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Preface

RNA interference (RNAi) is a widely used technology for gene silencing and has become a
key tool in a myriad of research and lead discoveries. In recent years, the mechanism of
RNAIi agents has been well investigated, and the technique has been optimized for better
effectiveness and safety. In the last few decades, advances in RNAi technology and the po-
tential for leveraging RNAIi for sequence-specific gene silencing have put it at the forefront
for developing effective therapeutics against an array of diseases. siRNAs have been suc-
cessfully used in a variety of experimental settings both in vivo and in vitro, thereby permit-
ting long-lasting silencing of genes of interest.

Alongside this, the clustered regularly interspaced short palindromic repeats (CRISPR)-as-
sociated Cas9/gRNA system is a fairly recent, novel, targeted, genome-editing technique de-
rived from the bacterial immune system. Recent advances in gene-editing research and
technologies have enabled the CRISPR-Cas9 system to become a popular tool for sequence-
specific gene editing to correct and modify eukaryotic systems. The technology allows tar-
geted knock-ins and knocks-outs of any gene within the genome. DNA mutations ranging
from a single base pair to large deletions in both in vitro and in vivo model systems have
been accomplished, thereby revolutionizing the molecular biology world of science.

In this book, we will focus on the mechanisms, applications, regulations (their pros and
cons), and various ways in which RNAi-based methods and CRIPSR-Cas9 technology have
stimulated the modulation of gene expression, thereby making them a promising therapeu-
tic tool to treat and prevent complex diseases and disorders.

Aditi Singh and Mohammad W. Khan
Independent scientists, USA
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Introductory Chapter: Modulating Gene Expression -
Abridging the RNAi and CRISPR-Cas9 Technologies

Aditi Singh
Additional information is available at the end of the chapter
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1. Gene-silencing technologies over the years

Silencing a gene by deleting it, knocking it down, or simply disabling its function has proven
to be a promising tool for understanding the function of the gene and to enable lead opti-
mization during drug development process. In recent times, the two commonly used gene
modification methods that have been heavily explored are RNA interference (RNAi) and the
revolutionary CRISPR/Cas9 system.

RNA interference (RNAi) is a widely used technology for gene-silencing and has become a
critical tool for repression of gene expression which is effectively utilized in various researches.
Of late, the mechanism of RNA interference has been well investigated, and undergone vari-
ous levels of optimization for improving its effectiveness and efficiency.

The clustered regularly interspaced short palindromic repeats (CRISPR)-associated Cas9/
gRINA system on the other hand, is a unique, targeted genome-modification technique derived
from prokaryotic immune system. The cutting edge research and technology advancements
in recent years have enabled the CRISPR-Cas9 system to become a popular tool for introduc-
ing heritable, precised, insertions and deletions in the eukaryotic genome.

1.1. Mechanism of the two prominent gene-silencing technologies

The two technologies, however, vastly differ in their mode of action. RNAi uses small interfer-
ing RNA molecules to deplete target mRNAs by triggering their degradation and silencing
the gene. In RNAi, short, double-stranded RNA molecules, called small interfering RNAs
(siRNAs), bind to messenger RNAs (mRNAs) that bear complementary sequences, and blocks
the translation of protein encoded by the mRNA. On the other hand, CRISPR/Cas9 system also
known as “molecular scissors” can introduce precise and targeted change within the genome.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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The technique involves designing specific “single guide RNAs” (sgRNAs) that recognize spe-
cific sequences in the genome known as PAM sites. Once the Cas9 proteins along with this
sgRNA are introduced into the cells, small deletions occur adjacent to the PAM site via double-
stranded DNA breaks. The CRISPR/Cas9 system has been adapted to inhibit the expression of
single or multiple genetic loci wherein it cleaves specific DNA sequences, thereby rendering
the gene nonfunctional.

1.2. Abridging the two prominent gene-silencing technologies

Although mechanistically different, the two techniques may complement one another very well.
Genes can be knocked down with RNA interference (RN A1) or knocked out with CRISPR-Cas9;
when used together, they facilitate the discovery and validation of scientific findings. Researchers
can do a whole genome RNAI library screen now by using synthetic siRNAs, and then validate
each target by designing specific sgRNAs and utilizing the CRISPR-Cas9 technology.

2. Future of these gene-silencing technologies

While the RNAI technique ruled the tailoring of eukaryotic gene expression in the last two
decades, the CRISPR/Cas9 system is fairly pretty recent and therefore requires much more
exploration and optimization. The superiority of the CRISPR/Cas9 system in effectiveness
and efficiency, along with its vast popularity among research community certainly raises the
question if in coming years the RNAi technology is going to be obsolete. Application wise, the
CRISPR/Cas9 technology truly has the potential to outweigh the RNAi technology, but there
is a long road ahead before we can freely make permanent edits to human DNA.

Author details

Aditi Singh
Address all correspondence to: aditi.ucsd@gmail.com

Independent Scientist, USA
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Abstract

Genome-editing nucleases like the popular CRISPR/Cas9 enable the generation of knock-
out cell lines and null zygotes by inducing site-specific double-stranded breaks (DSBs)
within a genome. In most cases, when a DNA template is not present, the DSB is repaired
by nonhomologous end joining (NHE]J), resulting in small nucleotide insertions or dele-
tions that can be used to construct knockout alleles. However, for several reasons, these
mutations do not produce the desired null result in all cases, instead generating a similar
protein with functional activity. This undesirable effect could limit the therapeutic effi-
ciency of gene therapy strategies focused on abrogating oncogene expression by CRISPR/
Cas9 and should be taken into account. This chapter reviews the irruption of CRISPR
technology for gene silencing and its application in gene therapy.

Keywords: gene therapy, knockout, null allele, oncogene silencing, CRISPR technology,
gene suppression

1. Gene suppression therapies in cancer: an overview

Gene therapy, which was initially developed for the treatment of genetic (primarily mono-
genic) diseases, has mainly focused on cancer therapy, so that more than 65% of all gene
therapy trials worldwide (Figure 1) are aimed at the treatment of solid and hematological
malignancies [1]. As a consequence, cancer gene therapy is a predominant field of basic
research, as well as of clinical activities (Table 1) [2].

Various strategies at different molecular levels (Figure 2) have been employed to treat malig-
nant diseases in recent decades, such as specific drug inhibitors acting at the protein level,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINN
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(3 Cancer diseases 65.00% (n=1688)
Bl Cardiovascular diseases 6.93% (n=180]
= Gene marking 1.93% (n=50)
EE Healthy volunteers 2.16% (n=56)
Bl Infectious diseases 7.01% (n=182)
Em Inflammatory diseases 0.58% (n=15)
Ea Monogenic diseases 11.05% (n=287)
= Meurclogical diseases 1.81% (n=47)
E Ocular diseases 1.31% (n=34)
B Others 2.23% (n=58)
Total=255T
Figure 1. Gene therapy trials worldwide.
Indications Gene therapy clinical trials
Number %

Cancer diseases 1688 65.0

Cardiovascular diseases 180 6.9

Gene marking 50 19

Healthy volunteers 56 2.2

Infectious diseases 182 7.0

Inflammatory diseases 15 0.6

Monogenic diseases 287 11.1

Neurological diseases 47 1.8

Ocular diseases 34 1.3

Others 58 22

Table 1. Gene therapy trials worldwide.

gene suppression therapies at the mRNA level, and genome-editing nucleases at the DNA
level [3].

The ability of several drugs to inhibit the activity of a targeted oncoprotein has been exploited
as a therapeutic approach for a variety of malignancies, the best example being imatinib
mesylate, a tyrosine-kinase inhibitor (TKI) indicated for the first-line treatment of chronic
myeloid leukemia (CML). The advent of imatinib mesylate at the end of the twentieth century
has revolutionized CML prognosis, yielding an overall survival (OS) rate of 88% after 5 years,
whereas previous nonspecific treatments produced an OS rate of only 57% [4]. Unfortunately,
despite the increased efficacy and better clinical responses, many patients receiving targeted
drugs have a poor initial response, develop resistance, or undergo relapse after initial success.
Except for a subgroup of patients who achieve a deep and sustained molecular response, TKI
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Figure 2. Different strategies to block oncogene effects.

therapies would need to be continued indefinitely because TKIs do not completely eliminate
the leukemia stem cells (LSCs), but they remain even during effective TKI treatment [5].

An alternative oncoprotein inhibition approach emerges from the ability of some small RNAs
to fold into three-dimensional structures that can then bind to proteins and thereby inhibit
them in a manner similar to protein antagonists [6]. This is the logic behind the use of RNA
“decoys” or RNA aptamers. Recent preclinical and clinical data support the potential activ-
ity of a 45-nucleotide-long RNA aptamer (NOX-A12) that specifically antagonizes the CXC
chemokine ligand 12/stromal cell-derived factor-1 (CXCL 12/SDF-1), which is a regulatory
chemokine essential for the migration of leukemic stem cells into the bone marrow [6]. This
inhibition of the binding of SDF-1 to its receptors can prompt the leukemic stem cells to re-
enter the cell cycle and become vulnerable to chemotherapeutic attack.

Other gene suppression therapies focus on the intervention of gene transcription and trans-
lation, which are vital elements for cancer growth, spread, survival, and therapy resistance.
Ribozymes, antisense oligodeoxynucleotides (AS-ODNs), and short-interfering RNAs (siRNAs)
are an emerging class of targeted DNA-based pharmaceuticals. Ribozymes, a subset of catalytic
RNAs, can be artificially synthesized and used to specifically suppress gene function. They can
also be used to validate disease-related genes as potential targets for new therapeutic interven-
tions. Their ability to cleave mRNA to prevent protein synthesis enables them to be applied in
cancer and virology. Transcripts of genes of different function have been targeted by AS-ODN
gene therapies such as c-myb, c-raf, c-fos, H-ras, Her2/neu, bcl-2, VEGF, and Ang-1. The use
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of AS-ODNs was shown to successfully inhibit gene expression in association with tumor
growth inhibition, radiosensitization, or chemosensitization [7-9]. The use of siRNA technol-
ogy provides another novel approach for targeted sequence-specific suppression of target gene
expression. In this system, siRNA stability and proper delivery are key factors for successful
application. In vitro and in vivo studies with siRNA targeting PKN3 mRNA have been successful
at inhibiting tumor progression and metastasis in lung and mammary carcinoma models [10].
Nonetheless, inefficient/complete silencing and transient effects present major challenges to can-
cer gene therapy mediated by ribozymes, AS-ODNSs, or siRNAs [2]. Other important challenges
that need to be addressed for the successful translation of these approaches are their delivery to
the site of action, the choice between direct delivery or the use of a vehicle, mass production at
low cost, more clearly defined pharmacokinetics, and the ability to produce sustained long-term
effects, immunogenicity, and toxicity (including inappropriate or excessive expression).

