JAIST Repository

https://dspace.jaist.ac.jp/

CRISPR-Cas13VRRIL 7 —¥ &L= 7105 5 LFTHE

Title RIS RIGRNA w2 81
Author(s) SAIFULLAH

Citation

Issue Date 2021-09

Type Thesis or Dissertation

Text version

ETD

URL http://hdl.handle.net/10119/175632
Rights
Description Supervisor:dgK{ B, edn Pl Bt R, 1t

AIST

JAPAN
ADVANCED INSTITUTE OF
SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



A Programmable RNA Knockdown
Using CRISPR-Cas13 Ribonuclease
Towards Gene Therapy

SAIFULLAH

Japan Advanced Institute of Science and Technology



Doctoral Dissertation

A Programmable RNA Knockdown
Using CRISPR-Cas13 Ribonuclease
Towards Gene Therapy

SAIFULLAH

Supervisor: Professor Dr. Toshifumi Tsukahara

Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology
[Materials Science]

September, 2021



Doctoral Dissertation Abstract

Abstract

Recent approvals in gene therapy have paved the road for an extensive second upsurge of therapies and forefront the
groundwork for next-generation treatment strategies. CRISPR-Cas effectors have flourished as an overwhelming tool that
can potentially endeavor future genetic medicine. In this doctoral thesis, | investigated the therapeutic potential of
anaplastic lymphoma kinase (ALK) and developed optimal parameters for programmable RNA knockdown using
CRISPR-Casl13a ribonucleoprotein. Furthermore, | applied the optimized protocol for echinoderm microtubule-
associated protein-like 4 (EML4)-ALK transcript knockdown as a proof-of-principle for RNA-based cancer therapy. More
explicitly, this dissertation consists of five chapters. Where, chapter one summarizes the recent development in RNA-
targeted therapeutics including RNAI and CRISPR-Cas systems, and discusses the landscape of EML4-ALK-positive lung
cancer treatment. This summarization of recent work will assist to understand the recent advancement of RNA-targeted

CRISPR-Cas technologies and underpinning the contemporary ALK-positive cancer therapeutics.

In the second chapter, | explored the clinical outcome and associated genes of ALK expression using integrative
bioinformatics. ALK is a tyrosine Kinase receptor that is genetically altered in several cancers, such as non-small cell lung
cancer (NSCLC), melanoma, lymphoma, and other tumors. Although ALK is associated with various cancers, the
relationship between ALK expression and patient prognosis in different cancers is poorly understood. Here, | show a
correlation between ALK expression and its clinical outcome in patients with lung adenocarcinoma (LUAD), melanoma,
ovarian carcinoma (OV), diffuse large B-cell lymphoma (DLBC), acute myeloid leukemia (AML), and breast cancer
(BC) using different computational assessments. | analyzed ALK transcriptional expression, patient survival rate, genetic
alteration, protein network, and gene and microRNA (miRNA) co-expression. | found that deregulated expression of ALK
is associated with a high mortality rate in ALK-positive cancers. | identified 214 missense mutations, 24 truncating
mutations, seven fusions, and two in-frame mutations, with the highest alteration of ALK in melanoma. | further showed
that 17 genes and 19 miRNAs were exclusively co-expressed and found that EML4 was the most positively correlated
gene. The gene ontology and signaling pathways of the genes co-expressed with ALK involved in these six cancers were
also identified. My findings offer a basis for ALK as a prognostic biomarker and therapeutic target in cancers, which will

potentially contribute to precision oncology.

In the third chapter, | developed optimal parameters for programmable and effective RNA knockdown using
marker genes including firefly luciferase and mCherry transcripts. RNAI technology has noteworthy potential as a future
medicine and could ideally be used to knock down disease-related RNAs. However, owing to frequent off-target effects,
limited accessibility of nuclear transcripts, and low efficiency, the medical application of the technique remains
challenging. Here, | first evaluated the stability of the Cas13a transcript and guide RNA. Next, | optimized the Cas13a
and guide RNA expression vectors to achieve effective knockdown of firefly luciferase (FLuc) transcript, used as a target
RNA. The knockdown specificity of Casl3a on target-search was next examined. | found that the 1:3 molar ratio
concentration of Cas13a and guide RNA vector is preferable for effective knockdown than the vector amount. Based on
the Casl3a selectivity results, I observed restricted endonuclease activity in 3’ crRNA-gRNA orientation. | also found

the highest activity between 24-30 bp long gRNAs with limited mismatch tolerance. Cas13a could effectively knock
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down FLuc luminescence (70-76%), and mCherry fluorescence (72%). Accordingly, Cas13a has strong potential for use

in RNA knockdown and regulation.

Next, chapter fourth showed the feasibility of Cas13a ribonuclease in downregulation of oncogenic driver EML4-
ALK expression in human disease model lung cancer cells. ALK tyrosine kinase inhibitors provoke a significant anti-
tumor response; however, they inevitably succumb to the acquired resistance. Therefore, an alternative therapeutic
strategy that limits ALK over-activation is necessary for the treatment of this lung cancer. Here, | show that the CRISPR-
Cas13a effector possesses effective knockdown potency for oncogenic driver EML4-ALK transcript in lung cancer cells.
| found the EML4 transcript was not substantially expressed but ALK expressed 80—-100 fold higher in ALK-positive lung
cells compared to a non-fusion transcript in HEK293T cells. I also found that the EML4-ALK oncoproteins were robustly
down-regulated (>80%) by employing Cas13a in those lung cancer cells based on western blot results. Consequently, the
tyrosine kinase phosphorylation (50-70%) and cell growth (up to 40%) were inhibited. Overall the obtained data
demonstrated that the CRISPR-Cas13a protein downregulated the ALK expression in the lung cancer cells. Thus,
CRISPR-Cas13a mediated EML4-ALK RNA knockdown devises a potential therapeutic strategy for treating ALK-positive

lung cancer.
Finally, chapter V recapitulates the total work and discusses the benefits, challenges, and future directions. In
conclusion, Casl3a has strong potential for use in RNA regulation and could contribute to the development of next-

generation genetic medicine.

Keywords: Prognosis of ALK expression; RNA knockdown; CRISPR-Cas13a; FLuc transcript; EML4-ALK-positive

lung cancer.
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Chapter |

General introduction: Programmable RNA knockdown
technologies in therapeutics and the landscape of EML4-ALK-

positive lung cancer treatment
1. Outline

Recent appreciation of two gene therapy medicines by FDA (United State of America
Food and Drug Administration) has paved the way for an embracing second rise of
therapies and forefront the basic research for next-generation technologies. CRISPR-
Cas effectors have thrived as a devastating genome editing tool that can potentially
endeavor future genetic medicine. In this general introduction, | summarize the recent
development in RNA targeted therapeutics including RNAi and CRISPR-Cas systems,
and discuss insight into wide potential and challenges. Furthermore, the contemporary
therapeutic systems of EML4-ALK-positive cancer are comprehensively reviewed and
illustrate which CRISPR-Cas system is the most suitable for next-generation RNA
targeted therapeutics. This general introduction will help to understand the recent
advancement of RNA-targeted CRISPR-Cas technologies and the foundation for

contemporary EML4-ALK-positive cancer therapeutics.
Keywords: RNA knockdown; RNAIi; CRISPR-Cas; EML4-ALK fusion gene.

Part-1: Programmable molecular scissors for RNA engineering in therapeutics
1.1. Current scenario of conventional therapy versus gene therapy

Existing pharmaceutical companies have been manufacturing small-molecule
therapeutics to develop drugs for many decades. These small-molecules bind, ordinarily
in an antagonistic manner, to compartments of target proteins like receptors, enzymes,
or other proteins. Which hinders a biological pathway resulting in a therapeutic effect
for disease [1]. These small-molecule therapeutics (describe as conventional therapy
hereafter) have great advantages including ease to produce and drug administration,
favorable pharmacokinetics, and the capability to go through the pore of the cellular
membrane. However, their extraordinary potentials are limited due to dependence on

the druggability of the target [1,2]. As of 2017, approved drugs targeted only 667
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proteins among about 3000 druggable targets of 20,000 human proteins, which
indicated that the vast majority of proteins remain undruggable [2,3].

In addition to limited druggability, conventional therapy is identical for a large
group of patients targeting the common disease. While the inter-individual difference
in drug-metabolizing enzymes or transporters varies drug efficacy and safety [4-6].
Therefore, tailored-based medicine has become indispensable for accomplishing the
best drug response and confirming optimal care. Recent advances in gene therapy have
revolutionized a promising therapeutic option for precise and personalized treatment of
diverse life-threatening diseases (infographic Table below) [7]. Gene therapy is the
transfer of nucleic acid information, usually in the form of DNA or RNA in a vector
system, to a target cell to modify a phenotype for therapeutic purposes. An example of
such therapeutics is the use of RNAIi (RNA interference) related gene therapy like small
interfering RNA (siRNA) [8], short-hairpin RNA (shRNA), micro RNA (miRNA) [9],
an antisense oligonucleotide (ASO) [10] and recently included CRISPR-Cas system
[11]. Although clinical progress of RNAI has faced noteworthy hurdles in terms of
immunogenicity and effectiveness for a couple of decades, in recent years, the field has
gained successful momentum with the approval of two commercial RNAI therapeutics

called patisiran and givosiran [12,13].

Conventional therapy Gene therapy

Uses small molecules, peptides, Uses DNA Orl:( NA irectly fieh
:( ;{ proteins ‘ } dRiZE;cs)frams the body to directly fight

Chronic therapy One —time Treatment
Many treatments must be taken by [ﬁ Effect of treatment may be permanent

pill, and wusually the effect of afier a single administration.
treatments stops once the medication { >

is stopped.

Manage or treat symptoms long- Potentially Curative
term Potential to transform medicine, halting

Usually rclicycs the sign and } the progress of a disease or alleviating
symptoms of disease. the underlying cause of a disease.

IDENTICAL FOR ALL GENETICALLY FOCUSD
Uniform treatment designed to benefit larger Designed to treat each patient at the
groups of patients targeting common diseas‘ > genetic level.

processes or specific disease pathway.

EEmE
mmmn| B

IR
EEmR

Uses broader knowledge about disease to Uses unique information about a patient’s
treat many patients. cells and genes, along with the individual
characteristics of their disease.
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Doctoral Dissertation Chapter I: General Introduction

1.2. Programmable RNA knockdown strategies in therapeutics

Programmable RNA knockdown tools can be classified into two broad groups such as
RNAI and CRISPR-Cas systems. Below I discuss both of the therapeutic tools.

1.2.1. RNAI

In 2006 Dr. Fire and Dr. Mello won the novel prize in physiology for identifying
double-stranded RNAs (dsRNA) as the representative agents for post-transcriptional
gene knockdown in C. elegans, which they termed as RNAi [14]. Later it was
discovered that 21-22 nucleotide dSRNA (SiRNA) could silence a gene expression in
mammalian cells without stimulating non-specific interferon reaction [15]. Likewise,
ASO, shRNA, and miRNA are major tools used as RNA therapeutic.

1.2.1.1. Antisense Oligonucleotides (ASOs)

ASOs are short-sized, synthetic, single-stranded complementary oligonucleotides of a
target MRNA that capable to alter protein translation through several different strategies.
Primarily ASOs are DNA-based which form a DNA-RNA hybrid and serve as a
substrate for RNase H (Figure 1A) [1]. Besides the inhibitory translation of a target
MRNA, ASO also alters splicing or miRNA function, by Watson-Crick base pairing to
target splice sites or miRNA respectively [16,17].

1.2.1.2. micro-RNA (miRNA)

miRNAs are short, synthetic, double-stranded RNAs (dsRNA) and mimic a naturally
expressing miRNA that can knock down or repress translation of target mRNA in a
sequence-specific way [1]. Primary transcript (pri-miRNAS) is cleaved by Drosha
(RNase I1) in the nucleus and form 3" overhang (pre-miRNA) [18]. Next, the pre-
miRNA is exported to the cytoplasm with the help of exportin 5. In the cytoplasm, the
stem-loop is cleaved by the Dicer (RNase I11) and loaded into the endogenous RNA-
induced silencing complex (RISC) (including Argonaute protein) [17]. Finally, RISC
cleaves the target mRNA or repress translation (Figure 1B) [17,18].

Saifullah, ID: 1820413 3l1Page
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1.2.1.3. small interfering RNA (siRNA)

As described above for miRNA, another type of RNAI that follows almost similar
RNAI pathway is SIRNA/shRNA [15]. Which are 20-25 bp short, synthetic, dSRNA
that can degrade the expression of target mMRNA in a sequence-specific manner by
activating the RISC (Figure 1C) [18]. As a consequence of the trivial distinction
between miRNAs and siRNAs pathways, siRNA can elicit more effective knockdown
than miRNAs whereas one miRNA can target several mMRNAs at the same time [1,19].
Therefore, both have divergent functions in clinical practices. In addition to these
familiar tools in RNA therapeutic, saRNA (small activating RNA) and RNA aptamers

have been used at low frequency in therapeutics [1].
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Figure 1. Mechanism of RNAIi mediated ASO, miRNA, and siRNA biogenesis in
therapeutics. A, ASO mediated translation blocking of a target mMRNA (or gene) by
endogenous RNase H nuclease [1]. B, miRNA mediated target mMRNA knockdown and

translation repression; Initial miRNA transcript (pri-miRNA) is cleaved in nucleus by
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Drosha to produce 3’ overhang (pre-miRNA) [18]. Which is then exported to the
cytoplasm and cleaved again by Dicer and loaded into RISC (RNA-induced silencing
complex). The activated RISC knockdown the target-mRNA and inhibits the translation.
TRBP, transactivation-response-RNA-binding protein; AGO, Argonaute. C,
SiRNA/shRNA mediated target RNA knockdown modulated by RISC [18].

1.2.1.4. Strengths and challenges of RNAI

RNAI has distinct strengths over small-molecule therapeutic (conventional) and
monoclonal antibody drugs such as i) RNAI functions based on Watson-Crick base
pairing with target mRNA, whereas conventional therapeutic require the druggable
target of a particular protein. As a result, there are many proteins related to the diseases
that are undruggable by conventional small-molecule drugs but theoretically, RNAi can
target all mMRNAs [18]. ii) RNAI uses endogenous nuclease, so only one factor (for
example dsRNA) is needed for a programmable knockdown. iii) It has high potency
[19]. As well as v) Stable and long-term silencing is achievable using ShRNA or by a

series of transfections.

Although RNAI possesses excellent benefits in gene therapy development,
several challenges hinder its extraordinary clinical use including i) higher off-target
effect in transcript knockdown [20], ii) limited accessibility to target nuclear transcripts,
iii) cost associated with chemical modification for siRNA/ASO [18], iv) transient
knockdown with a single transfection, therefore multiple transfections are needed for
an effective knockdown [21], v) difficulty to knockdown transcripts which have high
turnover [19,21].

1.2.2. CRISPR-Cas system: discovery, diversity, and abundance
1.2.2.1 Discovery of CRISPR: From yogurt to novel prize

Bacteria and archaea employ Clustered Regularly Interspaced Short Palindromic
Repeat-associated (CRISPR-Cas) endonuclease protein to a target foreign genetic
element for cleavage (like viral nucleic acid) with the help of CRISPR RNA (crRNA)
to function as an adaptive immune response [22]. In 2020, Dr. E Charpentier and

Jennifer A. Doudna shared a novel prize in chemistry for the extraordinary discovery
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of a genome-editing tool (CRISPR-Cas9). The journey behind this outstanding
discovery had been started by Japanese researchers who identified a series of short
uninterrupted repeats alienated with short sequences in the genetic element of E. coli in
1987 (Figure 2) [23]. After 10 years, Mojica and his colleagues identified that short
uninterrupted repeats had been omnipresent in all bacteria using bioinformatics analysis
and later the term CRISPR had introduced [24,25].
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Figure 2. Road to the success of CRISPR engineering, from yogurt to novel prize.

In 2007, first experimentally proved that the CRISPR-Cas involved in adaptive
immunity in lactic acid bacteria (Streptococcus thermophilus) against lytic phage [26].
Later, the Cas9 was characterized (former name Cas5, Csx12, or Csnl) and
demonstrated the RNA-mediated DNA cleavage [27]. Soon after, Charpentier and
colleagues discovered an unknown molecule called tracrRNA, which is a part of Cas9
for DNA cleavage [28]. By 2012, Dr. Charpentier and Dr. Doudna purified and
characterized the Cas9 and showed in vitro target DNA cleavage [22]. After this in vitro
findings, use of Cas9 has exploded. The principle was later proved in human cells
[29,30] and crystal structured was uncovered [31,32]. Next, different new CRISPR-Cas
proteins (like CRISPR-Cas12) were discovered [33], and revolutionized in various
biotechnological applications [34]. Lately researcher found Casl3 (formerly C2c2)
single CRISPR effector endonuclease which able to cleave target RNA in bacteria and
human cells [35,36], and also in human cancer cells [21,37,38]. Since E Charpentier
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and JA. Doudna invented the CRISPR/Cas9 endonuclease in 2012, use of CRISPR has
surged in many biotechnological applications, therefore, their work has been awarded

novel prize in 2020.

1.2.2.2. Diversity and abundance

CRISPR-Cas endonucleases are classified into two major groups such as Class 1 and
Class 2 based on evolutionary relationship and single/multi-subunit effector protein
[39]. The detailed classification with the segmental structure of the network has shown
in Figure 3 [39,40]. Class 1 CRISPR-Cas group has multiple effector modules that make
crRNA-binding machinery and function together for cleaving a target nucleic acid [40].
This group is sub-categorized into three types (Type I, Type Ill, and Type 1V). Whereas
the Class 2 group has a single, multi-domain effector protein and functions similarly to
Class 1. Which is also subdivided into three types such as Type Il (Cas9), Type V
(Casl2), and Type VI (Casl3). Furthermore, these six types have been grouped into
various categories based on the origin of species.

