13
system shows a higher targeting specificity with extremely low off-target effects
observed in mammalian cells [92][95]. Of note, the Cas13 system also provides a
greater knockout efficiency than RNAi and achieves remarkable knockdown at
certain RNA targets which are hard to be accessed by RNAi. For instance, the
functions of miRNA-host long non-coding RNAs (lnc-miRHGs) in the progression of
bladder cancer using the CRISPR/Cas13d-based RNA silencing has been reported
[96]. The miR-497 and miR-195 produced by lncRNA MIR497HG were successfully
suppressed in bladder cancer cells, while RNAi was powerless for MIR497HG
downregulation. Another advantage of the Cas13 system over RNAi is that the
Cas13 nucleases co-expressed with the nuclear localisation signal (NLS) are able to
reach nuclei so that some nucleus-located tumour-associated RNAs can also be
targeted, which may contribute to its better performance for certain RNA silencing
[97][98].
1.2.1.2 Gene knockin for gene overexpression
Gene knockin (KI) is a commonly used gene modification technique to achieve
specific gene insertion via the HDR pathway [99]. In recent years, the CRISPR/Cas
system has been harnessed as the most popular tool for gene knockin due to its high
efficiency and specificity. The CRISPR/Cas system-based KI has been widely
recruited to generate stable cell lines and animal models with the overexpression of
genes of interest [100]. Site-specific genes have been inserted into mammalian cells,
including HEK-293 T and Chinese hamster ovary (CHO) cells, and highly expressed
[101][102]. Several labs have successfully generated transgenic mice with specific
gene insertions using Cas9 or Cas12 systems. With a similar mechanism shown in
Figure 1.6B, mutant mice overexpressing the loxP gene have been established via
injection of the Cas9 components and loxP oligonucleotides into zygotes [103]. More
recently, the X-linked dystrophin (DMD) mutation in iPSCs has corrected with the
Cas12-mediated HDR on the dystrophin gene [104]. Strikingly, the study also
performed the full restoration of dystrophin protein function in DMD-muted (mdx)
mice through the injection of Cas12 mRNA/gRNA/oligos complex into zygotes. An
obvious drawback of KI is the relatively low HDR efficiency caused by the alternative
NHEJ pathway [105]. The cleaved dsDNA segments are easier to be repaired
through NHEJ instead of the HDR mechanism if there are no DNA donors close by.
Multiple strategies were developed to improve the KI efficiency in mammalian cell
lines and mice models, including targeted integration with linearised dsDNA-CRISPR
(Tild-CRISPR)

or

the

combination

of
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oligodeoxynucleotides (ssODNs), and etc [106][107]. Significantly, a two-cell
homologous recombination (2C-HR) strategy with a 95% CRISPR/Cas9 KI efficiency
in mice models has been reported [108]. The 2C-HR method delivered the Cas9
mRNA, gRNA and donor plasmids into two-cell mouse embryos through
microinjection, while the high HDR efficiency may benefit from the open chromatin
conformation.
1.2.2 Biosensing
Beyond the genome editing function, several CRISPR/Cas systems have been
employed for nucleic acid biosensors attributed to its unique collateral cleavage
activity [109]. The collateral activity of Cas nucleases is ultilised for biosensing
through the assistance of reporter sequences which are normally 5-6 nucleotides in
length and attached with fluorescent and quencher molecules on both ends (Figure.
1.7). The ssDNA reporters are designed for Cas12, Cas14 detection assays while
ssRNA sequences for Cas13. Upon triggering by the target nucleic acids, the
activated Cas nucleases perform non-specific cleavage on ssDNA or ssRNA
reporters, generating a fluorescence signal. Combined with a vast range of detection
techniques, such as electrochemical and lateral flow systems, the CRISPR/Casbased biosensors enable rapid, ultrasensitive, and multiplex detection of nucleic
acids. For example, a Cas12b-based biosensor achieved sub-attomolar sensitivity for
DNA detection with single-base resolution through the high efficiency and specificity
of Cas12b nuclease and the gRNA [110]. Another study reported a Cas12-mediated
assay for small molecule detection which was capable of identifying multiple targets
at nanomolar concentration from blood samples simultaneously, such as uric acid
[111]. In addition to Cas12a and Cas12b, the Cas14 nuclease has also been
employed for DNA detection due to its comparable collateral activity but smaller size.
Notably, a Cas14-based biosensor (DETECTR-Cas14) showed high-fidelity in singlenucleotide differentiation when combined with isothermal amplification [112]. This
study also demonstrated the potency of the DETECTR-Cas14 system as a
genotyping platform or diagnostic tool for ssDNA pathogens. Furthermore, the advent
of type VI Cas13 effector has provided researchers with the ability not only to target
transcripts specifically but also detect the presence of certain RNA sequences with
high sensitivity (Figure 1.7) [113]. In 2017, a specific high-sensitivity enzymatic
reporter unlocking (SHERLOCK) system, which firstly translated the collateral activity
of Cas13 nuclease into the nucleic acid detection function was reported [114]. In
combination

with

recombinase

polymerase

amplification

(RPA)

technique,

SHERLOCK enabled robust, multiplex and ultrasensitive RNA recognition in a highly
35

Chapter 1. Background and Aims

specific manner and further achieved detection of Zika and Dengue viruses at
attomolar levels. More recently, the upgraded SHERLOCK system (SHERLOCKv2)
allows specific recognition of more than four targets in each reaction down to 2
attomolar sensitivity though integration of diverse sequence preferences of Cas12
and Cas13 nucleases [115]. In addition, the sensitivity of SHERLOCKv2 was
enhanced by 3.5-fold with the assistance of a type of auxiliary Cas enzyme Csm6.

Figure 1.7. Overview of CRISPR-Cas enzyme activities and their catalytic
mechanisms for nucleic acid detection. (A) Cas12, Cas13, and Cas14 enzymes
are single effector proteins that can be guided by a single guide RNA (gRNA) to bind
targeted sequences. Cas12 and Cas14 target dsDNA and ssDNA, respectively, and
Cas13 targets ssRNA substrates. (B) A common characteristic of these enzymes is
the activation of non-specific, collateral activity, upon target recognition. (C) The high
specificity and collateral activity of these enzymes can be harnessed as CRISPRbased molecular sensors. Reporter molecules composed of a nucleic acid sequence
that is a substrate for the in trans-collateral activity of Cas enzymes and labeled with
a fluorophore at one end and a quencher at the other end are used as sensing
molecules. (D) When these Cas enzymes recognise and bind to their target nucleic
acid, their collateral activities are triggered, leading to the degradation of the reporter
sequence and thus the emission of the fluorescent molecule. Such molecular
sensors can be developed as ultrasensitive methods for detection of nucleic acids of
interest. Reprinted with permission [113]. (Copyright. 2021. American Chemical
Society).
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Moreover, the development of diverse nucleic acid detection platforms based on
CRISPR/Cas systems presents numerous opportunities in the point-of-care (POC)
field [116]. Aligned with detection techniques, including colourimetric, electronic
systems or lateral flow assays (LFA), the CRISPR/Cas systems improved the
traditional POC devices in terms of affordability, sensitivity, specificity, efficiency and
portability [116][117][118][119][120]. For instance, the SHERLOCKv2 system is able
to detect Zika and Dengue viruses and even mutations from clinical biopsy samples
while combined with a LFA system [115]. Another Cas13a-based POC assay for
Ebola virus detection ultilised the collateral activity of Cas13a and a custom-made
fluorometer to enable detection of amplification-free purified Ebola virus within 5
minutes with a limit of detection (LOD) of 20 pfu/mL at a cost of $6 USD/assay [121].
Moreover, a Cas12a-based POC device was developed to detect single nucleotide
variations (SNVs) or polymorphisms (SNPs) through the integration of a PtNPmediated detection platform on a volumetric bar-chart chip [122]. Of note, this system
achieved quantitative detection of multiple cancer-related SNVs in stimulated serum
samples with an extremely low allelic fraction of 0.01%. These platforms revealed
the numerous of various CRISPR/Cas systems in POC devices for rapid virus or
pathogen detection and gene-related disease diagnosis.
1.2.3 Imaging
In addition to nucleic acid editing and biosensing, the CRISPR/Cas systems are also
harnessed as powerful tools for chromatin, genomic loci, RNA and protein
visualisation in living cells due to their programmability and high specificity [123].
Instead of natural Cas nucleases, the deactivated Cas (dCas) enzymes generated
through point mutations have been employed for diverse live-cell imaging
applications [124]. The dCas nucleases, such as dCas9 and dCas13, that do not
possess the endonuclease function are capable of specific nucleic recognition in
combination with corresponding gRNA sequences [124][125]. The fluorescence
protein (FP)-based or organic dye-based dCas9 platforms are the most widely used
approaches for real-time chromatin imaging. For instance, an enhanced green
fluorescent protein (EGFP)-tagged dCas9 nuclease contributed to the understanding
of telomere and chromatin dynamics during mitosis in human cells [126]. In addition,
the HaloTag became a popular choice for dCas9 imaging systems which has been
utilised for visualising the binding dynamics of Cas9 to chromatin or specific genomic
loci in various cell lines, such as HeLa and 3T3 cells [127][128].
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dCas13-based platforms have been developed for real-time RNA tracking in living
cells. For example, an aptamer-based dCas13 platform achieved efficient and
multiplex target RNAs labelling and monitoring in single cells [125]. Notably, the
dCas13 and dCas9 systems have been combined enabling dynamic observation of
the target gene and corresponding transcribed RNA simultaneously in HeLa cells
[125].

1.3 HSPG2 as a model gene to compare CRISPR/Cas nucleic
acid editing
Perlecan, a large heparan sulfate proteoglycan, is encoded by the HSPG2 gene and
is highly expressed in basement membrane, including those of epithelial and
endothelial cells [129]. Human perlecan is synthesised in a vast array of tissues
where it modulates complex cellular processes, such as organ development and
angiogenesis [130]. Perlecan is also involved in the pathogenesis of various diseases,
including cancer, diabetes, cardiovascular diseases and some genetic diseases
[131][132][133][134]. The following section reviews the structure of perlecan and its
functions across diverse physiological and pathological pathways, with an emphasis
on its role in angiogenesis and cancer.
1.3.1 Structure of perlecan
Perlecan is a large basement proteoglycan composed of a core protein (~460 kDa)
with four glycosaminoglycan (GAG) attachment sites (Figure 1.8) [135]. The core
protein is made up of 5 distinct domains encoded from 97 exons in the HSPG2 gene,
termed domains I–V. The N-terminal domain I possesses three GAG attachment
sites which are normally modified with heparan sulphate (HS) in endothelial cells
[129]. Apart from HS, chondroitin sulphate (CS) and/or keratan sulphate (KS) can
also be attached to perlecan, which varies with cell or tissue source [136]. The HS
chains bind and modulate growth factors and also present them to their
corresponding receptors, which is crucial for many developmental processes, such
as angiogenesis [137][138].

Domain II comprises four low-density lipoprotein

receptors (LDL-R) [139]. In addition, both the LDL-R motifs and immunoglobulin-like
(Ig) fold in domain II contain a large fraction of disulfide bonds, stabilising the
compact structure of perlecan [140]. Domain III is homologous in structure to the IVa
and IVb domains of laminin, it forms a rod-like construction through the disulfide
bonds of epidermal growth factor (EGF) laminin motifs [141]. Domain IV of human
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perlecan consists 21 Ig-like motifs that are tandemly joined together [130]. Domain IV
plays an important role as scaffolds while interacting with multiple structural proteins
in the extracellular matrix (ECM), such as fibronectin [142]. Domain V also comprises
one GAG attachment site, and EGF motifs as well as laminin globular regions that
are similar to domain III [129]. Interestingly, recombinantly expressed domain V is
referred to as endorepellin by virtue of its independent function of inhibiting
endothelial cell adhesion and motility [143].

Figure 1.8. The structure of human perlecan containing five protein core
domains (I-V) with three GAG attachment sites in domain I and one in domain V.
The functions ascribed to each domain are indicated. Reprinted with permission [135].
(Copyright Clearance Centre, RightsLink, License no. 5162480670233)
1.3.2 Functions of perlecan
Perlecan plays important role in a wide range of fundamental processes, especially in
cardiovascular and neural development, while its expression is highly dynamic and
varies with tissue type [129][135]. Of note, perlecan is also associated with various
diseases including cancer, cardiovascular and genetic diseases [130]. The following
section presents an overview of the physiological and pathological functions of
perlecan.
1.3.2.1 Roles of perlecan in angiogenesis
Perlecan expression initiates as early as the embryogenesis period, which has been
observed in blastomeres at the two-cell stage of the mouse embryo [144]. Moreover,
perlecan expression at both the RNA and protein levels markedly increases when the
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embryo possesses attachment competence. After implantation, perlecan is more
precisely regulated and involved in the differentiation and maturation of most tissues,
especially in vascularised tissues [145]. In addition, perlecan is expressed in the
developing cartilage during embryonic days 11-13 [145][129]. At the later stage of
embryo development, perlecan is expressed in other organs, including the lungs,
liver and brain. Another landmark study performed in chick embryos further observed
the spatial and temporal distribution of perlecan from the morula stage [146]. The
expression of perlecan is dynamically regulated in different organs over time. For
instance, a low amount of perlecan was characterised in the neuroepithelium while
more accumulated in the neural plate during the 5-6 of Hamburger-Hamilton stages.
Perlecan also plays a vital role in the maintenance of basement membrane integrity
throughout

all

developmental

stages,

which

regulates

and

supports

the

morphogenesis of various tissues, such as the heart tubes [147]. Moreover, perlecan
associates with other ECM molecules, including laminin-1, mediates olfactory
sensory neuro growth and synaptic formation during the glomerulogenesis stage
[148].

Perlecan plays an important role in angiogenesis and vasculature development
through controlling a wide range of growth factors, such as members of the vascular
endothelial growth factor (VEGF) and fibroblast growth factor (FGF)-2 [149]. Perlecan
is detected in many organs early in embryonic development, including the heart and
blood vessels [145]. In later developmental stages, perlecan is expressed in vascular
tissues, predominantly by endothelial cells. Moreover, it has been experimentally
demonstrated that the formation of endothelial networks and different types of blood
vessels is dramatically reduced in the perlecan-deficient mice embryos [150]. In
addition, perlecan maintains the integrity of basement membranes in many organs
and supports vasculogenesis through regulating the expression of FGF-2. As the key
molecular component in the vascular basement membrane, perlecan facilitates cellpericyte interactions to stabilise vascular tubes [151].
1.3.2.2 Roles of perlecan in cancer
Perlecan has been identified in different stages of cancer development, such as
angiogenesis, metastasis and invasion. A systematic review undertaken in 2020
summarised the in vivo observations of perlecan in a wide range of cancers,
including melanoma (Table 1.3) [152].
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Table 1.3. Summary of perlecan expression in various types of cancer.
Reprinted with permission. [152].

Although there is no direct evidence for the role of perlecan in cancer initiation, many
studies have implied its correlation with ECM dysregulation [153][154], a feature of
tumourigenesis. For instance, GAG chains regulate the level of tissue inhibitors of
metalloproteinases (TIMPs), such as TIMP-3, through binding and inhibiting their
signalling with lipoprotein receptor-related protein 1 (LRP-1). Of note, TIMPs
participate in cancer initiation and development through controlling ECM turnover
[155]. Angiogenesis is a crucial step for cancer progression, while perlecan plays an
important role in this process through its interactions with various growth factors [156].
Importantly, perlecan secreted by tumour cells contributes to angiogenesis [157]
largely via its HS chains which interact with growth factors that modulate cell
proliferation and adhesion [158][159]. In addition, tumour metastasis involves ECM
remodelling [152] with perlecan HS chains susceptible to degradation by heparanase
[160]. In recent years, there has been advances in perlecan-targeted cancer
therapies [152][161]. Recently, a novel targeted therapy for metastatic triple-negative
breast cancer (TNBC) was reported with the identification of perlecan as a biomarker
[162]. Two human antibodies were used to target TNBC cells with high perlecan
expression and were able to reduce tumour growth in nude mice [162]. The
suppression of perlecan in combination with chemotherapy successfully extended the
survival time of mice, indicating the utility of the perlecan-targeted strategy in
pancreatic cancer treatment [163].
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1.3.3 Effects of HSPG2 gene editing
Given the crucial and complex role of perlecan in a vast array of physiological and
pathological processes, multiple studies have attempted to explore the effect of
HSPG2 mutations through either loss or gain-of-function methods in various model
organisms [164][165][166]. The phenotypes caused by mutations of in the HSPG2
genes are summarised in Table 1.4.
Table 1.4. Mutations in the HSPG2 gene in various organisms and resultant
phenotypes and clinical manifestations. Reprinted with permission [130].
(Copyright Clearance Centre, RightsLink, License no. 5162490493182)

An early study attempted to characterise the functions of perlecan in mice through
global knockout of the HSPG2 gene, revealing that the perlecan-null (Hspg2−/−)
mutation is embryonic lethal [166]. Strikingly, an estimated 70-80% of the Hspg2−/−
embryos died due to the hemopericardium and the loss of heartbeat between E10
and E12, suggestive of the crucial role of perlecan in the development of pericardial
cavity. In addition, all the surviving Hspg2−/− mice suffer from severe cartilage
malformations and perinatal lethality due to respiratory failure [166]. To reduce the
lethality caused by cartilage failure, a modified mice model (Hspg2−/−; Tg) which reintroduced the expression of Hspg2 specifically in cartilage [167]. This contributed to
the finding that perlecan inhibits autophagy in muscle tissues through activating the
mammalian target of rapamycin complex 1 (mTORC1) signalling pathway. Several
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studies have explored the function of HS on perlecan via the Hspg2Δ3/Δ3 mice which
does not contain exon 3 of the HSPG2 gene which results in loss of the GAG
attachment sites in domain I, giving insights to its perlecan role in basement
membranes in the lens capsule and vasculature [168][169][170]. For instance, the
proliferation of vascular smooth muscle cells in the vasculature is controlled by the
HS chains on perlecan [170]. In addition to the HSPG2 gene knockout, siRNA
targeting HSPG2 in human aortic endothelial cells revealed the role of perlecan in
endothelium-dependent relaxation [171]. HSPG2 mutations can cause severe
genetic disease, including Schwartz-Jampel syndrome which results from alternative
splicing in exons 79-97 and the more lethal DDSH induced by duplication of exon 34
or a point mutation in exon 73 [172][173]. Although the Hspg2Δ3/Δ3 mice model
enabled the characterisation of the role of HS chains on perlecan in several organs,
analysis of the tissue-specific functions of perlecan are restricted [168][169]. In
comparison of universal genome editing tools, there is a need for precise, robust and
highly efficient HSPG2 gene editing to progress our understanding of the roles of
perlecan in health and disease (Table 1.2).