With the recent explosion of genome editing tools, including clustered, regularly interspaced
short palindromic repeats and their nuclease-associated protein Cas9 (CRISPR/Cas9), the land-
scape of suppression techniques has dramatically changed. Although CRISPR/Cas9 is similar in
action and efficacy to protein-based targeted nucleases, such as zinc finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENS) [11], the ease with which these reagents
can be designed and tested through the construction of single-guide RNAs (sgRNAs) has made
gene editing available to a wider variety of users and for a broader range of applications.

CRISPR/Cas9 works at the DNA level and has the advantage of providing permanent and
full gene knockout, while AS-ODNs and siRNAs only silence genes transiently because they
working at the mRNA level [12, 13]. CRISPR/Cas9 cuts DNA in a sequence-specific manner
with the possibility of interrupting coding sequences, thereby making it possible to turn off
cancer drivers in a way that was not previously feasible in humans [14, 15]. This notable
application of permanent gene disruption is based on the cellular mechanisms involved in
double-stranded break (DSB) repair.

2. CRISPR-Cas9 technology, DSBs, and gene interruption

The CRISPR/Cas9 system allows sequence-specific gene editing in many organisms and is
currently the best tool for generating cell lines and animal models of human diseases. The
main advantages of this technology are its simplicity, versatility, and efficiency compared
with other gene-modifying technologies. CRISPR/Cas9 technology is usually used to intro-
duce targeted DSBs in any biological system [16], and the only requirement for Cas9-mediated
DNA recognition and cleavage is the presence of a short protospacer adjacent motif (PAM)
immediately 3’ to the targeted DNA sequence [17] (Figure 3).

Following the creation of a DSB within the coding sequence of a gene, mechanisms of DNA
repair can induce insertions and deletions (indels), resulting in frameshift or nonsense muta-
tions [18]. Basically, the repair of DSBs involves four possible mechanisms (Figure 4). The first
mechanism is standard nonhomologous end-joining (C-NHE]). In this mechanism, the DSB is
repaired by blunt-end ligation independently of sequence homology and requires DNA ligase
IV action (Figure 1A). C-NHE] can occur throughout the cell cycle but is dominant in G0/G1
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Figure 3. CRISPR/Cas9 ribonucleoprotein complex. Cas9 nuclease is driven to the target DNA sequence by an sgRNA
molecule, composed by crRNA (blue) and trackRNA (green). The target sequence must be followed immediately by
a protospacer adjacent motif sequence (PAM). After hybridization of 20 nt of the cRNA with the target sequence, the
nuclease performs a double-stranded break 3 nt upstream of the PAM sequence.
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Figure 4. Approaches to repair DNA double-strand breaks. When DNA resection is blocked, C-NHE] (classic
nonhomologous end joining) is well established, whereas if the resection does occur, DNA damage is repaired by HR
(homologous recombination), SSA (single-strand annealing) or alt-EJ (alternative end joining) [18].

and G2 and is associated with 14 bp deletions [19], which could produce frameshift mutations.
Alternatively, the DSB end can be resected, leaving 3’ single-stranded DNA (ssDNA) overhangs.
The resected DSB can be repaired by three possible mechanisms: homologous recombination
(HR), single-strand annealing (SSA), and alternative end joining (alt-EJ). HR predominates in
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the mid-S and mid-G2 cell cycle phases, where the amount of DNA replication is highest and
when the sister template is available [20]. HR uses a template for repair and so requires strand
invasion mediated by the recombinase RAD51 (Figure 4) [21]. It may be possible to exploit
this property to edit mutations, delivering the appropriate template joined to the CRISPR/Cas9
system inside the target cell. The resected DSB can also be repaired by mutagenic repair path-
ways, namely SSA or alt-EJ. SSA mediates end joining between interspersed nucleotide repeats
in the genome and involves reannealing of Replication Protein A (RPA)-covered ssDNA by the
RADS52 protein. SSA is typically associated with large deletions (Figure 4) [21]. The alt-E] mech-
anism is not well understood but has an apparent predilection for joining DSBs on different
chromosomes, thereby generating chromosomal translocations and mutagenic rearrangements
(Figure 4) [22]. Early evidence for alt-EJ came from studies, showing that yeast and mammalian
cells deficient in C-NHE] were still able to repair DSBs via end joining [23].

As a consequence of its efficiency at inducing DSB, CRISPR/Cas9 technology has gained a
reputation as the “gold standard” for creating null alleles in both in vivo and in vitro. These
null alleles can arise from frameshift mutations, premature stop codons, and/or non-sense-
mediated decay on the target gene, resulting in loss of function. Currently, CRISPR/Cas9 is
extensively used to engineer gene knockouts, but due to the variable size of the NHE]-induced
indel, generating a full KO in one step is not always achieved. In fact, full KO generation
requires off-frame mutations in both alleles, and this is a matter of probability because several
mutations could preserve the reading frame (e.g., +3 or -3 mutations). This undesirable effect

Figure 5. Experimental design of the first CRISPR/Cas9-edited cell injection in humans. Immune precursor cells were
isolated from blood and in vitro CRISPR/Cas9 edited to eliminate PD-1 gene. Modified cells were then reinfused into
the patient [25].
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may be irrelevant in assays in which the knockout cell can be selected, or the null allele of the
animal model can be segregated [24]. The first clinical trial using CRISPR for gene suppres-
sion and cancer therapy enrolled its first patient at Sichuan University’s West China Hospital
in Chengdu in 2016 [25]. In this study, the safety of PD-1 knockout CRISPR-engineered T
cells ex vivo was evaluated when treating metastatic non-small cell lung cancer that had pro-
gressed after employing all standard treatments. Patients enrolled in the gene-editing trial
provided peripheral blood lymphocytes, and PD-1 knockout of T-cells by CRISPR/Cas9 was
performed ex vivo. In this trial, the edited lymphocytes were selected, expanded, and subse-
quently infused back into the patients (Figure 5).

Nevertheless, there are several situations, either in vivo or in vitro, where cell selection and
expansion are not an option, and obtaining a high knockout/gene inactivation efficiency is
crucial [26, 27]. Hematological cancer therapies based on specific oncogenic silencing within
primitive pluripotent stem cells could be the best example of these situations. In this patho-
logical cell context, the highly efficient interruption of the oncogenic open reading frame
(ORF) could be an effective therapeutic option. It would even be more important for those
tumors directed by a single oncogenic event, as is the case for several leukemias or sarcomas,
which are directed by specific fusion oncoproteins [28, 29].

3. CRISPR-Cas9 technology for disrupting fusion oncogenes

Fusion oncoproteins arising from chromosomal rearrangements are known to drive the patho-
genesis of a variety of hematological neoplasms such as CML, which results from a reciprocal
translocation between chromosome 9 and 22 [30, 31]. This translocation fuses the ABL1 gene
on chromosome 9 to the BCR gene on chromosome 22, resulting in a BCR/ABL fusion gene,
whose product is a cytoplasmic 210-KDa protein with upregulated tyrosine kinase activity
that is considered essential for growth and survival of the leukemic cells [32]. As we previ-
ously mentioned, the discovery of BCR-ABL-mediated pathogenesis of CML provided the
insight for the design of an inhibitory agent that targets BCR/ABL kinase activity such as
imatinib mesylate. However, a substantial proportion of CML patients may not achieve the
desired response or may eventually fail to respond adequately to these drugs [4]. A recent
study of the BCR/ABL oncogen showed this gene fusion to be an ideal target for CRISPR/
Cas9-mediated gene therapy. A CRISPR-Cas9 application truncated the specific BCR-ABL
fusion (p210) in an in vitro cellular model [15] (Figure 6).

In this study, a nontumorigenic cell line (BaF3), which needs IL-3 to survive and proliferate
[33], was transformed with the fusion oncogene BCR/ABLp210 (BaF3-p210). The human
BCR/ABL oncogenic fusion confers on BaF3 the ability to survive and proliferate in the
absence of IL-3 and forms tumors in a xenograft model. Three custom-designed sgRNAs
were used to genetically inactivate the BCR/ABL oncogene. These specific sgRNAs directed
Cas9 to the BCR/ABL fusion sequence (Bcr-Abl sgRNA) or to the Abelson tyrosine kinase
sequence (Tk-Abl 1 sgRNA and Tk-Abl 2 sgRNA) (Figure 7). Lentiviral infection assays were
performed with each CRISPR/Cas9 reagents to generate three different BaF3-p210 cell lines
with the potentially edited BCR/ABL oncogene at the expected cleavage point in each one.

13
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APOPTOSIS PROLIFERATION APOPTOSIS

Figure 6. Experimental model to show the ability of CRISPR/Cas9 to truncate BCR/ABL fusion. The non-tumorigenic
and IL-3-dependent BaF3 cell line was transformed with fusion oncogene BCR/ABLp210. The transformed cell line is
able to grow and survive in the absence of IL-3, although the cells enter into apoptosis when CRISPR/Cas9 introduces
mutations in the sequence of the BCR/ABL oncogene, preventing its expression [15].
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Figure 7. Schematic representation of BCR/ABL fusion transgene. Sequences of sgRNAs designed to edit fusion region
(red boxes). One of them hybridizes at the BCR/ABL junction, and the other two hybridize in exon 2 of ABL [15].