Adaptation Expression Interference Signal transduction/ancillary
Repeat Spacer Pre-ceRNA Effector module Target coA sensor Effector
array integration processing (crRNA) processing cleavage synthesis
and target binding
& D 1 ] |

roee1 0101 DIDED & [l [k
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Figure 3. General structural overview of CRISPR-Cas classification [40]. Major

classes of CRISPR-Cas effectors; Class 1 contains multi-subunit effectors for a
catalytic activity and CRISPR array for guiding the effector to a target site. In contrast,
Class 2 possesses a single effector associated with multi-domains accessory protein.
Similarly, it consists of a CRISPR array. Each major class is sub-divided into three
types; All sub-classes are categorized into three main functional domains such as
Adaptation, Expression, and Interference. One additional functional domain is signal

transduction.
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1.2.2.3. RNA targeted CRISPR effectors

Based on CRISPR-Cas effector functionality on target nucleic acid (DNA/RNA or not
defined yet), so far there are four CRISPR-Cas effectors have been reported that able
to cleave target specific RNA molecules like Type 11 A-C (multi-subunit effector),
Cas9, Casl2g, and Cas13 (single subunit effectors) (Figure 4) [40]. The basic principle,
mode of action, strength and challenges are described below in the therapeutic point of
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Figure 4. Structural module of RNA cleavage CRISPR-Cas and CRISPR array
[40]. A, details structural module of CRISPR-Cas effector and CRISPR array of Class
1 Type IlI; where Type I11-A to Type 111-D are acted on RNA and Type I11-E to Type
[1I-F are not yet concluded (indicated as ‘?” sign). B, Class 2 Type Il CRISPR-Cas
effector and CRISPR array. C, Class 2 Type V CRISPR-Cas effector CRISPR array. D,
Class 2 Type VI CRISPR-Cas effector and CRISPR array.
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1.2.2.3.1. Type 1

Type 111 CRISPR-Cas systems belong to class 1. They are categorized into six subtypes
such as Type IlI-A, I11-B, 111-C, I1I-D, IlI-E, and I1I-F [40]. Type IlI-A, I1I-B, and IlI-
C have been reported as RNA cleavage function. The unique feature among all subtypes
is the presence of a Cas10 nuclease except in Type I1I-E. The generalized mechanism
for Type I11-A has drawn in Figure 5A [41-43]. CRISPR array is transcribed into pre-
crRNA and then becomes mature with the help of Cas6 [44]. Later, it goes under
secondary processing which is unknown yet. There are several subunits of Type IlI-A
(Cas10, Casll, Cas7, Cas5, and Csx1) combined to cleave nucleic acid guided by
mature crRNA. Type Il1-A cleaves target (specific 6-nucleotide) RNA performed by
Cas7 (Figure 5A: M symbol) and two nonspecific nucleic acids: ssDNA (single-
stranded DNA) and RNA depend on Cas10 activity (Figure 5A: X1 symbol) [41,42].
Cyclic oligos produced by Palm domain of Cas10 are allosterically activate Csm6/Csx1
which is involved directly in nonspecific RNA knockdown [45]. Multiple nuclease
activity and especially nonspecific cleavage function raise a question for suitability in

the therapeutic purpose.

1.2.2.3.2. Cas9 (Type I1)

CRISPR-Cas9 is a class 2 single effector programmable endonuclease. The discovery
of CRISPR-Cas9 endonuclease has further pushed the advance of RNA therapeutics to
the front position. Cas9 nuclease is used for genomic DNA editing but O’Connell et al
have shown that Cas9 also effectively knock down target specific single-stranded RNA
(ssRNA) molecule [22,46]. Cas9 endonuclease binds to target RNA only when spacer
(guide RNA) matches and the PAM (protospacer adjacent motif) is presented in trans
as separate DNA oligomers (PAMers) (Figure 5B) [46]. PAMers means PAM: 5' NGG,
and oligos that are complementary to target RNA. When PAMers bind to target RNA
then the Cas9 is directed to target RNA molecule following guide-RNA and cleaves it.
That ultimately hinders the protein translation. Cas9 is a single CRISPR-Cas effector
and has higher potency over multi-subunit effectors like Type 111 CRISPR-Cas nuclease.
Nevertheless, it holds the ability to interact with nonspecific DNA [46], theoretically

leading to unintended permanent error at the genomic level.
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Figure 5. The mood of action of all CRISPR-Cas effectors which are involved in
RNA degradation. A, Mechanism of Type I11-A CRISPR-Cas mediated target nucleic
acid cleavage [41-43]; Type IlI-A cleaves three nucleic acids such as target RNA
(indicated as M symbol), non-target sSDNA and ssRNA (marked as [XI symbol). B,
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Cas9 mediated RNA cleavage activity [46]; This system works only when the PAMer
oligos hybridize with target RNA, then guide RNA starts search-target and hybridize
flanking by PAMer. Later, it cleaves target RNA, this is called PAM activated RNA
cleavage. C, similar with Type I11-A, CRISPR-Cas12g also cleaves three nucleic acids
including one target RNA, and two non-target cleavages (sSRNA and ssDNA) [47]. D,
Strategy how Cas13 cleaves target RNA molecule [36]. The detailed strategy has shown
in Figure 6.

1.2.2.3.3. Casl2g (Type V-G)

Recently identified Casl2g (Type V-G) has shown the potentiality of RNA cleavage
[47]. Casl2gis a class 2 Type V CRISPR-Cas effector. It is comparatively simpler and
smaller in size (767 aa) than other nucleases. Also, no PAM sequence is required for
interference activity [47]. However, Cas12g possesses analogous function like Type
I11-A. It shows target RNA degradation and non-target cleavage of ssSDNA and ssSRNA
(Figure 5C) [47].

1.2.2.3.4. Casl3 (Type VI)

Type VI Cas proteins (Cas13) are also simple structure modules and have two HEPN
(higher eukaryotes and prokaryotes nucleotide-binding) catalytic domains [35]. These
domains are located at both terminal ends and cleave target RNA upon binding. There
are four subtypes of Cas13 based on the origin, protein length, and structural orientation
such as Cas13a (formerly known as C2c2 or Type VI-A) from Leptotrichia wadei or L.
shahii, Cas13b (C2c6 or Type VI-B) from Prevotella buccae or Prevotella sp. P5-125,
Cas13c (C2c7 or Type VI-C) from Fusobacterium perfoetens, and Cas13d (CasRx or
Type VI-D) from Ruminococcus flavefaciens XPD3002 (Figure 4) [40,48,49].

In the structural organization of Cas13, as like to Cas9 and Cas12, the Casl3a
adopts a bi-lobed globular protein comprising one crRNA Recognition lobe (REC), and
one Nuclease lobe (NUC) [50]. The REC lobes contain an N-terminal domain (NTD),
and a Helical-1 domain whereas NUC lobes have two HEPN domains unlike RuvC in
Cas9 and Cas12, and Helical-2 and -3/linker [50]. In the case of crRNA, the crRNAS

of Cas13 are the relatively simple structure of direct repeat (DR), which is flanked by
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5" or 3" about 20-30 bp long ‘spacer’ nucleotide (guide RNA) [51]. The crRNAs are
transcribed into pre-crRNAs that require further processing to become functionally
mature crRNAs [52].

In mechanism, DR or stem-loop of mature crRNA are recognized and bound to
REC lobes in Cas13 with high affinity and specificity [51]. The spacer of mature crRNA
(especially seed region) helps in the target-search procedure and stabilized the
preliminary hybridization of the ‘spacer’ to the target RNA in the close vicinity of the
PFS (protospacer flanking site) site (Figure 5D and Figure 6) [49,51]. Upon the stable
hybridization between Casl3 bounded crRNA-spacer and target-RNA, a large
conformational change is adopted by crRNA and Cas13a. More specifically, Helical-2
domains spin away from the HEPN-2 domain, which helps to rotate the HEPN-1
domain, coming to the two halves of the HEPN active site residing in HEPN-1 and -2
close enough together to make the catalytic site for RNA cleavage [53]. Thus, the active
catalytic site cleaves the target RNAs. The advantages of Cas13 over other methods are
the simple structure of CRISPR-Cas effector and crRNA architecture, limited PFS

preference. The RNA level manipulation is less error-prone than DNA.

1.2.2.3.5. Strengths and challenges of CRISPR-Cas systems

Overall, the CRISPR-Cas effector systems are advantageous over RNAI therapeutic
such as i) No need for multiple rounds of transfection for sufficient knockdown [21].
i) As RNAI uses endogenous nucleases, knockdown of a nuclear transcript is
challenging but CRISPR-Cas mediated system can overcome it easily by tagging a
localization signal with the Cas protein [20,21,48]. iii) It has higher effectiveness
[20,48]. iv) Similar to RNAI, theoretically CRISPR can easily target a gene of interest.
v) Stable and long-term silencing using these techniques. vi) Comparatively low cost
than RNAI techniques. However, several concerns should be addressed for getting its
amazing clinical application including i) reduction of off-target effect and ii) like
traditional gene therapy, CRISPR-Cas systems also have a concern about the immune-
toxicity [54].
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Figure 6. Generalized mechanism of CRISPR-Casl3 mediated target RNA
knockdown. A, Schematic of CRISPR-Cas endonuclease gene and CRISPR RNA
(crRNA) array; initially crRNA is transcribed into pre-crRNA and later become mature
crRNA by secondary processing. B, CRISPR-Cas13 mediated target RNA knockdown;
the mature crRNA binds efficiently to REC lobe in Cas13 that allow Cas13 protein to
search a target RNA with the help of spacer (red part in mature crRNA). Once, it
hybridizes with target RNA, a conformation change happens in Helical-2 and HEPN
domains in the Casl3 that activates the catalytic site in HEPN domains. Finally, the

active site cleaves a target RNA of interest.
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General introduction part-11: Molecular genetics and therapeutic trends of the

EML4-ALK-positive lung cancer

1.3. EML4 in human

Echinoderm microtubule-associated protein (EMAP) was first identified as a major
element of microtubule development in sea urchin eggs and categorized as a first
member of the EMPA-like (EML) protein family [55]. Since then, several variants have
been determined across the animals including humans, most of which are associated
with microtubule assembly during mitosis [56]. There are six EML proteins express in
humans, EML1 to EML6, which are classified into two subfamilies based on their
protein domain organization [57]. EML1 to EML4 consists of the N-terminal coiled-
coil domain, followed by a hydrophobic EML protein (HELP) domain and variable
repeats of tryptophan-aspartic acid (WD) (Figure 7A) [58,59]. These domains are
alienated by unstructured basic linker region. In contrast, the absence of N-terminal
coiled-coil domain in EML5 to EML6 proteins and instead, contain three repeats of the
HELP-WD domains [57,58].

1.4. ALK in human

Anaplastic Lymphoma Kinase (ALK) was first reported as a fusion partner with
nucleophosmin (NPM) resulted in over-activation of kinase activity found in non-
Hodgkin’s lymphoma [60,61]. ALK belongs to the insulin receptor kinase superfamily,
which comprised of N-terminal extracellular region including two MAM (meprin A5
protein and protein tyrosine phosphatase Mu) domains, one (LDLa) low-density
lipoprotein receptor domain class A domain close to a Gly-rich region ahead of
transmembrane (TM) helix (Figure 7B) [58,62]. The C-terminal intracellular region has
a tyrosine kinase (TK) domain [58]. ALK expressed the most in brain tissues, therefore,
it most likely involves the growth of the nervous system [63,64]. ALK knockout in
mice resulted in no major defects in viability except behavioral abnormalities [63].
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Figure 7. Functional domain and motifs in EML4-ALK oncofusion. A, Graphical
representation of functional domain and motifs in EML4 gene; Coiled-coil and HELP
(hydrophobic EML protein) domains are connected by unstructured basic region. Red
dot lines indicated that the breakpoint when EML4 translocated with other fusion
partners. B, ALK is a receptor protein that contains three regions including intracellular,
transmembrane, and extracellular. Intracellular regions have one functional tyrosine
kinase (TK) domain whereas the extracellular region possesses a G-rich region, LDLa
(low-density lipoprotein receptor domain class A), and MAM (meprin A5 protein and
protein tyrosine phosphatase Mu) domains. C, How EML4 and ALK make a fusion gene
through para-centric inversion.
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1.5. Molecular genetics of EML4-ALK in lung cancer

Non-small cell lung cancer (NSCLC) responsible for 85% of lung cancer, and most of
these are lung adenocarcinoma (LUAD) [65,66]. One of the most common types of
oncofusion in LUAD is EML4-ALK which drives the constitutive activation of ALK
and thus increased cell survival, cell growth, and proliferation [56]. The EML4 and ALK
genes are located in reverse orders within the short arm of chromosome 2, and the
paracentric inversion of this chromosomal region [inv(2)(p21p23] results in a fusion
oncogene so-called EML4-ALK, discovered in Japanese lung cancer patients in 2007
(Figure 7C) [67]. So far, fifteen variants of EML4-ALK have been reported [56,58].

In all cases, the breakpoint within the ALK is close to the 50 end of exon 20
[56,58]. In this way, the TK-containing intracellular domain is only included in the
EML4-ALK fusion variants. The breakpoint within the EML4 gene is inconstant. The
most frequent variants is V1 (EML4 exonl3;ALK exon 20) (36%), and then V3a
(E6;A20) and V3b (E6ins33;A20) (29%) [56,58]. The shortest version is V5 (E2;A20)
(2%) (Figure 8) [68]. Although breakpoint within the EML4 gene is a more variable but
unique feature is the presence of coiled-coil domain in all variants. This domain is
recently identified as trimerization domain (TD) responsible for ALK overactivation
through oligomerization and auto-phosphorylation [21,56,58].
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Figure 8. Molecular genetic variants and frequency of EM4-ALK oncofusion

[58,68].
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1.6. Molecular signaling pathways

To elucidate the signaling pathways, retrospective studies have used cells derived from
NSCLC patients or disease model cells expressing EML4-ALK variants like H3122
(expressing variant V1), H2228 (harboring variant VV3a/b) [69]. The ALK inhibitor (For
example, Crizotinib or TAE684) had used in these cell lines to provide the effect on
phosphorylation of signaling partners such Akt, ERK, and STAT3 [70]. In this way,
EML4-ALK oncofusion is supposed to lead to the constitutive activation of downstream
oncogenic signaling through several pathways by activating phosphorylation such as
RAS/RAF/MEK/ERK, JAK/STAT, and PI3K/Akt [71].

1.7. Contemporary treatment systems for ALK-positive lung cancer

Patients harboring EML4-ALK have divergent pathological characteristics comprising
young age of onset, light or no smoking history, and adenocarcinoma in histology
[69,72]. Cytotoxic platinum or pemetrexed based chemotherapy is often used for
patients with advanced stages of the disease [73]. With the advancement of molecular
pathobiology of EML4-ALK-positive lung cancer, these days ALK inhibitor-based
personalized therapy has proven promising results in prolonging patient survival.

1.7.1. Rationale for ALK inhibitor
1.7.1.1. First generation

An ATP analog tyrosine kinase inhibitor of ALK, called crizotinib (structure in Figure
9A), was first discovered and later approved (first generation) by the FDA in 2011 as
oral medicine for ALK-positive NSCLC patients [74]. The crizotinib not only inhibits
ALK but also MET and ROS1driven tumors [75,76]. Shaw et al found crizotinib is
superior in terms of progression-free survival (PFS) and drug response rate over
standard first-line pemetrexed-plus-platinum chemotherapy in 347 patients with
previously untreated ALK-positive NSCLC [77].

1.7.1.2. Second generation

Regrettably, after a promising response to treatment with crizotinib, patients invariably
succumb to acquired resistance within one year [78,79]. Further studies identified the

reason and classified it into two roads for acquired resistance such as ALK-dependent
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or ALK-independent pathways. In the ALK-dependent pathways, secondary mutations
for example L1196M, C1156Y, G1269A appear in the pocket of tyrosine kinase at the
crizotinib binding site [79,80]. In contrast, ALK-independent pathway associated with
alternative pathway activation for cell proliferation and growth including KRAS, EGFR,
cMET, and AXL or conversion into small cell lung cancer [81]. To circumvent this
resistance, second-generation ALK inhibitors like ceritinib, alectinib were discovered
and approved by FDA, and they showed three-fold longer PFS over crizotinib (structure
in Figure 9A) [81]. As a consequence, alectinib is broadly used as first-line therapy for
ALK-positive NSCLC patients [82,83].

1.7.1.3. Third generation

However, as observed in crizotinib, some patients with ALK-positive lung cancer
treated with a second-generation inhibitor like alectinib acquired resistance due to the
occurrence of mutation particularly G1202R and 11171N/S/T in the ALK kinase
domain [79,84]. To get rid of acquired resistance from second-generation ALK
inhibitor, a third-generation inhibitor called lorlatinib was developed and accepted by
FDA (structure in Figure 9A) [85-87]. The lorlatinib exhibited an extraordinary
response rate (47%) and PFS (7.3 months) in ALK-positive lung cancer patients who
previously received a minimum of one inhibitor [86,88]. Nevertheless, recently some
compound mutations that induce resistance against lorlatinib have been reported
[89,90]. Fascinatingly, acquired resistance by lorlatinib can be re-sensitized by
combination therapy with first or second-generation inhibitors [91]. During the writing
of this thesis, Mizuta et al reported another new inhibitor called gilteritinib that able to

overcome the resistance of lorlatinib [81].

1.7.2. Chemotherapy

Single-agent chemotherapy often shows lower PFS over combination chemotherapy. A
retrospective study found that single-agent pemetrexed chemotherapy resulted in 5.5
months PFS whereas platinum/pemetrexed combine regimen exhibited higher PFS (7.3
months) [92]. Surprisingly, the majority of studies found that inhibitors possess
dominance features in response rate and PFS over conventional platinum or pemetrexed
based chemotherapy for ALK-positive cancer. For instance, 7.7 months PFS and 65%

drug response rate in crizotinib while 3 months PFS and 20% response rate in
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pemetrexed/docetaxel were reported (structure in Figure 9B) [77,93]. Other studies
reported 16.5 months and 8.1 PFS for ceritinib and chemotherapy (cisplatin or
carboplatin plus pemetrexed) respectively [94].
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Figure 9. Commonly used inhibitors and chemotherapeutic molecules for EML4-
ALK positive lung cancers. A, Inhibitors used for ALK-positive NSCLC approved by
FDA,; Crizotinib, first-generation inhibitor; Ceritinib and Alectinib, second-generation
inhibitor; Lorlatinib, third-generation ALK inhibitor. B, Molecules often used as
chemotherapy for ALK-positive cancers such as pemetrexed and docetaxel. All
molecular structures are derived from PubChem (NCBI) [95].
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General introduction part-111: Problem identification and justification, and

objectives

1.8. Problem identification and justification
1.8.1. Why is a new ALK-positive lung cancer treatment strategy necessary?

According to the World Health Organization (WHO) report 2020, death of lung cancer
is the highest among all cancers (Figure 10) [96]. ALK-positive lung cancer is one of
the important cancers which is not correlated with environmental factors like smoking
[56]. The therapeutic system available these days for this ALK-positive cancer can be

categorized into two groups like ALK-inhibitor and chemotherapy.

Estimated number of deaths worldwide, both sexes, all ages
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Figure 10. The death rate for all cancer types across the world estimated by WHO
in 2020 [96].
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The inhibitor-mediated systems hold promising therapeutic outcomes. But the
most hurdle is the patient experience acquired resistance due to mutation in the kinase
domain of ALK or bypass activation of cell proliferating pathways. In particular,
crizotinib generates L1196M, C1156Y, and G1269A mutations whereas alectinib
induces G1202R and 11171N/S/T mutations in the kinase domain of ALK (Figure 11)
[79,80,84]. Patients treated with a third-generation inhibitor like lorlatinib also
succumb to resistance [89,90]. Another challenge for the use of inhibitors is the
associated adverse side effect such as diarrhea, vomiting, nausea, and an elevated level

of alanine aminotransferase [94].