1.4 Aims
The aim of this study is to perform site-specific editing of HSPG2 nucleic acids using
the CRISPR/Cas12a and CRISPR/Cas13a systems.
The hypotheses that will be tested in this thesis include:
(1) HSPG2 nucleic acids isolated from endothelial and melanoma cells can be
detected in the collateral cleavage and cis-cleavage assays using the
CRISPR/Cas12a and CRISPR/Cas13a systems
(2) The expression of HSPG2 nucleic acids can be reduced in endothelial and
melanoma cells using the CRISPR/Cas12a and CRISPR/Cas13a systems.
(3) A reduction in HSPG2 expression in endothelial and melanoma cells will
reduce the expression of associated angiogenic pathways.
The specific objectives of this thesis are to:
1. Express LbCas12a and LwCas13a nucleases in E. coli and optimise their
purification.
2. Establish the activity of the isolated LbCas12a and LwCas13a nucleases in
collateral cleavage and cis-cleavage assays.
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3. Design gRNA sequences which target exon 2 of HSPG2 for use in the
CRISPR/Cas12a and CRISPR/Cas13a systems.
4. Investigate the ability of the CRISPR/Cas12a and CRISPR/Cas13a systems
to identify HSPG2 nucleic acids in the collateral cleavage and cis-cleavage
assays.
5. Evaluate the efficiency of modification of HSPG2 nucleic acids in endothelial
and melanoma cells using the CRISPR/Cas12a and CRISPR/Cas13a
systems.
6. Evaluate the effect of HSPG2 nucleic acid modification on associated
angiogenic pathways.
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2.1 Cell culture
2.1.1 Pilot-scale E. coli culture in shaker flasks
E. coli cells transformed with the huLbCpf1 expression vector (Addgene plasmid #
90096) were cultured for LbCas12a nuclease production as previously described [174].
Briefly, a glycerol stock of huLbCpf1 E. coli cells (50 µL) was inoculated into Terrific
Broth (TB) growth medium (10 mL) containing ampicillin (100 µg/mL, Sigma-Aldrich,
Cat No. A0166-25G). The cells were cultured overnight at 30 °C and 180 rpm in a
stackable incubator shaker (Innova® S44i, Eppendorf). TB growth medium (1 L)
containing ampicillin (100 µg/mL) was inoculated with a certain volume of overnight
culture to reach an initial OD600 of 0.06. The cells were grown at 37 °C and 180 rpm
until the OD600 increased to 0.2. After that, the temperature was set to 21 °C until the
OD600 reached 0.6. Then, the Isopropyl β- d-1-thiogalactopyranoside (IPTG) (Thermo
Fisher Scientific, Cat No. R0392) was added into the growth medium (500 µM) to
induce huLbCpf1 expression. The induced cells were cultured at 21 °C and 180 rpm for
18 h and then harvested by centrifugation at 4 °C and 5,000 g for 20 min. The growth
medium was discarded, and the cell paste was stored at -80 °C until purification.
E. coli cells transformed with huLwCas13a expression vector (Addgene plasmid #
90097) were cultured for pilot-scale LwCas13a nuclease production as described
above [114].
2.1.2 Large-scale E. coli fermentation
The 5L bioreactor (Applikon Biotechnology) was used for large-scale E. coli
fermentation to express target LbCas12a or LwCas13a nuclease. The dissolved
oxygen (DO2) probe was polarised until the signal was stable and the pH probe was
calibrated at two points (pH 4 and 7). The fermenter was then sterilised and assembled
according to the manufacturer’s instructions. E. coli cells transformed with either
huLbCpf1 or huLwCas13a expression vector were cultured as described in Section
2.1.1. The cells were cultured overnight at 30 °C and 180 rpm in a stackable incubator
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shaker. On the next day, the overnight culture was used to inoculate TB growth
medium (5 L) containing ampicillin (100 µg/mL) to reach an initial OD600 of 0.06. During
the fermentation, the pH value was monitored and adjusted to between 7 and 7.5.
Sterilised antifoam 204 solution (500 µL) (Sigma-Aldrich, Cat No. A6426-500G) was
added to reduce the excess foam. The cells were grown at 37 °C and 300 rpm until the
OD600 increased to 0.2. The temperature was set to 21 °C until the OD600 reached 0.6.
Then, the IPTG (500 µM) was added into the growth medium to induce target protein
expression. The induced cells were cultured at 21 °C and 500 rpm for 18 h and then
harvested by centrifugation at 4 °C and 5,000 g for 20 min. The growth medium was
discarded, and the cell paste was stored at -80 °C until required.
2.1.3 Human melanoma cell line (MM200) culture and maintenance
A frozen vial of MM200 cells was thawed in a 37 °C water bath for 1 min and mixed
with Dulbecco’s modified eagle medium (DMEM) (9 mL; Sigma Aldrich, Cat No. D5648)
containing 5 % v/v foetal bovine serum (FBS) (Bovogen, Cat No. SFBS-U) and 1 % v/v
penicillin/streptomycin (P/S) (Sigma Aldrich, Cat No. P4458). The cell suspension was
centrifuged at 1,000 rpm for 3 min. The supernatant was removed, and the cells were
resuspended in 3-5 mL DMEM. The T75 flask was seeded with 1 million cells and the
final volume adjusted to 10 mL with DMEM medium containing FBS and P/S. The cells
were cultured at 37 °C with 5 % CO2, with the medium was changed every 3 days.
Upon confluence, the conditioned medium was collected and stored at -20 °C until use.
The cells were washed with sterile Dulbecco’s phosphate buffered saline (7 mL; PBS)
buffer and incubated with trypsin (3 mL; Sigma Aldrich, Cat No. 59430C) for 3 min at
37 °C. The detached cells were neutralised with DMEM containing 5 % v/v FBS and
1 % v/v P/S (5 mL) and transferred into a 15 mL falcon tube. The cell suspension was
centrifuged at 1,000 rpm for 3 min. The supernatant was removed, and the cells were
resuspended in DMEM (3-5 mL). The T75 flask was seeded with 1 million cells and the
final volume adjusted to 10 mL with DMEM medium containing FBS and P/S.
2.1.4 Human umbilical vein endothelial cell (HUVEC) culture and maintenance
A frozen vial of HUVEC cells was thawed in a 37 °C water bath for 1 min and mixed
with endothelial cell growth medium (5 mL; EGM-2) containing 2 % v/v FBS and growth
factors (hFGF-B, VEGF, R3-IGF-1, hEGF) (Lonza, Cat No. CC-4176). The cell
suspension was centrifuged at 1,000 rpm for 3 min. The supernatant was removed,
and the cells were resuspended in EGM-2 (3-5 mL). The T75 flask was seeded with 1
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million cells and the final volume adjusted to 10 mL EGM-2. The cells were cultured at
37 °C with 5 % CO2, the medium was changed every three days.
Upon confluence, the conditioned medium was collected and stored at -20 ˚C until use.
The cells were gently washed with sterile PBS (7 mL) and incubated with trypsin (3 mL)
for 3 min at 37 ˚C. The detached cells were neutralised with EGM-2 (6 mL) containing
2% v/v FBS and growth factors (hFGF-B, VEGF, R3-IGF-1, hEGF) and then
transferred into a 15 mL falcon tube. The cell suspension was centrifuged at 1,000 rpm
for 3 min. The supernatant was removed, and the cells were resuspended in EGM-2 (35 mL). The T75 flask was seeded with 1 million cells and the final volume adjusted to
10 mL EGM-2 medium containing 2 % v/v FBS and growth factors.
2.1.5 Transfection of LbCas12a/gRNA RNPs into MM200 cells
Transfection of the CRISPR/Cas12a system into MM200 cells was performed using
Lipofectamine™ CRISPRMAX™ Cas9 Transfection Reagent (Thermo ScientificTM, Cat
No. CMAX00001). On Day 0, the MM200 cells were seeded in 24-well plate at 6 x 104
cells/well with DMEM medium containing 5 % v/v FBS and 1 % v/v P/S. The cells were
cultured at 37 °C with 5 % CO2 for 24 h. On Day 1, the cells were washed with DMEM
medium and then DMEM medium was added to each well (1 mL). For each well, the
batch 4 LbCas12a nuclease (1250 ng), synthesised gRNA (240 ng) and Cas9 Plus™
Reagent (2.5 µL) were diluted into 25 µL Opti-MEMTM I Reduced Serum Medium
(Thermo ScientificTM, Cat No. 31985-062) in a 1.5 mL Eppendorf tube. The
CRISPRMAXTM Reagent (1.5 µL) was diluted into Opti-MEMTM Medium (25 µL) in
another 1.5 mL tube. Then, the LbCas12a/gRNA/Cas9 Plus™ mixture was immediately
added into the Opti-MEMTM Medium containing the CRISPRMAXTM Reagent. The
mixture was incubated at room temperature for 10 min. The transfection reagent
complex (50 µL) was added to each well and the cells were incubated at 37˚C for 24,
48 or 72 h. The control group was supplemented with Opti-MEMTM Medium (50 µL).
After incubation, the culture medium was removed and the cells were rinsed with PBS,
harvested, and genomic DNA extracted.
2.1.6 Transfection of the LbCas12a/gRNA RNPs into HUVEC cells
Experiments were performed as per section 2.1.5 using HUVEC cells and EGM-2
medium in place of MM200 cells and DMEM medium.
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2.1.7 Transfection of the LwCas13a/gRNA RNPs into MM200 cells
Transfection of the CRISPR/Cas13a system into MM200 cells was performed using
Lipofectamine™ CRISPRMAX™ Cas9 Transfection reagent. On Day 0, the MM200
cells were seeded in 6-well plate at 1.5 x 105 cells/well in DMEM medium containing
5 % v/v FBS and 1 % v/v P/S. The cells were cultured at 37 °C with 5 % CO2 for 24 h.
On Day 1, the cells were washed with DMEM medium and then DMEM (1 mL) was
added to each well. For each well, the batch 4 LbCas12a nuclease (3125 ng),
synthesised gRNA (600 ng) and Cas9 Plus™ Reagent (6.25 µL) were diluted into 125
µL Opti-MEMTM I Reduced Serum Medium (Thermo ScientificTM, Cat No. 31985-062) in
a 1.5 mL Eppendorf tube. The CRISPRMAXTM Reagent (3.25 µL) was diluted into 125
µL Opti-MEMTM Medium in another 1.5 mL tube. Then, the LwCas13a /gRNA/Cas9
Plus™ mixture was immediately added into the Opti-MEMTM Medium containing
CRISPRMAXTM Reagent. The mixture was incubated at room temperature for 10 min.
The transfection reagent complex (250 µL) was added to each well and the cells were
incubated at 37˚C for 12 or 24 h. The control group was supplemented with OptiMEMTM Medium (50 µL). After incubation, the culture medium was removed and the
cells were rinsed with PBS buffer and then harvested, followed by total RNA extraction
process.
2.1.8 Transfection of LwCas13a/gRNA RNPs into HUVEC cells
Experiments were performed as per section 2.1.7 using HUVEC cells and EGM-2
medium in place of MM200 cells and DMEM medium.

2.2 LbCas12a and LwCas13a protein purification
2.2.1 Cell lysis
The cell paste harvested from Sections 2.2.1 or 2.2.2 was thawed on ice and then
suspended in the lysis buffer (50 mM sodium phosphate, 300mM NaCl, 5 mM
MgCl2/CaCl2, 20 mM imidazole) supplemented with protease inhibitors (Sigma-Aldrich,
Cat No. 04693132001) and DNase (Sigma-Aldrich, Cat No. D5025-150KU). Once
homogenised, the cells were disrupted by sonication for 16 min (pulse mode, 2 s pulse,
70 % intensity). The mixture was centrifuged for 30 min at 4 °C and 10,000 g to remove
the lysate. The supernatant was then filtered through 0.45 µm filters and then 0.22 µm
filters on ice.
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2.2.2 Total protein, soluble protein, and insoluble protein extraction from E. coli
The total protein, soluble protein, and insoluble protein were extracted from induced
and non-induced E. coli cells, respectively. The reducing buffer was made by mixing
reducing buffer (1800 µL) with β-mercaptoethanol (200 µL; Sigma-Aldrich, Cat No.
M6250-250ML). The BugBuster Master Mix (360 µL; Merck, Cat No. US171456-3) was
diluted into MilliQ water (3240 µL) to make 1/10 lysis buffer. A non-induced and an
induced cell pellet aliquot were resuspended in BugBuster (100 µL) and 4× Bolt™ LDS
loading buffer (100 µL; ThermoFisher, Cat No. B0008). The mixtures were vortexed
and heated at 95 °C for 5 min, and then centrifuged at room temperature for 15 min at
14,000 rpm. The supernatants were used as total cell fractions for non-induced and
induced samples, respectively. The other two non-induced and induced aliquots were
resuspended in lysis buffer (100 µL) and incubated at room temperature for 10 min.
The mixtures were centrifuged at 14,000 rpm for 20 min. After that, the supernatants
were transferred into new 1.5 mL Eppendorf tubes and 4× Bolt™ LDS loading buffer
(100 µL) added. The mixtures were vortexed and heated at 95 °C for 5 min and used
as the soluble protein fractions for non-induced and induced samples, respectively. The
lysis pellets were resuspended in 1/10 lysis buffer (600 µL), vortexed and then
centrifuged for 15 min at 14,000 rpm. The supernatants were removed, and the pellets
were resuspended in 2× Bolt™ LDS loading buffer (200 µL). The mixtures were
vortexed and heated at 95 °C for 5 min, then used as the insoluble protein fractions for
non-induced and induced samples, respectively. The total protein, soluble protein, and
insoluble protein fractions for non-induced and induced samples were analysed for
target protein expression using SDS-PAGE.
2.2.3 His-tag affinity chromatography
His-tag chromatography was performed to enrich the His-tagged protein from the total
protein solution using a HisTrap column (5 mL; QIAGEN, Cat No. 30761). The column
was connected onto the AKTATM Start system (Cytiva) and washed with 5 column
volumes (CV) of binding buffer ((50 mM sodium phosphate, 300mM NaCl, 20 mM
imidazole, pH 8.0) at 1 mL/min at 4 °C. The filtered total protein solution was loaded
onto column at a rate of 1 mL/min and then washed by 10 CV running buffer to remove
the unbound fraction. The bound fraction was eluted with 20 CV elution buffer (50 mM
sodium phosphate, 300mM NaCl, 500 mM imidazole, pH 8.0). The UV absorbance
peak at 280 nm was monitored and the fractions were collected until the absorbance
returned to the baseline. The eluted fractions were characterised by SDS-PAGE for the
presence of the target protein. Fractions containing the target protein were pooled and
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concentrated by centrifugation using a 10 kDa centrifugal filter unit (Merck, Cat No.
UFC901024). The concentrated sample was centrifuged for 30 min at 4 °C and 10,000
g to remove the precipitate. The supernatant was stored at 4 °C for further purification.
2.2.4 MBP-tag affinity chromatography
MBP-tag chromatography was performed to enrich the MBP-tagged protein from the
total protein solution using a MBPTrap HP column (1 mL; Cytiva, Cat No. 29-0486-41).
The column was connected onto the AKTATM Start system and washed with 5 CV of
binding buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4) at 0.1 mL/min at
4 °C. The filtered total protein solution was loaded onto the column and then washed
by 10 CV running buffer to remove the unbound fraction. The bound fraction was eluted
with 20 CV elution buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 10 mM maltose,
pH 7.4). The UV absorbance at 280 nm was monitored and the fractions were collected
until the absorbance returned to the baseline. The eluted fractions were characterised
by SDS-PAGE for the presence of the target protein. Fractions containing the target
protein were pooled and concentrated by centrifugation using a 10 kDa centrifugal filter
unit. The concentrated sample was centrifuged for 30 min at 4 °C and 10,000 g to
remove the precipitate. The supernatant was stored at 4 °C for further purification.
2.2.5 Size exclusion chromatography for the LbCas12a protein
A HiLoad 16/60 Superdex 200 column (Cytiva, Cat No. 28-9893-35) was used to
further enrichment of the concentrated fractions from Sections 2.2.2 or 2.2.3. The
column was connected to the AKTA Explorer system (Cytiva) and equilibrated with 2
CV running buffer (10 mM Tris-HCl, 30 mM NaCl, 10 mM MgCl2, pH 7.0) at 4 °C. The
concentrated sample was loaded onto the column and then eluted based on protein
size with the running buffer. The UV absorbance at 280 nm was monitored and the
fractions were collected until the absorbance returned to the baseline. The components
of the eluted fractions were characterised by SDS-PAGE. The fractions containing the
LbCas12a protein were pooled and concentrated by centrifugation using a 10 kDa
centrifugal filter unit at 4 °C and 4,000 rpm. The concentrated LbCas12a-enriched
fraction was stored at -40 °C for further use.
2.2.6 Size exclusion chromatography for the LwCas13a protein
A HiLoad 16/60 Superdex 200 column was used to further enrich the concentrated
fractions from Section 2.2.2. The column was connected to the AKTA Explorer system
and equilibrated with 2 CV running buffer (10 mM HEPES, 1M NaCl, 5 Mm MgCl2, 2
mM DTT, pH 7.0) at 4°C. The concentrated sample was loaded onto the column and
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then eluted based on protein size with the running buffer. The UV absorbance at 280
nm was monitored and the fractions were collected until the absorbance returned to the
baseline. The components of the eluted fractions were characterised by SDS-PAGE.
The fractions containing the LwCas13a protein were pooled and concentrated by
centrifugation using a 10 kDa centrifugal filter unit at 4 °C and 4,000 rpm. The
concentrated LwCas13a-enriched fraction was stored at -40 °C for further use.