TRANSGENE

The CRISPR/Cas9 system efficiently induced various mutations at the expected cleavage
point, giving rise to three distinct BaF3-p210 cell lines (CRISPR-BaF3-p210) with several
altered BCR/ABL sequences.

As a result, significantly more cell death was observed in all CRISPR-BaF3-p210 cell lines in
the absence of IL-3 than in BaF3 parental cells or mock BaF3-p210 cells (Figure 8).

Xenograft experiments were carried out to determine whether the tumorigenic capacity
was also blocked by the action of the CRISPR/Cas9 system. Mice injected with the three
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Figure 8. Functional analysis of CRISPR-BaF3-p210-edited cells. Annexin V labeling was measured by flow cytometry
in edited cells (BCR-ABL, TK-ABL1 and TK-ABL-2) in the presence and absence of IL-3. When IL-3 was removed from
the medium, the three cell lines showed an increase in apoptosis, reflecting the absence of expression of the BCR-ABL
oncogene [15].

CRISPR-BaF3-p210 cell lines gave rise to significantly smaller subcutaneous tumors than
those produced by the nonedited cells (Figure 9).

As expected, these small tumors were composed of nonedited cells, edited cells with +3/-3 bp
indels (or multiples), or cells with nonframeshift mutations. This result indicated that a spe-
cific cellular selection or more specific sgRNAs should be necessary before potential gene

Baf J-p2 10 \

Figure 9. In vivo effects of CRISPR-mediated editing of BCR/ABL oncogene. Tumor growth over 24 days following
subcutaneous cell injection. The final tumor mass was reduced by half in the CRISPR-BaF3-p210, relative to controls.
CRISPR-BaF3 single cell-derived cell line (SC) cells were unable to form a subcutaneous tumor [15].
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therapy in human. For this purpose, a CRISPR-BaF3-p210 cell line derived from a single cell
(CRISPR-BaF3-p210-5C) carrying an 8-bp deletion (Figure 9) was selected to test tumorigenic
capacity. No tumor growth was observed in any mouse injected with cells derived from the
single-edited cell line (Figure 9).

3.1. CRISPR/CAS9 and knocking out genes in mouse

An option to improve knockout effectiveness could be to use two or more RNA guides at
the same time to knock out the oncogene allele at different key sites in an attempt to try to
guarantee the null result. This approach is commonly used for knocking out genes in animal
models such as mice. Using two sgRNA guides makes it possible to distinguish the mutant
pups by a simple PCR. An example of this is the generation and genetic characterization of
Six60s1-deficient mice [34] (Figure 10).

Unfortunately, the possibility of using several RNA guides at the same time is quite limited
in gene therapy, especially when adeno-associated virus vectors are used. The main difficulty
stems from the limitations on the construct, for which reason other Cas9 orthologues are being
used to introduce the nuclease coding sequence, one promoter and a single RNA guide [26, 35].

3.2. CRISPR/Cas9 delivery and gene therapy

The CRISPR/Cas9 complex can be introduced into cultured cells and single-cell embryos in
the form of DNA, RNA, or protein [36]. The DNA encoding Cas9 and gRNA can be delivered
into the cell using plasmid and viral expression vectors. RNA or protein has been introduced
through microinjection, liposome-mediated transfection, electroporation, and nucleofection.

WT allele —-—H% F -_//_-"“r a

‘ H—

Figure 10. Schematic representation of Six6os1 WT and edited allele. Two sgRNAs were used to produce a deletion
between exon 2 and 3. As a consequence, a premature stop codon appears at the beginning of exon 3. The edited allele
can easily be detected by PCR [34].
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However, the delivery formats of mRNA and protein pose certain technical challenges in vivo
and viral-based in vivo genome editing remain a popular choice for achieving the stable or
elevated expression of Cas9 and its sgRNA [37].

Given the great potential of viral vectors in gene and cell therapy, five major classes of viral
vectors—retroviruses [38], lentiviruses [39, 40], adenoviruses [41, 42], AAVs [43, 44], and
baculoviruses [45, 46] —have been used to deliver CRISPR components into mammalian cells
for targeted genome editing. The advantages and disadvantages of using these viral vectors
for in vivo delivery of the CRISPR transgenes have been extensively reviewed [43, 47-49]. In
Table 2, we list the general characteristics and applications of various viral delivery vectors.

Currently, adenoviral vectors and y-retroviruses are the most commonly used delivery system
in gene therapy (Figure 11; Table 3) [1]. For Cas9 delivery, adenovirus (ad)- and retro/lentivirus
(rt/lt)-based vectors have the advantage of packaging sizes of up to 30 kb (ad) and 7 kb (rt/lt),
allowing the accommodation of the SpCas9 gene (~4.2 kb), one or more sgRNAs, and the cis-
acting regulatory sequences required for efficient expression. Nevertheless, several disadvantages
such as low titers (rt/It), insertional oncogenesis (rt/lt), generation of a replication-competent len-
tivirus (rt/lt), immunogenicity, and toxicity (ad) are risks that should be taken account in in vivo
gene therapy.

In contrast, the AAV system has major advantages for research and therapeutics, including
very low immune response and toxicity. AAVs remain in the cell as episome, avoiding inser-
tional mutagenesis by random integration into the host genome. In fact, there are no human
diseases related to them, and they can exist long term as concatemers in nondividing cells for
stable transgene expression [50]. Given this, AAV is thought to be one of the most suitable viral
vectors for gene therapeutic applications and gene transfer in vivo. However, two limitations
restrict its use: packing size and tropism. AAV has a packaging capacity of only ~4.8 kb. This
makes it impossible to express the ~4.2-kb SpCas9 gene and the sgRNA from a single AAV
vector. One approach is to use two AAV vectors: one to express SpCas9 and the other to encode
one or more sgRNAs [44]. A second approach is to use a different smaller Cas9, for example,
the ~3.2-kb Cas9 gene encoded by Staphylococcus aureus (SaCas9) [35, 51]. In this sense, single

Guide Editing efficiency (%) TIDE-predicted indels

Ber-Abl sgRNA 85.0 +1bp (17.5%), -1 bp (9.1%), -2 bp (4.8%)
-3 bp (3.4%), —4 bp (6%), =6 bp (1.8%),
-8 bp (18.9%), ~11 bp (10.2%), ~18 bp (5.1%)
TK-ABL 1 sgRNA 54.6 +1bp (14.9%), -1 bp (8%)
-2 bp (5.2%), =10 bp (17.6%)
TK-ABL 2 sgRNA 68.8 +1 bp (30.8%), -1 bp (5.9%), -2 bp (4.8%),
~4bp (15.2%), ~14 bp (5.1%)

Mock sgRNA 0.0

Table 2. Indels induced by each sgRNA predicted by the TIDE algorithm.
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Adenovirus 20.49% (n=547)
Retrovirus 17.90% (n=478)
Naked/Plasmid DNA 16.55% (n=442)
Adeno-associated virus 7.64%(n=204]

Figure 11. Delivery systems commonly used in gene therapy clinical trials.

Total=2670

OR000EE0o0eo

Lentivirus 7.34% (n=196)
Vaceinia virus 6.55% (n=175)
Lipofection 4.38% (n=117)
Poxvirus 4.01% (n=107)
Herpes simplex virus 3.48% (n=93)
Other vectors 8.35% (n=223)
Unknown 3.30% (n=88)

Characteristics of ~ Retrovirus Lentivirus Adenovirus Adeno-associated  Baculovirus
a typical vector virus
Common viral Y-retroviruses HIV-1 Ad5 AAV2 AcMNPV
type
Viral genome Linear ssSRNA Linear ssRNA Linear dsDNA  Linear ssDNA Circular dsDNA
structure
Viral genome size 8.3 kb 9.7 kb 36 kb 4.7 kb 80-180 kb
Packaging <8.0 kb <8.0 kb <30 kb <4.5 kb >38 kb
capacity
Cells infected Dividing Dividing or Dividing or Dividing or Dividing or
nondividing nondividing nondividing nondividing

Transduction Moderate High Very high High High
efficiency
Transgene Stable Stable Transient Transient Transient
expression
Immune response  Moderate Low High Very low Very low
Toxicity High Moderate High Low Low
Random genome  Yes Yes No Generally, no No
integration (recombinant

AAV has a low

frequency of

host genome

integration events)
Common Generating Transduce Vaccine Gene delivery in Recombinant
applications stable celland  difficult-to- production, vivo, optogenetics ~ proteins and vaccine

Clinical trials

gene transfer,
cancer and stem
cell research

Very popular

transfect cell,
genome-wide
screens

Very popular

cancer-immune

therapy

Popular

Increasingly
popular

production

Growing interest

Table 3. Viral delivery systems most commonly used in gene therapy.
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AAV vectors are able to express SaCas9, and one sgRNA has been described that appears to
be potentially very useful for in vivo gene editing. A single AAV vector with U6-driven sgRNA
and a TBG-driven SaCas9 expression cassette was used to target the cholesterol regulatory
gene Pcsk9 in mouse liver. In this study, the authors observed modification in >40% genes,
accompanied by significant reductions in serum Pcsk9 and total cholesterol levels [35].

Another problem with AAV vectors is their limited tissue tropism, although this has gradu-
ally expanded with the identification of additional AAV variants from different species and
the derivation of AAV recombinants with enhanced tropism for specific tissues [52, 53]. AAV
serotypes with a strong tropism for hepatocytes, neurons, and epithelial and endothelial cells
have been described, but the search for AAV variants that can efficiently infect HSC or lym-
phoid cells has yet to identify any candidates [54].

All these advantages have led to increases in the number of studies using AAV vectors to
deliver the CRISPR components in animals and in clinical trials for gene therapy.