Contrarily, the chemotherapeutic system possesses lower efficacy and shorter
progression-free survival (PFS) than inhibitors [77,93]. The chemotherapy system is
highly toxic to cells, and show adverse effect including nausea, vomiting, and anemia
[94]. Although the potency is low, platinum/pemetrexed combined chemotherapy can
be administrated for the ALK-positive NSCLC once the patient becomes resistant to
past inhibitor treatment [73]. In line with the evidence of retrospective studies for the
development of a new inhibitor and later facing a challenge for acquired resistance, it

is denoting that alternative study is strongly needed for ALK-positive lung cancer.
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Figure 11. ALK-dependent acquired resistance generated by inhibitors. A, Cancer
state of ALK-positive lung cancer where signal molecule binds to ALK receptor to
activate the downstream signal. B, Crizotinib mediated therapeutic strategy where
crizotinib competes with signal molecule and binds to the pocket of TK domain, by
which downstream signal is hindered. C, Inhibitors mediated acquired resistance
through ALK-dependent pathway; mutation has occurred in the binding site of ALK,
thereby inhibitors cannot attach to the pocket of ALK. Which ultimately activates the

downstream signaling.

Saifullah, ID: 1820413 22| Page



Doctoral Dissertation Chapter I: General Introduction

1.8.2. Which can be a future suitable strategy for ALK-positive cancers

treatment?

Now question arising which type of therapeutic method fits the most. As small-
molecule inhibitor and chemotherapy (conventional therapy) have been facing
challenges, the gene therapy-based technique could be a potential alternative. Based on
the recent evidence for the successful RNAI therapeutic approval by FDA for some
genetic diseases [1], the CRISPR-Cas13 based therapeutic strategy is being proposed
in this study. This is because the CRISPR-Cas13 possesses superiority over available
RNAI tools including a) higher gene knockdown efficiency [20], b) single-dose is
sufficient for gene knockdown [21], ¢) chemical modification is not needed that reduce
the cost, d) higher programmable manner knockdown, e) the most prominently, lower
off-target transcript degradation [20]. The use of Cas13 is also advantageous over Cas9
such as a) Cas9 holds the ability to interact with non-specific DNA when it uses for
nucleic acid engineering either in DNA or RNA level manipulation, which can
introduce a permanent error in the genome [21,51], b) RNA has a very short half-life
and expresses as tissue-specific manner. Therefore, even though non-specific targeting
happens in the case of Casl3, the effect will be transient, unlike DNA-based gene

engineering.
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1.9. Objective of this study

In the course of my doctoral research, | have identified ALK as a prognostic biomarker
and therapeutic target using bioinformatics analysis and developed a potential
therapeutic strategy for the ALK-positive lung cancer cells using the CRISPR-Cas13a
system in disease model human cells. The principal objectives of the current doctoral
thesis are given below:

> ldentification of ALK expression as a prognostic biomarker and therapeutic
target in ALK-positive cancers using integrative bioinformatics approach.

» To break down of firefly luciferase RNAs using the CRISPR-Cas13a machinery
as a target model for the further application in disease-relevant RNAs, which
helps to know how is the efficiency, specificity, and functionality of Casl3a
ribonuclease on a target-specific RNA.

» Application of CRISPR-Cas13a machinery in downregulation of EML4-ALK
fusion RNAs for the novel treatment system of Non-small-cell lung carcinoma
(NSCLC).

These principle objectives are split into three experimental chapters which are depicted

as infographic flowchart.

Chapter 11 Chapter IV
Identification of Chapter 111 Application of
ALK as a Characterization Casl3a for
prognostic of CRISPR- regulating ALK
biomarker and Casl3a in ALK-positive
therapeutic functionality lung cancer
target cells
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Chapter 11

Exploration of clinical consequence and associated genes of ALK

expression in cancers using integrative bioinformatics

2. Outline

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase receptor that is genetically
altered in several cancers, such as non-small cell lung cancer (NSCLC), melanoma,
lymphoma, and other tumors. Although ALK is associated with various cancers, the
relationship between ALK expression and patient prognosis in different cancers is
poorly understood. Here, | show a correlation between ALK expression and its clinical
outcome in patients with lung adenocarcinoma (LUAD), melanoma, ovarian carcinoma
(OV), diffuse large B-cell lymphoma (DLBC), acute myeloid leukemia (AML), and
breast cancer (BC) using different computational web portals. | analyzed ALK
transcriptional expression, patient survival rate, genetic alteration, protein network, and
gene and microRNA (miRNA) co-expression. | found higher ALK expression compared
to normal tissues in LUAD, melanoma, and OV, which are associated with poor patient
survival rates. In contrast, lower transcriptional expression deteriorates the survival rate
of patients with DLBC, AML, and BC. | identified 214 missense mutations, 24
truncating mutations, seven fusions, and two in-frame mutations, with the highest
alteration of ALK in melanoma. | further showed that 17 genes and 19 miRNAs were
exclusively co-expressed and found that echinoderm microtubule-associated protein-
like 4 (EML4) was the most positively correlated gene (log odds ratio >3). The gene
ontology and signaling pathways of the genes co-expressed with ALK involved in these
six cancers were also identified. My findings offer a basis for ALK as a prognostic
biomarker and therapeutic target in cancers, which will potentially contribute to

precision oncology and help clinicians regarding treatment options.

Keywords: ALK expression, cancers, integrative bioinformatics, patient prognosis,

multi-omics analysis, co-expression, signaling pathway

Saifullah, ID: 1820413 33| Page



Doctoral Dissertation Chapter II: Bioinformatics analysis

2.1. Introduction

Anaplastic lymphoma kinase (ALK) is a transmembrane tyrosine kinase receptor
belonging to the insulin receptor superfamily [1]. Genetic aberrations of ALK, including
gene fusions, translocations, or inversions with different gene partners, have been
identified in many solid cancers. For instance, EML4-ALK oncofusion in NSCLC [2,3],
nucleophosmin (NPM)-ALK fusion oncogene in anaplastic large cell lymphoma
(ALCL) [4], truncating ALK in melanoma [5,6], and translocation of ALK in ovarian
serous carcinoma [7-9]. ALK translocations also appear in DLBC [10,11], AML [12,13],
BC [14,15], and renal cell carcinomas [16] at low rates. The resultant X-ALK proteins
comprise the C-terminal part of the entire intracellular tyrosine kinase domain and the

N-terminal part of the fusion proteins, usually the di- or trimerization domain [17].

Once the fusion protein is activated by di- or trimerization, ALK plays a primary
role in constitutive autophosphorylation, leading to the activation of downstream
signaling and subsequent arrest of cell proliferation and growth. There are four main
signaling pathways downstream of kinase-activated ALK: proto-oncogene protein
p21/extracellular-signal-regulated kinase (RAS/ERK), phosphoinositol-3 kinase
(PI3K)/Akt, Janus kinase/signal transducer and activator of transcription (JAK/STAT),
and phospholipase Cy (PLCy) [18,19]. The favorably used pathways show a
discrepancy depending on the ALK isoform type (wild type or mutated, fused with a

protein partner, and full-length or truncated), and subcellular localization [5,20,21].

Multi-omics data along with clinical information have revolutionized the field
of medicine and biology for a comprehensive understanding of disease genotypes and
phenotypes for human health [22-24]. One-dimensional omics data for cancer studies
provide only limited information regarding the etiology of oncogenesis and cancer
progression [22]. In contrast, multi-omics data can provide a greater understanding of
the prognosis and predictive precision of disease phenotypes, thereby improving
therapeutic and prevention measurements [25,26]. The prediction of cancer prognosis
is a profound point of interest for clinicians, patients with cancer, and healthcare
professionals because it facilitates all kinds of decisions concerning patient care and
clinical treatment [27,28]. Therefore, prognostic biomarkers have been employed to
precisely select patient subgroups using various treatment approaches [29,30].
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In this study, I comprehensively analyzed ALK expression and its clinical
significance in LUAD, melanoma, OV, DLBC, AML, and BC patients using publicly
available multi-platform datasets. | evaluated gene and mRNA expression patterns,
patient prognosis, genetic alteration analysis, protein-protein interaction network, gene
co-expression, microRNA (miRNA) co-expression analysis, gene ontology, and
signaling pathways in human LUAD, melanoma, OV, DLBC, AML, and BC. The
combined data provide supporting evidence for the use of ALK as a prognostic

biomarker and therapeutic target.

2.2. Materials and Methods
2.2.1. Experimental design

This study was performed according to the following schematic experimental design:

ALK expression analysis
(FireBrowse, Oncomine, & HPA)

v

Prognosis analysis
(PrognoScan)

v
Genetic alteration
(cBionortal)
v
ALK protein network

(Cytoscape: GeneMANIA,
STRING)

v

Gene co-expression analysis

L (Oncomine, Morpheus & Enrichr) )

v
Signaling pathway

(Enrichr)
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2.2.2. Expression profile of ALK across human normal and cancer tissues

ALK mRNA and protein expression data in normal human tissues were obtained from
the Human Protein Atlas, normal tissue immunohistochemistry, Expression Atlas data,
and RNA-seq expression data using the Open Targets Genetics Portal
(https://genetics.opentargets.org) [31]. Gene expression patterns across normal and
cancer tissues were determined using the FireBrowse (http://firebrowse.org/) datasets

[32]. The ALK query in the FireBrowse database was performed using default settings.

2.2.3. Significant ALK expression variation in different cancer types

The expression levels of ALK gene in lung cancer (LUAD, LUSC), skin cancer (CM),
ovarian cancer (OSC), blood cancer (DLBC, AML), and BC and normal tissue
counterparts were assessed using Oncomine (https://www.oncomine.org) [33] web
portal. The following parameters were considered to generate a graph from Oncomine
data: p-value, <0.05; fold change, 2; gene rank, top 10%. The Oncomine server covers
microarray data from 86,733 tumors and 12,764 normal tissues. The
immunohistochemistry (IHC) analysis was conducted using Human Protein Atlas
(HPA) database (http://www.proteinatlas.org) [34]. The default parameters were

considered for IHC images.

2.2.4. Prognostic investigation of ALK mRNA expression in patients with cancer

The biological relationship between ALK expression and prognosis of patients with
different cancers was assessed using PrognoScan cancer microarray datasets
(http://www.prognoscan.org) [35,36] with a Cox p-value <0.05. PrognoScan provides
an effective platform for assessing potential cancer biomarkers and therapeutic targets.

2.2.5. Evaluation of ALK alteration and associated cancers

The TCGA PanCancer Atlas datasets (10,953 patients/10,967 samples) were used to
evaluate the genetic alterations of ALK in associated cancers, and cBioPortal cancer
genomics data (https://www.cbhioportal.org) were used to evaluate the RNA-seg-based

MRNA expression levels [37,38].

Saifullah, ID: 1820413 36| Page



Doctoral Dissertation Chapter II: Bioinformatics analysis

2.2.6. ALK protein network analysis and clinical significance in cancers

Protein-protein interaction analysis with the target gene was performed using
GeneMANIA and STRING platforms with Cytoscape software version 3.5.2 [32]. The
predicted 30 proteins were then queried using the cBioPortal platform to identify
genetic alterations and clinical significance in lung, skin, ovary, blood, and breast

cancers.

2.2.7. Profiling of genes and non-coding RNAs co-occurred and co-expressed with
ALK

Genes exclusively co-occurring with the target ALK gene were analyzed using the
cBioPortal platform based on g-value ranking (<0.05). The co-expression value of the
co-occurring genes was obtained using the Oncomine microarray datasets. The co-
expression heatmap was generated using the GraphPad Prism software version 8. Based
on the co-expression values, the influence of one gene on the expression of another
gene was evaluated using a similarity matrix and hierarchical clustering tools via the
Morpheus server [39]. The miRNAs co-expressed with ALK and common genes were
obtained from the Enrichr web portal (https://maayanlab.cloud /Enrichr/) [40,41] and

scrutinized using Cytoscape_v3.8.2 software.

2.2.8. Elucidation of Gene ontologies (GOs) and signaling pathways of ALK and its
correlated genes

The GOs and signaling pathways of ALK with co-occurring genes and relevant bar plots
were derived from the Enrichr platform [40,41]. Enrichr is an integrative web-based
gene-list enrichment analysis tool that compares different genomic datasets. The input
genes were classified into biological processes, molecular functions, and cellular
components according to the GO terms. Similarly, signaling pathways were defined
using Reactome 2016, PANTHER 2016, and KEGG 2019. A Cox p-value <0.05 was

considered statistically significant for both GO and signaling pathway bar plots.
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2.3. Results
2.3.1. Expression profile of ALK across human normal and cancer tissues

| observed ALK RNA and protein expression in various human normal tissues using the
Open Target Genetics platform [31]. Both RNA and protein expression levels were the
highest in the brain. The bar graph illustrates that ALK expression is higher in the skin,
reproductive, and lung tissues than in the blood and breast tissues (Figure 1A). Next,
the FireBrowse dataset [32] was used to examine ALK transcript expression in multiple
human cancers. The results showed an almost similar pattern of ALK gene expression
in the corresponding cancer tissues (Figure 1B), which primarily suggests that ALK is

involved in the tumorigenesis of the skin, ovary, lungs, blood, and breast cancers.
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Figure 1. Expression profile of anaplastic lymphoma kinase (ALK) across human

normal and cancer tissues. A, Outline of ALK mRNA and protein expression in

normal human tissues, based on Human Protein Atlas (HPA) normal tissue

immunohistochemistry, Expression Atlas data, and RNA-seq expression data derived

from Open Targets Genetics platform. B, RSEM (RNA-Seq by Expectation-

Maximization) RNA-Seq expression profiles for each cancer and corresponding normal

tissue were obtained from The Cancer Genome Atlas (TCGA) obtained using the

FireBrowse datasets. The boxes denote the median and the 25" and 75" % dots
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symbolize outliers. The red boxes represent tumor tissues, while the blue boxes
represent corresponding normal tissues. The gray boxes signify that no normal samples

exist for that disease cohort.

2.3.2. Significant variation in ALK expression in different cancer types

For further examination, interactive web portals Oncomine [33] and HPA [34] were
used for assessing the ALK expression in lung, skin, ovary, blood, and breast cancers.
As shown in Figure 2A-F, a significantly higher expression of ALK mRNA was
observed in the lung (LUSC and LUAD), skin (CM), and ovary (OSC) and lower
expression in the blood (DLBC and AML) and breast cancer (IBC) than in the healthy
controls. The results indicated strong evidence of upregulation of ALK in LUSC, LUAD,
CM, and OSC and downregulation in DLBC, AML, and IBC tissues compared to their
corresponding normal tissues. Next, an elevated expression of ALK was confirmed at
the protein level in lung (LUAD), skin (melanoma), and ovarian cancer (Figure 2G-I).
Which suggested a consistency between RNA and protein expression of ALK in lung

(LUAD), skin (melanoma), and ovarian cancer.
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Figure 2. Anaplastic lymphoma kinase (ALK) expression pattern in various
cancer types. A—F, ALK expression in six cancer types derived from Oncomine cancer
microarray database. The left side box plot represents ALK expression in normal tissue,

while the right side box represents cancer tissue. Statistically significant difference
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between normal and cancer tissues is indicated by p < 0.05. LUSC, Lung squamous cell
carcinoma; LUAD, lung adenocarcinoma; CM, Cutaneous melanoma; OSC, Ovarian
serous carcinoma CB, Centroblast; MBL, Memory B-lymphocyte; NCBL, Naive Pre-
germinal Center B-lymphocyte; P cell, Plasma Cell; SCFC, Small Cleaved Follicle
Center Cell; DLBCL, Diffuse Large B-Cell Lymphoma; CD-34 PP, CD34-Positive
Peripheral Blood Cell; AML, Acute Myeloid Leukemia and IBC, Invasive Breast
Carcinoma. ALK was substantially upregulated in lung, skin, and ovary cancers. In
contrast, ALK expression was considerably downregulated in blood and breast cancers.
The sample number is indicated inside the brackets. G-I, Immunohistochemistry (IHC)
images of ALK protein expression in lung (LUAD), skin (melanoma), and ovary
(ovarian cancer) derived from HPA (Human Protein Atlas). The brown staining denotes
the antibody is conjugated with its corresponding antigen.

2.3.3. Prognostic investigation of ALK mRNA expression in patients with cancer

The correlation between the level of ALK expression and the survival rate of patients
with lung, skin, ovarian, blood, and breast cancers was determined using the
PrognoScan dataset [35,36] with significant Cox p-values (<0.05). The analysis showed
that ALK overexpression is negatively proportional to the survival rate of patients with
LUAD (Jacob-00182-UM dataset), melanoma (GSE19234), and ovarian cancers
(GSE9891) with increased risk association (hazard ratio, HR, >1) (Figure 3A—C and G,
Table S1). In contrast, the differential expression of ALK was associated with a higher
death rate in DLBCL (E-TABM-346), AML (GSE8970), and BC (GSE9893) with
lower hazard ratios (HR, >0.5) (Figure 3D-F and G). In addition, the dataset GSE8894
showed that lower expression of ALK deteriorates the survival rate of patients with
NSCLC, whereas higher expression leads to lower relapse-free survival with higher risk
(HR, >1) in breast cancers, as shown in Figure S1 and Table S1. Therefore, the obtained
data suggested that the deregulated expression of ALK could elicit a poor patient

prognosis.
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Figure 3. Anaplastic lymphoma kinase (ALK) expression and clinical prognosis in
six different cancers retrieved from PrognoScan microarray cancer database.
Kaplan—Meier patient survival estimate of lung adenocarcinoma A, melanoma B,
ovarian cancer C, blood cancer: DLBCL and AML D-E, and breast cancer F for ALK
expression. The survival curve was determined as the threshold of Cox p-value <0.05
and p-value <0.01. The red line denotes high expression, while the blue line denotes
low expression. The dotted line symbolizes maximum and minimum values of the
survival average. HR, hazard ratio; CI, confidence interval; n, number of patients. G,
The statistically significant hazard ratio for my six different cancers was determined

from Figure A—F and expressed as a forest plot.
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2.3.4. Evaluation of ALK alteration in associated cancers

Data on genetic alterations in the ALK gene and their relevance and expression in
different cancers were obtained from the cBioPortal server [37,38]. Based on the results,
a total of 247 alterations were identified from one to 1620 amino acid sequences (Figure
4A). The highest alteration type was missense mutations (214 mutations) followed by
24 truncating mutations (including nonsense, frameshift deletion, frameshift insertion,
and splicing), seven gene fusions, and two in-frame mutations. Alteration frequency
was the highest in melanoma (14% in 444 cases) and the lowest in AML (1% in 200
cases) (Figure 4B). No alteration was found in DLBC. As depicted in Figure 4C,
profiling of mutated RNA expression shows that missense mutations are omnipresent
in each cancer type (highest in melanoma), seven oncofusions, nine truncating
mutations, three splicings, and one in-frame mutation. In contrast, the frequency of
copy number gain was the highest, which was distributed in each of the cancers,
followed by copy number amplification, deep deletion, shallow deletion, and diploid.
Consequently, these results suggest that the overexpression or downregulation of ALK
in LUAD, skin melanoma, ovarian cancer or AML, DLBC, and BC, respectively, is

correlated with mutations and copy number alterations.
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Figure 4. Data on genetic alteration of anaplastic lymphoma kinase (ALK) and
consequent cancers in patients derived from The Cancer Genome Atlas (TCGA)
PanCancer Atlas database through cBioPortal. A, Schematic of ALK protein and its
associated functional domains with the physical location of mutations. A total of 247
alterations were found from one to 1620 amino acid sequences, where the highest
alteration type was a missense mutation (214) and the lowest was an in-frame mutation
(2). B, The alteration frequencies of ALK and their associated cancers. The Y-axis
shows the alteration frequency percentage, and the X-axis represents the type of cancers
generated from the alterations, including mutation and copy number alterations (CAN).
The highest alteration frequency was conveyed in melanoma (gene-altered 14% in 444
cases). C, RNA seq v2 results of genetically altered ALK mRNA expression in 14
cancer studies obtained from the cBioPortal web. The mutations included missense
mutations in all cancer types (green dots), seven oncofusion in LUAD and melanoma
(violet dots), nine truncating (gray dots), three slicings (light brown dots), and one in-
frame mutation (deep brown dot). The frequency of copy number gain was the highest
and distributed in all cancer types, followed by copy number amplification, deep

deletion, shallow deletion, and diploid as indicated in different colors.
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2.3.5. ALK protein network analysis and clinical significance in cancers

To understand the significance of the diseases and predict the association between
genotype and phenotype, GeneMANIA and STRING servers through
Cytoscape _Vv3.8.2 software [32] were used to construct a protein network. Based on
these results, the predicted 20 protein partners from the GeneMANIA server were
EPHB3, MDK, AMELY, PTPRB, PTPRZ1, SEC16B, EPHAL, PTPRG, SEC16A,
JAK3, MMP13, FBX024, PTN, ZC3HC1, PDLIM3, MYBPC2, PTPRJ, KRT74,
MTIF2, and SHC3 ('see the footnote for abbreviation) by considering physical
interactions, co-expression, co-localization, genetic interactions, and shared protein
domains (Figure 5A). Ten proteins were identified in the STRING server, including
EML4, FRS3, PIK3CA, TNFRSF8, JAK3, PLCG1, KRAS, NPM1, HRAS, and JAK?2
(%see the footnote) (Figure 5B). Next, the genetic alteration frequency of ALK and the
30 interacting protein partners were analyzed using cBioPortal in the six cancer types.
The highest alteration frequency was observed in skin melanoma (70%), followed by
LUAD (65%), IBC (58%), and OC (57%), and the lowest was in AML (36%) (Figure
5C). I found that these alterations in 17 mutual (Table 1) proteins decreased the patient’s
disease-free survival compared to the unaltered group in all the six cancer types (Figure
5D). These findings indicate that the identified ALK and its protein partners might be
associated with LUAD, SM, OC, DLBC, AML, and BC. Furthermore, genetic

alterations in these proteins can change the clinical outcomes.