2.3 Characterisation of LbCas12a and LwCas13a proteins
2.3.1 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE)
Fractions eluted from the His-Trap affinity, MBP-tag or HiLoad® 16/600 Superdex®
200 pg columns (20 µL/lane) or purified Cas12a or Cas13a nucleases (1.25 - 5 µg/lane)
were mixed with loading dye (8 µL; 424 mM Tris-HCl, 564 mM Tris base, 8 % lithium
dodecyl sulphate (LDS), 40 % Glycerol, 1 % (v/v) Brilliant blue R250, and 1 % (v/v)
Phenol red in deionised water). The samples were heated for 10 min at 95 °C and then
loaded onto 4-12% Bis-Tris NuPAGE® SDS-PAGE gels (Invitrogen, Cat No.
NP0322BOX). A molecular weight marker (Precision Plus Protein™ All Blue Prestained
Protein Standards, Bio-Rad, Cat No. 161-0373) was also loaded (5 µL/lane) onto the
gel. The gels were electrophoresed in MES buffer (50 mM MES, 50 mM Tris base,
0.1 % w/v SDS, 1 mM EDTA in Milli-Q water, pH 7.3) at 150 V for 45 min.
2.3.2 Coomassie blue staining
After electrophoresis, gels were rinsed twice with MilliQ water for 15 min each to
remove SDS. The gels were then stained with SimplyBlue Safe Stain (10 mL;
Invitrogen, Cat No. LC6060) overnight at 4 °C. The stained gel was washed with MilliQ
water for several hours to obtain a clear background before imaging.
2.3.3 Western blotting
Following SDS-PAGE electrophoresis, samples in the 4-12 % Bis-Tris NuPAGE® SDSPAGE gel were transferred to a 0.45 μm polyvinylidene difluoride (PVDF) membrane
(Immobilon P, Merk Millipore). The gel was equilibrated in 2× NuPAGE transfer buffer
(50 mM Bicine, 50 mM Bis-Tris, 0.1 mM EDTA, 0.05 % SDS and 1 % methanol in
MilliQ water pH 8.3) for 10 min. The PVDF membrane was rinsed with methanol and
then equilibrated in 2× NuPAGE transfer buffer for several minutes. Four pieces of
blotting paper (BioRad, Cat No. 170-3960) were soaked in the transfer buffer for
several minutes. Two blotting papers were placed on the anode plate of NOVEX®
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semi-try blotter system (Invitrogen), followed by PVDF membrane, SDS-PAGE gel,
another two blotting papers and the cathode plate. The transfer of samples was
performed at 300 mA and 20 V for 60 min.
After the transfer, the PVDF membrane was blocked with 1 % (w/v) bovine serum
albumin (BSA) in TBST buffer (20 mM Tris base, 136 mM NaCl, 1 % BSA, 0.1 % (w/v)
Tween 20 pH 7.6) for 1 h at room temperature. The PVDF membrane was then
incubated with primary antibody, mouse monoclonal anti-CRISPR-Cpf1 antibody
(Novus Biologicals, Cat No. 2D5-6G11) or anti-CRISPR-Cas13a antibody (R&D
Systems, Cat No. RDSMAB 10462-SP) diluted in 1 % BSA/TBST buffer at a volume
dilution of 1:5,000 overnight at 4 °C. The PVDF membrane was washed with TBST
buffer twice for 5 min each and then incubated with HRP-conjugated secondary antimouse antibody diluted in 1 % BSA/TBST buffer at a volume dilution of 1:50,000 for 45
min at room temperature. The membrane was rinsed with TBST buffer twice for 15 min
each and then TBS buffer twice for 15 min each. The membrane was then incubated
with the chemiluminescence reagent (Thermo Fisher Scientific, Cat No. 34096) for 3
min and then placed between two overhead transparencies. The image of the
membrane was developed onto the X-ray film in the dark room.
2.3.4 Bicinchoninic acid (BCA) assay
BSA (2 mg/mL) was diluted to concentrations of 0, 0.05, 0.1, 0.25 and 0.5 mg/mL in
PBS buffer and used as standards. The standards and samples were added in
triplicate into wells of a 96-well plate (10 µL/well). The reagent A and B from the BCA
reagent kit (Thermo ScientificTM, Cat No. 23225) were mixed with a ratio of 50:1 and
then the mixture (200 µL) was added to each well. The plate was incubated for 30 min
at 37 °C. The absorbance at 562 nm was measured by a plate reader (Infinite® 200
PRO, TECAN). A linear relation was developed by plotting the absorbance values
against the standard BSA concentration which was used to estimate the protein
concentration of the samples.
2.3.5 LbCas12a collateral activity assay
The collateral cleavage assay was performed to confirm the activity of LbCas12a
nuclease. LbCas12a (250 nM) was incubated with gRNA (500 nM) in the reaction
buffer (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 100 µg/mL BSA, pH 7.9) in a 96well microplate for 10 min, followed by addition of quenched ssDNA reporter (1 µM, 5’FAM-3’-BHQ1) and incubation for a further 10 min. The trigger DNA sequence (25 nM;
unless otherwise indicated) was then added into the mixture to initiate the reaction. The
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reaction was allowed to proceed for 100 min at 37 °C. The fluorescence intensity was
detected between 485 and 535 nm every 10 min using a plate reader (SpectraMax i3x
Multi-Mode Microplate Reader, Molecular Devices, LLC, USA).
2.3.6 LwCas13a collateral activity assay
The collateral cleavage assay was performed to confirm the activity of LwCas13a
nuclease as described [114]. LwCas13a (200 nM) was incubated with gRNA (100 nM)
in the reaction buffer (40 mM Tris-HCl, 60 mM NaCl, 6 mM MgCl2, pH 7.3) in a 96-well
microplate for 10 min, followed by the addition of the quenched single-strand RNA
(ssRNA) reporter (500 mM, 5’-FAM-3’-BHQ1) and incubation for a further 10 min. The
trigger RNA sequence (10 nM; unless otherwise indicated) was then added into the
mixture to initiate the reaction. The reaction was allowed to proceed for 100 min at
37 °C. The fluorescence intensity was detected between 485 and 535 nm every 10 min
using a plate reader (SpectraMax i3x Multi-Mode Microplate Reader, Molecular
Devices, LLC, USA).
2.3.7 Total RNA extraction from mammalian cells
MM200 or HUVEC cells were harvested when 80-90 % confluent and transferred into a
15 mL tube. The cells were centrifuged for 5 min at 1000 rpm. The supernatant was
removed, and the cells were washed with PBS (5 mL) and centrifuged to remove the
supernatant. The pellet was resuspended in PBS (1 mL) and transferred into a 1.5 mL
Eppendorf tube. The supernatant was discarded and TRI Reagent® (1 mL; SigmaAldrich, Cat No. T9424) was added to the cell pellet. The pellet was resuspended by
pipetting and incubated at room temperature for 5 min. For each 1 mL TRI Reagent®,
chloroform (100 µL; Sigma-Aldrich, Cat No. C7599) was added to the mixture and
mixed vigorously for 15 s. The mixture was incubated at room temperature for 3 min
and centrifuged at 4 °C for 15 min at 12,000 rpm. The aqueous upper phase was
transferred to a new sterile tube and 2-propanol (500 µL; Sigma-Aldrich, Cat No. I9516)
was added per 1 mL TRI Reagent®. The mixture was mixed by inversion and
incubated at room temperature for 10 min, followed by centrifugation at 4 °C for 15 min
at 12,000 rpm. The supernatant was removed, and the RNA pellet was washed with
75 % (v/v) ethanol (1 mL) via centrifugation at 4 °C for 5 min at 7,500 rpm. The
supernatant was discarded, and the RNA pellet was air dried on ice. The RNA pellet
was dissolved in diethylpyrocarbonate (DEPC) water (Thermo ScientificTM, Cat No.
AM9915G) and stored at -20 °C for further use. The concentration of extracted RNA
was measured through NanoVue (GE Health, USA).
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2.3.8 Complementary DNA (cDNA) synthesis
First strand cDNA was synthesised using First ProtoScript® First Strand cDNA
Synthesis Kit (New England Biolabs, Cat No. E6300) according to the manufacturer’s
protocol. The extracted RNA (100 ng) was mixed with oligo-dT primers (2 µL).
Nuclease-free water (Promega, Cat No. P11) was added to the mixture to a final
volume of 8 µL. For the negative control group, the M-MuLV reaction Mix (10 µL) was
mixed with nuclease-free water (2 µL). The reaction was run at 42 °C for 1 h and
incubated at 80 °C for 5 min to inactivate the enzyme. The cDNA product was stored at
-20 °C for further use.
2.3.9 Total DNA extraction from mammalian cells
The Wizard® SV Genomic DNA Purification System (Promega, Cat No. A2360) was
used to extract and purify DNA from MM200 and HUVEC cells according to the
manufacturer’s protocol. A maximum of 5 × 106 cells were harvested from the flask and
transferred to a 1.5 mL Eppendorf tube for each purification. The cells were washed
with PBS and centrifuged to remove the supernatant. Wizard® SV Lysis Buffer (150 µL)
was added to the cell pellet and mixed by pipetting. The lysate was transferred to a
Wizard® SV Minicolumn assembly containing a minicolumn and a collection tube. The
minicolumn assembly was centrifuged at 13,000 g for 3 min. The supernatant was
discarded, the minicolumn was washed with Column Wash Solution (650 µL; CWA) 3
times through centrifugation at 13,000 g for 1 min. After the collection tube was
emptied, the minicolumn assembly was centrifuged at 13,000 g for 2 min to dry the
matrix. The minicolumn was placed in a new 1.5 mL Eppendorf tube and nuclease-free
water (250 µL) and RNase A solution (2 µL) added. The mixture was incubated at room
temperature for 2 min and centrifuged at 13,000 g for 1 min. The eluted DNA solution
was stored at -20 °C for further use.
2.3.10 Polymerase chain reaction (PCR)
The extracted DNA or synthesised cDNA were used as templates. The reaction was
performed with template (100 ng) mixed with primers (100 pmol; Sigma-Aldrich,
Australia) and PCR Master Mix (12.5 µL; Promega, Cat No. M75010), followed by
addition of nuclease-free water to a final volume of 25 µL. The PCR was run using a
thermal cycler (Bio-Rad VIC, Australia) with the following steps: 94 °C for 5 min; 94 °C
for 30 s, Ta for 45 s and 72 °C for 2 min for 35 cycles; 72 °C for 7 min and 4 °C for
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holding. The PCR products were used in the LbCas12a activity assay or analysed by
agarose gel electrophoresis.
2.3.11 Primer design
Primers (Table 2.1) were designed using Benchling and then checked with NCBI
primer blast for self-complementary and self-3’ complementary scores. The primers
were then synthesised by Sigma-Aldrich.
Table 2.1 List of primers used in PCR reactions.

2.3.12 Agarose gel electrophoresis
An agarose tablet (0.5 g; Bioline, Cat No. BIO-41027) was dissolved in
Tris/Borate/EDTA (35 mL; TBE) buffer (89 mM Tris base, 89 mM Boric Acid and 2 mM
EDTA in MilliQ water, pH 8.3). The 1.4% gel solution was heated to boiling and then
cooled down to around 60 °C before the addition of 0.01 % (v/v) GelRed (Biotium, Cat
No.41003). The mixture was poured into a gel tray with a comb inserted and put at
room temperature for 1 h until the gel had solidified. The comb was carefully removed,
and the gel was submerged in TBE buffer. The samples were placed in 6×gel loading
dye (New England Biolabs, Cat No. B7021S) and loaded into the wells of the gel. A
DNA ladder (New England Biolabs, Cat No. N0467S) was also loaded into one well of
the gel. The electrophoresis was run at 60 V for 80 min, and the gel was imaged with
the gel doc imager (GelDocTM EZ Imager system, BioRad VIC, Australia).
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Chapter 3. Expression, purification and
characterisation of LbCas12a and LwCas13a
nucleases
3.1 Introduction
To explore the use of LbCas12a and LwCas13a nucleases in the CRISPR/Cas system
to modify genes, this chapter explored the optimisation of human LbCas12a and
LwCas13a nuclease expression in E. coli and subsequent purification. E. coli is one of
the common organisms that is used for recombinant protein production in both
research and industrial settings due to its fast proliferation rate and high yield [175]. E.
coli double every 20 min under optimised culture conditions, enabling a high cell yield
within a short timeframe [176], and enabling the production of a large amount of protein
of interest. Thus, E. coli was chosen as the expression system to obtain the Cas12a
and Cas13a nucleases. The resulting proteins were characterised for their biochemical
structure and activity. E. coli were transformed with the plasmids that express either
humanised Cas12a (huLbCpf1) or Cas13a (huLwCas13a) and induced to express the
target protein. The Cas nucleases were purified and enriched via affinity
chromatography and size exclusion chromatography (SEC). The isolated Cas proteins
were characterised by sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting. Finally, trans-cleavage assays were used to
evaluate the activity and targeting specificity of the LbCas12a and LwCas13a
nucleases.
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3.2 Results
3.2.1 Culture of E. Coli expressing LbCas12a nuclease
E. coli transformed with the humanised LbCpf1 (huLbCpf1) expression vector was
induced with IPTG and cultured in shake flasks for a pilot scale production of
LbCas12a from 1 L of TB culture medium. The yield of cell paste was 16.3 g/L. The cell
paste was processed into total cell protein, insoluble and soluble fractions to produce
two samples of each fraction from the induced cells as well as one sample from the
uninduced cells. These fractions were electrophoresed on a 4-12 % Bis-Tris SDSPAGE gel to analyse the size of the constituent proteins (Figure 3.1). The expected
size of LbCas12a nuclease is approximately 130 kDa [177]. However, due to the
expression of LbCas12a as a fusion protein containing a 6 x histidine (6xHis) tag,
maltose binding protein (MBP), TEV site, nucleoplasmin nuclear localization sequence
(NLS) and 3 x HA tag, the actual molecular weight of the fusion protein was
approximately 154 kDa [178]. The total cell protein and soluble fractions from the two
induced samples (lane 3, 4, 6 and 7) contained a protein band at approximately 150
kDa, suggestive of the presence of the LbCas12a nuclease. In contrast, the total cell
protein, and soluble fractions from the uninduced cells (lane 1 and 9) did not contain a
protein band at this molecular weight. Furthermore, a band at around 150 kDa was
absent from the insoluble fraction for both uninduced and induced samples (lane 5, 8
and 10). This result was suggestive of the presence of the LbCas12a nuclease in the
soluble fraction (cell lysate) of induced E. coli.
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Figure 3.1. SDS-PAGE analysis of the crude fractions produced from the pilot
scale culture of E. coli expressing the LbCas12a nuclease. Crude fractions from
the uninduced culture (lane 1, 9 and 10) and two IPTG-induced cultures, sample 1
(lane 3-5) and sample 2 (lane 6-8), that were either the total cell protein (lane 1, 3 and
6), the soluble fraction (lane 4, 7 and 9) or the insoluble fraction (lane 5, 8 and 10) were
electrophoresed on a 4-12 % Bis-Tris gel and stained with Coomassie blue. The
molecular weight marker is shown in lane 2 with the size indicated on the left of the
image. The expected size of LbCas12a nuclease is around 150 kDa as indicated on
the right of the image.
To obtain a large-scale production of LbCas12a nuclease, E. coli were transformed,
induced and cultured in a 5 L batch mode fermentation which produced a cell paste
yield of 40 g/L [175]. As for the pilot scale production, the fractions from the uninduced
and induced cultures were analysed by SDS-PAGE (Figure 3.2). The total cell protein
and soluble fractions from the induced samples (lane 3 and 4) showed a protein band
at around 150 kDa, suggesting the presence of LbCas12a. In comparison, the total cell
protein and soluble fractions from uninduced cells (lane 1 and 6) did not contain a band
at around 150 kDa. Consistent with the pilot scale results, there was no band present
at this molecular weight in the insoluble fractions for both induced and uninduced cells
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(lane 5 and 7). The E. coli cultured via fermentation obtained a higher cell paste yield
and less non-specific bands within the target molecular weight range than when
cultured in shaker flasks, illustrating that fermentation could provide a better growth
environment for the transformed E. coli to proliferate and express the protein of interest.
Thus, the fermentation method was used for further experiments.

Figure 3.2. SDS-PAGE analysis of the crude fractions produced from the
fermentation culture of E. coli expressing the LbCas12a nuclease. Crude fractions
from the uninduced culture (lane 1, 6 and 7) and IPTG-induced culture (lane 3-5), that
were either the total cell protein (lane 1 and 3), the soluble fraction (lane 4 and 6) or the
insoluble fraction (lane 5 and 7) were electrophoresed on a 4-12 % Bis-Tris gel and
stained with Coomassie blue. The molecular weight marker is shown in lane 2 with the
size indicated on the left of the image. The expected size of LbCas12a nuclease is
around 150 kDa as indicated on the right of the image.
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3.2.2 Optimisation of the purification of LbCas12a nuclease and its
characterisation
3.2.2.1 Isolation by His-tag affinity chromatography followed by SEC
The SDS-PAGE results (Figures 3.1 and 3.2) indicated that the LbCas12a nuclease
was expressed inside E. coli, thus the soluble fraction (cell lysate) was further purified.
As the LbCas12a nuclease was co-expressed with an 6xHis tag, it was first isolated
from the soluble fraction via His-tag affinity chromatography. A sample chromatography
run is shown in Figure 3.3. The soluble fraction was loaded onto the column and the
non-bound fraction passed through the column (2-32 min). The column was washed
with washing buffer containing 20 mM imidazole (32-42 min) and then the bound
fraction was eluted from the column with the elution buffer containing 500 mM
imidazole (42-62 min) and collected in 28 fractions.

Figure 3.3. Representative LbCas12a purification using a His-tag affinity
chromatography. The outlet stream from the column was continuously monitored for
absorbance (280 nm, red) and conductivity (blue). (I) The soluble fraction from induced
cells (160 mL) was loaded onto the column and the unbound fraction passed through
the column. (II) The column was washed with the washing buffer (50 mM sodium
phosphate, 300 mM NaCl, 20 mM imidazole) until a baseline absorbance was obtained.
(III) The bound fraction was eluted with the elution buffer (50 mM sodium phosphate,
300 mM NaCl, 500 mM imidazole) and collected in 28 fractions.
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Fractions 3-7, and 9-11 from the His-tag affinity chromatography run were analysed by
SDS-PAGE to confirm the presence of the band at approximately 150 kDa, indicative of
LbCas12a nuclease (Figure 3.4). The SDS-PAGE showed that fractions 4-6 contained
a band with a molecular weight close to 150 kDa. However, these fractions contained
many other bands, indicating that these fractions contained contaminating proteins.
Fractions 4-6 were pooled, concentrated and stored for further purification.

Figure 3.4. SDS-PAGE analysis of the fractions eluted from a His-tag affinity
chromatography experiment. The flow-through fraction (lane 1), wash fraction (lane 2)
and eluted fractions (lanes 4-10) were electrophoresed on a 4-12 % Bis-Tris gel and
stained with Coomassie blue. The molecular weight marker is shown in lane 3 with the
size indicated on the left of the image. The expected size of LbCas12a nuclease is
indicated on the right of the image.

Image J was employed to further characterise the relative intensity of the 150 kDa band,
evaluating the purification efficiency of His-tag affinity chromatography (Figure 3.5).
The amount of protein in the flow-through fraction (lane 1) was almost half that in each
of the wash and eluted fractions (lane 4-6). This result suggested there was weak
binding between the His-tag proteins and the Co-NTA resin. A large portion of protein
with the expected molecular weight for LbCas12a nuclease did not bind to the Co-NTA
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resin or was washed off during the washing step before elution, which resulted in a low
purification yield.

Figure 3.5. Analysis of the 150 kDa band intensity in the SDS-PAGE presented in
Figure 3.4. (A) Bands analysed for intensity by Image J indicated by the yellow boxes.
(B) Band intensity measurements in arbitrary unit (A.U.) for each fraction.
The pooled and concentrated fractions 4-6 (5 mL) was then loaded onto a HiLoad®
16/600 Superdex® 200 pg column (0-15 min) (Figure 3.6). The column was washed
with the running buffer (10 mM Tris-HCl, 30 mM NaCl, 10 mL MgCl2) (55-170 min),
while the bound proteins were separated and eluted based on their size.
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Figure 3.6. Representative LbCas12a purification using SEC following His-tag
affinity chromatography. The outlet stream from the column was continuously
monitored for absorbance (280 nm, red) and conductivity (blue). (I) The fractions eluted
from the His-tag column (fractions 4-6) were pooled, concentrated (5 mL) and loaded
onto the HiLoad® 16/600 Superdex® 200 pg column (0-15 min). (II) The column was
eluted with the elution buffer (10 mM Tris-HCl, 30 mM NaCl, 10 mM MgCl2, 15-55 min)
until a baseline absorbance was obtained. (III) Fraction were eluted with the elution
buffer and collected in 19 fractions (55-170 min).

Eluted fractions 1, 3-5, 7-10 from the SEC run were loaded onto an SDS-PAGE gel to
check for the presence of protein with a molecular weight around 150 kDa (Figure 3.7).
Fractions 3-5 contained protein bands with the desired size that could be the LbCas12a
nuclease. Thus, fractions 3-5 were pooled and concentrated further characterisation.
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Figure 3.7. SDS-PAGE analysis of the eluted fractions from SEC following His-tag
affinity chromatography. The loaded fraction (lane 1) and eluted fractions 1, 3-5, 7-10
(lane 3-10) were electrophoresed on a 4-12 % Bis-Tris gel and stained with Coomassie
blue. The molecular weight marker is shown in lane 2 with the size indicated on the left
of the image. The expected size of LbCas12a nuclease is indicated on the right of the
image.

According to the SDS-PAGE, the SEC isolated protein with a molecular weight around
150 kDa from the cell lysate that had been enriched by His-Trap affinity
chromatography with few other proteins. However, the binding capacity of the His-Trap
column for His-tagged protein was limited, resulting in a low separation efficiency for
the target protein.
3.2.2.2 Isolation by MBP-tag affinity chromatography followed by SEC
To improve the purification efficiency of the target protein, an MBP-tag affinity column
was used to replace the His-Trap column for first step of the purification. The soluble
fractions extracted from the E. coli cells were loaded onto the MBP-tag affinity column.
Proteins containing maltose-binding residues are expected to be captured by the
amylose resin while other molecules pass through the column. The bound fraction was
released from the MBP-tag affinity column using the elution buffer containing 10 mM
maltose (Figure 3.8).
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Figure 3.8. Representative LbCas12a purification using MBP-tag affinity
chromatography. The outlet stream from the column was continuously monitored for
absorbance (280 nm, red) and conductivity (blue). (I) The soluble fraction from induced
cells (150 mL) was loaded onto the column and the unbound fraction passed through
the column (0-300 min). (II) The column was washed with the washing buffer (20 mM
Tris-HCl, 200 mM NaCl, 1 mM EDTA; 300-320 min) until a baseline absorbance was
obtained. (III) The bound fraction was eluted with the elution buffer (20 mM Tris-HCl,
200 mM NaCl, 1 mM EDTA, 10 mM maltose; 320-360 min) and collected in 27 fractions.