3.3. CRISPR-Cas9 sgRNAs: “Superguides” for interfering with (onco)gene
expression

When a cancer cell is the target, a delivery strategy that can result in the expression of Cas9
and an oncogen-specific sgRNA in all infected cells is desirable. This is especially critical for in
vitro gene therapy where the expansion processes from a selected edited cell are not available.
Similarly, it is also crucial for in vivo approaches in cancer therapies focused on disrupting a
driver oncogene. If the efficiency of CRISPR/Cas9 reagents delivery to the cancer cell is accept-
able, the key step for success lies in the effectiveness of a specific sgRNA at knocking out the
oncogene. In this way, for the vast majority of knockout studies where the edited cells or
mice can be selected, the sgRNA targets different positions within the chosen exon, avoiding
boundaries. In most of these cases, the designs follow off-target criteria. However, for all those
cases where cellular selection is not an option and only one sgRNA can be used, the null effect
could be increased with a sgRNA targeting the exon boundary. Following this strategy, the
generation of null alleles would be increased by two ways: probability of producing a frame-
shift mutation and probability of breaking the canonical pre-mRNA splicing (Figure 12).

It has long been known that mutations in splice-site consensus sequences can affect pre-mRNA
splicing patterns and can lead to generate null or deficient alleles [55]. In fact, pioneering genetic
studies indicated that many of the thalassemia mutations in the (-globin gene affect splice
sites and give rise to aberrant splicing patterns [56, 57]. Recent studies have demonstrated that
a splicing mutation in the STAR gene is a loss-of-function mutation that produces an aber-
rant protein [58]. Besides, non-sense-mediated mRNA decay (NMD), a conserved biological
mechanism that degrades transcripts containing premature translation termination codons,
could help secure the null effect when a DSB is induced in splice sites. In addition to transcripts
derived from nonsense alleles, the substrates of the NMD pathway also include pre-mRNAs
that enter the cytoplasm with introns intact [59]. Several mutations of splice donor sites that
cause loss of gene function have recently been identified. A novel mutation at a splice donor
site that was predicted to lead to skipping of exon 10 of the PLA2G6 gene was found in a homo-
zygous state in infantile neuroaxonal dystrophy patients. This variant was correlated with very
strong loss of function, providing further evidence of its pathogenicity [60]. Mutations in the
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Figure 12. CRISPR/Cas9 design against sequences involved in intron processing.

ectodysplasin Al gene (EDA-A1) at the splice donor site have been described in patients with
hypohidrotic ectodermal dysplasia. The mutation resulted in the production of a truncated
EDA-A1 protein caused by the complete omission of exon 3. This novel functional skipping-
splicing EDA mutation was considered to be the cause of the pathological phenotype [61].
Studies in a family with premature ovarian failure identified a variant that alters a splice donor
site. This variant resulted in a predicted loss of function of the MCM9 gene, which is involved
in homologous recombination and repair of double-stranded DNA breaks [62].

As we have mentioned before, not all indels targeting the exon coding sequences necessarily
give rise to premature stop codons. However, if DSBs are induced near the boundaries of
the target exon, then the canonical splicing pathway could also be altered. In that case, to
the probability of producing frameshift, mutations should be added that of interfering with
canonical pre-mRNA splicing (Figure 12B). Even if the CRISPR/Cas9-induced mutation did
not produce a frameshift mutation, at least this strategy would offer the possibility of produc-
ing nonfunctional oncogenes by splice-pathway alteration. It has recently been shown that
CRISPR/Cas9-mediated alterations at exon boundaries may also result in altered splicing of
the respective pre-mRNA, most likely due to mutations of splice-regulatory sequences. Using
the human FLOT-1 gene as an example, the authors demonstrated that such altered splicing
products also give rise to aberrant protein products with loss of function [63].

An unpublished study has compared the efficiency of generating null alleles by CRISPR/Cas9
sgRNAs targeting exon boundaries. The authors compared the efficiency of producing null
alleles inducing DSBs in a central position of the critical exon with DSBs close to the splice
donor site on the exon. The study, which was carried out in a variety of genes, species and
systems, revealed an increase in knockout efficiency using sgRNA guides targeting the splice-
donor site of the chosen exon.

4. Conclusions

Genome-editing nucleases like the popular CRISPR/Cas9 enable knockout cell lines and
null zygotes to be generated by inducing site-specific DSBs within a genome. In most cases,
when a DNA template is not present, the DSB is repaired by nonhomologous end joining,
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resulting in small nucleotide insertions or deletions that can be used to construct knock-
out alleles. However, for several reasons, these mutations do not produce the desired null
result in all cases, giving rise to a similar but functionally active protein. This undesirable
effect could limit the therapeutic efficiency of gene therapy strategies that focus on abrogat-
ing oncogene expression by CRISPR/Cas9 and should be taken in account. The use of an
sgRNA-targeting splicing site could improve the null result for in vivo gene therapies. This
strategy could be adopted to abrogate in vivo the oncogenic activity involved in tumor
maintenance.
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Abstract

MicroRNAs (miRs) are a class of non-coding RNAs, approximately 20-25 nucleotides
long, discovered in the nematode, Caenorhabditis elegans, in 1993. There are two primary
categories of non-coding RNA (ncRNA): (1) short interfering RNAs (siRNA) and (2)
microRNAs (miRs). In general, miRs control protein production via partially comple-
mentary binding of the mRNA 3'UTRs. Both siRNAs and miRNAs are critical regulators
of developmental and homeostatic processes as well as disease pathogenesis. While the
treatment of advanced stage breast cancer presents several challenges, the development of
therapeutic resistance contributes to a high mortality rate. Dysregulation of miR expres-
sion has been implicated in progression of breast cancer disease. Moreover, miRs have
been found to play a role in the development of drug resistance. In this context, one of the
therapeutic potentials of miRNAs is the correlation of circulating miR levels with breast
cancer progression stages and disease phenotypes. Secondly, researchers are investigat-
ing novel delivery strategies for the substitution or silencing of ncRNAs involved in the
disease. This chapter describes both the general miRNA mechanism of actions and the
miRNAs related to breast cancer research. It is specifically designed for breast cancer
researchers with expertise in gene delivery, clinicians, and clinical translational scientists.

Keywords: microRNA (miRs), short interfering RNAs (siRNA), gene regulation
and gene silencing, target recognition, breast cancer, triple negative breast cancer,
therapeutic agents, clinical trials, nanoparticle

1. Introduction

Gene silencing by RNA occurs when dsRNA induces cleavage of its complementary mRNA,
which is known as RNA interference (RNAi). RNA interference (RNAi) is the mechanism that
suppresses gene expression or translation through the activity of RNA interference molecules
(RNAI), by the neutralization of mRNA molecules. RNAI is also part of the cell’s endogenous
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biological defense system which protects it against transposons and viruses. miRNAs and
siRNAs are vital players in driving RNA interference mechanisms. These small RNAs bind
mRNA molecules and either decrease or increase their activity and preventing their transla-
tion into protein.

In addition to RNAI, studies have identified several endogenous small RNA types including
endogenous siRNA (endo-siRNA), small noncoding RNAs (miRNAs), and piwi-interacting
RNA (piRNA) which has created a wider view of normal and pathological cellular mecha-
nisms [1]. The above types are considered non-coding RNAs (ncRNAs) which describes any
RNA that does not encode a protein [2, 3]. Since the early 1990s, ncRNAs including miRNAs
and siRNAs have been the subject of intensive research. Although non-protein coding RNAs
(ncRNAs) were first imagined as simply ‘junk” RNA with no functional purpose, they have
emerged as potent gene silencing factors [4]. Despite the importance of miRNA in medi-
cine, mechanisms of genes targeting, their interaction with other cellular RNAs, as well as
their mRNA editing capabilities are not yet fully understood [5]. It is clear that, the role of
ncRNAs in the regulation of genes renders them putative targets for the development of
novel drug therapies. As effectors, siRNAs and miRNAs can be used to silence or ‘switch
off” specific cancer genes. Thus, gene silencing via RNA interference (RNAi) is evolving as
an aspect of cancer chemotherapy that could be personalized for individual patients. The
therapeutic potential of miRNAs and siRNAs to play a key role in the treatment of cancer
and other genetic diseases has been extensively investigated [2]. With the aim of mitigating
side effects on healthy tissue, recent approaches have involved the selective targeting of
mutant cancer cells.

At present, the main hurdle in implementing miRNA and siRNA therapy in the clinic is
the absence of an efficient and targeted delivery system that would protect ncRNAs from
degradation by endogenous RNAses and permit them to reach the precise tumor target [6].
Recently, nanoparticle technology and breast cancer targeting immunoconjugates for the
delivery of siRNAs and miRNAs were demonstrated to control breast cancer tumor growth
and metastasis [7].

MicroRNAs (miRs) are genomically encoded small, non-coding, single stranded RNA 18-25
nucleotides that regulate gene expression during embryonic development. In normal cells
they act as a delicate switch in regulating cellular functions such as cell proliferation and
cell differentiation [6]. Various preclinical research studies have sought to establish diagnos-
tic, prognostic and therapeutic uses for miRNAs [3]. As a result, downregulated miRNAs
in cancer cells are referred to as tumor suppressor miRNAs, while miRNAs that permit the
expression of genes involved in cancerous processes are called oncomiRs [1]. siRNAs (with
21-25 nucleotides) are produced from exogenous double stranded (dsRNA); their structure is
closely related to that of mature miRNAs. Nevertheless, similarities in the mechanisms and
biogenesis of siRNAs and miRNAs have been observed. For example, both depend on Dicer
enzymes and on Ago proteins. Most miRNAs, for example, are excised from the precursor
(pre-miRNAs) by Dicer while the Ago will support the silencing [8].
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2. Molecular mechanisms for triggering silencing through
microRNAs

In principle, miRNAs are generated in the nucleus via long primary miRNA transcript (pri-
miRs), which are converted by the microprocessor complex into a 70-nucleotide stem-loop
structure. This complex consists of Drosha (an RNase III enzyme) and a dsRNA binding pro-
tein critical region 8 (DGCR8) DNA sequence. After binding, the dsSRNA component of pre-
miRNA is cleaved. As partial cleavage occurs, the pre-miRNA is transferred from the nucleus
to the cytoplasm through the exportin-5 pathway and further processed by Dicer; the dsSRNAs
now consists of an inactive passenger strand and an active mature strand. When the ‘mature’
miRNA is incorporated into the RISC complex it triggers a silencing effect on the target.