1 EPHB3 (Ephrin type-B receptor 3), MDK (Midkine), AMELY (Amelogenin Y-Linked), PTPRB
(Receptor-type tyrosine-protein phosphatase beta), PTPRZ1 (Receptor-type tyrosine-protein
phosphatase zeta), SEC16B (SEC16 Homolog B, Endoplasmic Reticulum Export Factor), EPHAL
(Ephrin Type-A Receptor 1), PTPRG (Receptor-Type Tyrosine-Protein Phosphatase Gamma), SEC16A
(SEC16 Homolog A, Endoplasmic Reticulum Export Factor), JAK3 (Janus Kinase 3), MMP13 (Matrix
Metallopeptidase 13), FBX024 (F-Box Protein 24), PTN (Pleiotrophin), ZC3HC1 (Zinc Finger C3HC-
Type Containing 1), PDLIM3 (PDZ And LIM Domain 3), MYBPC2 (Myosin Binding Protein C2),
PTPRJ (Protein Tyrosine Phosphatase Receptor Type J), KRT74 (Keratin 74), MTIF2 (Mitochondrial
Translational Initiation Factor 2), and SHC3 (SHC Adaptor Protein 3).

2 EML4 (Echinoderm Microtubule-Associated Protein-Like 4), FRS3 (Fibroblast Growth Factor
Receptor Substrate 3), PIK3CA (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit
Alpha), TNFRSF8 (Tumor Necrosis Factor Receptor Superfamily Member 8), JAK3 (Janus Kinase 3),
PLCG1 (Phospholipase C Gamma 1), KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog), NPM1
(Nucleophosmin 1), HRAS (Harvey Rat Sarcoma Viral Oncogene Homolog), and JAK2 (Janus Kinase
2).

Saifullah, ID: 1820413 46| Page



Doctoral Dissertation

A
O

SEC16A

SEC16B

O
PTPRB

®]
PDLIM3
ALK
®)
FBX024

O
SHC3 EPHA1

©) ©)
PTPRIPTPRZ1 @
MMP13
@)

KRT74

O
MTIF2

@)
ZC3HC1
©)

MYBPC2
O
AMELY

PTPRG

JAK3

Q Physical Interactions O QO Pathway

QO Co-expression QO Q Genetic Interactions
Q Predicted QO QO Shared domain

QO Co-localization

0000

(@)

® Mutation @ Fusion @ Amplification

® Deep deletion @ Multiple alteration

60%-{

40%-

Disease free

20%-4

Alteration Frequency

Mutation data
CNA data

70%

60%

50%

40%

30%

20%

10%

Chapter II: Bioinformatics analysis

O==Q Co-occurrence
©==Q |Interaction
Q=0 Co-expression

B Altered group
M Unaltered group

Logrank Test p-value: 8.77 x 107

«tw A

ey .

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Months disease free

Figure 5. Protein network of anaplastic lymphoma kinase (ALK) and their clinical
significance in six cancers. A-B, Predicted functional protein partners of ALK
generated by considering physical interaction, co-expression, co-localization, genetic
interactions, shared protein domains from GeneMANIA and STRING web servers
through Cytoscape v3.8.2 software. C, The genetic alteration frequency of 30 gene
signatures in Figure A-B was generated for lung, melanoma, ovarian, DLBC, AML,

and breast cancers using the cBioPortal platform. The highest alteration percentage was
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reported in lung cancer followed by melanoma and breast cancer, while the lowest was
in AML. D, Kaplan—Meier patient survival estimation of patients with genetically
altered and unaltered ALK and 17 partner proteins (Table 1) in six types of cancers
generated from cBioPortal. Patients with the altered forms of ALK and the 17 correlated

genes showed significantly less survival than those with the unaltered forms.

2.3.6. Profiling of genes and micro RNAs co-occurred and co-expressed with ALK

| recognized the mutually exclusive co-occurrence genes from the 30 ALK protein
partners identified using cBioPortal [37,38]. | found 17 genes that exclusively co-occur
with ALK based on g-values (<0.05), which are listed in Table 1. | found that EML4
was the most mutually exclusive gene (odds ratio > 3, g-value < 0.001) among all genes,
whereas ZC3HC1 had the lowest exclusivity (odds ratio 1.33, g-value 0.036). | also
observed that genetic alterations were the highest in the EPHB3 gene (11%).

Table 1. Significant co-occurring protein partners of ALK gene signature were

obtained using cBioPortal for cancer genomics.

Protein Alteration Log20Odds g-value Tendency
partner (%) Ratio

1 EML4 2.1 >3 <0.001

2 KRT74 1.8 2.718 <0.001

3 SEC16A 3 2.611 <0.001

4 TNFRSF8 |25 2.441 <0.001

5 MTIF2 2.1 2.357 <0.001

6 PTPRJ 2.6 2.312 <0.001

7 PTPRB 9 2.185 <0.001

8 PTPRG 4 2.173 <0.001

9 PLCG1 2.6 2.111 <0.001  Co-occurrence

10 EPHA1 4 1.848 <0.001

11  JAK2 4 1.812 <0.001

12 SHC3 1.8 1.722 0.02

13 FBXO024 3 1.674 0.002

14  JAK3 4 1.655 0.002

15 MYBPC2 |28 1.599 0.008

16 EPHB3 11 1.413 <0.001

17 ZC3HC1 2.6 1.336 0.036

To observe co-expression, | collected the fold change values of ALK and

identified 17 genes from the microarray datasets of the Oncomine server [33]. The
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expression analysis showed that all the genes are either overexpressed or downregulated
in LUAD, CM, OSC, DLBC, AML, and BC cancers, as depicted in a heatmap (Figure
6). Noticeably, MTIF2 and EPHB3 are overexpressed in these six cancers, whereas
JAK2 and SHC3 are downregulated in all cancers except DLBC and AML, respectively.
The results indicated that ALK and the identified genes are associated with these cancers
either positively or negatively. Furthermore, to determine the impact of each gene
expression on the expression of another gene, | used a similarity matrix analysis of the
genes with their co-expression values using Morpheus [39]. As shown in Figure 7, the
expression of one gene affects that of another gene. This suggests that the identified co-
expressed genes of ALK might be associated with the progression of the six cancer types

included in my study.
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Figure 6. Co-expression analysis of anaplastic lymphoma kinase (ALK) and its 17
mutually associated functional protein partner genes in six cancer types. The heat
map was generated from the log. fold change expression value of ALK and mutually
exclusive protein partner genes retrieved from the cancer microarray database

(Oncomine).
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Figure 7. Hierarchical clustering and similarity matrix analysis of ALK and the

expression of correlated genes in six cancer types. The heat map was generated from
the logz fold change expression value of ALK and common genes retrieved from
Oncomine. The outcome of the correlation was visualized by the similarity matrix and

hierarchical clustering tools in the Morpheus server.

Further, | investigated whether the microRNAs (miRNAS) were co-expressed
with ALK and 17 common genes using the Enrichr server [40,41] based on p-value
ranking (<0.05). I identified 19 out of 382 substantially co-expressed miRNASs in

humans, as shown in Figure 8 (green node) and Supplementary Figure S3. These
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findings indicated that the identified miRNAs might contribute to LUAD, SM, OC,
DBLC, AML, and BC development along with ALK and common genes.
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Figure 8. MicroRNAs (miRNAS) co-expressed with ALK and its mutually exclusive

genes in humans. The miRNAs were identified from the Enrichr web portal and the

interactions with the common genes were analyzed using Cytoscape_v3.8.2 software.

The green nodes indicate significantly enriched terms (p<0.05). The white and red

nodes denote genes with or without miRNA co-expression, respectively. The complete

list of mMiRNAs with associated genes is shown in Supplementary Figure S3.
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2.3.7. Gene ontologies and signaling pathway elucidation of ALK and its correlated

genes

Based on the expression profile of ALK and its mutual genes, | determined gene
ontological features and enrichment pathways using the Enrichr server [40,41] for
integrative analysis of the progression of LUAD, SM, OC, DLBC, AML, and BC in
humans. The resulting gene ontology (GO) terms mainly included the transmembrane
receptor protein tyrosine kinase signaling pathway, protein autophosphorylation,
negative regulation of cell communication (Figure 9A), protein kinase binding, protein
tyrosine kinase activity, MAPK activity, growth factor receptor binding (Figure 9B),
an integral component of the plasma membrane, specific granule membrane, and
endosome lumen activity (Figure 9C). For pathway identification, | considered the
results from three datasets, as shown in 9D-F. For the Reactome 2016 datasets, axon
guidance, ERK activation, VEGFR2 mediated cell proliferation, and FCERI-mediated
MAPK activation were considered (Figure 9D). Analysis of data from PANTHER 2016
showed the involvement of PDGF signaling, JAK/STAT signaling, angiogenesis,
EGFR signaling, chemokine and cytokine signaling, histamine H1 receptor and
interferon-gamma signaling, and axon guidance pathways (Figure 9E). Finally, KEGG
2019 suggested pathways related to non-small cell lung cancer, Thl, Th2, and T17 cell
differentiation, pathways in cancer, axon guidance, chemokine and prolactin signaling,
adherens junction, glioma, and ErbB signaling (Figure 9F). Therefore, these pathways
might be involved in LUAD, SM, OC, DLBC, AML, and BC tumorigenesis.
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Figure 9. Gene ontology and pathway analyses of anaplastic lymphoma kinase
(ALK) and its co-related functional protein partners. A, Biological process; B,
Molecular function; C, Cellular components; D, Reactome; E, PANTHER; F, KEGG
pathways of ALK and 18 partner proteins were obtained from the Enrichr web tool. The
bar chart shows the top 10 enriched terms in the chosen library, along with their
corresponding p-values. Colored bars correspond to terms with significant p-values
(<0.05). * indicates statistically significant values with p < 0.05.
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2.4. Discussion

In this study, | used the Open Targets Genetics portal and observed that ALK is highly
expressed in lung, skin, and ovary normal tissues compared to blood and breast tissues
(Figure 1A). Using FireBrowse, Oncomine, and HPA, | showed that the ALK
expression at the mRNA and protein levels had similar expression patterns in their
respective cancer tissues, such as upregulation in LUAD, melanoma, OC, and
downregulation in DLBC, AML, and BC (Figure 1B and Figure 2). This indicates an
association between ALK expression and the progression of these six cancers. This
finding was consistent with the biological fact that ALK expression has shown
upregulated in lung cancer [2,42], melanoma [43], OC [7,9], and downregulated in
DLBC [44], AML [45], and BC [45] tissue samples.

Prediction of a disease phenotype based on specific gene expression
substantially contributes to patient care with different treatment strategies. Therefore,
it is necessary to have a strong prognostic index that facilitates the treatment of LUAD,
melanoma, OC, DLBC, AML, and BC. Based on the prognostic analysis results, | found
that the overexpression of ALK positively correlates with the progression of LUAD,
melanoma, and OC with higher hazard risk (HR>1), whereas the downregulation of
ALK is negatively correlates with the survival rate of patients with DLBC, AML, and
BC with relatively lower hazard risk (Figure 3). Previous studies on LUAD and
melanoma showed that EML4-ALK rearrangement is associated with a poorer disease-
free survival rate than patients with ALK-negative cancers [46-48]. However, patients
with ALK rearrangement had a better prognosis for ovarian cancer than those without
ALK rearrangement [49]. In line with my study, a previous study in BC revealed that
patients with ALK protein overexpression exhibited poor overall survival or relapse-
free survival compared to those with low ALK expression [50] (Figure S1). All these
studies except BC stated the patient survival rate based on ALK-positive or ALK-
negative samples, whereas my study showed prognosis based on ALK expression level.
So far, | have not found prognostic studies on DLBC and AML based on ALK
expression patterns. It is worthwhile to conduct further studies on overexpression or
downregulation of ALK for long-term follow-up and detailed molecular analysis to
identify ALK as a prognostic biomarker for patients with LUAD, melanoma, OC, DLBC,
AML, and BC.
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This divergent ALK expression in the six cancers might be attributed to the many
mutations and copy number alterations observed in this study (Figure 4). Cancer
development is a chain of histopathological procedures that are influenced by four
important factors, such as somatically acquired genetic, transcriptomic, proteomic, and
epigenetic changes [51]. Among my queried patients (4865), ALK was altered in 5% of
patients (242) with a somatic mutation frequency of 4.3%. In total, missense, truncating,
fusion, and in-frame mutations, splicing, copy number gain, amplification, deep
deletion, shallow deletion, and diploid were identified (Figure 4). Several studies have
also shown genetic alterations, including mutations and fusions in ALK [2,52-58]. In
contrast to my findings, Cheng et al. found three recurrent hotspots (R1275Q/*/L,
F1245C/I/L/V, and F1174L/V) in the tyrosine kinase domain and one (R395H/C) in the
MAM domain in a population-scale cohort of different tumor samples [59]. However,

| did not identify any cancer hotspots in the queried TCGA samples.

Protein-protein interactions have been used for the analysis of biological
processes, disease progression, and downstream signaling and have also been targeted
for drug development [60,61]. In the present study, | identified 30 proteins (10 from
STRING and 20 from GeneMANIA) using Cytoscape software. These 30 protein
signatures showed an alteration frequency of up to 65% in melanoma and lung cancers.
PIK3CA had the highest alteration frequency (22%), and HRAS is the least frequent
protein (1.8%) (Figure S2). Similarly, Millis et al. revealed that PIK3CA has a
mutational frequency of 13% in solid tumors [62]. Another study showed that this gene
is amplified by 33-42% in lung cancer and 15-27% in ovarian cancer [63]. Hobbs et al.
also reported that HRAS is the least frequent (4%) protein compared to other isoforms
such as KRAS (85%) in human cancers [64]. These observations suggest the

involvement of PIK3CA, HRAS, and other partners in various cancers.

Furthermore, I identified 17 genes exclusively co-occurring with 30 genes using
cBioPortal datasets (Table 1). Based on my analysis, | found that EML4 was the most
correlated gene. Soda et al. (2007) first reported the fusion of EML4 with ALK, an
oncogenic driver leading to NSCLC, which was later identified in colorectal cancer and
BC [2,14]. Other genes, such as EPHB3, PTPRJ, PTPRB, and PLCGL1 in lung cancer
[65-68], JAK3 in melanoma [69], EPHAL in OC [70], TNFRSF8 (CD30) in DLBC [71],
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and PLCGL1, PTPRG in BC [68,72], have been reported. However, | did not find any
relationship for 6 out of 17 genes, including KRT74, MTIF2, SHC3, FBX024, MYBPC2,
and ZC3HCL1 in my six cancers. However, their co-expression with ALK was confirmed
in my co-expression analysis (Figures 6 and 7). Moreover, | found that ALK is
upregulated in LUAD, CM, and OSC and downregulated in DLBC, AML, and IBC.
This observation is consistent with that of previous studies [3,8,43-45]. Among the
identified miIRNAs, hsa-miR-1228, hsa-miR-600, and hsa-miR-542-5p were associated
with lung cancer [73-75], hsa-miR-3158 and hsa-miR-3145 were found in melanoma
[76], and hsa-miR-3619-3p, hsa-miR-4738, and hsa-miR-1298-5p were found in BC
[77-79]. Some miRNAs were reported in different cancers or functions rather than the
cancer type stated here. For example, hsa-miR-27a and hsa-miR-6727-5p were reported
in cervical cancer [80,81], hsa-miR-597-5p in cutaneous squamous cell carcinoma [82],
hsa-miR-592 in colorectal cancer [83], hsa-miR-624-5p in osteosarcoma [84], and hsa-
miR-555 exhibited antiviral properties against poliovirus [85]. To date, five other
miRNAs, hsa-miR-376a-2-5p, hsa-miR-6824-3p, hsa-miR-1255b-2-3p, hsa-miR-
3912-5p, and hsa-miR-6854-3p, have not been identified in the queried cancers.

| also evaluated the GO enrichment pathways of biological processes, molecular
functions, and cellular components for the functional analysis of ALK and its correlated
genes. Importantly, the receptor tyrosine kinase (RTK) signaling activity was the most
relevant in all three GO enrichment pathways (Figure 9 A-C). RTKSs, such as vascular
endothelial growth factor receptors (VEGFRSs), fibroblast growth factor receptors
(FGFRs), platelet-derived growth factor receptors (PDGFRs), or ALK, arbitrate the
major signaling pathways that are convoluted in cell proliferation, differentiation,
migration, and cell growth, and their dysregulation is a crucial feature of human cancers,
such as lung and breast cancers [86,87]. ALK is activated via dimerization resulting
from autophosphorylation and tyrosine activation of the four substrates of ALK,
including mitogen-activated protein kinases (MAPK), phosphatidylinositol 3-kinase
(P13K), phospholipase C-y (PLC v), and Janus kinase (JAK) [18,19,88]. I also identified
similar signaling pathways in the three signaling pathways databases: Reactome,
PANTHER, and KEGG (Figure 9D-F). These pathways are not only associated with
NSCLC and BC but also trigger the progression of melanoma, ovarian cancer, DLBC,

and AML tumorigenesis [89-93]. Further studies are required based on gene silencing

Saifullah, ID: 1820413 56| Page



Doctoral Dissertation Chapter II: Bioinformatics analysis

and overexpression to identify concrete pathways involved in the progression of ALK-
mediated melanoma, OC, DLBC, and AML.