The eluted fractions were characterised by SDS-PAGE (Figure 3.9). Two major bands
were detected in the eluted fractions with one band at approximately 200 kDa which
could be aggregates containing the LbCas12a nuclease while the lower band was
detected at approximately 40 kDa, which could be the MBP with a molecular weight of
about 42.5 kDa [179]. Eluted fractions 2-7 were pooled for further purification by SEC.
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Figure 3.9. SDS-PAGE analysis of the loaded, flow through, wash and eluted
fractions from MBP-tag affinity chromatography. The loaded fraction (lane 1), flowthrough fraction (lane 2), wash fraction (lane 3) and eluted fractions (lane 4-10) were
electrophoresed on a 4-12 % Bis-Tris gel and stained with Coomassie blue. The
molecular weight marker is shown in lane 11 with the size indicated on the left of the
image. The expected size of LbCas12a nuclease is indicated on the right of the image.

Fractions 2-7 were pooled and concentrated to a final volume of 5 mL through
ultracentrifugation and loaded onto the HiLoad® 16/600 Superdex® 200 pg column (020 min) (Figure 3.10). The bound proteins were separated and eluted by size with the
running buffer containing 10 mM Tris-HCl, 30 mM NaCl, 10 mM MgCl2 (75-240 min)
and 26 fractions were collected for further analysis.
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Figure 3.10. Representative LbCas12a purification using SEC following MBP-tag
affinity chromatography. The outlet stream from the column was continuously
monitored for absorbance (280 nm, red) and conductivity (blue). (I) The fractions eluted
from the MBP-tag affinity column (fractions 2-7) were pooled, concentrated (5 mL) and
loaded onto the HiLoad® 16/600 Superdex® 200 pg column (0-20 min). (II) The
column was eluted with the elution buffer (50 mM Tris-HCl, 30 mM NaCl, 10 mM MgCl2,
20-75 min) until a baseline absorbance was obtained. (III) Fractions were eluted with
the elution buffer and collected in 19 fractions (75-240 min).

The composition of fractions 1-3, 8-11, 13-15 that eluted from the SEC were analysed
using SDS-PAGE (Figure 3.11). The SDS-PAGE revealed that there were no visible
bands around 150 kDa in the loaded fraction while fractions 8-11 contained a band at
approximately 40 kDa. This indicated that the eluted fractions may not contain the
LbCas12a nuclease.
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Figure 3.11. SDS-PAGE analysis of the eluted fractions from SEC following MBPtag affinity chromatography. Loaded fraction (lane 1) and eluted fractions 1-3, 8-11,
13-15 (lane 3-12) were electrophoresed on a 4-12 % Bis-Tris gel and stained with
Coomassie blue. The molecular weight marker is shown in lane 2 with the size
indicated on the left of the image. The expected size of LbCas12a nuclease is indicated
on the right of the image.

Based on the SDS-PAGE results, the MBP-tag affinity column was not efficient at
isolating the LbCas12a nuclease from the E. Coli total cell lysate. One possible reason
may be protein aggregation which may have inhibited LbCas12a nuclease binding to
the column resin. Thus, the His-tag affinity chromatography was adopted as the first
step in the purification of LbCas12a nuclease.
To prove the presence of LbCas12a nuclease in the LbCas12a enriched samples,
Western blotting was performed on fractions 3-5 eluted from SEC as shown in Figure
3.7. The purified LbCas12a stored in buffer either containing 0.1 mM DTT (lane 1 and
4), or without DTT (lane 2 and 5) was compared to a commercial LbCas12a
preparation (lane 3 and 6) (Figure 3.12). Samples were loaded onto a 4 -12 % Bis-Tris
SDS-PAGE gel with either 2.5 (lane 1-3) or 1.25 µg (lane 4-6) added to each lane
(Figure 3.12). LbCas12a was detected in all samples at multiple molecular weights
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including the expected size of 150 kDa. This indicated the presence of LbCas12a in
aggregates greater than 150 kDa as well as in fragments smaller than 150 kDa, likely
indicating processing of the protein. The LbCas12a stored in buffer with DTT and
commercial LbCas12a showed fewer bands than the sample stored without DTT
possibly indicating reduced aggregation and fragmentation under these conditions.

Figure 3.12. The presence of LbCas12a nuclease in the purified protein samples
compared with commercial LbCas12a nuclease determined by Western blotting.
Approximately 2.5 µg protein (lane 1-3) were loaded on a 4-12 % Bis-Tris gel and
transferred to a PVDF membrane. The blot was incubated with a mouse anti-Cpf1
primary antibody (specific for LbCas12a) and subsequently incubated with an HRPconjugated anti-mouse secondary antibody. The exposure time was 10s. Molecular
weight standards were electrophoresed on the same gel and indicated on the left.

The concentration of purified LbCas12a was estimated to be 1 mg/mL by Nanodrop
spectroscopy and was in close agreement to that measured by the BCA at 0.95 mg/mL
(Figure 3.13). The Nanodrop result was used for further experiments due to its small
sample volume requirement. The LbCas12a nuclease was stored in buffer containing
25 % glycerol at a concentration of 0.72 mg/mL for further use.
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Figure 3.13. Estimation of LbCas12a protein concentration. (A) standard curve
obtained from BCA assay with the dashed line indicating the absorbance measured for
the diluted LbCas12a sample. The R2 for the linear relationship between protein
concentration and absorbance was 0.9817, indicating a good fit of the data; (B)
comparison of the concentration of LbCas12a measured by the Nanodrop and BCA.
Four batches of LbCas12a nuclease were purified from E. coli cell paste containing
expressed huLbCpf1 (Table 3.1), while the second batch used the MBP-tag affinity
chromatography as the first purification step with no yield of LbCas12a nuclease. The
first and fourth batches of LbCas12a nuclease were used in further activity assays.
Batch 4 of the LbCas12a nuclease was used in further HSPG2 modification on
extracted genomic DNA or cells.
Table 3.1. Yield of purified LbCas12a nuclease from different batches. Four
batches of LbCas12a nuclease were purified from various amounts of cell paste. The
protein concentration was measured by Nanodrop.

3.2.3 Activity of the purified LbCas12a nuclease
The activity of the purified LbCas12a nuclease was assessed is a collateral activity
assay (Figure 3.14). Briefly, dsDNA or ssDNA cleavage by activated LbCas12a was
triggered by the recognition of the target sequence by the gRNA. The fluorescence
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intensity change was captured when the fluorophore molecules were released from
quencher molecules after cleavage by the activated LbCas12a nuclease. The cleavage
activity of the various LbCas12a nuclease preparations was determined by comparing
the fluorescence signal change under the same reaction conditions.

Figure 3.14. Schematic of the LbCas12a collateral activity assay. The LbCas12a
nuclease was activated by the recognition of target DNA by gRNA. The nearby ssDNA
reporter was cleaved by the activated LbCas12a releasing the fluorophore from the
quencher, generating a change in fluorescence intensity [180]. (Created with
BioRender.com)

Using this collateral activity assay, the activity of purified LbCas12a stored either with
or without DTT was compared with the activity of commercial LbCas12a (Figure 3.15).
Purified LbCas12a stored with DTT exhibited the highest activity in this assay with 50fold higher signal than the commercial LbCas12a (p < 0.0001) at the end of the assay
(100 min). Similarly, purified LbCas12a stored without DTT exhibited 10-fold higher
signal than the commercial LbCas12a (p < 0.0001) at the end of the assay, however
this activity was significantly less than for LbCas12a stored with DTT (p < 0.0001).
Notably the fluorescence signal did not change throughout the measurement period in
the absence of LbCas12a indicating its requirement and validated that LbCas12a was
able to rapidly break ssDNA. Furthermore, DTT dramatically enhanced the DNA
cleavage performance of LbCas12a nuclease, which may be due to maintaining the
conformation of LbCas12a to efficiently bind with co-effectors, such as Mg2+ [181].
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Hence, the LbCas12a which was stored with DTT was used for further experiments.
The activity of each batch of the enriched LbCas12a nuclease was assessed through
the collateral cleavage assay. Batches 1 and 4 were used in subsequent experiments
as they had the highest activity in the collateral cleavage assays.

Figure 3.15. LbCas12a collateral activity assay with various LbCas12a nucleases.
The assay was performed with 250 nM LbCas12a nuclease, 500 nM gRNA, 1 µM
reporter ssDNA and 25 nM trigger ssDNA. The reaction was allowed to proceed at
37 °C for 100 min. (A) The fluorescence intensity was detected between 485 and 535
nm. (B) The fold change in fluorescence relative to LbCas12a stored without DTT at
100 min. Data are mean ± SD, n=3, p-values were calculated using one-way ANOVA
with Tukey’s test, *p < 0.05 compared to commercial LbCas12a.

The specificity of LbCas12a nuclease was examined using the collateral activity assay
in the presence of either the target ssDNA or a scrambled version of this target ssDNA
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(scrambled ssDNA), respectively (Figure 3.16). The target ssDNA activated the
LbCas12a-catalysed site-specific (cis) and non-specific (trans) cleavage of the reporter
ssDNA sequence while the collateral cleavage was not triggered by the scrambled
ssDNA as shown by a 40-fold difference in signal at the end of the assay (Figure
3.16B; p = 0.0048). Therefore, the purified LbCas12a nuclease was selective for the
target DNA sequence.

Figure 3.16. LbCas12a collateral activity assay induced by either target or
scrambled ssDNA. The assay was performed with 250 nM LbCas12a nuclease, 500
nM gRNA, 1 µM reporter ssDNA and 25 nM trigger ssDNA. Reactions was allowed to
proceed at 37 °C for 100 min. (A) The fluorescence intensity was detected between
485 and 535 nm. (B) The fold change in fluorescence relative to scrambled ssDNA at
100 min. Data are mean ± range, n=2, p-values were calculated using a student’s t-test,
*p < 0.05 compared to scrambled ssDNA.

To explore the concentration of target ssDNA required to activate the LbCas12a/gRNA
RNPs, the collateral activity assay was performed with ssDNA over the concentration
range of 0-50 nM (Figure 3.17). The ssDNA with a concentration lower than 200 pM
was unable to trigger the cis and trans cleavage activity of LbCas12a nuclease. In
comparison, concentrations of ssDNA greater than 1 nM generated an increase in
fluorescence intensity, showing that the LbCas12a-mediated cleavage was initiated.
These data indicated that the CRISPR/Cas12a system could detect and perform DNA
breaks on nanomolar levels in vitro.
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Figure 3.17. LbCas12a collateral activity assay as a function of target ssDNA
concentration. The collateral activity assay was performed with 250 nM LbCas12a
nuclease, 500 nM gRNA, 1 µM reporter ssDNA, 0-50 nM target ssDNA. Reactions
were allowed to proceed at 37 °C for 100 min after activation. Data are mean ± SD,
n=3.
3.2.4 Culture of E. coli expressing LwCas13a nuclease
The E. coli strain transformed with the humanised LwCas13a (huLwCas13a)
expression plasmid was grown in 1 L TB culture medium in shaker flasks for a smallscale production of LwCas13a nuclease. The E. coli were induced by IPTG when the
OD 600 reached 0.6 and harvested after 18 h. The cell paste yield was 25.2 g/L.
Analysis of the soluble and insoluble fractions from both uninduced and induced E. Coli
by SDS-PAGE indicated the existence of protein with the expected size for LwCas13a
of 150 kDa (Figure 3.18). The LwCas13a nuclease was co-expressed with 6xHis, Twin
Strep and SUMO tag, thus the expected size would be approximately 154.8 kDa [182].
The total cell protein and soluble fractions extracted from induced E. coli showed a
clear band at around 150 kDa (lane 3 and 4), while the fractions from uninduced
samples lacked the band at this molecular weight (lane 1 and 6). The band at around
150 kDa was not observed in either the uninduced or induced insoluble fractions (lane
5 and 7). This result indicated the presence of protein with the expected size of
LwCas13a nuclease in the soluble fractions from induced E. coli.
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Figure 3.18. SDS-PAGE analysis of the crude fractions produced from the pilot
scale culture of E. coli expressing the LwCas13a nuclease. Crude fractions from
the uninduced culture (lane 1, 6 and 7) and IPTG-induced culture (lane 3-5), that were
either the total cell protein (lane 1 and 3), the soluble fraction (lane 4 and 6) or the
insoluble fraction (lane 5 and 7) were electrophoresed on a 4-12 % Bis-Tris gel and
stained with Coomassie blue. The molecular weight marker is shown in lane 2 with the
size indicated on the left of the gel image. The expected size of LwCas13a nuclease is
around 150 kDa as indicated on the right of the gel image.
To produce a large amount of LwCas13a nuclease, the E. coli transformed with the
LwCas13a expression vector were grown and induced in 5 L TB culture medium in a
batch mode fermentation. The cell paste yield was 36.6 g/L. The fractions produced
from induced and uninduced samples were analysed via SDS-PAGE (Figure 3.19).
The total cell protein and soluble fractions from the induced E. coli (lane 3 and 4)
contained a band at the around 150 kDa, indicating the presence of the protein with the
desired molecular weight. In comparison, the total cell protein and soluble protein
extracted from uninduced samples (lane 1 and 6) did not show a clear band at this
molecular weight. These results illustrated that fermentation provided a good condition
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for E. coli cell growth and transformed vector expression, suggesting that there could
be a large amount of expressed LwCas13a present in the harvested cell paste. Thus,
the cell paste was collected and further purified for the LwCas13a nuclease.

Figure 3.19. SDS-PAGE analysis of the crude fractions produced from the
fermentation culture of E. coli expressing the LwCas13a nuclease. Crude fractions
from the uninduced culture (lane 1, 6 and 7) and IPTG-induced culture (lane 3-5), that
were either the total cell protein (lane 1 and 3), the soluble fraction (lane 4 and 6) or the
insoluble fraction (lane 5 and 7) were electrophoresed on a 4-12 % Bis-Tris gel and
stained with Coomassie blue. The molecular weight marker is shown in lane 2 with the
size indicated on the left of the gel image. The expected size of LwCas13a nuclease is
around 150 kDa as indicated on the right of the image.

3.2.5 Purification and characterisation of LwCas13a nuclease
The SDS-PAGE results (Figures 3.18 and 3.19) indicated that the LwCas13a nuclease
was likely in the soluble fractions. Therefore, the E. coli were lysed, and the soluble
fractions were pooled for further purification. As the LwCas13a nuclease was coexpressed with an 6xHis tag, thus the cell lysate was enriched by His-tag affinity
chromatography for the first-round purification. The soluble fraction produced from the
cell paste was loaded onto the column (2-52 min) (Figure 3.20). The column was
washed with the running buffer containing 20 mM imidazole (52-62 min) to remove any
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unbound proteins. The bound fraction was eluted from the column using the buffer
containing a high concentration of imidazole (62-82 min) with the eluted material
collected in 25 fractions.

Figure 3.20. Representative LwCas13a purification using a His-tag affinity
chromatography. The outlet stream from the column was continuously monitored for
absorbance (280 nm, red) and conductivity (blue). (I) The soluble fraction from induced
cells (250 mL) was loaded onto the column and the unbound fraction passed through
the column (2-52 min). (II) The column was washed with the washing buffer (50 mM
Na3PO4, 300 mM NaCl, 20 mM imidazole; 52-62 min) until a baseline absorbance was
obtained. (III) The bound fraction was eluted with the elution buffer (50 mM Na3PO4,
300 mM NaCl, 500 mM imidazole; 62-82 min) and collected in 25 fractions.

Fractions 3 – 12 which eluted from the His-tag affinity column were analysed via SDSPAGE to check for the presence of protein with a molecular weight of approximately
150 kDa which could be the LwCas13a nuclease (Figure 3.21). Fractions 3-12
contained an obvious band at approximately 150 kDa, indicative of the presence of
LwCas13a. Thus, fractions 3 -12 were pooled and concentrated for further purification.
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Figure 3.21. SDS-PAGE analysis of the eluted fractions from His-tag affinity
chromatography. Load fraction (lane 1), flow-through fraction (lane 2), wash fraction
(lane 3) and eluted fractions (lane 4-10) were electrophoresed on a 4-12 % Bis-Tris gel
and stained with Coomassie blue. The molecular weight marker is shown in lane 11
with the size indicated on the left of the image. The expected size of LwCas13a
nuclease is indicated on the right of the image.

The pooled and concentrated fraction (5 mL) was loaded onto a HiLoad® 16/600
Superdex® 200 pg column (Figure 3.22; 0-15 min) and fractions were eluted based on
the protein size with the running buffer containing 10 mM HEPES, 1 M NaCl, 5 mM
MgCl2, 2 mM DTT (65-240 min).

78

Chapter 3. Expression, purification and characterisation of LbCas12a and LwCas13a nucleases

Figure 3.22. Representative LwCas13a purification using SEC following His-tag
affinity chromatography. The outlet stream from the column was continuously
monitored for absorbance (280 nm, red) and conductivity (blue). (I) The fractions eluted
from the His-tag column (fractions 3-12) were pooled, concentrated, and loaded onto
the HiLoad® 16/600 Superdex® 200 pg column (0-15 min). (II) The column was eluted
with the elution buffer (50 mM Tris-HCl, 30 mM NaCl, 10 mL MgCl2, 15-65 min) until a
baseline absorbance was obtained. (III) Fractions were eluted with the elution buffer
and collected in 22 fractions (65-240 min).

As multiple absorbance peaks appeared during the SEC elution, the composition of
fractions 4-5, 7-9, 11-13 and 16-18 was analysed by SDS-PAGE (Figure 3.23). The
SDS-PAGE gel showed that fractions 4, 5 and 7, which were represented by the first
absorbance peak in the SEC chromatography, contained a single band at
approximately 150 kDa which could be the LwCas13a nuclease, while the other
fractions did not. Hence, fractions 4-7 were pooled, concentrated and stored for further
use.
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Figure 3.23. SDS-PAGE analysis of the eluted fractions from SEC following Histag affinity chromatography. The loaded fraction (lane 1) and eluted fractions 4-5, 79, 11-13, 16, 18 (lane 3-10) were electrophoresed on a 4-12 % Bis-Tris gel and stained
with Coomassie blue. The molecular weight marker is shown in lane 2 with the size
indicated on the left of the image. The expected size of LwCas13a nuclease is
indicated on the right of the image.
To confirm the presence of LwCas13a nuclease in the LwCas13a enriched samples,
Western blotting was performed on the pooled fractions 4-7 which eluted from the SEC
as shown in Figure 3.22 (Figure 3.24). A single band with a molecular weight of
around 150 kDa was observed in all samples, while the band intensity correlated to the
amount loaded. These data verified that LwCas13a nuclease was present in the
purified LwCas13a sample.
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Figure 3.24. The presence of LwCas13a nuclease in the purified protein samples
determined by Western blotting. Approximately 5 µg protein (lane 1), 2.5 µg protein
(lane 2) and 1.25 µg protein (lane 3) were loaded on a 4-12 % Bis-Tris gel and
transferred to a PVDF membrane. The blot was incubated with a mouse antiLwCas13a primary antibody and subsequently incubated with an HRP-conjugated antimouse secondary antibody. The exposure time was 1 min. The molecular weight
standards were electrophoresed on the same gel and indicated on the left.
Nanodrop was used to measure the concentration of the enriched LwCas13a nuclease
and estimated to be 0.64 mg/mL (Table 3.2). According to the structural information
from the expression vector, the actual concentration was calculated by inputting the
molecular weight, extinction coefficient and λ280 into the Beer-Lambert Law [183]. The
computed concentration for LwCas13a nuclease was 0.837 mg/mL. The final yield of
LwCas13a was estimated to be 1.14 mg from 25 g of cell paste. The LwaCas13a
enriched sample was stored in the buffer containing 25 % glycerol at a final
concentration of 0.67 mg/mL for further use.
Three batches of LwCas13a nuclease were purified from various amounts of E. coli cell
paste (Table. 3.2). The first and third batches of LwCas13a nuclease were used in
further activity assays. Batch 3 of the LwCas13a nuclease was used in HSPG2
modification on extracted RNA or cells.
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Table 3.2. Different batches of purified LwCas13a nuclease. Three batches of
LwCas13a nuclease were purified from various amounts of cell paste. The protein
concentration was measured by Nanodrop spectrophotometry.