With regard to gene silencing and its possible applications in the clinic, miRNA can target
multiple sites and thus modulate the expression of many genes. Recognition of mRNA occurs
when it binds to a short sequence of nucleotides rather than to the total 21 nucleotides that
form an siRNA.

To initiate RNAi, an miR can be partially complementary, binding to multiple mRNAs to
block their expression. It is noteworthy that the mechanism of action of an miR is distinct
from that of an RNAi in that miRs inhibit the translation of the mRNA [6]. In contrast, a small
siRNA is perhaps the most frequently employed RNAi mechanism to silence protein coding
genes in the short term. SiIRNA is a synthetic RNA duplex structure designed to target specific
mRNA in order to degrade it. In the laboratory, gene knockdown is commonly achieved in
many cell types using siRNA. Normally, a perfect match is required between the siRNA oli-
gonucleotide and the target mRNA sequence. Finally, siRNA can also be used to knockdown
non-protein coding genes e.g. long non-coding RNAs (InRNA) [9].

siRNAs and miRNAs are highly potent compared to small therapeutic molecules. In addi-
tion, both can act on proteins which lack enzymatic functions as well as those which cannot
be reached by conventional drug molecules. Currently, two main therapeutic strategies are
based on miRNAs, namely: (1) replacement of miRNA or (2) miRNA inhibition. Inhibition of
miRNA can be conceptualized as antisense therapy, since synthetic, single stranded RNAs, act
as miR antagonists which inhibit the activity of endogenous miRNAs. In contrast, synthetic
miRNAs can replicate, substitute, or enhance the function of endogenous miRNAs. Thus,
exogenous miR therapy results in mRNA degradation or inhibition leading to gene silencing.

siRNA, for its part involves the introduction of a man-made siRNA into the target cells to trig-
ger RNA interference (RNAi), leading to inhibition of the mRNA expression and thus to gene
silencing. Both miRNAs and siRNAs have similar physicochemical characteristics, but their
functions are quite separate. Although their mechanisms of action are the same- both are short
RNA duplexes that target mRNAs to silence gene, miRNA employs translational repression,
the degradation of the mRNA and occasionally, endonucleolytic cleavage of mRNA, while
siRNA works exclusively via the endonucleolytic cleavage of target mRNA [2].
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3. Challenges in breast cancer diagnosis and treatment

In the Middle East, 25% of all reported cases of female cancer in 2012, were breast cancers. It
has been projected that by 2020 about 2 million women will be diagnosed with breast cancer
worldwide, a disturb increase of approximately 18.4% [3, 10]. Moreover, about 30% of Middle
Eastern patients with newly diagnosed early stage breast cancer will go on to develop metas-
tasis despite extensive therapy [6].

To prevent an advanced stage breast cancer diagnosis, women undergo periodic screening
including self-breast examination and yearly mammograms beginning at the age of 40. More
frequent monitoring is recommended for women at a high risk of contracting the disease,
including those with a family history of it or genetic predisposition [11]. An epidemiological
survey concluded in January 2017 reported that female breast cancer is the most frequently
diagnosed cancer worldwide [12]. Though the gold standard for detecting breast cancer is
mammography, it can cause significant discomfort, and it is not consistently reliable for the
detection of smaller tumors at an early stage [3, 13].

3.1. Classification of breast cancer

Breast cancer has been traditionally classified in the clinic as either non-invasive or invasive,
according to grade and stage. The classification system is based on the histological features of
breast samples as well as the location of abnormal tissues. The two main forms of non-invasive
breast cancer are ductal carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). Non-
invasive forms remain localized to the breast and do not migrate to nearby tissues and organs.
However, most breast cancer are invasive and have been classified as infiltrating ductal car-
cinoma, tubular carcinoma, invasive lobular carcinoma, medullary carcinoma, inflammatory
carcinoma and colloid carcinoma. Breast cancer is considered metastatic if it spreads to the
other regions of the body through the blood or lymphatic systems.

Breast cancers are currently classified according to four molecular subtypes: luminal A, lumi-
nal B, HER-2 enriched and basal-like cancer. This classification is based on the expression
level of the progesterone receptor (PR), estrogen receptor (ER) and the human epidermal
growth factor receptor 2 (HER?2). Seventy percent of breast cancers are responsive to hormone
receptors and present an overexpression (abundance) of either PR or ER receptors or a com-
bination of the two. Luminal A type cancers are known to overexpress the hormonal receptor
(ER™¢ and/or PR™* and HER27), while luminal B type cancers overexpress all 3 receptors
(ER™¢/and/or PR** and HER"*). Luminal A and B cancers are characterized by significant
gene expression in the luminal epithelial layers of the mammary glands. However, breast
cancers that have been shown to have an abundance exclusively of HER?2 are referred to as
HER?2 enriched and account for about 20% of all cases. Basal-like breast cancers have distinct
gene signatures. They are mainly triple negative breast cancer (TNBC), which means that the
tumors do not express any hormone receptors. TNBCs are held to account for approximately
10% of all cancers of the breast that are known to have a high mortality rate. mRNA profiling
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has revealed that to date there are 26 identified molecular subtypes of triple negative breast
cancer. Variable MiR expression levels are observed in each type. These breast cancer clas-
sifications include the immunomodulatory (IM) subtype, luminal androgen receptor (LAR),
basal-like (BL1 and BL2), mesenchymal stem cell-like (MSL) and mesenchymal (M) [14].

3.2. Diagnostic approach and treatment of breast cancer

The increasing use of modern adjuvant therapy (systemic) and diagnostic tools has resulted
in enhanced treatment of early stage breast cancer patients, producing a substantial increase
in the overall survival time from diagnosis. However, improvements in the treatment of
relapsed metastatic cancer have been marginal at best. Therefore, there is an urgent demand
to develop novel therapies to treat malignant and late stage breast cancer [9, 3]. At present the
treatment options include surgery, chemotherapy, immunotherapy, hormonal supplements
and radiotherapy [6]. Targeted hormonal therapy is available for patients with breast cancers
that have been shown to aberrantly express an excess of receptors for hormones. Studies indi-
cate that hormone receptor type breast cancers have a more favorable prognosis than other
types. Hormonal therapies are often prescribed following surgery as an adjuvant treatment.
For example, tamoxifen prevents the interaction between hormones and their target recep-
tors, while aromatase inhibitors decrease the levels of circulating hormones. Physicians have
administered tamoxifen for more than three decades to treat hormone receptor-positive breast
cancer (PR, ER™ or both). Tamoxifen acts as an estrogen receptor antagonist; it blocks the
binding of estrogen with its endogenous receptors. Similarly, herceptin, a human anti-HER?2
monoclonal antibody, acts by binding to the HER2 receptor thus preventing the generation
of growth factors signals in breast cancer cells. Herceptin and tamoxifen can be given alone
or together with chemotherapy drugs such as doxorubicin or paclitaxel and radiotherapy if
required. However, the heterogeneity of breast cancers remains a fundamental barrier against
the accurate molecular classification of the cancers and the implementation of individualized
therapy. It is noteworthy that not all patients with hormone receptor overexpression (ER™*
and/or PR™*) respond favorably to tamoxifen therapy and not all patients that overexpress
HER?2 respond to Herceptin indicating the presence of other unknown factors that influence
the response to breast cancer treatment.

At present, no effective targeted treatment options are available for triple negative breast can-
cer (TNBC) patients [6]. The degree of genetic aberrations and the absence of HER2, PR and
ER receptors render TNBC patients unresponsive to traditional hormonal therapy. TNBC is
all too often resistant to the cancer chemotherapy drugs available at present including pacli-
taxel and epirubicin, which are platinum-based drugs [2]. The definitions of luminal A and
luminal B cancers in the clinic have been set using arbitrary criteria, rather than taking gene
expression levels into account. This is probably due to the substantial heterogeneity in ER"*
tumors, which can confound the selection of an appropriate treatment regimen. But the Ki-67
index can distinguish between luminal A and luminal B cancer types. Ki-67 is a protein that is
used as a cellular marker for proliferation and may serve to identify a potential fifth molecular
subtype, normal-like breast cancer, which is similar to luminal A but is less proliferative,
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thereby showing decreased Ki-67: (ER*¢ /PR"* /HER2™ /Ki67"¢). Luminal B cancer can also
be further subdivided into two subgroups: (ER™¢ /PR™¢ /Her2™¢ /Ki-67"¢) and (ER™¢ /PR™* /
Her2" /Ki-67*°).

Nowadays, much research effort has focused on the further sub-classification of breast
cancer types, based on gene expression and gene mutations including miRNA signatures.
However, the prognostic value of this approach is still not clear [3, 6]. A better understand-
ing of gene expression patterns and genetic mutations should help to determine predictive
and prognostic markers and identify novel therapeutic targets that could induce the selective
silencing of gene expression [6]. It is known that BRCA1 and BRCA2 genes are mutated in
all types of breast cancer including TNBC. The expression of PLK1 has been reported as a
possibly important marker for TNBC; in addition TP53, GADPH, HRAS, PCNA, CCND1,
BIRCS5, MYBL2 and IGFBP6 have been reported as being significantly down-regulated or up-
regulated genes that are differentially expressed in TNBC cells compared to normal cells,
while other research groups have reported the elevated expression of the AR and EGFR gene
among TNBC patients [6].

During the last decade, the targeting of small molecular weight protein kinases and monoclo-
nal antibodies against cell surface receptors has shown great promise in the ongoing struggle
against cancer. Unfortunately, many of the key genes that cause cancer are still considered to
be ‘non-druggable’, and as a consequence insufficient research has been applied to targeting
them. Most tumors, due to their heterogeneity and their genetic instability are highly unlikely
to present a single target that is found suitable for a long term treatment regimen [9]. RNAi
has been shown to be able to rapidly and efficiently suppressing the expression of any gene
in many cell types, thus highlighting the possibility of treating cancer by drug action on any
gene that has been shown to induce cancer.