In summary, this study shows the possible relationship between ALK expression
and the prognosis of patients with LUAD, melanoma, OC, DLBC, AML, and BC using
publicly available multiplatform bioinformatics datasets. My data showed that the
genotypic expression of ALK is substantially correlated with the clinical phenotype in
my six queried cancers. My study may help clinicians with precision clinical care and
researchers for developing cancer therapy for ALK-positive cancers. Additional therapy
for ALK in patients with ALK-positive melanoma, OC, DLBC, AML, and BC might
increase the survival rate. However, further experimental studies are required to

confirm that ALK is a prognostic biomarker.

2.5. Concluding remark

In this study, to determine ALK as a potential prognostic biomarker in ALK-positive
LUAD, melanoma, OC, DLBC, AML, and BC progression, | assessed ALK expression,
genetic mutations, protein-protein interaction networks, correlated genes, and miRNAs,
and the prognostic values using various publicly available bioinformatics datasets. |
conclude that both upregulation of ALK in LUAD, melanoma, OV or downregulation
in DLBC, AML, and BC progression negatively correlated with patient survival.
Furthermore, | revealed the possible gene ontology and signaling pathways associated
with ALK and its expression in the progression of these six cancers. These pathways
may serve as potential targets to inhibit the development of cancers. Collectively, ALK
could be an effective prognostic biomarker and a potential therapeutic target to control
ALK-positive cancers. Further studies are required to validate my outcomes through in

vitro experiments.
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Figure S1. Anaplastic lymphoma kinase (ALK) expression and clinical prognosis
consequence in non-small-cell lung carcinoma (NSCLC) and breast cancer. A,
Kaplan—Meier patient survival estimate of NSCLC for ALK expression. B, Kaplan—
Meier patient survival estimate of ALK-positive patients with breast cancer. The
survival curve was determined based on the threshold of cox p-value <0.05, p <0.01.
The red line denotes high expression while the blue line denotes low expression. The
dotted line symbolizes maximum and minimum values of the survival average. HR,

hazard ratio; Cl, confidence interval; n, number of patients.
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Figure S2. Oncoprint of anaplastic lymphoma kinase (ALK) and common genes.
The genetic alteration of ALK and 17 common genes are evaluated using cBioPortal in
my six queried cancers. The highest alteration is in PIK3CA (22%) followed by EPHB3
(11%), KRAS, and PTPRB (9%), while the lowest is in HRAS (1.7%).
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Figure S3. MicroRNA (miRNA) network with anaplastic lymphoma kinase (ALK)
and 17 common target genes. Computational prediction of miRNAs co-expressed
with ALK and common genes in mammals obtained from Enrichr and analyzed by
Cytoscape_Vv3.8.2 software. In the top panel, the white (co-expressed with miRNA) and
red (not expressed with any miRNA) nodes indicate target genes (ALK and common
genes). The yellow nodes indicate miRNAs with significant enrichment terms (p<0.05),

whereas green nodes denote no significant co-expression with target genes (p>0.05).
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Supplementary table S1. Relationship between anaplastic lymphoma kinase (ALK) expression and survival in various cancers.

Cancer Subtype Dataset Endpoint Array type Probe id N Minimum p- Cox p- HR [95% ci'o" -
type value value CiuPP]
Lung NSCLC GSE8894 Relapse-free HG-U133 Plus 2 208211 s at 138 0.021281 0.039281 0.00 [0.00 - 0.46]
survival
Adenocarcino  jacob-00182- Overall HG-U133A 208212 s at 178 0.000015 0.043172 1.50 [1.01 - 2.24]
ma UM survival
Skin Melanoma GSE19234 Overall HG-U133 Plus_2 208211 s at 38 0.008206 0.018439 7.58 [1.41 - 40.84]
survival
Ovarian GSE9891 Overall HG-U133 Plus_2 208212 s at 278 0.001838 0.003378 1.33[1.10 - 1.60]
survival
Brain Astrocytoma GSE4271- Overall HG-U133A 208211 s at 77 0.002484 0.080639 1.30[0.97 - 1.74]
GPL96 survival
Glioblastoma GSE7696 Overall HG-U133 Plus 2 208212 s _at 70 0.013752 0.133669 0.76 [0.54 - 1.09]
survival
Breast GSE1456- Relapse-free HG-U133A 208211 s at 159 0.000001 0.000471 2.88[1.59 - 5.21]
GPL96 survival
GSE9893 Overall MLRG Human 5325 155 0.000009 0.002117 0.59 [0.42 - 0.82]
survival 21K V12.0
GSE1379 Relapse-free Arcturus 22k 4477 60 0.004926 0.022674 1.75[1.08 - 2.83]
survival
GSE6532- Relapse-free HG-U133 Plus 2 208211 s at 87 0.002255 0.032822 5.98 [1.16 - 30.92]
GPL570 survival
Colorect GSE17536 Disease-free HG-U133 Plus 2 208212 s at 145 0.012683 0.192777 3.77[0.35-41.19]
al survival
GSE17537 Overall HG-U133 Plus 2 208212 s _at 55 0.050980 0.19 6.31 [0.40 - 100.26]
survival
Blood AML GSE8970 Overall HG-U133A 208212 s at 34 0.007686 0.025477 0.51[0.29 - 0.92]
survival
DLBCL E-TABM- Event-free HG-U133A 208211 s at 53 0.021253 0.032382 0.56 [0.32 - 0.95]
346 survival
Prostate GSE16560 Overall 6K DASL DAP1 1042 281 0.006261 0.112844 1.03[0.93 -1.12]
survival
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Chapter 111
Optimization of CRISPR-Cas13a mediated effective RNA

knockdown activity using luciferase as a target transcript

3. Outline

RNAI technology has noteworthy potential as a future medicine and could ideally be
used to knock down disease-related RNAs. However, owing to frequent off-target
effects, limited accessibility of nuclear transcripts, and low efficiency, the medical
application of the technique remains challenging. Here, I first evaluated the stability of
Casl13a transcript and guide RNA. Next, | optimized the Casl3a and guide RNA
expression vectors to achieve effective knockdown of firefly luciferase (FLuc)
transcript, used as a target RNA. The knockdown specificity of Cas13a on target-search
was next investigated. As examined by FLuc assay, Casl3a revealed activity only
toward the orientation of the 5' crRNA—guide RNA complex orientation. The nuclease
activity of Casl3a was the highest for guide RNAs 24-30 bp in length, with
comparatively low mismatch tolerance. Casl3a could effectively knock down FLuc
luminescence (70-76%) and mCherry fluorescence (72%). Thus, Casl3a has strong
potential for use in RNA regulation and could contribute to the development of

personalized genetic medicine.

Keywords: RNA stability; RNA knockdown; CRISPR-Cas13a; guide RNA design;

firefly luciferase; mCherry.

Saifullah, ID: 1820413 691 Page



Doctoral Dissertation Chapter 111: Optimization of Cas13a activity

3.1. Introduction

RNA interference (RNAI) technology has gained wide recognition as a technique for
knocking down target-specific mRNAs; therefore it has been appreciated for
elucidation of cellular pathways, factors associated in diseases, and potential medicine
[1-4]. However, many problems should be addressed before this tool can be used in
clinical application, including off-target effects, the limited ability to target nuclear
MRNAs, the necessity for several rounds of transfection to succeed effective
knockdown, and the expenses associated with creating chemical modifications in
SiRNA or constructing viral vectors for ShRNA [1,5-8]. Hence, substitutive methods
for effective knockdown of RNA remain limited.

DNA manipulation tools such as Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR)-Cas9 enable scientists to dissect the functions of
particular genetic elements [9-11], and such tools can also bind and cleave RNA in a
programmable manner with the help of PAMer oligoes [12]. One concern about using
Cas9 in genomic or transcriptomic engineering is that it holds the ability to interact with
non-targeted genomic DNA, theoretically leading to unintentional permanent mutations
in the genome [13]. In light of that consideration, the discovery of CRISPR-Cas13 has
uncovered the door for transcriptomic engineering. The CRISPR-Cas13 is a type VI
RNA-guided RNA-targeting CRISPR-associated Cas effector ribonuclease [14-18].
Cas13 can only target RNA, has unlocked new opportunities in the field of RNA
regulation and medicine that are not accessible when using RNAi or DNA-targeting
CRISPR technologies.

CRISPR-Cas13 can be categorized into four subtypes (Casl13a—Cas13d) based
on the origin of their Cas-effectors [19]. All the subtypes hold two endonucleases that
are essential for optimal interference. One endonuclease is needed for crRNA
maturation from the pre-crRNA processing, while other nuclease activity is conducted
by two HEPN (higher eukaryotes and prokaryotes nucleotide) domains for target RNA
cleavage [13]. Casl13 system consists of two components: the programmable RNA-
targeting ribonuclease Casl3 and a 64-66 nucleotide long CRISPR RNA (crRNA)
composed of direct repeat stem-loop and spacer RNA, guiding Cas13 to the target RNA
by means of the protospacer-flanking site (PFS) [20]. Retrospective studies reported
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that Cas13 system has minimal PFS limitation and that target sites should be reachable
upon Casl3 binding [15-17]. Beyond these basic parameters, we currently lack
information about Cas1l3 mRNA and crRNA stability, finest schemes for effective
target RNA knockdown based on target-transcript variability.

In this study, | examined CRISPR-Casl13a and crRNA-guide RNA from the
standpoint of stability, effective knockdown efficiency by titration of Cas13 and guide
RNA vectors, orientation of crRNA—guide RNA complex, and interference specificity
on guide RNA design using firefly luciferase as a model target. Next, | used the
programmable knockdown capacity of the Casl3a machinery to target mCherry
transcript in HEK293T cells, with the goal of functional activity on different target
transcript providing proof-of-principle of an effective knockdown tool.

3.2. Materials and Methods
3.2.1. Experimental design

This study was designed according to the following schematic experimental diagram:
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3.2.2. Plasmid vectors

pGL3-Promoter Vector (FLuc) (GenBank Accession Number: U47298) and Renilla
luciferase pRL-TK Vector (Accession Number: AF025846) were bought from Promega
(Madison, WI, USA). pRSET-B mCherry was a kindly gifted by Dr. Hidekazu Tsutsui,
JAIST, Japan. mCherry DNA was clone by PCR and inserted into pCS2+ vector at the
BamHI and EcoRI sites. Plasmid LwCas13a-msfGFP was obtained from Addgene
(plasmid #91902) [15]. The Cas13a-GS-msfGFP region (insert) was cloned into the
pcDNA3-EGFP (Addgene) by homology DNA assembly cloning. An Xhol recognision
site, a Kozak sequence, and an NLS were introduced at the 5’ site, and an NLS, 2 x Myc
tag, TAA stop codon, and Xbal restriction sequence were introduced at the 3’ site. Oligo
sequences used for mCherry, Cas13a, and pcDNA3 amplifications are listed in Table 1
[21].

PCRs were done in a total volume of 25 pL, containing 10 uL Milli-Q water,
12.5 pL KOD One master mix (TOYOBO, Osaka, Japan), 1 uL (5 ng/uL) template
DNA, and 0.75 pL (10 pmol) of each oligo. PCR settings were as follows: heat up at
95 °C for 3 min, 18 cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 5 s;
amplification at 68 °C for 1 min, and final amplification at 72 °C for 7 min. Next, the
vector PCR products were digested with Dpnl: 25 uL PCR product, 9.5 pL water, and
0.5 pL Dpnl (NEB, Ipswich, MA, USA). PCR products were electrophoresed on 1%
agarose gels and purified using the Gel PCR purification kit (MACHERY-NAGEL
GmbH & Co. KG, Germany). The DNA assembly reaction contained 4 pL HiFi
assembly master mix (NEB), 1 pL vector PCR product, and 3 pL insert PCR product
(2:3). The final vector sequence was validated by Sanger sequencing. The vector map

is presented in Figure S1A.
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Table 1. Oligo sequences used for PCR amplification reaction

Target Oligos (5’ to 3°)
mCherry
mCherry_Fwd cccggatccCACCATGGTGAGCAAGGGCGA
mCherry_Rev 0999aattcTTACTTGTACAGCTCGTCCATGC

pcDNA3-Casl3a

Cas13a_Fwd gggctcgagTAGAGCGCTGCCACCATGAA
Casl3a Rev gggtctagattacatttcattcaagtcctcttcagaaatgagcttttgctccatttcattc
aagtcctcttcagaaatgagcttttgetcggtaccTTTCTTCTTCTTAGCC
TGTCCAGC

pcDNA3_Fwd | aggacttgaatgaaatgtaatctagAGGGCCCTATTCTATAGTGTCACC

pcDNA3_Rev | cttcatggtggcagcegctctactcgagCTCGAGCGGCCGCCAGTGTGAT

3.2.3. Guide RNA design

The guide RNAs were designed as the reverse complement of the target cDNA
sequence to lodge the Cas13a machinery. The sequences were nominated as follows:
PFS on target A or T; GC content 40-60%, off-target effects reduced by the BLAST
tool in NCBI, and RNA secondary structure examined using the RNAfold web server
(http://rna.tbi.univie.ac.at/cgi-bin/fRNAWebSuite/RNAfold.cgi) to avoid  self-
complementarity. Following design, the cDNA sequences of crRNA (direct repeat) and
guide RNA (spacer) with 5’ BamHI and 3’ EcoRI overhangs (Fwd strand 5’ GATCC, 3’
G; Rev strand 5’ AATTC, 3’ G) on both strands were purchased as oligos from Eurofins
Genomics, Tokyo, Japan. The oligos were annealed in a PCR machine. Reactions
contained total volume of 30 uL, including 15 pL Milli-Q water, 7 pL of 2 x ligation
buffer (Promega), and 4 uL (10 pmol) of each oligo. Annealing was as follows: 95 °C
for 5 min, lessened 7 °C every 5 min to 32 °C, 25 °C for 10 min, 4 °C for oo min. The
annealed DNAs were then ligated with BamHI- and EcoRI-digested pCS2+ vector, and
transformed into E. coli DH5 alpha competent cells. Each construct was confirmed by
restriction digestion and Sanger sequencing. Sequences of guide RNAs and crRNAs
are listed in Table 2 [21].
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Table 2. crRNA and guide RNA sequences

Target RNA cDNA of guide RNA (5’ to 3°) Length  Ref.
name (bp)
Non-targeting | TTTACAACGTCGTGACTGGGAAAACCCT 28 [16]
guide
crRNA (or GATTTAGACTACCCCAAAAACGAAGGG 36 [16]
DR) GACTAAAAC
Luc guide-1 | CGAGAATCTCACGCAGGCAGTTCTATGA 30 custm
GG
Luc guide-2 | GTAATCCTGAAGGCTCCTCAGAAACAGC 30 custm
TC
Length guide
Luc 12 guide GTAATCCTGAAG 12 custm
Luc 18 guide GTAATCCTGAAGGCTCCT 18 custm
Luc 24 guide GTAATCCTGAAGGCTCCTCAGAAA 24 custm

Luc 28 guide | GTAATCCTGAAGGCTCCTCAGAAACAGC 28 custm
Luc 30 guide | GTAATCCTGAAGGCTCCTCAGAAACAGC 30 custm
TC
Luc 40 guide | GTAATCCTGAAGGCTCCTCAGAAACAGC 40 custm
TCTTCTTCAAAT
Luc 50 guide | GTAATCCTGAAGGCTCCTCAGAAACAGC 50 custm
TCTTCTTCAAA TCTATACATTA
Mismatch guide

Luc WT GTAATCCTGAAGGCTCCTCAGAAACAGC 28 custm
Luc M1 ATAATCCTGAAGGCTCCTCAGAAACAGC 28 custm
Luc M2 GCAATCCTGAAGGCTCCTCAGAAACAGC 28 custm
Luc M3 GTGATCCTGAAGGCTCCTCAGAAACAGC 28 custm
Luc M4 GTAATCCTGAAGGATCCTCAGAAACAGC 28 custm
Luc M5 GTAATCCTGAAGGCCCCTCAGAAACAGC 28 custm
Luc M6 GTAATCCTGAAGGCTACTCAGAAACAGC 28 custm
Luc M7 GTAATCCTGAAGGCTCCTCAGAAACGGC 28 custm
Luc M8 GTAATCCTGAAGGCTCCTCAGAAACAAC 28 custm
Luc M9 GTAATCCTGAAGGCTCCTCAGAAACAGA 28 custm
mCherry
mCherry CGAAGTTCATCACGCGCTCCCACTTGAA 28 custm

guide
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3.2.4. Sanger sequencing

Sanger sequencing was done using a 3130XL Genetic Analyzer (Applied Biosystems,
Japan) as following my previous protocol [22]. In some cases, 500-1000 ng samples of
plasmids with particular primers were sent to a company (Eurofins Genomics) for DNA

sequencing.

3.2.5. Cell culture and transfection

HEK293T cells (RIKEN Cell Bank, Japan) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum (COSMO Bio, Brazil) at 37°C in a humidified incubator under an
atmosphere containing 5% CO>. Unless otherwise noted, cells were plated in 48-well
plates at 6 x 10* cells/well; cell counts were determined using a hemocytometer. The
next day, cells were transfected with the indicated vectors using PEI reagent.