3.2.6 Activity of the purified LwCas13a nuclease
The activity of the purified LwCas13a nuclease was assessed through a collateral
activity assay (Figure 3.25). When LwCas13a nuclease is activated by the recognition
of the target RNA sequence by the gRNA, the LwCas13a nuclease can cleave ssRNA
sequences. The fluorescence intensity change was captured when the fluorophore
molecules were released from quencher molecules after cleavage by the activated
LwCas13a nuclease. The cleavage activity and specificity of LwCas13a nuclease was
determined by comparing the fluorescence signal change under the same reaction
conditions.

Figure 3.25. Schematic of the LwCas13a collateral activity assay. The LwCas13a
nuclease was activated by the recognition of target ssRNA by gRNA. The nearby
ssRNA reporter was cleaved by activated LwCas13a releasing the fluorophore from the
quencher, generating a change in fluorescence intensity. (Created with BioRender.com)
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Using this collateral activity assay, the activity of purified LwCas13a was determined
(Figure 3.26). The target ssRNA triggered the cis and trans cleavage activity of the
LwCas13a nuclease, generating the highest activity in this assay with a 5-fold higher
signal than the reaction conditions without the target ssRNA (p = 0.0008). In contrast,
the scrambled ssRNA showed no obvious fluorescence intensity change over the
analysis period with no change in signal compared to the reaction conditions without
the target ssRNA (p < 0.05). These data demonstrate that the purified LwCas13a was
active and exhibited specificity.

Figure 3.26. Quantification of the fluorescence signal generated by LwCas13a
collateral activity assay varied with induced ssDNA. The detection assays were
performed with 200 nM LwCas13a nuclease, 100 nM gRNA, 500 nM reporter ssRNA
and 10 nM trigger ssRNA. Reactions was allowed to proceed at room temperature for
100 min. (A) The fluorescence intensity was detected between 485 and 535 nm. (B)
The fold change in fluorescence relative to no ssRNA target at 100 min. Data are mean
± SD, n=2, p-values were calculated using t-test, *p<0.05 compared to no ssRNA
target.
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3.3 Discussion
In the past decade, the CRISPR/Cas12a system has been harnessed as an alternative
and complementary gene modification technique to Cas9 nuclease due to its high
cleavage efficiency and comparatively low off-target effects [184]. Successful genome
editing using Cas12a nuclease in mammalian cells, mice, and plants has been widely
reported [185][91][186]. The LbCas12a nuclease was explored for HSPG2 gene
modification in cells in chapter 6 of this thesis, which was expressed from E. coli
transformed with the huLbCpf1 expression vector. In addition, the simplicity and
versatility of the CRISPR/Cas13a platform make it a promising tool for RNA targeting in
mammalian cells or nucleic acid detection systems [14][44]. In this study, the
LwCas13a nuclease was purified from E. coli cloned with the huLwCas13a expression
vector for RNA knockdown targeting the HSPG2 RNA in cells.
3.3.1 Effect of culture environment on the production of Cas nucleases
E. coli were cultured in shaker flasks to explore the suitable conditions for LbCas12a
nuclease expression, obtaining a cell paste yield of 16.3 g/L. Fermentation is a
commonly used approach for the large-scale growth of organisms for target protein
production, such as bacteria and yeast [187][188]. This project used a 5 L batch mode
bioreactor for transformed E. coli fermentation, producing a cell paste yield of 40 g/L.
The bioreactor provided an optimised environment for E. coli to continuously grow and
potentially produce LbCas12a nuclease in high-cell density. The continuous monitoring
and adjustment of the culture parameters, including temperature, pH and foam level,
allowed E. coli to rapidly proliferate under steady-state conditions [189]. In addition, the
high-speed agitation (500 rpm) brought sufficient DO2 into the growth medium, which
promoted O2 transfer and E. coli growth [190]. The results observed in LwCas13a
nuclease production using small-scale culture or fermentation was in line with that of
LbCas12a. Collectively, the large-scale fermentation could achieve a higher yield of
cells expressing the LbCas12a or LwCas13a nuclease, which was used as the final
culture method for E. coli.
3.3.2 Purification of Cas nucleases
Affinity chromatography is the most widely used method for the purification of
recombinant proteins from mixtures based on the specific interactions between
molecules, such as between nucleases and substrates or antibodies and antigens
[191]. The His-tag and MBP-tag affinity chromatography were employed in this study to
purify the 6His-MBP-huLbCas12a nuclease from crude cell extracts. The His-tag
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affinity chromatography purified His-tagged proteins through the affinity of histidine
residues for immobilized Co2+ ions in the column matrix [192]. There was a large
portion of His-tagged LbCas12a nuclease enriched from the total protein mixture, while
a higher amount of endogenous protein that contained histidine residues or Co2+binding motifs were also bound and co-eluted from the column (Figure 3.4). A gradient
of concentration of imidazole could be used in the further experiment to decrease the
non-specificity binding and improve the purity of the target protein obtained from the
eluted fractions. The binding capacity of the Co-NTA resin was limited by the copurified proteins, which decreased the purification efficiency of the target protein. A
certain amount of protein sample could be loaded onto the same SDS-PAGE gel in
future experiments to quantify the amount of the purified protein in each fraction. To
improve the purification efficiency, the MBP-tag affinity chromatography was used as
an alternative first step. The MBP-tagged proteins bound to the amylose resin and
were then eluted by competition with maltose (Figure 3.8) [193]. Notably, there were
fewer non-specifically bound proteins in the fractions eluted from the MBP-tag affinity
column, revealing a higher specificity and purification efficiency (Figure 3.9). The
majority of isolated protein exhibited a molecular weight of around 42.5 kDa, which was
assumed to be the MBP protein [179]. Therefore, the MBP encoded by the maIE gene
of E. coli or the 6xHis-MBP-huLbCas12a expression vector was enriched as the major
part in the eluted fractions rather than the LbCas12a nuclease [194].
SEC is a chromatographic technique in which the molecules in a mixture are separated
based on their size, which is normally used as the final step in protein purification [195].
There are a high number of contaminated proteins in the soluble fractions, which need
to be first isolated through affinity chromatography before loading onto the SEC
(Figure.3.4). The pooled His-tag fractions that contained the LbCas12a nuclease were
further purified by SEC. Analysis of eluted fractions revealed that LbCas12a nuclease
was the major product after the two-step purification (Figure 3.7). In comparison, MBP
fragments were the major products isolated through MBP-tag affinity chromatography
followed by SEC (Figure 3.11). Thus, His-tag affinity chromatography followed by SEC
was established as an efficient purification strategy for LbCas12a nuclease. This
method was also adopted for LwCas13a nuclease enrichment. Moreover, the additional
His-tag chromatography could be added after the two-step purification to further
improve the purity of target protein in future work.
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3.3.3 Nucleic acid cleavage activity and specificity of Cas nucleases
The LbCas12a nuclease has been produced from E. coli or mammalian cells using
various expression vectors for its broad application in gene editing, nucleic acid
detection and exploration of its ssDNA or dsDNA cleavage function [174][36][196][88].
The activity of purified LbCas12a nuclease was mainly assessed through two types of
in vitro cleavage assays. One common method is a two-step assay that combined the
ssDNA or dsDNA break performed by the purified LbCas12a nuclease using its ciscleavage activity and agarose gel analysis [197]. In addition, the fluorophore quencherlabelled reporter assay using the trans-cleavage function was also widely used for
confirming the activity of purified LbCas12a nuclease [36]. In this study, the fluorescent
reporter assay was utilised to evaluate the LbCas12a activity due to its simplicity.
The purified LbCas12a nuclease showed a high cis-cleavage efficiency on target
ssDNA in the collateral activity assay, which was comparable to the commercial
LbCas12a (Figure 3.15). Notably, the addition of DTT was crucial for the activity of
LbCas12a nuclease, which may be attributed to its role in preventing the formation of
disulphide bonds to maintain LbCas12a nuclease in an active state [198]. Moreover,
the activity assay illustrated that the purified LbCas12a nuclease possessed both high
specificity and sensitivity as it could discriminate the target ssDNA from a high number
of scrambled sequences and perform ssDNA cleavage on nanomolar levels.
Similarly, the LwCas13a nuclease has been purified for RNA targeting in mammalian
cells and nucleic acid detection using bacterial expression vectors [114][40]. In this
chapter, LwCas13a was expressed in E. coli and enriched through a two-step
chromatography purification method, while the activity of LwCas13a was evaluated by
the fluorescent reporter assay. The enriched LwCas13a nuclease possessed high
activity and showed a comparable on-target cleavage efficiency and detection
sensitivity as previously described (Figure 3.26) [114]. Furthermore, no signal change
was detected with the use of a scrambled ssRNA demonstrating that the purified
LwCas13a nuclease was capable of precise binding and cleavage of targeted ssRNA.
Collectively, the LwCas13a nuclease maintained a high level of activity through the
enrichment process and performed high-fidelity RNA targeting in the collateral
cleavage assay, which could be used as a tool for future in vitro RNA editing.
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3.4 Summary
In this chapter, the production of LbCas12a and LwCas13a nucleases from E. coli
using two different culturing approaches was compared. The large-scale fermentation
provided a higher cell paste yield than the flask culture by virtue of the optimal growth
conditions. The fermentation yield of LbCas12a nuclease was between 0.05-0.2 g/g of
the cell paste, while the yield was 0.1-0.2 g/g for LwCas13a nuclease. The His-tag
chromatography combined with SEC was developed as an effective purification method
for both LbCas12a and LwCas13a nucleases with relatively high yield and purity. The
cleavage efficiency and specificity of enriched LbCas12a nuclease was investigated
through the collateral activity assay. The LbCas12a was capable of high-fidelity target
ssDNA cleavage with high sensitivity. Strikingly, the performance of the purified
LbCas12a nuclease was dramatically enhanced after storage with DTT. Similarly, the
LwCas13a nuclease was enriched from the cell paste through the two-step purification
approach. The purified LwCas13a nuclease showed high ssRNA cleavage with both
high sensitivity and specificity in the collateral cleavage assay. In summary, the
enriched LbCas12a and LwCas13a nucleases were produced with high purity and sitespecific endonuclease function, providing useful tools for further nucleic acid editing
experiments.
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Chapter 4. Guide RNA design
4.1 Introduction
In the CRISPR/Cas system, the gRNA is a ssRNA sequence composed of both crRNA
and scaffold tracrRNA fragments to guide Cas nucleases to perform site-specific
nucleic acid editing [28]. PAM recognition is required for the majority of DNA cleavage
CRISPR/Cas systems, such as CRISPR/Cas9 and CRISPR/Cas12, which varies
between different bacterial strains and Cas nucleases. The PAM sequence for
LbCas12a nuclease is a 5’-TTTN motif (N could be A, T, C or G) [31]. For the RNA
cleavage system, such as the CRISPR/Cas13 system, the sequence constraint was
determined for some Cas nucleases, referred to as a protospacer flanking sequence
(PFS), which is analogous to the PAM sequence for Cas9 and Cas12 nucleases [40].
For LwCas13a nuclease, there is no specific PFS sequence required to initiate the
target RNA cleavage. While designing the crRNA sequence for LbCas12a nuclease,
the on-target efficiency evaluates the probability of specific genome editing and the offtarget efficiency reflects the inverse probability of DNA cleavage on unintended
genome sites; the two major factors that need to be considered. There are many
design tools available for screening the potential crRNA sequences with optimal ontarget and off-target scores, including Benchling, CRISPOR and CHOPCHOP. Both
Benchling and CRISPOR were used in this chapter to design the optimal crRNA
sequence targeting intron 1 and exon 2 of the HSPG2 gene. For CRISPR/Cas13
system, no software is available to design the crRNA sequence. Thus, the crRNA
sequence targeting exon 2 of the HSPG2 transcript was designed manually through
selection of the targeting region with a minimal secondary structure. Finally, the
scaffold structures for both LbCas12a and LwCas13a were chosen according to the
literature [199][200], and the designed gRNA sequences were referred to as gRNA1
and gRNA2, respectively.
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4.2 Results
4.2.1 Guide RNA design for in vitro gene knockout using the CRISPR/Cas12a
system
The LbCas12a nuclease enables precise genome editing while forming functional
complexes with specific gRNA. The targeting of specific sites in the genome by
LbCas12a nuclease requires the recognition of a PAM sequence: 5’-TTTN-3’ where N
can be any base (A, T, C or G) [201]. Two design tools were used to screen for
potential targeting sites in the gene for human perlecan, HSPG2 (Table 4.1). Benchling
was chosen first to predict the potential crRNAs targeting the specific region of the
HSPG2 genome (part of intron 1, exon 2 and intron 2) due to its larger input sequence
(5,000 bp). The targeting regions in Benchling and CRISPOR and the specific sites
targeted by three predicted crRNAs are shown in Figure 4.1.
Table 4.1. Selected software tools for crRNA design.
Software
name

Features

Website access

Benchling

Provides potential target sites and forms crRNA
sequences for Cas nucleases, for a targeting
region up to 5000 bp. The on-target and off-target https://www.benc
scores are predicted for Cas9 nuclease, while only hling.com/
off-target efficiency can be scored for LbCas12a
nuclease [202].

CRISPOR

Designs guide sequences for various Cas
nucleases with a genomic sequence input (up to
http://crispor.tefor
2300 bp), including LbCas12a, which also
.net/
provides multiple scores evaluating the accuracy
and efficiency of potential crRNAs [203].

Figure 4.1. crRNA design for LbCas12a nuclease. The Benchling and CRISPOR
tools were used to design LbCas12a crRNAs targeting the HSPG2 genome (part of
intron 1, exon 2 and intron 2), with 5,000 bp and 2,300 bp genome sequences as target
regions, respectively.
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The CRISPR RNAs (crRNAs) targeting the HSPG2 gene (Gene ID: 3339) were
designed using Benchling with the PAM recognition sequence. Part of intron 1 and all
of exon 2 and intron 2 (total of 5,000 bp) of HSPG2 were chosen as the target region,
with three corresponding 22 bp gRNAs identified which targeted regions of exon 2
(Table 4.2). The off-target efficiency was predicted, with a higher off-target score
indicating a higher specificity. In addition, two of the crRNAs targeted the sense strand
(+) of the gene, while the other one targeted the antisense strand (-).
Table 4.2. Designed 22 bp gRNA sequences targeting HSPG2 exon 2 (NCBI
accession: NG_016740) using Benchling. (Part of intron 1 and all of exon 2 and intron
2 of HSPG2 was chosen as the target region, which was 5,000 bp in total).
gRNA
sequence

Target
strand

Guide sequence (5’-3’)

PAM
sequence

Off-target
score [204]

1

+

CTTACAGGTGACCCATGGGCTG

TTTG

49.3

2

-

GCTTGCTGTGACGGTCTCTATG

TTTG

49.4

3

+

TGATGATGAGGACATGCTGGCT

TTTC

47.9

To further evaluate the efficiency of the crRNAs designed by Benchling, CRISPOR was
used to confirm the potential crRNAs targeting the same region of the HSPG2 gene
(Table 4.3). The same crRNAs were designed but with a length of 23 bp. CRISPOR
provides additional assessment of the on-target efficiency and potential off-target loci.
CRISPOR predicted the potential off-target sites against the whole genome with a
tolerance of up to four mismatches. There were no sites in the genome containing 0, 1,
2 or 3 mismatches with the selected crRNAs. When the allowable mismatches were
increased to 4 bp, crRNA sequences 2 and 3 had 2 and 4 possible off-targets,
respectively. Taken together, crRNA sequence 1 was expected to provide the best
performance for HSPG2 modification considering its on-target and off-target scores.
The scaffold structure for LbCas12a gRNA was as described and tested in the previous
collateral activity assay (Figure 3.15) [199]. Thus, the gRNA composed of crRNA
sequence 1 and the corresponding scaffold sequence (referred as gRNA1) was
selected and used for further in vitro experiments.

90

Chapter 4. Guide RNA design

Table 4.3. Comparison of 23 bp gRNA sequences targeting HSPG2 exon 2 (NCBI accession: NG_016740) using CRISPOR. (Part of intron
1 and all of exon 2 and intron 2 of HSPG2 was chosen as the target region, a total length of 2,300 bp.) The on-target efficiency represents the
predicted probability of specific genome editing, which was assessed through the Doench 2016 score model [203]. The off-target score
indicated the inverse probability of DNA cleavage on unintended genome sites, which was computed with the screening results of the whole
genome.
gRNA
Target
Sequence strand

Efficiency score

Guide Sequence

PAM
sequence

Ontarget
[206]

Offtarget
[207]

Off-targets with 4
mismatches [205]

1

+

CTTACAGGTGACCCATGGGCTGA

TTTG

56

71

0

2

-

GCTTGCTGTGACGGTCTCTATGT

TTTG

64

70

2

3

+

TGATGATGAGGACATGCTGGCTG

TTTC

44

71

4
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4.2.2 Guide RNA design for in vitro RNA knockdown using CRISPR/Cas13a
system
The 27-nucleotide gRNA for Cas13a was designed for RNA modification of HSPG2
exon 2 transcripts in vitro (Figure 4.2A). In mammalian cells, there is no specific
protospacer flanking sequence (PFS) required for LwCas13a nuclease to initiate the
target RNA cleavage [40]. However, LwCas13a lacks the ability to unwind the
secondary structure of RNA, which limits its cleavage efficiency on highly-fold RNA
strands [41]. The secondary structure of the targeting region in the HSPG2 transcript
(part of exon 1, all of exon 2 and part of exon 3, 156 nucleotides in total) was predicted
with the RNAfold tool (Figure 4.2) [208]. The minimum free energy (MFE) structure of
the target RNA sequence was computed with the lowest free energy based on the
loop-based energy model (Figure 4.2B). In addition, the centroid structure was
predicted with the minimum base pair distance to the other double-strand structures
(Figure 4.2C) [209]. Both predicted structures contained a similar low pairing
probability area (marked with the yellow circles) at the distal end of the high-folded
regions. In comparison, the nucleotides in this region had a lower chance of forming
secondary structures and a higher possibility of being presented as a single strand than
those in other areas. Thus, the crRNA for LwCas13a nuclease was designed to target
this region in the HSPG2 transcript RNA. Moreover, the scaffold sequence for
LwCas13a nuclease binding was chosen as described due to its application in glioma
cells [200]. Altogether, the gRNA for LwCas13a nuclease which consisted of the crRNA
and corresponding scaffold sequence (referred to as gRNA2) was produced by Sangon
Biotech and used for further in vitro experiments.
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Figure 4.2. HSPG2 mRNA secondary structure predicted by RNAfold. (A) The
predicted secondary structure for the target region of the HSPG2 mRNA and the gRNA
targeting site for LwCas13a nuclease. (B) MFE secondary predicted structure. (C)
Centroid secondary predicted structure. The structures were shown in plain sequence
and base-pairing possibilities. The colour intensity displayed in the left side bar chart
represented the nucleotide base-pair probabilities from 0 to 1, which corresponded to
the probabilities in the unpaired regions. The RNA region marked with the yellow circle
showed the gRNA targeting region for LwCas13a nuclease.