4. miRNA vs. siRNA for gene silencing in treatment of breast cancer

Current research on the drugs that silence genes has provided important insights into the pos-
sible value usefulness of these drugs for the treatment of various types of cancer. A number
of mRNA targets, as well as interference in mRNA functions by miRs, will almost certainly
make major contributions to our understanding and treatment of many diseases. Thus, the
clinical application of miRs as diagnostic biomarkers is developing at a rapid pace, with the
gene silencing effect of siRNAs on specific genes making them ideal tools for target identifica-
tion and validation in drug discovery and development.

4.1. Mechanism of target recognition by miRNA and siRNA

The target recognition of miRNAs is a multifaceted process due to the presence of various
binding sites and differing degrees of complementarity between the miRNA and the target
mRNA; that is, to induce a functional effect, miRs need to be partially complementary to their
target mRNAs. Complementary pairing between mature miRNA and mRNA takes place at
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the 3'UTR group on the mRNA and the seed region of the miR. In contrast, other miR bind-
ing sites, such as the 3’ supplementary sites, centered sites and bulged sites are believed to
be aberrant. Therefore, since perfect matching is not required, one miR strand can target an
extensive number of mRNAs; thus one miR often has multiple targets. For example, due to
partial complementary base pairing between the miR and the mRNA, AGO2, which plays a
vital role in RNA silencing, miRISC is not stimulated. Alternatively, the mRNA targets them-
selves, silence miR via degradation by deadenylation or translation repression via exonucle-
ases or decapping. Rarely, a high degree of complementarity between the miR and its mRNA
target may produce endonucleolytic cleavage of the mRNA through the activity of the AGO
protein. This activity is quite similar to the gene silencing mediated by siRNA [2]. In contrast,
the siRNA must be matched fully with its target mRNA. The activation of AGO2 after comple-
mentary binding, leads to the cleavage of the phosphodiester bonds of mRNA bases 10 and 11
relative to the guide strand 5’ end. Any mRNA fragments produced as a result of this activity
undergo rapid degradation through the actions of exonucleases [2].

4.2. Role of RNAIi technology in breast cancer therapy

In the context of breast cancer therapy, target genes can be silenced by inhibiting miRNA
with drugs or by substituting exogenous miRNA. This type of inhibition therapy is deemed
useful when tumor cells are known to overexpress the target miRNA. The therapy involves
the introduction of single-stranded, synthetic, RNAs that effectively act as miRNA antago-
nists. In this regard, the inhibition of miRNA is analogous to antisense inhibition. In contrast,
cancer be treated by replacing miRNA when the target miRNA is deactivated or repressed,
a common feature of cancer. This strategy involves introducing double stranded synthetic
miRNAs into cells, which will mimic the actions of the target miRNAs. They bind to the
target gene and initiate mRNA degradation which silences the target gene. miRNA mimics
are more straightforward to use than siRNA, because the sequences are nearly identical to the
endogenous miRNA [6].

In an alternative approach, siRNAs can be produced through gene expression or by chemical
synthesis. The strategy governing chemical synthesis is to create synthetic RNAs that can
be introduced into cells by a number of methods. The gene expression strategy can produce
siRNA using expression constructs, including viral vectors and plasmids, that can be tran-
scribed inside the cell and express short hairpin RNA (shRNAs) that are the precursors of
siRNAs. When siRNAs are chemically synthesized this method provides fine control over
the purity and quantity of the siRNAs produced. Furthermore, the chemical structure can
be modified to improve the stability of the product, which is important when the delivery
technique has to be considered. Synthetic siRNAs can also incorporate fluorescence labels
using high-resolution fluorescence microscopy to analyze siRNA and its localization in can-
cer cells [6]. After the introduction of the siRNA into the cell, gene silencing is initiated, a
process directed by the endogenous RNAi machinery. Within the cell, duplex siRNAs are
incorporated into the RNAi pathway. The antisense strands are loaded onto the RNA induced
silencing complex (RISC), which acts as a guide to permit the recognition of complementary
mRNAs. Once the target sequence is identified, AGO2 protein, which is a constituent of the
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RISC complex, cleaves the mRNA decreasing the protein levels produced by silenced gene.
The main advantage of using siRNAs vs. conventional drug therapy is that they exhibit very
low toxicity and a high degree of specificity. However, non-specific targets can be affected
mainly because the miRNA-like activity of the siRNAs can act at the seed-like sequence of the
5" end leading to a stimulation of the innate immune system induced by dsRNA [6].

It should be recalled that both siRNAs and mimetics engage with the same related RNAi
pathways and interact with the RISC complex. Although siRNA and miRNA appear to be
similar in all respects profound differences have been identified. For example, it is known that
miRNAs are reproduced as primary miRNA transcripts (pri-miRs) through the activity of
miR genes. The controlling nuclear complex partially cleaves the miRNA and resulting stem
loop pre-miR is translocated from the nucleus to the cell cytoplasm where it is acted on by
Dicer, thus transforming it into dsRNA. The dsRNA now consist of a mature or active strand
or may incorporate an inactive “passenger strand”. miRNA which is mature then interacts
with the RISC complex to silence genes. Short dsRNAs, termed siRNAs, are assemblies of
21- to 23 base pairs, with typically 2 nucleotide overhangs at the 3’ ends, although numer-
ous variations have been detected in their length and the degree of overhang. Structurally,
they contain an active guide strand and an inactive passenger strand and can be considered
‘exogenous RNAs’ that can engage with endogenous RNAi pathways. It should be noted that
miRNA often has defective complementarity, usually because of changes in the seed sequence
at the 5" end [6]. This finding stands in stark contrast to siRNA and its target mRNA, where
there is a perfect fit (full complementarity) between the two composite molecules.

5. miRNA and its expression in breast cancer

It is well known that in most of the cancer cells studied so far the expression of miRNA has
generally decreased. This is not surprising, for miRNAs generally act as tumor suppressors
in most cells. Moreover, lower levels of miRNA are found in tumor cells that are poorly dif-
ferentiated in contrast to those with a higher degree of differentiation. This fundamental find-
ing suggests that global changes in the expression levels of miRNA are intimately associated
with the degree of differentiation of aberrant cells. It has been demonstrated recently that a
number of miRNAs are expressed at lower levels in tumor-derived cell lines than in the cor-
responding human tissue. Another study has shown that down-regulation of the expression
of miRNA levels in cancer cells resulted in tumorigenesis and that the knockout of Dicer and
Drosha, molecules necessary for miRNA biogenesis, led to the complete loss of expression of
miRNA. Finally, accelerated growth with enhanced invasive properties occurred when tumor
cells were injected into nude mice, strongly suggesting that the loss of miRNA expression
leads to enhanced tumorigenesis [7].

Several studies have tackled miRNA profiling and their results indicate that many miRNAs
are overexpressed in breast cancer. Although several functions of miRNAs have been investi-
gated, it has become clear that many types of experiment will be required to establish whether
miRNAs can be used as novel therapeutic agents or as diagnostic markers. One fact is clear:
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Figure 1. Hierarchical clustering view of the normalized expression levels of miRNA measured in plasma and
corresponding miRNA precursor levels in tissue obtained from TCGA RNA-seq data.

tumor metastasis may be promoted through the enhanced expression of pro-oncogenic/pro-
metastatic miRNAs or via the down-regulation of anti-oncogenic/anti-metastatic miRNAs. A
number of miRNAs have been shown to be deregulated in breast cancer, indicating that par-
ticular miRNAs may be involved in the modulation of oncogenesis [3, 15]. miR-10b, miR-125b
and miR-145 have been shown to be down-regulated, while miR-21 and miR-155 were up-
regulated, strongly suggesting that these miRNAs play important roles as tumor suppressor
genes or contribute to creating an oncogene supportive environment [16]. Recently it has been
demonstrated that miR-19a, miR-19b, miR-210, miR-15a, miR-16 and miR-7 are overexpressed
in plasma as well as in TNBC tissue (Figure 1) [3]. At present, a number of research studies
have reported on the oncogenic role of miR-19a/b in TNBC tumor development, which occurs
due to the repression of PTEN and activation of NF-kB [3, 17]. In addition, the circulating
levels of miR-19 have been associated with the efficacy of the epirubicin + paclitaxel chemo-
therapy regimen in Stage Il and III patients with luminal A breast tumors [3, 18]. In a Japanese
TNBC patient cohort study, it was reported that a high hsa-miR-210 expression level was an
independent risk factor for poor prognosis [3, 19].

6. RNAI as therapeutic in clinical application

In terms of possible clinical applications, a key difference between siRNA and miRNA is
that an siRNA specifically targets a single site on a unique mRNA, and initiates inhibition
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Figure 2. microRNA-mRNA interaction network.

of expression of a single target gene. In contrast, an miRNA molecule usually has multiple
mRNA targets and regulates the activity of a number of genes (Figure 2). For an mRNA to
be recognized by an miR, just a short binding sequence is necessary rather than the entire
nucleotide sequence of siRNA. In contrast, the siRNA must be entirely complementary with
its target mRNA to enable it to initiate RNAi. However, miRNAs partially complement and
bind to multiple mRNAs to inhibit their expression. In addition, their mechanism(s) of action
are quite different: siRNAs are known to cleave mRNAs, but miRNAs in contrast act to inhibit
the translation of mRNAs. This leads to the inevitable conclusion that scientists will have
to develop techniques for targeting specific cells, thus avoiding the down-regulation of the
genes expressed by normal cells. The objective will be the delivery of siRNAs and miRNAs
to specific targets exclusively in tumor cells. Taken together, three key procedures must be
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undertaken before RNAi treatment can be given to cancer patients in the clinic, namely: (1)
the target gene(s) driving the development of a specific cancer need to be unequivocally iden-
tified; (2) an siRNA that specifically targets a particular gene must be fabricated and (3) the
man-made siRNA must be capable of being delivered into the target cell cytoplasm [6].