3.2.6. RNA stability assay

To monitor the expression of Cas13a mRNA and crRNA-guide RNAs, 2.5 x 10°
HEK293T cells were seeded per well; transfections were performed on the following
day. Total RNA was extracted after 12, 24, 48, 72, and 96 h, and subjected to cDNA
synthesis and RT-PCR. For half-life measurements, 6 x 10° HEK293T cells were
seeded per well. The next day, 375 ng each of Cas13a and crRNA—guide RNA vector
were transfected separately. Culture media was replaced the following day. On the third
day, for time point 0 (t0), cells were washed with D-PBS (Nacalai Tesque), lysed with
100 pL TRIzol reagent (Invitrogen), and then kept in a —80°C freezer. For the remaining
time points (2.5, 5, 7.5, 10, and 15 h), cells were simultaneously treated with 5 pg/mL
ActD (final concentration). Total RNA was isolated from the cells and subjected to
cDNA synthesis and qRT-PCR. The C+ value was normalized against human 18S rRNA

and the corresponding value at t0. Half-life was estimated from t0-normalized data.
The half-life of a transcript was calculated as follows: half-life = In(2)/kdecay

[23]. This equation could be fit to the data using nonlinear regression (exponential one-

phase decay; least square), which is available in GraphPad Prism.
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3.2.7. Total RNA extraction

Cells were washed quickly with D-PBS and lysed by addition of 100 puL/well TRIzol
reagent (Invitrogen). The lysed samples were homogenized by vortexing for 2—-3 min.
Next, 25 pL chloroform was added to the solution and mixed by hand for 15 s. The
sample was centrifuged at 12, 000 x g for 15 min at 4 °C, and about 50 pL supernatant
was transferred to a new tube. Next, 62.5 pL of 100% isopropanol was added to the
supernatant, mixed by inversion, and incubated at room temperature for 10 min. The
samples were centrifuged at 12,000 x g for 10 min at 4 °C, and the supernatant was
discarded. The pellet was washed with 200 pL of 80% ethanol, and the supernatant was
discarded. The pellet was then air-dried at room temperature for 5-10 min and dissolved
in Milli-Q water.

3.2.8. cDNA synthesis

cDNA synthesis was performed in a total volume of 20 pL. Reaction mixtures
contained 100 ng RNA, 0.5 pL of each oligo (dT) primer and random primer, 1 pL of
10 mM dNTPs, and water to a final volume of 14 uL. After mixing, the sample was
incubated at 65 °C for 5 min and cooled on ice for 5 min. Next, 4 uL of 5 x buffer, 1
pL of ReverTra Ace (TOYOBO), and 1 puL of 0.1 M DTT were added to the solution,
followed by mixing. Incubation was performed in a thermocycler (GeneAmp PCR
System 9700, Applied Biosystems, Singapore) as follows: 50 °C for 30 min and 55 °C
for 30 min for synthesis, 70 °C for 15 min for inactivation, and 4 °C hold.

3.2.9. RT-PCR quantification

PCR reactions were performed in a total volume of 20 pL on a thermocycler (GeneAmp
PCR System 9700). Reaction mixtures contained 9.3 pL of H20, 1 uL. cDNA template,
4 uL of 5 x Green GoTaq Flexi buffer (Promega), 2 uL of 25 mM MgClz, 2 pL of 2
mM dNTPs, 0.1 pLL Taq polymerase (Promega), and 0.8 pL (10 pmol) of each primer.
PCR conditions were as follows: pre-heating at 95 °C for 3 min, 25 cycles of 95 °C for
30,56 °C for 30 s, and 72 °C for 90 s, and final extension at 72 °C for 7 min. GAPDH
was used as a loading control. Two-microliter aliquots of each PCR product was loaded
on 6% polyacrylamide gels. The ImageJ software was used to quantify band intensities
[24].
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3.2.10. SYBR green-based gPCR

SYBR Green-based qPCR was performed in a total volume of 10 pL on an MX 3000P
STRATAGENE Multiplex Quantitative PCR System (Agilent Technologies, USA).
The reactions consisted of 3.5 uLL water, 5 uL. TB Green, 0.2 uL of 50 x ROX reference
dye II (TaKaRa Bio, Japan), 0.5 pL cDNA template, and 0.8 uL (10 pmol) of each
primer; sequences of all primers are provided in Table S4. gPCR conditions were as
follows: pre-heating at 95 °C for 3 min, 45 cycles of 95 °C for 15 s, 55 °C for 10 s, and
72 °C for 15 s, and a final cycle of 95 °C for 1 min, 55 °C for 30 s, and 95 °C for 30 s.
The Cr values were normalized against GAPDH or 18S rRNA expression using the 2°
AACE method [25].

3.2.11. Luciferase luminometry assay

Bioluminescence of luciferase was measured according to the Dual-Luciferase
Reporter (DLR) Assay System (Promega) protocol with minor modifications. Briefly,
HEK239T cells were seeded at 6 x 10* cells/well of a 48-well, and cotransfected with
firefly luciferase (as a target) and Renilla luciferase (as an internal control) at a 1:10
ratio with Cas13a and guide RNA vectors. Forty-eight hours after transfection, the
media were removed, and the cells were washed with D-PBS. The cells were partially
lysed in a 50 uL/well of 1 x passive lysis buffer (PLB) (Promega, USA) and incubated
for 15 min at room temperature with shaking. Next, the plate was kept on ice, and
luminescence was measured in each well. First, a blank was measured: 10 pL of 1 x
PLB was mixed into 30 puL luciferase substrate I (LARII) in a measuring tube, firefly
relative light unit (RLU) was observed on a Gene Light 55 (Microtech Nichion Co.,
Ltd., Japan), 30 pL Stop and Glo reagent was added to the same tube, and Renilla RLU
was observed. Second, the sample was measured: 2 pL cell lysate and 8 pL of 1 x PLB
were mixed into 30 uL. LARII, and then the RLU values were observed as described
above for the blank. The blank value was subtracted from all sample values. The
condition of the machine was set to dual-luciferase assay mode: first delay time, 3 s;
first count time, 6 s; second delay time, 3 s; second count time, 6 s; repeat time, 1.

Finally, the data were normalized as described for the genetic reporter assay [26].

Saifullah, ID: 1820413 771 Page



Doctoral Dissertation Chapter 111: Optimization of Cas13a activity

3.2.12. Data analysis

Statistical analyses were performed in MS Excel (version 2016) or GraphPad Prism
version 8.0 (GraphPad Software, San Diego, CA, USA). All quantitative data are
represented as means £ SEM. A two-tailed Student’s t-test was used to evaluate the
significance of comparisons between two groups. A p-value of 0.05 was considered
statistically significant.

3.3. Results
3.3.1. Analysis of RNA stability

MRNA turnover is an important determinant of the abundance of cellular mRNA and,
in turn, the level of protein or functional RNA. | first examined the stability of Casl13a
MRNA and crRNA—guide RNA to illustrate their decay rates and expression pattern.
Both plasmids were transfected independently into HEK293T cells, and expression
started to reduce 48 h after transfection (Figure 1A-B, Figure S1B). To define the decay
rates, | assessed the RNA abundance at various time points after treatment with the
transcriptional inhibitor actinomycin D (ActD). RNA expression was determined in the
lack of ActD treatment (t0) and after treatment. RNA abundance at various time points
was firstly normalized against a reasonably stable housekeeping gene, human 18S
rRNA, rather than GAPDH [25], however inhibition was not linear (Figure 1C—E). Since
ActD can inhibit both RNA pol 11 and 1I, I successively normalized against t0. To
calculate the RNA decay rate, | tailored an exponential one-phase decay model to the
normalized expression data. The half-lives of Cas13a and the crRNA—guide RNA were
determined as 5.82 and 7.23 h, separately (Figure 1F-G). These data will be worthwhile

in future experiments containing Cas13a.
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Figure 1. Analysis of RNA stability using a transcription inhibitor [21]. A-B,
RT-PCR quantification of Casl3a and crRNA-guide RNA transfected into
HEK293T cells. Total RNA was isolated after 12, 24, 48, 72, or 96 h, and subjected
to cDNA synthesis and RT-PCR. Data were normalized against GAPDH. C,
Schematic of treatment with the transcription inhibitor actinomycin D (ActD) for
half-life analysis. D, qRT-PCR of Cas13a mRNA abundance after treatment with
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ActD for the indicated times. Cas13a mRNA levels were normalized against the
corresponding levels of 18S rRNA and against time point 0 (i.e., no ActD
treatment). E, gRT-PCR result of crRNA—guide expression after treatment with
ActD for the indicated times. mRNA levels were normalized as in D. F,
Exponential one-phase decay model of Cas13a mRNA fitted to a time course of
transcriptional inhibition, normalized against the tO time point. G, One-phase
decay model of crRNA—guide RNA fitted to a time course of transcriptional
inhibition, normalized against the tO time point. All data represent mean
values + SEM from three individual experiments. qRT-PCR results represent three
biological replicates and two technical replicates. Statistical significance was
determined by Student’s t-test. *** p < 0.001, * p < 0.05.

3.3.2. Optimizing the quantity of Cas13a for efficient RNA knockdown

| next inspected the ability of the programmable ribonuclease Cas13a to knock down
firefly luciferase (FLuc) transcript in HEK293T cells. First, | optimized the amounts of
Cas13a and guide RNA for knockdown of FLuc (where Renilla luciferase was used as
an internal control). A lower amount (59 fmol/mL) of Casl3a was not adequate to
decline luciferase luminescence (Figure 2C), but a higher amount (177 fmol/mL)
substantially diminished the level of luciferase RNA compared to CasControl (68% for
guide-1 as well as 76% for guide-2). Excess Casl3a (250.75 fmol/mL) radically
exaggerated overall luciferase luminescence. | found analogous luminescence activity
when 1 titrated the guide RNA (Figure 2D). Hereafter, | used 177 fmol/mL Casl3a
quantity with a 1:3 molar ratio of guide RNA in successive knockdown experiments. It
is important to note that this concentration was not optimal for every CRISPR-Cas13a
experiments, and merely provides an approximation of the amount of DNA that is
needed for adequate Casl3a activity. Optimization of the absolute and relative
concentrations of Casl3a and guide RNA amount is essential before starting a new

experiment.
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Figure 2. Quantitative analysis of Cas13a and guide RNA [21]. A, Experimental
outline. B, Schematic of the strategy for design of the crRNA—guide RNA complex
targeting a specific RNA. C, Quantity of Casl13a plasmid required for sufficient
knockdown: line graph shows four concentrations (59, 103.25, 177, and 250.75
fmol/mL) of Casl3a vector. N (GFP), negative control; Luc only, luciferase
expression without Cas13a; CasControl, Cas13a with nontarget (NT) guide RNA;
Casl3a+ Luc guide-1/2, Cas13a with target guide-1/2. The FLuc reporter was used
as a target transcript while RLuc was used as an internal control. In this experiment,
177 fmol/mL Casl3a yielded sufficient knockdown (68% and 76% in guide-1 and

-2), although a small reduction was also observed in CasControl (177: CasControl);
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D, Quantity of crRNA—guide RNA plasmid required for knockdown. Heat map
shows five different amounts of guide RNAs with 177 fmol/mL Casl3a (1:1, 1:2,
1:3, 1.6, and 1:12). Left side: N (GFP), negative control; Luc only, luciferase
expression without Casl3a; NT guide only, nontarget guide without Casl3a;
CasControl, Cas13a with nontarget (NT) guide; and Cas13a + Luc guide-2, Cas13a
with target guide-2. The target transcript and internal control were used as C.
Where a 1:3 (Cas13a: guide RNA) molar ratio was considered satisfactory. All data

represent mean values = SEM from three individual experiments.

3.3.3. Optimal condition for RNA knockdown and preference of 5’ crRNA for
Casl13a activity

To determine the effect of Cas13a, crRNA, and experimental integrity, | transfected
singular factors in the presence or absence of FLuc, using the optimized Cas13a and
guide RNA quantities defined above. No luminescence activity was detected in the
absence of FLuc (Figure 3A). On the other hand, luminescence was diminished 70%
and 76% relative to CasControl in FLuc guide-1 as well as -2, separately, in the
presence of FLuc. However, | also observed a decrease when Casl3a vector alone was
used, possibly due to an effect of Casl3a ribonuclease on cellular metabolic load.
Afterward, | sought to define which RNA strand/direction of the crRNA—-guide RNA
complex lead to greater Casl3a knockdown activity. Ribonuclease activity showed a
substantial preference for the 5’ crRNA—guide RNA orientation (63% and 67%
interference for guide-1 and -2, respectively) over the 3’ crRNA—guide RNA orientation
(6% and 24% knockdown; guide-1 and -2) relative to CasControl (Figure 3B). Given
that the crRNA scaffold is significant for the effective knockdown activity of Cas13a,

afterward | used 5’ crRNA—guide RNA in subsequent experiments.
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Figure 3. RNA knockdown and preference of Casl3a functionality for 5’
crRNA—guide RNA [21]. A, Knockdown of FLuc: FLuc +, presence of firefly
luciferase during transfection; CasControl only, nontargeting guide only; Luc
guide-1 only, guide RNA for target FLuc; Casl13a only, Casl13a plasmid without
any guide; Cas13a + CasControl, Cas13a plasmid and nontargeting guide plasmid
transfection; Casl3a + Luc guide-1/2, targeted guide-1/2 and Casl13a. The FLuc
was used as a target transcript while RLuc was used as an internal control. B,
Preference of Casl13a functionality for 5’ crRNA—guide RNA complex: N (GFP),
negative control; CasControl, nontargeting guide RNA; 5'/3’'crRNA + Luc, Casl3a
with 5" or 3’ crRNA—guide RNA target (FLuc) guide-1/2. The target transcript and
internal control were same as A. All data represent mean values £ SEM from three
individual experiments. Statistical significance was measured by Student’s t-test.

*p < 0.05, ns, not significant.

3.3.4. Selectivity of Casl3a in guide RNA design

To address the knockdown specificity of Casl3a on target-search guided by guide
RNA, | first investigated the effect of guide RNA length on Cas13a nuclease activity
using 12, 24, 28, 30, 40, and 50 bp long guide RNAs (in other words, spacer RNAS)
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(see Figure 2B and 4A). As presented in Figure 4A, Cas13a was not capable to achieve
interference with a 12 bp guide, but prominently decreased luciferase luminescence
with a 24, 28, or 30 bp guide (> 70%); its activity reduced with longer guide RNAs (40
or 50 bp).
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Figure 4. Effect of guide RNA design on Cas13a [21]. A, Length of guide RNA:
12, 24, 28, 30, 40, and 50 bp guide RNAs were tested; knockdown started at a
length of 24 bp. The FLuc was used as a target transcript while RLuc was used as
an internal control to obtain the guide RNA length limit. B, Sensitivity of Casl3a
to a single-base mismatch in the guide RNA: M1-M3, mismatch at the 5’ end;
M4-M6, mismatch in the middle seed region; M7-M9, a mismatch at the 3’ end.
Red letter indicates mismatch nucleotide. Casl3a activity was sensitive to
mismatches at all sites, especially in the middle region. Values are normalized
against CasControl and expressed as percentages. The target reporter transcript
and internal control were the same as A. All data represent mean values = SEM
from three individual experiments. Statistical significance was determined by
Student’s t-test. *** p < 0.001, * p < 0.05. ns, not significant.
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To further examine the reliance of Casl3a activity on guide RNA design, |
inserted a single-base pair mutation in the 5’, middle, or 3’ region of a 28 bp guide
RNA. Relative to CasControl, luciferase luminescence was suppressed 68—70%, 58%,
and 76% by guide RNAs with a mutation in the 5’ or 3’ region, a mutation in the middle
region, and no mutation, respectively (Figure 4B: M1-M3, 5’ site; M4-M6, middle
region; M7-M9, 3’ site). In consequence, Cas13a does not tolerate a mismatch in the
guide RNA, predominantly in the middle region. These results will support in
application of Cas13a to knockdown of disease-relevant RNAs.

3.3.5. Validation of effective knockdown: mCherry

| guessed that the endonuclease activity of Cas13a would show a discrepancy among
target RNAs. With this in mind, | targeted mCherry transcripts in HEK293T cells, and
found that mCherry fluorescence was reduced up to 72% (Figure 5). Which
demonstrating that Cas13a has potential to knock down a RNA of interest effectively

and programmable in manner.
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Figure 5. mCherry mRNA knockdown by Casl3a [21]. A, Fluorescence images
(20x) of mCherry knockdown at two guide RNA concentrations; B, Graphical
representative of A. Statistical significance was determined by Student’s t-test.

*#%5p < 0,001
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3.4. Discussion

| observed that the RNA abundance of Cas13a and crRNA—guide RNA started to reduce
48 h after transfection in HEK293T cells. The half-lives of Cas13a mRNA and crRNA-
guide RNA were 5.82 and 7.23 h, respectively (Figure 1). Retrospective study reported
that expression of Cas13a mRNA losses 2 h after transfection in human glioma cells
[27], however, those authors did not tag Cas13a with msfGFP, which may elucidate the
short expression time. As previously described, msfGFP upturns the stability of Cas13a,
which I used in my study [15,16]. The authors of the glioma study examined expression

levels but did not enumerate the mRNA decay rate for Cas13a or crRNA—guide RNA.

Abudayyeh and colleagues discovered CRISPR-Cas13a and comprehensively
studied the effector in bacterial, plant, and human cells [14-16]. They used 150 ng of
Casl13a and 300 ng of guide RNA vectors for Cypridina luciferase RNA interference in
HEK293FT cells of a 96-well plate (40% or 72—-75% reduction). Our optimization
experiments revealed that 177 fmol/mL Cas13a vector (equivalent to 187.5 ng in a 96-
well plate) and a 1:3 molar ratio of vector-to-guide RNA were adequate to achieve 70—
76% knockdown of FLuc transcript (Figure 2 & 3A). When | used double the
concentration of guide RNA vectors, | saw knockdown in both the control and target
samples (Figure 2D; 1:6 and 1:12 molar ratio), potentially due to off-target properties
or an overload of guide RNA. My target RNA was firefly luciferase RNA, which is 27—
29% alike to the Gaussia and Cypridina luciferases used by Abudayyeh et al. (Figure
S1C). Konermann et al. used 200 ng each of Cas13d and guide RNA vector to knock
down mCherry transcripts (87-92%) in HEK293FT cells [17], almost similar to the
concentrations used in this study. | believe that it is better to titrate the guide RNA
vector concentration based on the molar ratio rather than the concentration of vector, as
Casl13a is large, but the guide RNA is very short. For instance, If 1 add 300 ng guide
RNA with 150 ng Cas13a, the concentration of guide RNA would be too high, and the
extra foreign RNA could intensify the cellular metabolic load. Hence, titration of
Casl3a and guide RNA vectors before execution a new experiment is essential for

obtaining high effectiveness of knockdown.

From the standpoint of Casl13a functionality, | found that it was best for the
crRNA (direct repeat) to be 5’ of the guide RNA (spacer) (Figure 3B). This is similar

Saifullah, ID: 1820413 8 |1Page



Doctoral Dissertation Chapter 111: Optimization of Cas13a activity

to previous studies of Cas13a, Cas13c, and Cas13d [14-17,27]. Contrarily, the optimal
relative position is altered in the Cas13b system, which prefers the crRNA to be 3’ of
the guide RNA [13,16,28]. The stem—loop structure of crRNA and their orientation are
important for the activity of Cas13a, and the ideal orientation differs among CRISPR-

Cas effector types.

To comprehend Casl3a’s target RNA binding and cleavage functions, |
investigated the length constraints for guide RNAs in human HEK293T cells. | found
that a 24-30 bp guide RNA was adequate for maximal FLuc transcript knockdown (>
75%). The cleavage activity was decreased when the guide was both in shorter (12 bp)
or longer (40 or 50 bp) (Figure 4A). A analogous observation (21/24 bp length) was
reported in a previous study that used an in vitro experiment [15]. However, with one
exemption observed in human cells, previous study showed that shortening a guide
RNA below 28 bp diminished Casl13a ribonuclease activity [16]. Contrarily, I found
the highest activity between 24 and 30 bp. The reason for this inconsistency might be
related to variations in experimental handling, target genes, or cell types. Casl3a

ribonuclease activity was never observed with 40 or 50 bp long guide RNAs.