4.3 Discussion
The CRISPR/Cas12 system has been harnessed as a universal tool for genome editing
of human cells and organisms owing to its high targeting efficiency and accuracy [52].
Although an extremely low off-target effect can be observed for CRISPR/Cas12
genome editing [210], it is still a concern for both in vitro and in vivo genome editing.
The design of crRNA with the lowest predicted off-target sites is the simplest way to
minimise the potential modification of unintended genome sites.
The Benchling and CRISPOR software platforms were used in this chapter to detect
the HSPG2 genome sites with a T-rich PAM sequence that can be modified by
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LbCas12a nuclease. However, each software has inherent strengths and drawbacks.
Benchling was able to receive an input sequence of up to 5,000 bp to screen for target
sequences and predict their off-target scores, which could potentially provide more
crRNA in the same genome region with lower off-target scores. However, the on-target
efficiency was not available in Benchling for the target region. In comparison,
CRISPOR was able to receive an input sequence of up to 2,300 bp, resulting in less
predicted crRNA sequences in contrast to Benchling. Nonetheless, CRISPOR could
evaluate the on-target efficiency for listed crRNA based on the Doench 2016 score
model [203], indicating the probability of specific genome editing. Moreover, the
potential off-target loci in the whole genome were provided for the designed crRNA as
well as the off-target scores. The results from Benchling and CRISPOR provided a
comprehensive assessment on the three designed crRNAs targeting HSPG2 in the
region of intron 1 and exon 2 in terms of the on-target efficiency and off-target effects.
The crRNA1 was chosen due to its relatively high performance in both efficiency and
accuracy prediction. The gRNA1 was composed of crRNA1 and tested scaffold
structure, thus was expected to perform effective RNA-guided site-specific genome
editing in complex with the LbCas12a nuclease.
The CRISPR/Cas13 was first discovered in 2016 as an RNA-guided RNA-targeting
system and could be programmed to cleave specific ssRNA sequences [41]. In
contrast to the CRISPR/Cas12 system, the Cas13 platform is relatively new, and few
tools are available to predict the potential crRNA sequences for specific RNA targeting.
The RNAfold platform was used to predict the secondary structure of the exon 2
sequence of the HSPG2 transcript. Using this platform, both the MFE and centroid
structures indicated that crRNA could not be designed to completely avoid base-pairing
effects. Thus, the RNA region with the lowest pairing probability in exon 2 of HSPG2
transcript was chosen as the target sequence. The final gRNA sequence was formed
from the designed crRNA sequence and the scaffold structure as described in the
literature for CRISPR/Cas13 modification of glioma cells [200].

4.4 Summary
In this chapter, the Benchling and CRISPOR tools were used to screen the possible
targeting loci in the HSPG2 genome for LbCas12a nuclease. The formed crRNA
sequences were evaluated through the potential on-target and off-target performance.
The gRNA1 sequence that consisted of crRNA1 and corresponding scaffold fragments
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was used for further HSPG2 gene modification using the CRISPR/Cas12a system. In
addition, the crRNA targeting exon 2 of the HSPG2 transcript for LwCas13a nuclease
was manually designed with minimal base-paring effects. The gRNA2 composed of
designed crRNA and the scaffold structure was designed for further RNA-targeting
experiments using the CRISPR/Cas13a system.
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Chapter 5. HSPG2 DNA and RNA editing using
CRISPR/Cas systems
5.1 Introduction
In this chapter, the collateral activity assay was further recruited to explore the
cleavage efficiency and specificity of the CRISPR/Cas12a and CRISPR/Cas13a
systems on target HSPG2 exon 2 DNA and RNA sequences. DNA extracted from
MM200 cells was amplified with HSPG2 exon 2 (HE2A) primers through PCR. The
PCR product was used as the trigger in the collateral cleavage assay in which the
LbCas12a/gRNA1 RNPs performed dsDNA break on the target sequence. The
fluorescence signal change was generated by the activated LbCas12a nuclease in
the presence of target dsDNA sequence. For the CRISPR/Cas13a system, the
synthesised HSPG2 exon 2 RNA sequence was first used as the target to evaluate
the cleavage activity of the LwCas13a/gRNA2 RNPs. Furthermore, RNA derived from
MM200 cells was used as the target in the Cas13a cis-cleavage assay. The reaction
components were deactivated after the reaction and then used for cDNA synthesis.
The cDNA was then amplified with HSPG2 exon 2 (HE2B) primers and characterised
through

agarose

gel

electrophoresis.

Finally,

the

performance

of

the

LwCas13a/gRNA2 RNPs was determined by both the collateral activity and ciscleavage assays.

5.2 Results
5.2.1 Optimisation of annealing temperature (Ta) for HSPG2 primers
The HSPG2 exon 2 (HE2A) primers were designed to amplify the Cas12a target
region. The Ta was optimised by performing PCR reactions with Ta in the range of 60
to 65 °C. The PCR products were then analysed by agarose gel electrophoresis
(Figure 5.1). The PCR products obtained all showed a clear band at approximately
300 bp, indicating the effective amplification of a DNA fragment at the expected size.
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Densitometric analysis indicated that the band in lane 6 had the highest intensity.
Thus, a Ta of approximately 61°C was selected for further experiments.

Figure 5.1 Determination of optimal Ta for HSPG2 exon 2 (HE2A) primers. DNA
derived from MM200 cells was isolated, which was then amplified using HE2A
primers with Ta in the range of 60-65°C and electrophoresed on 1.5% (w/v) agarose
gels (lanes 1-8). Products from a GADPH primer set were also electrophoresed on
the gel to indicate the same amount of DNA was loaded (lane 11). The negative
control for each group with no input of DNA template was loaded (lanes 9 and 12).
The base pair standards are indicated on the left and shown in lane 10. (B) Band
intensity measurements in arbitrary unit (A.U.) for each band using Image J.

Similarly, the Ta for the HSPG2 exon 2 primers (HE2B) designed for the Cas13a
target site was optimised in the range of 59 to 64°C. As the LwCas13a nuclease
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would be used for RNA modification, the cDNA synthesised from RNA derived from
MM200 cells was used in the reaction. The PCR products were characterised with
agarose gel electrophoresis (Figure 5.2). The PCR products obtained with various Ta
(lanes 1-8) all contained a major band at the expected size of approximately 300 bp.
Densitometric analysis indicated that lanes 1 and 2 contained the highest intensity
band at 300 bp, thus the optimal Ta was 63.6 - 64.0°C.

Figure 5.2 Determination of optimal Ta for HSPG2 exon 2 (HE2B) primers. (A)
DNA derived from MM200 cells was isolated, which was then amplified using HE2B
primers with Ta in the range of 59-64°C and electrophoresed on 1.5% (w/v) agarose
gels (lanes 1-8). Products from a GADPH primer set were also electrophoresed on
the gel to indicate the same amount of DNA was loaded (lane 11). The negative
control for each group with no input of DNA template was loaded (lanes 9 and 12).
The base pair standards are indicated on the left and shown in lane 10. (B) Band
intensity measurements in arbitrary unit (A.U.) for each band using Image J.
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5.2.2 Editing of HSPG2 DNA using LbCas12a nuclease
The

double

stranded

cleavage

on

HSPG2

exon

2

target

site

by

the

LbCas12a/gRNA1 RNPs was investigated. The HSPG2 exon 2 primer (HE2A) was
designed to amplify the HSPG2 fragments containing the LbCas12a targeting region,
as shown in Figure 5.3. Total genomic DNA extracted from MM200 cells was
amplified using HE2A primers and loaded onto 1.5% (w/v) agarose gels for analysis
(Figure 5.4 A). A single band at approximately 300 bp (lane 1) indicated the specific
amplification of the target HSPG2 sequence. The amplified dsDNA was then used as
the trigger in the collateral cleavage assay to assess the cis-cleavage activity of
LbCas12 on the HSPG2 target site (Figure 5.4 B, C). A gradient amount of
LbCas12a/gRNA1 RNPs (the ratio of LbCas12a and gRNA1 concentration was 2:1)
was used to recognise the target dsDNA and perform DSB while the trans-cleavage
activity was also activated, generating a fluorescent signal. The highest concentration
of LbCas12a (1 µM) showed the highest activity with a 330-fold higher signal than in
the absence of LbCas12a (p = 0.0224) at the end of the assay. Similarly, 250 nM
LbCas12a exhibited a 7-fold higher signal than in the absence of LbCas12a (p =
0.0135) at the end of the assay. However, 500 nM LbCas12a did not have a
significant change (p = 0.1523) compared to the control group due to the large
standard deviation, however the signal change over time indicated the efficient
cleavage of the target sequence by the LbCas12a/gRNA1 RNPs. These results
demonstrated that the LbCas12a/gRNA1 RNPs were capable of double stranded
cleavage of HSPG2, indicating its potential for effective genome editing.

Figure 5.3. Primer design for amplification of HSPG2 exon 2 genome sites
targeted by LbCas12a nuclease. The forward primer is located in intron 1 and the
reverse primer is located in intron 2 of the HSPG2 genome. The expected size of the
amplified PCR product is 305 bp.
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Figure 5.4. Cleavage of amplified HSPG2 fragments using LbCas12a nuclease.
(A) DNA derived from MM200 cells was isolated, amplified using HSPG2 exon 2
primers and electrophoresed on a 1.5% (w/v) agarose gel (lane 1). Products from the
GADPH primer set were also electrophoresed on the gel to indicate the same
amount of DNA was loaded (lane 3). The negative control for each group with no
input of DNA template were loaded (lanes 2 and 5). Base pair standards are
indicated on the left and shown in lane 3. (B) Quantification of the fluorescent signal
generated by the LbCas12a collateral activity assay. The collateral cleavage assay
was performed with various amounts of LbCas12a nuclease and gRNA1 with a 2:1
ratio, 200 nM reporter ssDNA and 2 µL 10 times diluted PCR products. Reactions
were allowed to proceed at room temperature for 100 min. The control did not
contain LbCas12a nuclease. The fluorescence intensity was detected at
excitation/emission wavelengths of 485/535 nm. The fluorescence intensity was
detected at 535 nm. (C) The fold change in fluorescence at 100 min relative to the
control was computed. Data are mean ± SD, n = 2, p-values were calculated using a
student’s t-test, *p < 0.05 compared to the control.

To further evaluate the targeting specificity of the CRISPR/Cas12 system, the
reversed gRNA (rgRNA) was designed that was partly complementary to the nontarget strand instead of the target strand of the specific HSPG2 exon 2 genome sites
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(as determined in Section 4.2.1) (Figure 5.5B). The scaffold structure of rgRNA
remained the same as that of gRNA1.

Figure 5.5. Diagram of reversed gRNA (rgRNA) designed for specificity test. (A)
The gRNA1 designed in Section 4.2.1 was partly complementary to the target strand
of HSPG2 exon 2. (B) The reversed gRNA (rgRNA) was formed to be partly
complementary to the non-target strand of the same genome site, while the scaffold
structure remained the same as the gRNA1. (Created with BioRender.com)

The collateral activity assay was performed with the rgRNA while a gradient amount
of PCR product amplified with HE2A primers used as targets to trigger the cis- and
trans-activity of LbCas12a nuclease (Figure 5.6). All three experimental groups as
well as the control group that did not contain the trigger molecules showed no
significant

florescent

intensity

change

in

the

assay,

illustrating

that

the

LbCas12a/rgRNA RNPs were not activated. This indicated that the LbCas12a
nuclease did not perform dsDNA break on genome sites in the absence of the PAM
sequence. Altogether, these data demonstrated that the developed CRISPR/Cas12a
system was able to perform efficient cleavage on desired dsDNA sequences with
high specificity.
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Figure 5.6. Cleavage of amplified HSPG2 fragments using LbCas12a/rgRNA
RNPs. Quantification of the fluorescent signal generated by the LbCas12a collateral
activity assay. The assay was performed with 250 nM LbCas12a nuclease, 500 nM
rgRNA and 1 µM reporter ssDNA. A gradient amount of PCR product was used as
the trigger (0, 0.5, 1, 2 µL). The reaction was allowed to proceed at 37 °C for 80 min.
The fluorescence intensity was detected at excitation/emission wavelengths of
485/535 nm. Data are mean ± range, n=2.
5.2.3 Editing of HSPG2 RNA using LwCas13a nuclease
To test the cleavage activity of the designed LwCas13a/gRNA RNPs on the
synthesised HSPG2 RNA, the collateral cleavage assay was performed with a
gradient amount of LwCas13a/gRNA (the ratio of LwCas13a and gRNA2
concentration was 2:1) triggered by the target HSPG2 ssRNA (Figure 5.7). All
concentrations of LwCas13a/gRNA2 RNPs cleaved the ssRNA target while the
highest dose of LwCas13a (400 nM) regenerated the highest fluorescence intensity
change over the analysis period, which was 470-fold higher than the control (p =
0.0028). The 100 and 200 nM LwCas13a achieved 78- (p = 0.0003) and 275-fold (p =
0.0088) higher fluorescence intensity change than without LwCas13a at 40 min.
These data illustrated that the synthesised gRNA2 could form a functional complex
with LwCas13a nuclease and perform site-specific ssRNA breakage targeting
HSPG2 RNA transcripts.
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Figure 5.7. Cleavage of synthesised HSPG2 RNA target using LwCas13a
nuclease. (A) Quantification of the fluorescent signal generated by the LwCas13a
collateral activity assay. The assays were performed with various amounts of
LwCas13a nuclease and gRNA with a 2:1 ratio, 500 nM reporter ssRNA and 10 nM
ssRNA target. The control did not contain LwCas13a nuclease. The fluorescence
intensity was detected at excitation/emission wavelengths of 485/535 nm. (B) The
fold change in fluorescence intensity relative to the control at 40 min. Data are mean
± SD, n=2, p-values were calculated using a student’s t-test, *p<0.05 compared to
the control group.
The collateral activity assay was also performed with a gradient concentration of
HSPG2 ssRNA to evaluate the activity of LwCas13a/gRNA2 (Figure 5.8). The lowest
amount of ssRNA target (5 nM) was able to activate the CRISPR/Cas13 system with
a 135-fold higher fluorescence intensity than the control which did not contain the
target ssRNA (p < 0.0001) at 40 min after initiation. The highest dose of ssRNA
target (100 nM) achieved the highest fluorescence intensity change, which was 333fold (p = 0.0010) higher than without ssRNA target. In addition, 10-40 nM ssRNA also
showed a significant fluorescence intensity change compared to without ssRNA (p <
0.005). These results indicated that the assembled LwCas13a/gRNA2 RNPs had
high activity and sensitivity to cleave the target ssRNA.
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Figure 5.8. Quantification of the fluorescence signal generated by LwCas13a
assay varied with an input amount of ssRNA target. (A) The collateral activity
assays were performed with 200 nM LwCas13a nuclease, 100 nM gRNA, 500 nM
reporter ssRNA and various amount of synthesised HSPG2 exon 2 ssRNA target.
Reactions were allowed to proceed at room temperature for 100 min. The control did
not contain the target ssRNA. The fluorescence intensity was detected at
excitation/emission wavelengths of 485/535 nm. (B) The fold change in fluorescence
intensity relative to the control at 40 min. Data are mean ± SD, n=2, p-values were
calculated using a student’s t-test, *p<0.05 compared to the control.
5.2.4 Nucleic acid editing on extracted RNA targeting HSPG2 gene
The cleavage activity of the LwCas13a/gRNA2 RNPs was assessed on RNA
extracted from MM200 cells. The extracted RNA (2 µL) was used as the target in the
detection assay with different reaction conditions to check the specificity of the assay
via the absence of either LwCas13a or gRNA or both (Figure 5.9). The reaction
products were used as template for cDNA synthesis and then amplified using HSPG2
exon 2 (HE2B) primers (Figure 5.9). The gel image showed a clear band with the
expected size at around 260 bp for the GAPDH product in each condition (lanes 3, 7,
12 and 16), confirming the successful synthesis and amplification of cDNA from the
RNA products. For the HSPG2 product, there was a single band detected at the
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expected size of approximately 300 bp for each of the control conditions (lane 1, 5,
10), while there was no band observed when both LwCas13a and gRNA were
present (lane 14). This indicated that the RNA target (HSPG2 exon 2) was
recognised and cleaved by the LwCas13a/gRNA2 RNPs, demonstrating that the
designed LwCas13a/gRNA2 was specific for the target HSPG2 ssRNA transcript.
Notably, the intensity of the HSPG2 product in lane 5 was less than in lanes 1 and 10
which is speculated to be due to the presence of the LwCas13a nuclease in the
cDNA synthesis reaction. Thus, the LwCas13a/gRNA2 RNPs were expected to
achieve efficient RNA modification of HSPG2 exon 2 when transfected into cells.

Figure 5.9. Cleavage of HSPG2 exon 2 RNA sequence using the
CRISPR/Cas13a system. RNA derived from MM200 cells was isolated and used as
the target in the CRISPR/Cas13a cis-cleavage assay with a 20 µL reaction volume
(200 nM LwCas13a nuclease, 100 nM gRNA, 2 µL extracted total RNA). The reaction
was allowed at 37 °C for 60 min. The reaction products from 4 groups were used for
cDNA synthesis and then amplified using HSPG2 exon 2 (HE2B) primers and
electrophoresed on 1.5% (w/v) agarose gels (lanes 1, 5, 10 and 14). Products from
the GADPH primer set were also electrophoresed on the gel to indicate the same
amount of cDNA was loaded (lanes 3, 7, 12 and 16). The negative control for each
group was performed with no input of cDNA template (lanes 2, 4, 6, 8, 11, 13, 15 and
17). Base pair standards are indicated on the left and shown in lane 9.