About 20 clinical trials have been initiated to study the great potential of siRNA- and miRNA-
based therapy. Only 1 miRNA therapeutic drug, SPC3649, an inhibitor of miR-122, known
on the market as miravirsen, has entered clinical trial [20]. A number of other miRNA-based
therapeutic agents are currently in the preclinical stage of testing with the aim of introduc-
ing the most promising candidates into clinical trials in the near future. At present, many
siRNA-based drugs have begun clinical trials for many researchers believe that miRNAs will
become a unique category for RNAi-based therapy [20, 21]. The actions of miRNAs are similar
to those of siRNAs regarding the post-transcriptional silencing of genes. This chapter has
reviewed the biological features of miRNAs and described them as endogenous short RNAs
that interact with Argonaute proteins and regulate the expression of many genes. While both
siRNA- and miRNA are important for gene regulation at the translational level, endogenous
siRNAs help to maintain the stability of the genome. Both are single-stranded and have been
shown to be associated with RISC complex components. However, there are fundamental
differences between the siRNA and miRNA mechanisms of action. miRNAs most often attach
to 8 nucleotides that comprise the 5’ end to enable them to bind to the target mRNA sequences
and thus use their inhibitory activity to limit the translation processes. On the other hand,
siRNAs use nearly all of their full sequences to identify a particular target and thus mediate
cleavage of the targeted mRNA [20]. Taken together, both siRNA and miRNA based therapies
are currently under pre-clinical development as breast cancer treatment options.

7. Conclusion

The silencing of gene through RNAI is a natural process that can be found in cells which are
mainly involved in the degradation of mRNA and occur in the post-transcriptional phase.
Their current status in treatment and diagnosis faces severe challenges because the tradi-
tional drugs are not very efficient and also because resistance to the treatment has developed.
Silencing the gene that causes this resistance or the genes which cause tumors to form can be
regulated by inhibiting them. RNAi i.e.,, miRNA and siRNA hold great promise in this situ-
ation in that these RNAs are involved in silencing the gene. Since their discovery, just over
20 years ago, these genes have been applied as therapeutics and for this they are synthesized
synthetically. Not only in cancer, but also in the treatment of other disease as well, they have
had a great contributory effect. The genes are very attractive in therapeutic approaches: they
have the potential to target any gene in a virtual aspect since they can be synthesized as
complementary to their target gene. If compared with conventional drugs, however, their
mechanism of action depend on binding with the target site of the target molecule. Though
the use of siRNA and miRNA as therapeutics has been found effective, it faces technical bar-
riers such as its delivery to the target tissue, specificity and chemical modification. Delivery to
the target tissue requires proper administration to obtain the desired effect. The gene should
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design carefully, lest it bring about the silencing of other related genes and unwanted effects.
A proper safety profile should be maintained in designing the delivery of the RNAi which
is highly important for its efficacy. Along with these factors, information regarding silencing
effect of the gene, the dosage required for the desired effect, the stability of the RNA mol-
ecules, the release of the RNA from the delivery system, and its half-life and turnover of the
target proteins are equally important.
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Abstract

RNAI in crop protection can be achieved not only by plant-incorporated protectants
through plant transformation (transgenic) but also by nontransformative strategies
such as formulations of sprayable dsRNAs used as direct control agents, resistance fac-
tor repressors, or developmental disruptors. Therefore, the RNAi-based biopesticides
are expected to reach the market also in the form of nontransgenic strategies such as
sprayable products, stem injection, root drenching, seed treatment, or powder/granule.
While the delivery of dsRNA by transgenic expression is well established, it requires
generations of crop plants and is costly, which may take years and delays for practical
application, depending on the regulatory rules, plant transformability, genetic stabil-
ity, and public acceptance of genetically modified crop species. DsSRNA delivery as
a nontransgenic approach was already published as a proof-of-concept work, so it is
time to point out some directions on how the real potential for agriculture and crop
protection is.

Keywords: RNAi-based, biopesticides, nontransgenic approaches, dsRNA,
nontransformative plant protection

1. Crop protection and RNAi

The beginning of human civilization can be traced back to the ability of cultivating crops. This
has allowed that a higher number of people could be supported in the same environment;
however, it also brought several crop protection challenges that mankind has been facing con-
tinuously. To ensure sufficient food production, since the earliest days of agriculture, farmers
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have had a history of using agrochemicals to protect their crops against yield loss from a vast
range of organisms including pest insects, mites, fungi, weeds, and others.

The modern era of synthetic pesticides began in the 1930s, and with insects, fungal pathogens,
and weeds, destroying each one more than 13% before harvest and about 10% in postharvest
[1], the pesticide use has become fundamental to modern crop protection technology. The
increasing resistance [2] of weeds, pest insects, and fungi to established agrochemical com-
pound classes, stringent regulatory environment rules, and market growth has stimulated
demand for more selective, safer, and cost-effective pest control methods. Crop protection
scientists have allocated a great deal of intellectual energy into seeking of more refined strate-
gies to reduce crop losses such as transgenic crops expressing Bacillus thuringiensis (Bt) [3]
toxins and more recently gene silencing through RNAi (RNA interference) [4, 5].

RNAI is a natural process present in eukaryotic cells for gene regulation and antiviral defense.
Although, from a crop protection perspective, RNAi refers to double-stranded RNA (dsRNA)-
mediated gene silencing that involves the blocking of the expression of specific target genes by
destroying the corresponding mRNA molecules affecting only the translation process. Due to
its sequence-dependent mode of action, the RNAi technology, as referred nowadays by indus-
try, has a vast range of potential crop protection application, including genetic studies and pest
control research in insects [6—12], mites [13-15] and ticks [16], plant pathogens [17-23], termites,
nematodes, and weeds [2, 24, 25] in a range of crops. These RNAi practical applications have
been pursuing over the last decade for the development of novel crop protection methods.

The application of this technology did not go unnoticed in agriculture; hence, since the dis-
covery of RNAi and its regulatory potentials, it has become evident that RNAi has immense
potential in opening a new vista for crop protection. Nevertheless, one of the biggest chal-
lenges for the RNAi technology is to make possible that target organisms (i.e., pest insects,
plant pathogens, nematodes, viruses) uptake intact and active molecules that will trigger an
RNAIi pathway. Delivery of dsRNA to a target organism is the easiest through transformative
RNAi approach (i.e., transgenic plants) [26, 27], but it is not practical to every target and crop.
Therefore, the development of nontransformative approach (i.e., sprayable dsRNA) [9, 11, 28]
for RNAi delivery will boost up its use in the field.

2. RNAi mechanism in brief

The cellular mechanics of gene silencing by RNAi was largely misunderstood or even
unknown until the work of Andrew Fire and Craig Mello with the nematode Caenorhabditis
elegans [5]. RNAIi regulates gene expression through small noncoding RNAs (sRNAs). The
sRNAs of ~21-25 bp long dsRNA molecules have ~2 nt 3" overhangs that allow them to be
recognized by enzymes from the RNAi machinery, which subsequently leads to homology-
dependent degradation of target mRNA. There are two primary classes for sRNAs in the
RNAi pathway, the micro-RNAs (miRNAs) and the short-interfering RNAs (siRNAs). The
miRNAs are derived from endogenously expressed products and from stem-loop precur-
sors with incomplete double-stranded character, whereas siRNAs are primarily exogenous
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in origin from viruses or transposons and from long, fully complementary double-stranded
RNAs (dsRNAs) [29]. Briefly, both siRNA and miRNA molecules are initially generated
from longer dsRNAs processed by the ribonuclease IIl enzyme dicer into 20-30 nucleotide
duplexes. Subsequently, an argonaute family protein (AGO), which is the catalytic compo-
nent of the RNA-induced silencing complex (RISC), is incorporated. The RISC mediates either
the degradation of mRNA or the repression of translation. In most RNAi-competent eukary-
otes, with notable exceptions of insects and vertebrates, the primary dsRNA trigger induces
the synthesis of secondary siRNAs through the action of RNA-dependent RNA polymerase
(RdRP) enzymes. The three classes of molecules, namely dicer, argonaute, and 20-30 nucleo-
tide duplexes of RNA, are heralded as the signature components of RNA silencing of genes,
comprehensively reviewed in several articles [8, 9, 12, 29-35].

3. Transformative versus nontransformative RNAi

As aforementioned for field applications, the transformative RNAi includes the plant-incor-
porated protectants (PIPs; i.e., transgenic plants/RNAi-based plant traits), whereas non-PIP
dsRNA-containing end-use products (dsRNA-EPs) might be formulated as dsRNA active
ingredient such as a raw material for insecticide, antifungal, or antiviral with variable deliv-
ery modes (see Section 4).

The RNAi mechanism works at mRNA level exploring a sequence-dependent mode of action,
which makes it unique in potency and selectivity compared to any regular agrochemicals.
Therefore, one advantage of RNAi either by transformative or by nontransformative approach
is that it would allow farmers to target pests more specifically. The technology can be designed
by using sequences of RNA that match very specific gene sequences in a target pest; hence,
RNAI should leave other species unharmed. The careful selection of unique regions of pest
genes results in effects highly targeted, avoiding unintended effects.

The transformative RNAI strategy through transgenic plants known as host-induced gene
silencing (HIGS) has proved to be successful in the protection of crops against their specific
pest insects [26, 36-38], plant pathogens [18, 19], viruses [22, 39-41], and nematodes [42, 43],
recently reviewed [44].

A proof-of-concept milestone paper of Baum et al. [36] demonstrated that a dsSRNA construct
in a genetically engineered plant could provoke larval mortality in western corn rootworm
(WCR), Diabrotica virgifera. This research was fundamental to spread the idea on the poten-
tial of dsSRNA as a new pest control agent through transgenic plants. In September 2016, the
Canadian Food Inspection Agency (CFIA) had announced the approval of the RNAi-based
corn event Monsanto MONB87411, the “SmartStax PRO” (expressing Cry3Bbl, Cry34Abl/
Cry35Abl1, and DvSnf7) [38], containing a D. virgifera dsSnf7 construct in combination with
two Bt constructs, for commercialization and release. Also, the US EPA had confirmed in June
2017 the approval of this event for commercial planting.