Later, | observed that ribonuclease activity of Cas13a was sensitive to mutations
between the guide RNA and target RNA molecules (Figure 4B). Previous studies of
Cas13a and Casl3b mediated RNA interference in HEK293FT cells, using either
crRNA spacers or target transcript plasmids containing single or double mutations,
reported mutation sensitivity, particularly in the middle region of the guide RNA (seed
region) [15,16]. I also detected such a sensitivity in the middle portion of three guide
RNAs (Figure 4B; M4-M6 guide RNAS). This sensitivity property broadens the
applicability of Cas13a to target mMRNA, especially for knockdown of disease-relevant
transcripts. Recently one in vitro study on Cas9 and Cas12a found that the tolerance of
mispairing between target DNA and guide RNA is surprisingly high and substantially
influenced by polarity of the target DNA [29]. Which could produce unintended long-
lasting error through collateral cleavage in human genome [29]. Similarly, Cas13 also
showed collateral cleavage activity in vitro assay [14,30]. Interestingly, this collateral
activity of Cas13 has not been discovered in either human or plant cell lines [15,16].
Further experiment is required to comprehend the Casl13's collateral activity in the

border milieu of immunity.
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Cas13a activity varies among target RNA transcripts [15-17]. In this study, |
was able to diminish mCherry transcript expression up to 72% using Cas13a (Figure
5), whereas another study reported 92% knockdown of mCherry using a different
CRISPR effector (Cas13d) [17].

3.5. Concluding remark

In this study, | determined the half-life of CRISPR Cas13a mRNA and crRNA in human
cells. Subsequently, | successfully knocked down firefly luciferase in HEK293T cells
(>70%) after optimizing the concentrations of Casl3a mRNA and guide RNA. In
addition, I evaluated the effects of the orientation of the crRNA—guide RNA complex,
length, and mismatches on Cas13a activity. Based on our successful robust knockdown
of marker genes such as firefly luciferase, mCherry in HEK293T cells, I speculated that
this approach could be used to knock down other transgenes or genes of interest (or
RNA of interest, e.g., COVID-19 RNA or noncoding RNA) that affect the biological
functions of cells.
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Figure S1. pcDNA3-Casl13a construct map, RT-PCR gel image of Cas13a mRNA

and crRNA, and Phylogenetic tree of Luciferin [21]. A, Circular map of pcDNA3-

Casl3a construct vector plasmid. B, RT-PCR gel images of Cas13a and crRNA guide.

C, Phylogenic tree of Luciferin originated from various species. Identity of Firefly

luciferase protein with Gaussia and Cypridinia is 29.03% and 27.45% respectively.
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Chapter IV
The CRISPR-Casl3a gene-editing system downregulated the

oncogenic driver EML4-ALK expression in ALK-positive lung

cancer cells

4. Qutline

Anaplastic Lymphoma Kinase (ALK) tyrosine kinase inhibitors provoke a significant
anti-tumor response; however, they inevitably succumb to the acquired resistance.
Therefore, an alternative therapeutic strategy that limits ALK over-activation is
necessary for the treatment of this lung cancer. Here, | show that the CRISPR-Cas13a
effector possesses effective knockdown potency for oncogenic driver EML4-ALK
transcript in lung cancer cells (H3122 and H2228). | found the EML4 transcript was not
substantially expressed but ALK expressed 100 fold and 80 fold higher in H3122 and
H2228 cells separately compare to a non-fusion transcript in HEK293T cells. | also
found that the EML4-ALK oncoproteins were robustly down-regulated (>80%) by
employing Casl3a in those lung cancer cells based on western blot results.
Consequently, the tyrosine kinase phosphorylation (50-70%) and cell growth (up to
40%) were inhibited. Overall the obtained data demonstrated that the CRISPR-Cas13a
protein downregulated the ALK expression in the lung cancer cells. This study suggests
that CRISPR-Casl3a mediated EML4-ALK RNA knockdown devises a potential
therapeutic strategy for treating ALK-positive lung cancer.

Keywords: CRISPR-Casl3a; EML4-ALK; RNA knockdown; cell viability; H3122
and H2228 cells.
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4.1. Introduction

Non-small cell lung cancer (NSCLC) accounts for 85% of lung cancer, and the majority
of these are adenocarcinoma [1,2]. One of the most common types of oncofusion in
lung adenocarcinoma is EML4-ALK which leads to the constitutive activation of ALK
and thus increased cell survival, cell growth, and proliferation [3,4]. The EML4 and
ALK genes are located 12 Mb apart on chromosome 2 (2p21 and 2p23), but are oriented
in different directions [5]. The genes can be fused through paracentric inversion,

resulting in the development of lung adenocarcinoma [5].

At least 15 variants of oncogenic fusion have been identified to date [3]. All
variants contain the basic region of EML4, which is required for the activation of ALK
through oligomerization and autophosphorylation [4,5]. Upon activation, ALK plays a
primary role in the development of lung adenocarcinoma, as well as colorectal and
breast cancers [6]. The fusion variant of the highest frequency is EML4-ALK v1 [3],
which is present in the H3122 cell model. To date, inhibitors like crizotinib have
demonstrated significant antitumor activity against these cancers, but eventual
resistance limits the therapeutic benefits [7-9]. Therefore, a new therapeutic strategy is

desired for the treatment of lung adenocarcinoma.

Clustered regularly interspaced short palindromic repeats (CRISPR) associated
protein called Cas9 has led to tremendous progress in biology [10]. As the functional
diversity of CRISPR-Cas protein is further discovered, RNA-targeting is emerging as
a powerful mood of CRISPR-based gene engineering. This is because RNA engineering
has no risk of unintended everlasting mutation at genomic DNA. In light of that
concern, RNA-targeting CRISPR-Cas13 [11-14] system has gained attention in RNA
therapeutic which can only target RNA. Recently, two groups successfully
downregulated the targeted oncogenes including KRAS-G12D mRNA and TERT
MRNA in human pancreatic and hepatoma cells, respectively using the CRISPR-
Casl3a [15,16]. However, there is no evidence about the EML4-ALK transcript

knockdown in ALK-positive lung cancer.

In this study, | used the programmable knockdown capacity of the Casl3a
machinery to target ALK RNA in EML4-ALK fusion transcripts in H3122 and H2228
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lung cancer cells, with the goal of decreasing cell viability and providing proof-of-

principle of a novel therapeutic approach.

4.2. Materials and Methods
4.2.1. Experimental outline
This study was conducted as following experimental outline:

Oncofusion confirmation Cas13a treatment

Cell culture Plasmid vector

p (_‘ v l
=) RNA extraction ‘5] Sanger Sequencing
{ é (cDNA svnthesis) F

l (Confirmation of gene construct)

Sanger Sequencing & Cell culture & Transfection

RT-qPCR S

9 (55 =)
=) RNA extraction { MTT Assay & ¢
§ (cDNA synthesis * Western blot

J

Vs

v ¥
RT-gPCR Data acquisition
(Data analysis) (Student’s t-test)

4.2.2. Expression vector and guide RNA design

Plasmid LwCas13a-msfGFP was obtained from Addgene (plasmid #91902) [11]. The
guide RNA was prepared as the reverse complement of the target EML4-ALK cDNA
site to employ the Cas13a machinery. The following parameters were considered for
the design: PFS (protospacer flanking site) on-target and off-target A or T; GC content
40-60%, off-target effects reduced by the BLAST tool in NCBI. Later, the cDNA
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sequences of guide RNAs with 5" BamHI and 3’ EcoRI overhangs (Fwd strand 5’
GATCC, 3' G; Rev strand 5" AATTC, 3’ G) on both strands were purchased as oligos
from Eurofins Genomics, Tokyo, Japan. The oligos were diluted into Milli-Q water at
10 pmol concentration and then annealed in a thermocycler. The reactions were
executed in a total volume of 20 pL containing the 10 uL of each forward and reverse
oligos. Annealing condition was as follows: 95 °C for 5 min, reduced 7 °C every 5 min
to 32 °C, 25 °C for 10 min, and 4 °C for .o min. The annealed fragment was later ligated
with BamHI- and EcoRI-digested pCS2+ expression vector, and cloned into E. coli
DH5a competent cells. The final construct was endorsed by restriction digestion and

Sanger sequencing as well. Sequences of guide RNAs are listed in Table 1 [17].

4.2.3. DNA Sequencing

DNA sequencing was conducted using a 3130XL Genetic Analyzer (Applied
Biosystems, Japan) as following my previous protocol [18]. In some cases, 500-800 ng
samples of plasmids with specific primers were sent to Eurofins Genomics, Japan

company for DNA sequencing.

Table 1. crRNA and guide RNA sequences

Target RNA c¢DNA of guide RNA (5’ to 3°) Length Ref.
name (bp)
Non-targeting | TTTACAACGTCGTGACTGGGAAAACCCT 28 [11]
guide
crRNA (or GATTTAGACTACCCCAAAAACGAAGGG 36 [11,19]
DR) GACTAAAAC

EML4-ALK guide

ALK guide | CTGGCAGCAATGTCTCGGTGGATGAAGT 30 Custom
GG

FBP guide GCTTCCGGCGGTACACTTTAGGTCC 25 | Custom
(H3122_v1)

FBP guide | TCCGGCGGTACACTTGGTTGATGATGAC | 28 | Custom
(H2228 v3a)

FBP guide | TTTTCGCGAGTTGACATTTTTGCTTGG 27 | Custom
(H2228 _v3Db)
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4.2 4. Cell culture and transfection

H3122 and H2228 cells were kindly provided by Dr. Jeffrey A Engelman (Novartis
Institutes for Biomedical Research, Cambridge, MA, USA) [20,21]. Both cells were
cultured in RPMI 1640 (Roswell Park Memorial Institute Medium 1640, Nacalai
Tesque) medium supplemented with 10% FBS in a humidified incubator consisted of
5% COz and 37 °C temperature. Both cells were transfected using the Lipofectamine
3000 Reagent (Invitrogen, Carlsbad, CA, USA). Before the day of transfection, all cells
were counted by hemocytometer and seeded at a specific number based on an

experimental type.

4.2.5. Total RNA extraction

Firstly, cells were washed rapidly with PBS and lysed by adding 250 pL/well of 24-
well plate TRIzol (Invitrogen). The lysed sample was pipetted and then vortexed for 2—
3 min for homogenization. Secondly, 50 pL chloroform was added to the reaction and
mixed by hand for 15 s. The samples were centrifuged at 12,000 x g for 15 min, and
the supernatant was taken to a new tube. Next, 125 pL of 100% isopropanol was added
to the supernatant, mixed and incubated at room temperature for 10 min. The solution
was centrifuged at 12,000 x g for 10 min at 4 °C, and the supernatant was thrown out.
The pellet was washed with 500 pL of 75% ethanol, and the supernatant was discarded.
The pellet was then air-dried for 5-10 min and dissolved in Milli-Q water and stored at

-80 °C freezer for further experiment.

4.2.6. cDNA synthesis

cDNA was synthesized in a total volume of 20 pL. Reaction consisted of 100 ng RNA,
0.5 pL of 20 bp oligo (dT) primer, 0.5 pL of random primer, 1 pL of 10 mM dNTPs,
and water up to a final volume of 14 pL. After mixing, the sample was incubated at 65
°C for 5 min and cooled on ice for 3 min. Later, 4 uL of 5 x buffer, 1 uL of ReverTra
Ace (TOYOBO), and 1 uL of 0.1 M DTT were added to the solution. The mixture was
then incubated as follows: 50 °C for 30 min and 55 °C for 30 min for cDNA synthesis,

70 °C for 15 min for inactivation of the enzyme.
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4.2.7. SYBR green-based qPCR

SYBR Green-based gPCR was executed in a total volume of 10 pL on an MX 3000P
STRATAGENE Multiplex Quantitative PCR System (Agilent Technologies, USA).
The reactions contained 3.5 uL water, 0.2 uLL of 50 x ROX reference dye Il (TaKaRa
Bio, Japan), 5 uL. TB Green, 0.5 pL. cDNA template, and 0.8 pL (10 pmol) of each
primer. gPCR was performed as follows: pre-heating at 95 °C for 3 min, 45 cycles of
95 °C for 15 s, 55 °C for 15 s, and 72 °C for 15 s, and a final cycle of 95 °C for 1 min,
55 °C for 30 s, and 95 °C for 30 s. The Ct values were normalized against GAPDH
expression using the 224y method [22].

4.2.8. MTT assay

H3122 cells and H2228 cells were seeded at 5000 and 9000 cells respectively per well
in a 96-well plate. The next day, Cas13a with guide RNA vectors (or crizotinib) were
transfected. Cell viability was measured at 48 and 72 h of post-transfection by MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (Invitrogen) reagent
according to the manufacturer's protocol. Absorbance was quantified with a
ThermoFisher Spectrophotometer 1000 (Molecular Devices, Inc.) at a wavelength of
540 nm.

4.2.9. Control drug

Crizotinib (PF-02341066, Selleck Chemicals) was used as a positive control drug.
Crizotinib was dissolved in DMSO and then diluted into water. The 1Csg value for both

cells was determined by MTT assay. The IC50 value is shown in Figure 4B.

4.2.10. Western blot analyses

Cells were lysed in buffer comprising 150 mM NacCl, 0.5% deoxycholic acid sodium
salt, 1% NP-40, 0.1% SDS, 25 mM Tris-HCL (pH 7.4), supplemented with protease
inhibitor cocktail set 111 (Wako Pure Chemical Industries, Japan) and PhosphoStop
(Roche). Proteins were separated by 9% and 11% SDS-PAGE for blotting with ALK
(tALK and pALK) and B-actin antibodies, respectively. Afterward, proteins were
transferred onto a PVDF membrane (Millipore, Bedford, MA, USA). Next, ECL Select
detection reagent (GE Healthcare, Italy) was used to detect the proteins. The anti-ALK

Saifullah, ID: 1820413 98|l Page



Doctoral Dissertation Chapter 1V: EML4-ALK Knockdown

antibody (Cell Signaling Technology) was used at a dilution of 1:2000. Anti-pALK
antibody (Cell Signaling Technology) was used at a dilution of 1:1000. Anti-p—actin
antibody (Proteintech) was used at a dilution of 1:2000.

4.2.11. Computational assessment and data analysis

Clinical significance of ALK expression and patient prognosis in lung adenocarcinoma
(LUAD) was analyzed from the PrognoScan cancer microarray datasets [23]. The
genetic fusions of ALK with other partner proteins involved in different types of
cancers were achieved from the TCGA PanCancer Atlas through cBioPortal [24,25].
Statistical analyses were executed in MS Excel (version 2016) or GraphPad Prism
version 8.0 (GraphPad Software, San Diego, CA, USA). All quantitative data are
represented as means + SEM. A two-tailed Student’s t-test was used to estimate the

significance (<0.05) of comparisons between the two groups.

4.3. Results

4.3.1. Confirmation of EML4-ALK in lung cancer cells

The existence of EML4-ALK oncofusion in H3122 and H2228 cells is confirmed by
RT-PCR, direct sequencing, and gRT-PCR expression analyses. As shown in Figure
1A-C, the EML4-ALK v1 is present in H3122 cells whereas the EML4-ALK v3a/b
fusion oncogene is in H2228 lung cancer cells. Based on the Sequencing results |
confirmed that there is a 33 bp intron sequence between EML4 and ALK in EML4-ALK
v3b oncofusion. This intron sequence can be a target guide RNA site for the
knockdown, which potentially neither destroys the original EML4 nor ALK transcript.
The existence of these three oncofusions in both cells was further confirmed by
comparing a nonfusion transcript expressed in HEK293T cells (Figure 1D). This
expression analysis was performed by qRT-PCR analysis by designing the fusion
breakpoint-specific primer. These results suggested that oncofusion is existed in both
cells. This further indicates that there is no cross-contamination of EML4-ALK variants

in the cell lines.
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Figure 1. Validation of EML4-ALK oncofusion in H3122 and H2228 lung cancer
cells. A, Schematic of EML4-ALK fusion breakpoint confirmation methods. B, RT-PCR
analysis using polyacrylamide gel electrophoresis (PAGE); M, 100 bp marker; H3122
cell harboring EML4-ALK v1 fusion confirmed at 270 bp RT-PCR product length
whereas H2228 cells harboring EML4-ALK v3a and EML4-ALK v3b fusions identified
at 336 bp and 303 bp RT-PCR product lengths. C, Confirmation of RT-PCR product
using the sequencing analysis; the PAGE bands are isolated and confirmed the fusion
breakpoints in all three variants. D, Further confirmation of EML4-ALK oncofusion
using the gRT-PCR expression analysis; HEK293T was used as a nonfusion ALK
control; GAPDH was used as an internal control. gRT-PCR results represent three
biological replicates and two technical replicates. Statistical significance was

determined by Student’s t-test. *** p < 0.001.
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4.3.2. Expression analysis and clinical significance of EML4-ALK transcript

The oncofusion consisted of two genes called EML4 and ALK. Which gene functionally
active was investigated by expression analysis using the gRT-PCR method. Based on
the results, the EML4 gene is not differentially expressed in H3122 and H2228 cells as
compared to the nonfusion transcript in HEK293T cells (Figure 2A). On the other hand,
ALK is expressed 100 fold and 80 fold higher in H3122 and H2228 cells respectively
as compared to HEK293T cells (Figure 2B). This result initially indicates that the ALK
plays the important role in tumorigenesis.

Furthermore, | have checked the clinical significance of ALK expression in lung
adenocarcinoma using the PrognoScan microarray cancer database. As shown in Figure
2C, higher expression of ALK is inversely proportional to patient survival rate. Besides,
ALK not only fuses with EML4 but also forms oncofusion with other mRNA partners
such as STRN, TPM1, PPP4R3B, ACTG2, STK39, KCNQ5, KCNQ5, MALATI,
GTF2IRD1, GALNT14, and SCEL, which, according to data derived from the TCGA
PanCancer Atlas through cBioPortal (10,953 patients/10,967 samples), contribute to
the growth of eight other tumor types (Table 2) [17]. Therefore, regulation of ALK

MRNA signifies a potential therapeutic strategy.
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Figure 2. EML4 and ALK mRNA abundance in HEK293T and lung cancer cells,
and the clinical significance of ALK expression in lung adenocarcinoma (LUAD).
A-B, mRNA levels (assessed by gRT-PCR) of EML4 and ALK in HEK293T, H3122,
and H2228 cells. GAPDH was used as an internal control gene. C, Kaplan—Meier
analysis of patient overall survival in LUAD. Data were derived from the PrognoScan
cancer microarray datasets, with COX p-value < 0.05. The prognostic curve
distinguishes LUAD patients with high (red) and low (blue) ALK expression. The dotted
lines designate the maximum and minimum values of the survival average. qRT-PCR
results represent three biological replicates and two technical replicates. Statistical

significance was determined by Student’s t-test. *** p < (0.001. ns, not significant.
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Table 2. Genetic fusion of ALK with other mRNAs involved in different types of

cancers, based on data retrieved from the TCGA PanCancer Atlas using cBioPortal

(10,953 patients/10,967 samples).