5.3 Discussion
5.3.1 dsDNA cleavage of the HSPG2 gene by the LbCas12a/gRNA1 RNPs
The collateral cleavage assay for the CRISPR/Cas12a system, which was
established in Section 3.2.3, was used in this chapter to characterise the
performance of the LbCas12a/gRNA1 RNPs in specific targeting of HSPG2 genome
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sequences. The detection limit for this assay was determined to be at the nanomolar
level. Thus, in the experiments presented in this chapter the target region of HSPG2
the genome sequence was amplified before being used as the trigger in the assay.
The significant change in fluorescence intensity in this assay demonstrated that the
LbCas12a/gRNA1 RNPs were only activated by the PCR products that contained the
amplified target dsDNA and performed efficient double-strand cleavage of this target.
These data indicated that the enriched LbCas12a nuclease was capable of both
specific ssDNA and dsDNA cleavage as previously reported [37]. The trans-cleavage
activity of LbCas12a could be initiated by the binding of specific ssDNA with no
requirement for the PAM sequence (Figure 3.16). Alternatively, the T-rich PAM
sequence recognition was required by LbCas12a nuclease to target the specific
dsDNA substrate and activate the cis- and trans-cleavage function, which may
contribute to a higher targeting efficiency (Figure 5.4 and 5.6) [211]. Furthermore,
the lack of change in fluorescence intensity in the collateral activity assay performed
with LbCas12a/rgRNA RNPs demonstrated the established CRISPR/Cas12a system
exhibited high specificity.
5.3.2 ssRNA cleavage on HSPG2 transcripts by the LwCas13a/gRNA2 RNPs
The collateral cleavage assay for the CRISPR/Cas13a system, which was
established in Section 3.2.6, was used in this chapter to establish the ability of the
LwCas13a/gRNA2 RNPs to cleave target HSPG2 RNA transcripts. Two collateral
activity assays were performed with synthesised HSPG2 RNA sequences as triggers;
one was with a varied input amount of LwCas13a/gRNA2 RNPs while the other was
with a gradient concentration of ssRNA target. The results demonstrated that the
LwCas13a/gRNA2 RNPs could perform efficient cleavage of the target ssRNA
(HSPG2 exon 2). Notably, the cleavage of target ssRNA by the LwCas13a/gRNA2
RNPs resulted in a maximum fluorescence intensity within 40 min after which the
fluorescence intensity started to decrease. This change in fluorescence intensity was
different to the other such assays presented in this chapter where fluorescence
intensity increased throughout the measurement period. This difference may be a
result of different binding mechanisms of the different scaffold structures in the gRNA
sequences with the Cas12a system containing a PAM sequence and the Cas13a
system adopting a PFS motif. Apart from the collateral activity assay, the ciscleavage activity of the LwCas13a/gRNA2 RNPs was further assessed on total RNA
extracted from MM200 cells. Although the obtained LOD (10 nM) in the collateral
cleavage assay was not as low as previously reported in SHERLOCK system (50 fM),
the cis-cleavage assay further confirmed the adequate activity and sensitivity of
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LwCas13a/gRNA2 RNPs for HSPG2 RNA modification [114]. Furthermore, the
LwCas13a/gRNA RNPs showed efficient modification of the target HSPG2 RNA,
which was not impacted by the scrambled sequences in total RNA substrate. This
indicated that the established CRISPR/Cas13a system exhibited high specificity,
which paved the way for further site-specific RNA modification in mammalian cells.
5.3.3 The potential application of HSPG2 biosensing platforms
In combination with various nucleic acid amplification techniques, the Cas12 or
Cas13-based biosensing systems have been also harnessed for diagnostic platforms
for genetic disorders [110][114]. For instance, a Cas12b-medicated dsDNA detection
system achieved sub-attomolar sensitivity with single-base resolution in mock
samples comprised of synthesised DNA and human plasma, highlighting its potential
for recognising disease-associated point mutations from clinical samples [110].
Aligned with RPA technique, SHERLOCK enabled rapid genotyping targeted on
pathogenic SNPs through detection on purified human saliva samples [114].
Changes in perlecan expression are involved in a wide range of diseases, including
cancer, cardiovascular diseases and genetic disorders [152][212]. Notably, perlecan
has been identified as a biomarker in certain diseases such as the prognosis
evaluation of acute myeloid leukemia (AML) for humans or for early stages of
atherosclerosis in mice [213][214]. In this chapter, the developed Cas12a and
Cas13a-based collateral cleavage platforms showed high efficiency, specificity and
sensitivity targeting of HSPG2 DNA or RNA, implying their potential as diagnostic
tools for perlecan-related diseases in the future.

5.4 Summary
In this chapter, the dsDNA cleavage function of the LbCas12a/gRNA1 RNPs was
evaluated through the collateral activity assay. The LbCas12a/gRNA1 RNPs was
able to perform specific dsDNA cleavage of the target HSPG2 genome with
sensitivity in the nanomolar range. In addition, the collateral activity assay was further
employed to assess the RNA cleavage function of LwCas13a/gRNA2 RNPs which
was also found to be specific to target HSPG2 transcripts and sensitive to a sub-10
nM range. Furthermore, the cis-cleavage activity of the LwCas13a/gRNA2 RNPs was
explored on total RNA extracted from MM200 cells and found to be specific for target
HSPG2

transcripts.

Altogether,

the

designed

LbCas12a/gRNA1

and

LwCas13a/gRNA2 RNPs were able to specifically edit HSPG2 nucleic acids at DNA
and RNA levels, respectively, revealing their potential for HSPG2 DNA or RNA
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biosensing applications. Additionally, these results indicate the potential of these
CRISPR/Cas systems to modify nucleic acids within cells, which will be explored in
chapter 6 of this thesis.

108

Chapter 6. Modification of HSPG2 Nucleic acids in mammalian cells using CRISPR/Cas
systems

Chapter 6. Modification of HSPG2 Nucleic acids
in mammalian cells using CRISPR/Cas
systems
6.1 Introduction
In recent years, several studies have ultilised the CRISPR/Cas9 system to explore
the function of cardiac or cancer-associated genes, such as the beta-2 adrenergic
receptor (ADRB2). Moreover, Cas12a and Cas13a systems are still relatively new in
this field, and have not been applied to HSPG2 [215][216]. In this chapter, the
established CRISPR/Cas12a and CRISPR/Cas13a platforms were employed to
perform modification of HSPG2 at the DNA and RNA levels, respectively, in
melanoma and endothelial cells. The modification efficiency of HSPG2 was
characterised by PCR combined with agarose gel analysis. Moreover, the correlation
between the expression of HSPG2 and VEGF-A and FGF-2 genes was determined
to reveal the regulatory function of perlecan in different cell lines.

6.2 Results
6.2.1 Modification of HSPG2 using the CRISPR/Cas12a system in melanoma
cells
The CRISPR/Cas12a system composed of enriched LbCas12a nuclease and gRNA1
was delivered into MM200 cells through the CRISPRMAX lipofectamine system for
HSPG2 exon 2 DNA modification. The cells were cultured for 24 h after transfection
and then harvested for DNA extraction. The DNA extracted from two replicate
transfected cell populations (termed modified groups (M1 and M2)) was compared to
cells which had not been transfected (control). The extracted DNA was amplified with
the HSPG2 exon 2 (HE2A) and GAPDH primers and PCR products were then
analysed by agarose gel electrophoresis (Figure 6.1A). The PCR products amplified
with the GAPDH primers each showed a clear band at approximately 260 bp (lanes 3,
7, 12), indicating successful PCR reactions for all samples. The PCR products
formed using the HE2A primers showed a band at the expected size of
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approximately 300 bp (lanes 1, 5 and 10). This region of HSPG2 encodes domain I of
human perlecan (referred to as HSPG2 DI). There was no DNA template in each of
the negative controls, which, as expected, did not produce a PCR product (lanes 2, 4,
6, 8, 11 and 13). The band intensity in each lane was quantified using Image J
(Figure 6.1B). The band intensity of the HSPG2 DI product was normalised to that of
GAPDH and indicated a reduced ratio in M1 and M2 compared to the control (Figure
6.1B). Moreover, the modification efficiency of the HSPG2 gene in M1 and M2 was
determined using the formula:
������������ ���������� % =

������������ − �������
������������

where the ratios refer to the ratio of HSPG2 DI/GAPDH intensity

The calculated modification efficiency of HSPG2 DI was 39 and 34 %, respectively,
for M1 and M2 (Figure 6.1B).
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Figure 6.1. Modification of the HSPG2 gene at exon 2 using the CRISPR/Cas12a
system in MM200 cells for 24 h. (A) The DNA derived from MM200 cells (24 h after
transfection) was isolated and amplified using HSPG2 exon 2 primers and
electrophoresed on 1.5% (w/v) agarose gels (lanes 1, 5 and 10). Products from a
GADPH primer set were also electrophoresed on the gel to indicate the same
amount of DNA was loaded (lanes 3, 7 and 12). The negative control for each group
did not contain the DNA template (lanes 2, 4, 6, 8,11 and 13). Base pair standards
are indicated on the left and shown in lane 9. (B) PCR product bands were analysed
for intensity by Image J. The ratios of HSPG2 DI band intensity relative to GAPDH
band intensity were computed.

Similarly, the MM200 cells were cultured for either 48 or 72 h after being transfected
with the CRISPR/Cas12a system and then harvested for DNA extraction and
analysed as in Figure 6.1. The modification efficiency at 48 and 72 h decreased to
approximately 20% and 10%, respectively (Figure 6.2). Together, these data
indicated that the targeted HSPG2 gene was successfully reduced in expression by
the CRISPR/Cas12a system in MM200 cells, while the highest modification efficiency
was achieved 24 h after transfection.
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Figure 6.2. Modification of the HSPG2 gene at exon 2 using the CRISPR/Cas12a
system in MM200 cells for 48, 72 h. DNA derived from MM200 cells either (A) 48 or
(B) 72 h after transfection was isolated and amplified using HSPG2 exon 2 primers
and electrophoresed on 1.5% (w/v) agarose gels (lanes 1, 5 and 10). Products from a
GADPH primer set were also electrophoresed on the gel to indicate the same
amount of DNA was loaded (lanes 3, 7 and 12). The negative control for each group
did not contain the DNA template (lanes 2, 4, 6, 8,11 and 13). Base pair standards
are indicated on the left and shown in lane 9. (C) The comparison of modification
efficiency between time points was conducted.
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While the CRISPR/Cas 12a system was able to modify the HSPG2 gene at exon 2, it
was also of interest to establish the effect on downstream exons. Thus, exon 85 was
selected as it is located near the 3’ end of the gene and encodes part of the Cterminal domain V of human perlecan (referred to as HSPG2 DV).

For this

experiment, MM200 cells that had been transfected with the CRISPR/Cas12a system
for 24 h were used. The DNA extracted from these cells was analysed for HSPG2 DV
(HE85 primer set) and compared to cells that had not been transfected (Figure 6.3).
The PCR products amplified with the GAPDH primer set showed a band at
approximately 260 bp (lanes 3, 7 and 12), while a band at approximately 240 bp was
detected for the product of the HE85 primer set (lanes 1, 5 and 10); the expected
product size (Figure 6.3A). There were no bands in any of the negative controls
which did not contain the DNA template (lanes 2, 4, 6, 8, 11 and 13). The band
intensity for the PCR products was analysed as in Figure 6.1 and revealed that the
modification efficiency of HSPG2 DV was 21 and 2 %, respectively, for M1 and M2
(Figure 6.3B). The knockout efficiency of HSPG2 DV in two modified groups showed
a slight difference but both indicated a reduced level of HSPG2 DV after the exon 2
modification. Together, these data indicated that the modification of exon 2 by the
CRISPR/Cas12a system reduced HSPG2 gene expression.
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Figure 6.3. The effect of HSPG2 exon 2 modification on exon 85 using the
CRISPR/Cas12a system in MM200 cells. (A) DNA derived from MM200 cells (24
hours after transfection) was isolated and amplified using HSPG2 exon 85 primers
(HE85) and electrophoresed on 1.5% (w/v) agarose gels (lanes 1, 5 and 10).
Products from a GADPH primer set were also electrophoresed on the gel to indicate
the same amount of DNA was loaded (lane 3, 7 and 12). The negative control for
each group did not contain the DNA template (lanes 2, 4, 6, 8,11 and 13). Base pair
standards are indicated on the left and shown in lane 9. (B) PCR product bands were
analysed for intensity by Image J. The ratios of HSPG2 DV band intensity relative to
GAPDH band intensity were computed.
The MM200 cells modified with CRISPR/Cas12a system and the control group cells
were observed under light microscopy 24, 48 and 72 h after transfection (Figure 6.4).
The number of cells in modified groups (M1 and M2) and the control group did not
show an obvious difference at any of the three time points, illustrating there was no
significant cell death or change in cell morphology caused by transfection of the
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LbCas12a/gRNA1 components. Taken together, the CRISPR/Cas12a system
performed effective knockdown on the targeted HSPG2 gene at exon 2 and
generated a reduction in HSPG2 gene expression in MM200 cells.

Figure 6.4. Light microscopy images of MM200 cells modified by
CRISPR/Cas12a at HSPG2 exon 2 24, 48 and 72 h after transfection (M1 and M2)
compared to unmodified (control). Scale bar: 200 μm.
6.2.2 Modification of HSPG2 using the CRISPR/Cas12a system in endothelial
cells
In addition to MM200 cells, the CRISPR/Cas12a system was also delivered into
HUVEC cells for modification of the HSPG2 gene at exon 2. HUVEC cells were
cultured with the transfection reagent containing LbCas12a nuclease and gRNA1 for
24 h and then harvested for DNA extraction. The DNA derived from replicate
transfected cell populations (M1 and M2) was compared to cells which had not been
transfected (control). The extracted DNA was amplified with HE2A and GAPDH
primers, followed by the agarose gel analysis (Figure 6.5A). There was a clear band
in each sample at approximately 260 bp (lanes 3, 7, 12) amplified with the GAPDH
primers. In addition, each of the samples synthesised with the HE2A primers
(HSPG2 DI) showed a band with an expected size of 300 bp (lanes 1, 5 and 10).
There were no bands present in any of the negative control samples (lanes 2, 4, 6, 8,
11 and 13). The band intensity in lanes 1, 3, 5, 7, 10 and 12 was quantified using
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Image J (Figure 6.5B). As calculated in Section 6.2.1. the M1 group reached a
modification efficiency of 24%, while the M2 group showed a much lower level of 6%.

Figure 6.5. Modification of the HSPG2 gene at exon 2 using the CRISPR/Cas12a
system in HUVEC cells for 24 h. (A) DNA derived from HUVEC cells (24 h after
transfection) was isolated and amplified using HSPG2 exon 2 primers and
electrophoresed on 1.5% (w/v) agarose gels (lane 1, 5 and 10). Products from the
GADPH primer set were also electrophoresed on the gel to indicate the same
amount of DNA was loaded (lane 3, 7 and 12). The negative control for each group
did not contain the DNA template (lanes 2, 4, 6, 8,11 and 13). Base pair standards
are indicated on the left and shown in lane 9. (B) PCR product bands were analysed
for intensity by Image J. The ratios of HSPG2 DI band intensity relative to GAPDH
band intensity were computed.
HUVEC cells were also cultured for 48 and 72 h after CRISPR/Cas12a transfection
and then harvested for DNA extraction and analysed through PCR followed by
agarose gel electrophoresis (Figure 6.6). In comparison, the modification efficiency
for HSPG2 DI showed a similar level at all three time points of approximately 15%
(Figure 6.6C). Altogether, the CRISPR/Cas12a system performed effective gene
suppression on HSPG2 DI in HUVEC cells, but with a relatively low modification
efficiency, in contrast to that in MM200 cells.
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Figure 6.6. Modification of the HSPG2 gene at exon 2 using the CRISPR/Cas12a
system in HUVEC cells after 48 or 72 h. DNA derived from HUVEC cells (A) 48 or
(B) 72 h after transfection was isolated and amplified using HSPG2 exon 2 primers
and electrophoresed on 1.5% (w/v) agarose gels (lanes 1, 5 and 10). Products from a
GADPH primer set were also electrophoresed on the gel to indicate the same
amount of DNA was loaded (lanes 3, 7 and 12). The negative control for each group
did not contain the DNA template (lanes 2, 4, 6, 8,11 and 13). Base pair standards
are indicated on the left and shown in lane 9. (C) The comparison of modification
efficiency between time points was conducted.
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Similarly, the effect of modification of the HSPG2 gene at exon 2 on downstream
exons was investigated. Specifically, HSPG2 exon 85 (HSPG2 DV) was explored in
HUVEC cells. The DNA derived from HUVEC cells transfected with the
CRISPR/Cas12a system for 24 h was used. The DNA extracted from modified cells
was analysed for HSPG2 DV (HE85 primer set) and compared to cells which had not
been transfected (Figure 6.7). Agarose gel analysis was performed as per MM200
cells. There was a 17% reduction in HSPG2 DV 24 h after transfection for the M1
group and 10% for the M2 group. These data illustrated that the knockdown of
HSPG2 exon 2 by the CRISPR/Cas12a system led to a reduced expression of the
HSPG2 gene in HUVEC cells.
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Figure 6.7. The effect of modification of the HSPG2 gene at exon 2 using the
CRISPR/Cas12a system on the expression of HSPG2 exon 85 in HUVEC cells.
(A) DNA derived from HUVEC cells (24 h after transfection) was isolated and
amplified using HSPG2 exon 85 primers (HE85) and electrophoresed on 1.5% (w/v)
agarose gels (lanes 1, 5 and 10). Products from a GADPH primer set were also
electrophoresed on the gel to indicate the same amount of DNA was loaded (lane 3,
7 and 12). The negative control for each group did not contain the DNA template
(lane 2, 4, 6, 8,11 and 13). Base pair standards are indicated on the left and shown in
lane 9. (B) Bands were analysed for intensity by Image J. The ratios of HSPG2 DV
band intensity relative to GAPDH band intensity were computed.
Images of HUVEC cells modified with the CRISPR/Cas12a system and the
unmodified (control) cells were captured by light microscopy at 24, 48, and 72 h after
transfection (Figure 6.8). The number and morphology of cells in the modified groups
were similar to the control group at all three time points, indicating that the
transfection of CRISPR/Cas12a system had no effect on the cells. Altogether, the
CRISPR/Cas12a system enabled a reduction in the expression of the targeted
HSPG2 gene in HUVEC cells.
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Figure 6.8. Light microscopy images of HUVEC cells modified by
CRISPR/Cas12a at HSPG2 exon 2 24, 48 and 72 h after transfection (M1 and M2)
compared to unmodified (control). Scale bar: 200 μm.
6.2.3 The effect of HSPG2 gene modification on expression of VEGF-A and
FGF-2
The expression of genes involves in the HSPG2 pathway, including VEGF-A and
FGF-2, were explored in MM200 and HUVEC cells which had been modified by the
CRISPR/Cas12a system to reduce the expression of HSPG2. DNA derived from
MM200 cells transfected with the CRISPR/Cas12a system for 24 h was used for the
analysis. The extracted DNA from replicate modified groups and the control group
was amplified with VEGF-A, FGF-2 or GAPDH primer sets. The PCR products were
characterised through agarose gel electrophoresis (Figure 6.9A). The PCR products
amplified with GAPDH primers each showed a single band at 260 bp (lanes 5, 11
and 18), indicating the successful genome DNA amplification for all groups. The
products synthesised with VEGF-A primers each contained a clear band at the
expected size of 190 bp (lanes 1, 7 and 14). In addition, there was a clear band
observed in each sample at 120 bp (lanes 3, 9 and 16). There were no bands shown
in any of the negative control groups which did not contain a DNA template (lanes 2,
4, 6, 8, 10, 12, 15, 17 and 19). The band intensity was characterised using Image J,
and the modification efficiency was calculated as in Section 6.2.1 (Figure 6.9B). This
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analysis indicated that the CRISPR/Cas12a modification of the HSPG2 gene resulted
in a decreased expression of FGF-2 by approximately 11%, while the expression of
VEGF-A increased by 13%.

Figure 6.9. The effect of modification of the HSPG2 gene on VEGF-A and FGF-2
expression in MM200 cells. (A) DNA derived from MM200 cells (24 h after
transfection) was isolated, amplified using VEGF-A primers (lanes 1, 7 and 14) or
FGF-2 primers (lanes 3, 9 and 16), and then electrophoresed on a 1.5% (w/v)
agarose gel. Products from a GADPH primer set were also electrophoresed on the
gel (lanes 5, 11 and 18). The negative control for each group did not contain the DNA
template (lane 2, 4, 6, 8, 10, 12, 15, 17 and 19). Base pair standards are indicated on
the left and shown in lane 13. (B) Bands were analysed for intensity by Image J. The
modification efficiency of VEGF-A and FGF-2 was computed.
Similarly, the expression of VEGF-A and FGF-2 genes in HUVEC cells with reduced
HSPG2 expression was investigated. DNA derived from HUVEC cells 24 h after
transfection with the CRISPR/Cas12a system to reduce HSPG2 expression and the
control group were used for analysis. The DNA extracted from two replicate
transfected cell populations and the control cells was amplified with VEGF-A, FGF-2
and GAPDH primers. The PCR products were loaded onto the agarose gel for
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analysis (Figure 6.10A). The expression of VEGF-A and FGF-2 was reduced by
approximately 35% and 17%, respectively.

Figure 6.10. The effect of HSPG2 exon 2 editing by the CRISPR/Cas12a system
on the expression of VEGF-A and FGF-2 in HUVEC cells. (A) DNA derived from
HUVEC cells (24 h after transfection) was isolated and amplified using VEGF-A (lane
1, 7 and 14) or FGF-2 primers (lane 3, 9 and 16), and then electrophoresed on 1.5%
(w/v) agarose gels. Products from a GADPH primer set were also electrophoresed on
the gel (lanes 5, 11 and 18). The negative control for each group did not contain the
DNA template (lane 2, 4, 6, 8, 10, 12, 15, 17 and 19). Base pair standards are
indicated on the left and shown in lane 13. (B) Bands were analysed for intensity by
Image J. The reduction efficiency of VEGF-A and FGF-2 was computed.
6.2.4 Modification of HSPG2 using CRISPR/Cas13a system in melanoma cells
The CRISPR/Cas13a system composed of purified LwCas13a nuclease and gRNA2
was transfected into MM200 cells through the CRISPRMAX lipofectamine system to
knockdown the HSPG2 exon 2 RNA sequence. The effect of CRISPR/Cas13a
modification on the expression HSPG2 exon 2 (DI) and exon 89 (DV) was
investigated. The MM200 cells were cultured for 24 h after being transfected with the
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LwCas13a/gRNA2 RNPs. The cells were then harvested for RNA extraction. The
RNA derived from replicate cell populations (M1 and M2) and the control group was
used for cDNA synthesis. The synthesised cDNA samples were then amplified with
HSPG2 exon 2 (HE2B), HSPG2 exon 89 (HE89) or GAPDH primers. The PCR
products were then analysed by agarose gel electrophoresis (Figure 6.11A). The
PCR products amplified with GAPDH primers showed a clear band in each group at
approximately 260 bp (lanes 5, 11, 18), indicating the successful cDNA synthesis and
PCR reaction for all samples. The products synthesised with HE2B primers (HSPG2
DI) each contained a single band at the expected size of 300 bp (lanes 1, 7 and 14).
In addition, there was a clear band at approximately 580 bp for each sample
amplified with the HE89 primers (lanes 3, 9 and 16). There were no bands in any of
the negative control groups where there was no cDNA template input (lanes 2, 4, 6, 8,
10, 12, 15, 17 and 19). The bands were analysed by Image J for intensity, then the
modification efficiency was computed as in Section 6.2.1 (Figure 6.11B). After 24 h
of transfection, the modification efficiency of the CRISPR/Cas13a system on target
HSPG2 DI RNA reached approximately 68%, which also led to a 60% reduction in
HSPG2 DV RNA expression, indicating successful suppression of HSPG2 RNA
expression.
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Figure 6.11. Modification of HSPG2 exon 2 RNA using the CRISPR/Cas13a
system in MM200 cells. (A) RNA derived from MM200 cells (24 h after transfection)
was isolated, used for cDNA synthesis and then amplified using HSPG2 exon 2
(HE2B) primers (lanes 1, 7 and 14) or HSPG2 exon 89 (HE89) primers (lanes 3, 9
and 16), and then electrophoresed on 1.5% (w/v) agarose gels. Products from a
GADPH primer set were also electrophoresed on the gel (lanes 5, 11 and 18). The
negative control for each group did not contain the cDNA template (lanes 2, 4, 6, 8,
10, 12, 15, 17 and 19). Base pair standards are indicated on the left and shown in
lane 13. (B) Bands were analysed for intensity by Image J. The reduction efficiency
of HSPG2 DI and DV was computed.
Images of MM200 cells modified with the CRISPR/Cas13a system and the
unmodified cells were captured under light microscopy at 12 and 24 h after
transfection (Figure 6.12). The number and morphology of modified cells (M1 and
M2) was similar to that of the control group, indicating that the transfection of
LwCas13a/gRNA2 components did affect these parameters. Taken together, the
CRISPR/Cas13a system performed efficient RNA knockdown targeting HSPG2 exon
2.
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Figure 6.12. Light microscopy images of MM200 cells modified by
CRISPR/Cas13a at HSPG2 exon 2 12 and 24 h after transfection (M1 and M2)
compared to unmodified (control). Scale bar: 200 μm.

6.2.5 Modification of HSPG2 using the CRISPR/Cas13a system in endothelial
cells
Similarly, the CRISPR/Cas13a system was delivered into HUVEC cells for HSPG2
exon 2 RNA knockdown. The efficiency of the CRISPR/Cas13a system in reducing
the RNA expression of HSPG2 exon 2 (DI) and exon 89 (DV) was explored. HUVEC
cells were cultured for 24 h after LwCas13a/gRNA2 transfection and then harvested
for RNA extraction. The RNA derived from M1, M2 and the control group were used
for cDNA synthesis. The synthesised cDNA samples were then amplified with HE2B,
HE89 or GAPDH primers, followed by agarose gel analysis (Figure 6.13A). The
band intensity was analysed through ImageJ and then used for computation of
reduction efficiency (Figure 6.13B). The CRISPR/Cas13a system performed efficient
RNA knockdown targeting HSPG2 exon 2 with modification efficiency as high as 98%
at 24 h after transfection. Moreover, the modification of the HSPG2 DI resulted in a
decreased RNA expression of HSPG2 DV, with a reduction efficiency of 74%
indicating successful suppression of HSPG2 RNA expression.
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Figure 6.13. Modification of HSPG2 exon 2 RNA using CRISPR/Cas13a system
in HUVEC cells. (A) RNA derived from HUVEC cells (24 h after transfection) was
isolated, used for cDNA synthesis and then amplified using HSPG2 exon 2 (HE2B)
primers (lanes 1, 7 and 14) or HSPG2 exon 89 (HE89) primers (lanes 3, 9 and 16),
and then electrophoresed on 1.5% (w/v) agarose gels. Products from a GADPH
primer set were also electrophoresed on the gel (lanes 5, 11 and 18). The negative
control for each group did not contain the cDNA template (lanes 2, 4, 6, 8, 10, 12, 15,
17 and 19). Base pair standards are indicated on the left and shown in lane 13. (B)
Bands were analysed for intensity by Image J. The reduction efficiency of HSPG2 DI
and DV was computed.
6.2.6 The effect of HSPG2 RNA knockdown on expression of VEGF-A and FGF2
The effect of HSPG2 RNA knockdown by the CRISPR/Cas13a system on the
expression of VEGF-A and FGF-2 gene was investigated in MM200 and HUVEC
cells. RNA derived from modified MM200 cells and unmodified cells 24 h after
transfection was used for analysis. The extracted RNA was used for cDNA synthesis
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and then amplified with VEGF-A, FGF-2 or GAPDH primers, followed by agarose gel
electrophoresis (Figure 6.14A). The PCR product in each sample amplified with the
GAPDH primers showed a band at 260 bp (lanes 5, 11, 18), demonstrating
successful cDNA synthesis and PCR amplification for all samples. There was a clear
band at 190 bp for products synthesised with the VEGF-A primers (lanes 1, 7, 14),
which was the expected product size. Furthermore, the PCR products synthesised
with the FGF-2 primers contained a single band at the expected size of 120 bp (lanes
3, 9 and 16). There were no bands observed in any of the negative control groups
which did not contain the cDNA template (lanes 2, 4, 6, 8, 10, 12, 15, 17 and 19).
The bands were characterised through ImageJ for intensity, then the reduction in
gene expression was computed (Figure 6.14C). MM200 cells in groups M1 and M2
showed a similar level of reduction in both VEGF-A and FGF-2 RNA expression,
which decreased by approximately 45% and 43%, respectively. Similarly, there was
reduced expression of both VEGF-A and FGF-2 at the RNA level in HUVEC cells
being 38 and 52%, respectively (Figure 6.14B and D). Altogether, HSPG2 RNA
knockdown by the CRISPR/Cas13a system successfully suppressed the expression
of VEGF-A and FGF-2 with a similar efficiency in both MM200 and HUVEC cell lines.
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Figure 6.14. The effect of HSPG2 exon 2 RNA knockdown on the expression of
VEGF-A and FGF-2 in MM200 and HUVEC cells. RNA derived from (A) MM200 or
(B) HUVEC cells (24 h after transfection) was isolated, used for cDNA synthesis and
then amplified with VEGF-A (lanes 1, 7 and 14) or FGF-2 (lanes 3, 9 and 16) primers,
and then electrophoresed on 1.5% (w/v) agarose gel. Products from the GADPH
primer set were also electrophoresed on the gel (lanes 5, 11 and 18). The negative
control for each group did not contain the cDNA template (lanes 2, 4, 6, 8, 10, 12, 15,
17 and 19). Base pair standards were indicated on the left and shown in lane 13.
Bands were analysed for intensity by Image J. The reduction in VEGF-A and FGF-2
expression in (A) MM200 and (B) HUVEC cells were computed.
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6.3 Discussion
6.3.1 The modification efficiency in different cell lines
The established CRISPR/Cas12a system composed of enriched LbCas12a nuclease
and gRNA1 was used to perform specific genome editing targeting HSPG2 exon 2 in
both MM200 and HUVEC cell lines. The LbCas12a/gRNA1 components were
delivered into MM200 or HUVEC cells using CRISPRMAX lipofectamine. In
comparison, the Cas12a system generated a higher HSPG2 DI modification
efficiency in MM200 cells than the HUVEC cells, while the reduction in exon 85
(HSPG2 DV) expression was similar in both cell lines. However, the Cas12a system
did not achieve a comparable on-target efficiency as the Cas9 RNPs which has been
widely explored for genome editing in living cells using the lipofectamine delivery
system, such as HEK293FT cells [217]. The expression of FGF-2 was reduced in the
HSPG2 modified MM200 and HUVEC cells, which was in line with a previous study
in the Hspg2Δ3/Δ3 murine model [218]. The modification of HSPG2 led to upregulation
of VEGF-A in MM200 cells but a reduction in expression in HUVEC cells. This
divergent changes in VEGF-A expression in the two modified cell lines may be
associated with the distinct role of perlecan under different microenvironments of
tumour cells versus endothelial cells [219][220].
In addition, the CRISPR/Cas13a system comprised of purified LwCas13a nuclease
and gRNA2 was utilised for HSPG2 exon 2 RNA modification in both MM200 and
HUVEC cells. The modification efficiency in HUVEC cells was higher than that in
MM200 cells. A comparable CRISPR/Cas13a modification efficiency to the HUVEC
cells has been reported in two pancreatic cancer cell lines (AsPC-1 and PANC-1)
reaching 94% and 88 % reduction in expression, respectively [94][221]. Interestingly,
the modification at exon 2 induced by the CRISPR/Cas13a system resulted in a
greater reduction in exon 89 expression in HUVEC cells than MM200 cells. These
data indicated that the CRISPR/Cas13a system was more effective in reducing
HSPG2 mRNA expression in HUVEC cells than MM200 cells. There is evidence of
transcript variants of HSPG2 as well as putative splice variants, which may account
for the variation in RNA expression between exons 2 and 89 observed in this chapter
[222]. The data presented in this chapter also showed that the reduction of HSPG2
RNA expression led to a decrease in VEGF-A and FGF-2 RNA expression in MM200
and HUVEC cells. This demonstrated that there is a positive correlation between the
HSPG2 and VEGF-A or FGF-2 at the RNA expression level, revealing its regulatory
role for angiogenic growth factor expression in these cells [218][223].
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In summary, the modification efficiency of the CRISPR/Cas systems vary with the
type of Cas nuclease and cell line. The CRISPR/Cas12a system achieved a higher
HSPG2 modification efficiency in MM200 cells at the DNA level while the
CRISPR/Cas13a system was more efficient at modifying HSPG2 RNA in HUVEC
cells. While the efficiency of the lipofectamine transfection agent was not established
in this chapter, it is reported to vary with cell type [217][224] and may have
contributed to the performance of the CRISPR/Cas systems.
6.3.2 Comparison of modification efficiency at DNA and RNA levels
The CRISPR/Cas12 and CRISPR/Cas13 systems were employed for HSPG2
modification at the DNA and RNA levels, respectively. In both MM200 and HUVEC
cell lines, the modification efficiency of the CRISPR/Cas13a system was higher than
that of the Cas12a system. This higher modification efficiency with the
CRISPR/Cas13a system correlated with the extent of reduction in VEGF-A and FGF2 expression. One of the main factors that likely yields the higher modification
efficiency of the LwCas13a/gRNA2 RNPs is its requirement to localise to the
cytoplasm to act on mRNA in contrast to the LwCas13a/gRNA2 RNPs which needs
to be transported to the nucleus to modify the genome [225][226]. Although the
LbCas12a nuclease was co-expressed with the NLS motifs, the delivery capacity of
functional LbCas12/gRNA1 RNPs into the nucleus is still limited [217]. In addition,
the cis-cleavage kinetics of the CRISPR/Cas12a system may be lowered by the
PAM-recognition and R-loop propagation steps while discriminating the target dsDNA
[184]. In comparison, there is no PFS sequence required by the LwCas13a nuclease,
which may contribute to its higher modification efficiency [40].
6.3.3 Comparison of CRISPR/Cas systems with RNAi
Before the advent of the CRISPR/Cas13 system, RNAi was used for perlecan mRNA
knockdown in various cell lines, including human aortic endothelial cells, Drosophila
intestinal stem cells and mouse cumulus oocyte complex (COCs) [171][227][228].
This thesis is the first to use the CRISPR/Cas13 system to modify HSPG2 at the
RNA level and to explore its effect on associated angiogenic growth factor pathways.
Of note, the Cas13a system achieved comparable and even higher modification
efficiency on the HSPG2 RNA in contrast to previous work performed using siRNA
[171]; likely due to the higher specificity of the CRISPR/Cas13a system [40].
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6.4 Summary
In this chapter, the CRISPR/Cas12a and CRISPR/Cas13a systems were used to
modify HSPG2 at the DNA and RNA levels, respectively. The CRISPR/Cas12 system
achieved effective modification of HSPG2 in both MM200 and HUVEC cells which
resulted in reduced expression. The reduction in HSPG2 gene expression modified
the expression of VEGF-A and FGF-2, while the regulatory effect varied with cell type.
Furthermore, the CRISPR/Cas13a system efficiently modified HSPG2 RNA and
resulted in reduced expression in both cell lines. Similarly, the RNA levels of VEGF-A
and FGF-2 were positively regulated by the HSPG2 transcripts, showing decreased
expression in cells with reduced HSPG2 expression.
In summary, this chapter established robust and efficient CRISPR/Cas systems for
HSPG2 modification at both the DNA and RNA levels. In addition, this chapter
revealed the regulatory role of perlecan for growth factors associated with cell
proliferation and migration, including VEGF-A and FGF-2, in melanoma and
endothelial cells. Collectively, this research provides a platform for future studies of
the functions of perlecan such as in tumour development and angiogenesis.
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Conclusions and Future Directions
7.1 Conclusions
In this study, the CRISPR/Cas12a and CRISPR/Cas13a systems were developed to
modify HSPG2 at the DNA and RNA levels, respectively. The LbCas12a and
LwCas13a nucleases were produced from E. coli through large-scale fermentation
for a higher yield. The LbCas12a and LwCas13a nucleases were enriched from the
cell paste via a two-step purification method composed of the His-tag affinity
chromatography followed by SEC. The enriched LbCas12a nuclease showed high
activity and specificity in cleaving target ssDNA in the collateral cleavage assay. The
purified LwCas13a possessed both high ssRNA cleavage efficiency and specificity.
To target exon 2 of HSPG2 DNA and RNA, the gRNA1 and gRNA2 sequences were
designed. The LbCas12a/gRNA1 RNPs performed efficient dsDNA cleavage of the
target HSPG2 genome with nanomolar sensitivity while use of the rgRNA in the
collateral cleavage assay confirmed the specificity of the developed CRISPR/Cas12a
system. Similarly, the LwCas13a/gRNA2 RNPs showed high ssRNA-break efficiency
targeting HSPG2 transcripts in the collateral cleavage assay with a sub-10 nM
sensitivity. Moreover, the LwCas13a/gRNA2 RNPs also performed efficient ciscleavage on total RNA extracted from MM200, which was specific for the target
HSPG2 transcripts.
The developed LbCas12a/gRNA RNPs successfully modified the HSPG2 gene in
both MM200 and HUVEC cells; albeit a higher efficiency in MM200 cells. A reduction
in HSPG2 gene expression in these cells altered the expression of angiogenic growth
factor genes, VEGF-A and FGF-2. The LwCas13a/gRNA2 RNPs successfully
reduced HSPG2 RNA expression in both cell lines with a higher modification
efficiency in HUVEC cells than MM200 cells. Furthermore, knockdown of the HSPG2
transcripts resulted in the reduction of both VEGF-A and FGF-2 expression in
MM200 and HUVEC cells, indicating the regulatory role of perlecan for angiogenic
growth factor expression.
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In summary, this thesis established the CRISPR/Cas12a and CRISPR/Cas13a
systems for detection or modification of HSPG2 at the DNA and RNA levels with high
activity, specificity and nanomolar sensitivity. These systems were able to cleave
isolated HSPG2 nucleic acids, HSPG2 nucleic acids present in a mixture of nucleic
acids and in two different cell types; confirming the CRISPR/Cas12a and
CRISPR/Cas13a systems as robust platforms for HSPG2 nucleic acid detection or
modification. Lastly, this thesis established that reduced HSPG2 expression altered
the expression of angiogenic growth factors, VEGF-A and FGF-2, suggestive of the
regulatory role of perlecan in angiogenesis.

7.2 Future directions
This thesis successfully designed the CRISPR/Cas12a and CRISPR/Cas13a
systems to modify HSPG2 at the DNA and RNA levels, respectively. Further
characterisation of this system for biosensing applications using collateral cleavage
assays could include the detection of HSPG2 nucleic acids in patient samples such
as biopsy from early-stage cancer patients in comparison to healthy donors.
Furthermore, the HSPG2-targeted collateral activity assay could be further explored
in combination with advanced nucleic acid amplification techniques, such as RPA,
which may possess the potential in detection of abnormal perlecan expression with
biological samples.
This thesis also established the ability of the CRISPR/Cas12a and CRISPR/Cas13a
systems to reduce HSPG2 gene and transcript levels. While this thesis only analysed
the effects at the nucleic acid level, the next steps could analyse the effect of these
modifications on the protein and glycosaminoglycan levels of perlecan. Light
microscopy (phase contrast) images of cells could be collected in future experiments
while the viability of transfected cells could be evaluated through either a cell
proliferation assay or flow cytometry analysis to further characterise the effect of
HSPG2 modification on cell activity. Additionally, analyses of the effect of reduced
perlecan expression in the melanoma and endothelial cells including RNAseq and
cell-based assays, such as migration assays, will further inform the functional role of
perlecan in biological processes. In addition, these analyses will enable assessment
of the off-target effects of the CRISPR/Cas12a and CRISPR/Cas13a systems which
is still a concern for translation. Furthermore, gain-of-function experiments utilising
the CRISPR/Cas12a system and ssODNs can be combined with the established
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knockdown systems to explore the function of specific perlecan domains in cells
[106].
The CRISPR/Cas12a and CRISPR/Cas13a systems were shown to be effective in
reducing HSPG2 expression in this thesis utilising Cas nucleases and gRNA
sequences. These systems can be multiplexed for further reducing in HSPG2
expression via target different exons. A number of studies have proposed strategies
for improving the modification efficiency of CRISPR/Cas12 systems, such as various
Cas12 variants, chemically-modified gRNAs and enhanced delivery systems [89][229]
which would be worthy of investigation. This provides numerous opportunities to
further improve the modification efficiency of the CRISPR/Cas12 system in cells. This
work could also be extended to utilise vectors encoding the CRISPR/Cas12a system
components as well as selectable markers to enable the establishment of stable cell
lines which lack HSPG2 in the genome for future cell-based studies of the functions
of perlecan.
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