Fusion Copy Cancer type Patients
number (n)
EML4-ALK diploid Lung adenocarcinoma 103
EML4-ALK gain Lung adenocarcinoma 49
EML4-ALK diploid Papillary renal cell carcinoma 18
EML4-ALK shallowdel Papillary thyroid cancer 18
STRN-ALK shallowdel Papillary renal cell carcinoma 44
STRN-ALK deepdel Papillary thyroid cancer 7
TPM1-ALK diploid Bladder urothelial carcinoma 89
PPP4R3B-ALK | shallowdel Rectal adenocarcinoma 136
ACTG2-ALK amp Leiomyosarcoma 51
ALK-STK39 shallowdel Cutaneous melanoma 171
KCNQ5-ALK Cutaneous melanoma 506
MALAT1-ALK diploid Papillary thyroid cancer 31
GTF2IRD1-ALK diploid Papillary thyroid cancer 12
U@L gain Uterine serous carcinoma/uterine 124
papillary serous carcinoma
ALK-SCEL gain Uterine endometrioid carcinoma 156

4.3.3. CRISPR-Cas13a downregulated the target ALK in a programmable manner

When I designed the guide RNA at 3’ G or C (on-target) PFS (protospacer flanking
site), the target transcript ALK was not knocked down as relative to non-target guide
RNA (CasControl) (Figure 3A-B). Later, | have found that both 3" and 5" A or T PFS
showed significant EML-ALK transcript knockdown (Figure 3C). This variation may
come from the PFS preference, GC content, or RNA secondary structure. Therefore, |
considered the A or T PFS at both on-target and off-target PFS sequences, 40-60% GC

content, and minimal RNA secondary structure for further experiment.
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Figure 3. CRISPR-Casl3a downregulated the target ALK in a programmable

manner. A, Graphical representation of EML4-ALK v1 and EML4-ALK v3a/b

oncofusion with the associated functional domain and guide RNA location in H3122

and H2228 cells. Left side: TD, trimerization domain; TAPE, tandem atypical propeller

domain; HELP, hydrophobic motif in EML proteins; and TK, tyrosine kinase domain.

FBP guide, EML4-ALK target guide at the fusion breakpoint (FBP) of EML4 and ALK;
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ALK guide, EML4-ALK target guide in the TK domain. B, Guide RNA design without
considering PFS (protospacer flanking site) sequence. Cas13a did not downregulate the
ALK. CasControl, nontarget guide RNA. C, Guide RNA design with 3’-and 5'- Aor T
PFS sequence while Cas13a downregulated the ALK RNA. gRT-PCR results represent
three biological replicates and two technical replicates. Statistical significance was

determined by Student’s t-test. *** p < 0.001. * p < 0.05.

4.3.4. Programmable knockdown of EML4-ALK v1 oncoprotein in H3122 lung

cancer cells

So far, more than 15 variants of EML4-ALK fusions have been identified. The highest
frequency is EML4-ALK v1 (E13; A20) and then EML4-ALK v3a/b [3,4]. Hence, |
targeted the ALK in the EML4-ALK v1 fusion oncogene in the H3122 cell line model
for human lung adenocarcinoma. Firstly, | observed the cytotoxicity effect of Casl3a
in H3122 cells. Based on the MTT assay result there is no significant cytotoxicity of
Cas13a compared to transfection reagent control (Figure S1A). Next, | investigated the
knockdown of EML4-ALK v1 using the Cas31a. Based on the western blot results as
shown in Figure 4A-D, both phosphorylated ALK (pALK) and total ALK (tALK) were
>50% and >80% downregulated respectively after LwaCas13a treatment at both guide
RNAs relative to CasControl. Which was also similar degree with the positive control
drug: crizotinib. This robust knockdown of oncogenic driver ALK resulted in 34-42%
inhibition of cell growth (determined by MTT assay) at 48 and 72 h post-transfection
relative to CasControl (Figure 4E). Furthermore, | found Casl3a is specific enough to
bind target fusion RNA compared to a fusion control (Figure S1B-E). Taken together,
the pALK and tALK downregulations, and cell viability results indicated that the
CRISPR-Casl3a system effectively and specifically downregulated the fusion
oncogene EML4-ALK in the H3122 lung cancer cells.
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Figure 4. Programmable knockdown of oncogenic EML4-ALK oncoprotein in
H3122 lung cancer cells. A, Schematic of CRISPR-Casl3a-mediated therapeutic
strategy; WB, western blot. B, Determination of 1Csg values of crizotinib for H3122
and H2228 cells as a positive control. C, Western blot analysis showing the
representative images of phosphorylated ALK (pALK) and total ALK (tALK) in

H3122 lung cancer cells after 72 h post-transfection of Cas13a and specific guide RNA
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vectors; CasControl, non-targeting guide RNA; FBP guide, EML4-ALK fusion
breakpoint target guide; ALK guide, ALK tyrosine kinase target guide; Crizotinib, a
control drug; B-actin was used as a loading control. D, Graphical depiction of the
western blot in Figure C. E, Growth-inhibition (measured by MTT assay) response to
48 and 72 h of Casl3a treatment in H3122 cells. All data represent the mean
values + standard error of the mean (SEM) from three or four individual experiments.

w6k p < 0,001, ** p < 0.01.

4.3.5. Programmable downregulation of EML4-ALK v3a/b oncoprotein
expression in H2228 lung cancer cells

To check the reproducibility of EML4-ALK knockdown using Cas13a, | targeted later
the EML4-ALK v3a/b oncofusion gene expressing in H2228 cells. Where | found a
similar degree of pALK and tALK protein knockdown based on western blot analysis
(Figure 5A-C). The growth inhibition response after Casl3a treatment was also
considerable at both 48 and 72 h time points according to the cell viability results
(Figure 5D). These observations indicated that Cas13a downregulated the EML4-ALK
v3a/b fusion protein in H2228 lung cancer cells.
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Figure 5. Programmable knockdown of oncogenic EML4-ALK oncoprotein in

H2228 lung cancer cells. A, Schematic of CRISPR-Casl3a-mediated therapeutic

strategy; WB, western blot. B, Western blot analysis showing the representative images

of phosphorylated ALK (pALK) and total ALK (tALK) in H2228 lung cancer cells

after 72 h post-transfection of Casl13a and specific guide RNA vectors; CasControl,

non-targeting guide RNA; FBP guide, EML4-ALK fusion breakpoint target guide; ALK

guide, ALK tyrosine kinase target guide; Crizotinib, a control drug; B-actin was used

as a loading control. C, Graphical depiction of the western blot in Figures B. D, Growth-

inhibition (measured by MTT assay) response to 48 and 72 h of Cas13a treatment in

H2228 cells. All data represent the mean values + standard error of the mean (SEM)

from three individual experiments. *** p < 0.001. * p < 0.05.
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4.4. Discussion

In this study, the EML4-ALK fusion variants were confirmed in H3122 and H2228 cells
using RT-PCR, Sanger sequencing, and qRT-PCR analyses. The identification and
expression of the target gene are essential before a knockdown study [26]. Besides,
sometimes cell lines might have unintended contamination with other cells due to
improper handling during the cell culture. Hence, | have confirmed both fusion
breakpoint sequences and their expression. The results indicated that both cell lines

were in perfect condition.

Information from the PrognoScan database indicated that higher expression of
ALK is significantly correlated with lower patient survival in lung adenocarcinoma
(Figure 2C), suggesting that if we could decrease ALK expression, patient survival rate
might be improved. This is because, inhibition of EML4-ALK with an ALK tyrosine
kinase inhibitor like TAE684, or via knockdown using RNAI resulted in the retraction
of downstream signaling and induction of apoptosis primarily through RAS-MAPK
signaling in EML4-ALK-positive cells [27-29] However, cancer eventually develops
resistance to inhibitors [27,28], thereby limiting clinical benefits. On the other hand,
RNAI has a higher off-target effect, and limited accessibility to nuclear transcript
[11,19]. Therefore, I used the Cas13a-mediated RNA knockdown approach to regulate
the expression of the EML4-ALK oncofusion transcript in this study.

Although initial data reported that LwaCasl3a contains 3’ non-G PFS
preference in in vitro assay but later the same author proved that it does not exhibit any
PFS restriction for target RNA knockdown in human cells [11,19,30]. However, | found
3" A or T PFS showed the highest ALK knockdown (Figure 3). Several factors including
PFS preference, GC and Tm values, RNA secondary structure might contribute to target
RNA-guide RNA hybridization. Therefore, further study is needed to conclude this
discrepancy about whether A or T is preferable PFS for ALK knockdown or not.

Katayama et al. obtained robust ALK protein knockdown and around 50% cell
viability using siRNA in H3122 cells and H3122 CR (crizotinib resistance) cells [31].
At this point, I confirmed 50-70% pALK and over 80% tALK knockdown based on

western blot analyses and up to 40% cell growth inhibition (determined by MTT assay
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in H3122 cells) (Figure 4-5). In contrast, one study succeeded to reduce viability by
over 60% using the siRNA technique [32]. The initial response of crizotinib to cell
viability (69—74%) is greater than Cas13a-mediated RNA knockdown (34-42%) in this
study (Figure 6A) and other TKI studies [8,27,32]. Previous studies have shown that
the autophosphorylation of ALK activates downstream signaling [3,4]. Based on my
pALK results, I speculate that the reduced phosphorylation can diminish the activation
of downstream signaling and subsequent cell survival. The efficiency of EML4-ALK
knockdown and reduction in cell viability that | observed in this study indicated that
Cas13a-mediated targeting of the EML4-ALK transcript not only knocked down ALK
expression but also changed cell physiology, as reflected by reductions in cell viability
at two different time points (Figure 4-5). This leads me to conclude that RNA-mediated
gene knockdown using CRISPR-Casl3a is effective, programmable, low-cost, and

long-lasting.

Despite the noteworthy advantages of Casl3a, it has some shortcomings.
Casl3a still retains some off-target effects [11] and PFS preference [26], and has lower
efficiency than counterparts such as Cas13d [13], but it is still superior to RNAi from
the standpoints of specificity and efficiency [11,12]. Off-target effects must be
circumvented, as even a single nonspecific knockdown could change an important
function in the target cells. Hence, alternative RNA-guided CRISPR or other RNA
cleavage systems are still desirable to resolve these issues and empower the

development of therapeutics based on this technology.

In this study, | have not yet investigated apoptosis and cell proliferation. 1 will
conduct these phenomena to explain whether ALK knockdown leads to anti-
proliferative or apoptotic properties or both of them near future. Even though ALK is
an orphan receptor, knockdown can decline the expression of ordinary ALK
(nonfusion) functions. My fusion-guided RNA (FBP guide) can solve this concern
because it only binds to the fusion breakpoint of the EML4-ALK transcript. A more
lucid guide design targeted at inhibiting expression of the EML4-ALK mRNA has
potential as an RNA-based therapy.
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4.5. Concluding remark

In summary, the CRISPR-Cas13a system significantly downregulated total ALK and
phosphorylated ALK in both EML4-ALK-positive lung cancer cells (H3122 and
H2228). The knockdown of the oncofusion gene EML4-ALK resulted in alteration of
cell physiology, reflected by a decrease in viability. Overall the obtained data
demonstrated that EML4-ALK transcript knockdown using CRISPR-Cas13a inhibited
EML4-ALK-positive lung cancer cell survival. This study offers a basis for an effective
therapeutic strategy for treating patients with ALK-positive lung adenocarcinoma using
the CRISPR-Cas13a system.
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Figure S1. Cytotoxicity and specificity of Casl3a in H3122 cells. A, Cytotoxicity
(determined by MTT assay) analysis of Casl3a after 48h of post-transfection using
Lipofectamine 3000 (Invitrogen) reagent; Lipo-3000 (mock), lipofectamine-3000
reagent control; Cas13a only, Cas13a vector expression; Casl3a + NT guide, Casl3a
vector and nontarget guide vector. B, Strategy of specificity test using fusion breakpoint
(FBP) guide design. C-D, Confirmation of FBP control guide insertion into pCS2+
only vector using restriction digestion (BamHI and EcoRIl) and Sanger sequencing
respectively. E, Cell viability (determined by MTT assay) result of FBP control and

FBP target guide.
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Chapter V

Final discussion

5.1. Summary

In short, this dissertation presents an effective and programmable RNA knockdown
method using the CRISPR-Cas13a and addresses the feasibility of the system in marker

gene knockdown and ALK-positive cancer therapy application.

Chapter 11 identified the clinical significance, genetic alteration, and co-
expressive coding and non-coding genes of ALK transcript expression in cancer
development using integrative bioinformatics. In this study, | found that the deregulated
expression of ALK significantly altered the patient survivability in six different cancers.
This suggested that tight regulation of ALK expression is indispensable. Moreover, |
have identified that ALK is exclusively co-expressed with 17 coding genes and 19
miRNAs. Furthermore, | investigated the cellular pathways involved in ALK-mediated
cell proliferation, migration, and survival. Collectively, the obtained data demonstrated
that ALK with identified coding and non-coding genes are associated with multi-cancer
development. In conclusion, precision medicine is required for patients with cancer
harboring abnormal ALK. The entire work is shown in Figure 1 with integrative

bioinformatics tools.
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In Chapter 11, | employed the CRISPR-Cas13a system and optimized the
conditions to achieve programmable knockdown of marker genes including firefly
luciferase and mCherry in HEK293T cells. | have shown an in-depth analysis of using
CRISPR-Cas13a technology in place of RNAI technology as RNAI is noted to have
frequent off-target effects, low efficiency, and limited accessibility of nuclear
transcripts. |1 have conducted several experiments to determine Casl3a mRNA and
guide RNA stability, effective Casl3a/guide RNA concentrations, and optimal guide
RNA-crRNA orientation, length, and mismatch tolerance. | have found that it is
preferable to titrate the guide RNA vector concentration based on the molar ratio rather
than the amount of vector. All initial experiments are carried out in HEK293T cells
knocking down firefly luciferase activity through mRNA targeting. | have established
optimal targeting parameters in this system before also testing the knockdown

efficiency of mCherry in HEK293T cells.

In eukaryotic and prokaryotic systems, the CRISPR-Cas9 system has been very
useful for DNA editing with precision but is unable to directly edit RNA, thus, the
CRISPR-Cas13a system was recently developed and has been shown to effectively
knockdown RNA expression in mammalian cells. In Chapter 1V, as a proof-of-
principle in gene therapy, | have used the optimized protocols to successfully knock
down an oncofusion protein EML4-ALK in the human lung adenocarcinoma H3122
and H2228 cell lines, resulted in reduced cell viability in these cells. | found that
tyrosine phosphorylation was significantly reduced, which is one of the important
features for activating the downstream signaling for cellular overgrowth in lung
adenocarcinoma. Taken together, | have demonstrated the feasibility of Casl3a as
RNA-targeted gene therapy in a disease model human lung cancer which can be drawn

as depicted in Figure 2.
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Figure 2. State-of-art of the proposed therapeutic for EML4-ALK-positive lung
cancer cells described in Chapter V. The black dash line separates the disease state
of EML4-ALK-positive lung cancer and my proposed therapeutic strategy using
Casl3aribonuclease. In the disease state, the oncofusion EML4-ALK transcript is being
transcribed in the nucleus and then undergoes translation into the oncoprotein receptor
(diseases associated) in the cytoplasm. On the other hand, the therapeutic state
comprises the internalization of vectors for Cas13a and guide RNA. The cellular system
then transcribes and translates the vector’s DNA into functionally active Casl3a
endoribonuclease. With the guidance of guide RNA, the Casl3a cleaves the target
EMLA4-ALK transcript that ultimately hinders the translation of diseased-linked EMLA4-

ALK oncoprotein receptor.
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The new data | have contributed to the molecular biology field including i) tight
regulation is needed for ALK expression ii) | developed the finest scheme for CRISPR-
Cas13a functionality, iii) specifically, it is better to titrate the guide RNA vector amount
based on the molar ratio rather than the amount of vector, iv), Importantly, as a proof
of principle of novel therapeutic approach, | used the optimized protocols to
magnificently knock down an oncofusion protein called EML4-ALK in the human lung

adenocarcinoma H3122 and H2228 cell lines.

5.2. Future direction

Based on the obtained data from this dissertation, | believe that CRISPR-Casl13a
mediated RNA targeting-based gene therapy system will be a next-generation treatment
strategy especially for incurable diseases and undruggable target diseases. | propose
that the Casl3a is a more effective, low-cost, and programmable option for RNA
knockdown as opposed to RNAI technology. Furthermore, based on the recent
successful approval of RNAI in gene therapy and the recent addition of clinical studies
of Cas9 effector, | speculate that this Casl13 ribonuclease could be used as RNA-
targeted gene therapy. Also, | believe this system will appear soon under clinical trial.
However, the following issue should be considered to get the extraordinary clinical

benefit of this CRISPR-Cas effector:

Guide design and PFS preference

One of the important criteria for successful programmable RNA knockdown using
Casl13ais guide design. As | have shown in Chapter 111 and IV that we should consider
the length (24-30 bp), mismatch (no mismatch allowed), GC content (40-60%), Tm
value (55-65 °C), secondary structure (should be less complex), and minimal similarity

with unintended transcripts (<40%), and PFS preference. Casl3a and Cas13b have
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shown PFS preference but a recent study showed that Cas13d does not retain PFS

preference. Therefore, Cas13d can be an option in therapeutic.
Cancer therapy

In the cancer study, Cas13a mediated gene therapy would be a powerful gene therapy
technique only when a single oncogene is solely responsible for the development of a
cancer. If multiple genes are associated with the development of a cancer, then this
method may not be a suitable option. In my study, the growth inhibition response of
H2228 cells after Cas13a treatment is relatively lower than H3122 cells. | anticipate
that as the HELP domain is absent in EML4-ALK v3a/b expressing in H2228 cells, the

HELP domain or other unknown gene may involve in cancer recurrence.

Immunization

As other gene therapy tools including RNAI or Cas9 are challenging the immunization
issues, this system also has a concern for cellular immunization. In light of this
consideration, an immunosuppressive method or alternative RNA knockdown
technology needs to develop. For instance, if we could use our cellular endonuclease in

a programmable manner and effective way, that can be a great alternative.

Collateral cleavage

There are contradictory findings for the collateral activity of Casl13a. The group who
identified the Cas13a initially found that Cas13a shows collateral activity in bacteria in
an in vitro study. Interestingly, the same group later interrogated that the collateral
activity is absent in human and plant cells. However, another group found that Cas13a
has shown collateral cleavage in glioma cells. Likewise, the Cas13b and Cas13d also
showed collateral cleavage function. Further studies are needed to conclude this
disputed issue. This collateral cleavage is important because it exerts the off-target

effect which is not desirable for molecular therapy except for cancer therapy.
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