The development of a transgenic plant expressing dsRNA as a strategy for plant protection is
straightforward, but it is not practical to every pest organism and crop [9, 10, 12]. Although
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the delivery of dsRNA by transgenic expression is well established, it requires generations
of crop plants, which may take years and delays for practical application, depending on the
regulatory rules, plant transformability, genetic stability, and public acceptance of genetically
modified (GM) crop species [45].

While RNAi-based crops are expensive to produce and have a high risk of resistance break-
down, topical application is underway as a nontransformative approach that might enable
RNAi-based pest management. Therefore, triggering an RNAi pathway in a pest organism
may also be possible through a spray-induced gene silencing (SIGS) approach, without
changing the plant DNA. The SIGS as a nontransgenic approach for pest control was already
published [46] as a proof-of-concept work and recently reviewed [9, 11]. Because of using this
approach to silence genes without introducing heritable changes into the genome, it may not
be regulated as a GM product. A dsRNA spray can be used almost immediately as a regular
pesticide without having to go through several years involved in the development of a GM or
conventionally bread crop. Besides, in several countries due to the slow regulatory procedure
to approve transgenic crops, nontransformative RNAI strategies with similar results such as
some of those demonstrated above could be applied. Still, the main drawback of nontrans-
formative RNAI strategy is that as a plant grows, new leaves have to be sprayed to guarantee
protection, so this implies in possible higher costs to farmers, whereas transgenic plants will
produce dsRNA continuously. However, the vascular system of plants naturally translocates
RNAs [47]. Therefore, sprays on leaves, injection in trunks, or soil application of dsRNA can
travel long distances through plant vessels; hence, this can be exploited for the development
of pest control strategies [11, 28].

The idea to use sprayable dsRNA was followed by an underlying supposition that this type of
molecule would have a short half-life for an effective crop protection agent [48], and the short
half-life of dsRNA in soil and by UV light has been confirmed [10]. This apparent challenge
posed by SIGS approach is that the effects on plants last only a few days because unprotected
RNAs break down soon. Farmers may not want to apply extensive sprays to keep plants pro-
tected; however, there are some positive issues because the sprays of dsSRNA can be quickly tai-
lored toward a pest organism, much faster than a GM crop, and last only a few days or weeks
different from most regular pesticides. Crop protectors should bear in mind that there is no
need for a pest control agent persist active for months to become an efficient pest control agent.

Regardless of the target species, for a successful nontransformative RNAi strategy, it is of
paramount importance to identify unique regions in very essential target genes, so that brief
changes in the level of expression can provoke severe consequences as well as delivery of suf-
ficient amount of intact dsSRNA. Alternatively to transgenic plants, the delivery of dsRNA can
be through other routes including dsRNA sprays, dsRNA expression in bacteria, trunk injec-
tion, and engineered viruses, among others. For example, to control plant viruses, farmers
are obligated to either grow varieties with resistance to viruses or try to kill the organism that
spread, such as aphids or hemipterans. Sprays with dsRNA might be rapidly tailored against
existing or new type of virus, and the gene-silencing effects of RNAi will last only a few days,
enough to suppress virus replication. Overall, the SIGS approach opens up a range of possi-
bilities for several pest insects that are difficult to control such as root-feeding and sap-feeding
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insects, plant viruses, and plant pathogens, especially in perennial crops (e.g., fruits such as
grapes, apples, and citrus), where plant transformation takes years to develop and is costly.

4. Successes of RNAi through nontransformative approaches

The delivery of dsRNA through nontransformative approaches is likely to hit the market in
four categories: (i) direct control agents; (ii) resistance factor repressors; (iii) developmental
disruptors; and (iv) growth enhancers [9-11, 49-52]. As a direct control agent, nontransgenic
approaches were successfully managed to achieve long-lasting gene silencing [9, 10, 18, 19, 41].

In some experiments, full-sized citrus and grapevine trees were treated with dsRNA using
foliar sprays, root drenching, or trunk injections. Two hemipteran insects, a xylem- and a
phloem-feeding, and a coleopteran chewing insect took up the dsRNA after feeding on plants
previously treated with dsRNA [11, 28]. Similarly, rice plants were able to take up dsRNAs
when their roots were soaked in dsRNA solution showing resistance against piercing-sucking
and stem-borer pest insects [53] and also mites [15]. Altogether, these experiments are clear
demonstrations that drench/soak roots, trunk injections, and sprays on leaves are success
strategies for delivery of dsSRNA molecules without any modification on plants DNA.

Plant diseases caused by virus have a tremendous impact in food production and quality,
being responsible for loses in several crops, fruits, and vegetables worldwide. Coherent
with an ancient role to protect genome from invasive viruses, the RNAi mechanism can be
reprogrammed to work by destroying any virus RNA. Without viral RNA, no viral proteins
are made, thus preventing virus replication and plant diseases. Some studies have already
been conducted on topical application of dsRNA to control plant viruses [41, 54]. However,
a major limitation in the practical application of dsRNA to control viruses is that RNAs face
a hostile environment where it is rapidly degraded with not only low uptake into plants,
but also the short virus protection window of few days postspray. There are some rumors
that the initiated pipeline branded “BioDirect” by Monsanto controls pest insects and plant
viruses with sprays of dsRNA, but details on this probably are not publically available. To
address some of these limitations, a layered double hydroxide (LDH) clay nanosheet, called
“BioClay,” was developed [55] and combined with dsRNA molecules. The clay nanoparticles
are positively charged and so bind and protect the negatively charged RNAs; delivery occurs
when atmospheric carbon dioxide and moisture react with clay nanoparticles breaking down
LDH, gradually releasing RNAs. Using this dSRNA-LDH complex was possible to achieve
long-lasting gene silencing, protecting tobacco plants from a virus for 20 days with a single
spray [55, 56], thus extending the period of 5-7 days using naked dsRNA. The complex
dsRNA-LDH protected plants in both local lesions and systematically. Also using RNAi to
control plant viruses, the mechanism of dsRNA uptake into the leaf was investigated. It was
reported a rapid systemic spread of dsRNA when leaves of Nicotiana tabacum cv. Xanthi were
mechanically inoculated with naked dsRNA homologous to tobacco mosaic virus (TMV) [57].
From these experiments, we can conclude that topical application of dsRNA targeting virus
genes can induce a systemic RNAi toward virus resistance.
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Direct spray of dsSRNA was also used experimentally to control the Colorado potato beetle
(CPB), Leptinotarsa decemlineata, under greenhouse conditions [10]. The naked dsRNA mol-
ecules in foliar application were sufficiently stable for at least 28 days, enough to control
the CPB. The authors also investigated the RNA degradation under UV light, where they
concluded that an exposition of 1-2 h is needed for dsRNAs to become inactive in feeding
assays. The long biological activity (28 days) during greenhouse feeding experiments sug-
gests that naked dsRNA is more stable in leaf surface than in a glass surface used for the UV
stability studies.

The fungi kingdom consists of a large and diverse group of eukaryotes, and plant diseases
caused by fungi exert particular and agronomic impact on global grain and food production.
Generally, the proteins dicer, argonaute, and RARP, which are some of the major components
of RNAi pathways, are present in most fungi species [58]. Therefore, the RNAi pathways can
be harnessed to control plant diseases [22]. Sprays of CYP3-dsRNAs, targeting simultaneously
three fungal ergosterol biosynthesis genes (P450 lanosterol C-14a-demethylases—CYP51A,
CYP51B, CYP51C), on barley leaves were used to control Fusarium graminearum infections in
the local areas, where dsRNA was sprayed, but strikingly also in unsprayed distal leaf parts,
showing that dsRNA was systematically translocated within the plant [18]. The example
above was a proof-of-concept article showing that after spray an even long dsRNA molecule
(791 nt) could be taken up by the plant and transferred as unprocessed dsRNA via plant
vascular system to infection sites, where it was processed by the fungal RNAi machinery to
carry out its antifungal activity. The same authors also demonstrated that green fluorescent
protein (GFP) from jellyfish was silenced in a Fusarium graminearum strain expressing GFP,
suggesting that sprays of dsRNA are not sequence selective and thus with the potential for
targeting any gene across several plant pathogens. Similar study [19] showed that dsRNA and
sRNAs targeting dicer-like protein genes DCL1 and DCL2 of Botrytis cinerea were externally
applied on fruits, vegetables, flower petals, and Arabidopsis leaves, followed with B. cinerea
infection. The authors showed that B. cinerea was able to take up dsRNA and sRNAs from the
environment, inhibiting gray mold disease.

The study with full-sized citrus trees (2.5 m tall) was performed with 2 g of dsRNA in 151 of
water applied by root drench and injections [46]. The dsRNA was detected in psyllids and
leafthoppers 5-8 days postingestion from plants and for at least for 57 days in the citrus trees;
this allows the development of an area-wide pest suppression approach. Similarly, Koch et al.
[18] showed that the CYP3-dsRNA labeled with the green fluorescent dye (ATTO 488) was
detected in the vascular tissue 24 h after spraying leaves. Also, the leaf sections demonstrated
that the fluorescence was detected in the xylem, in the apoplast and symplast of phloem
parenchyma cells, companion cells, mesophyll cells, as well as in trichomes and stomata. The
labeled dsRNA was detected also inside fungal conidia and germ tubes as well as in the
fungal mycelium. These experiments conducted by Koch et al. [18] using sprays on barley leaf
surface are the first examples of active dsRNA uptake by plant cells.

The uptake of RNAs from the environment, a phenomenon known as environmental RNAi
[8], has not yet been observed in mammals. This phenomenon was observed in C. elegans,
others nematodes and insects [10, 59]. However, until recently, it was not clear whether plants
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and fungi could take up RNAs from the environment. From what we know so far, it is worth
noting that plants and fungi are indeed capable to take up dsSRNAs and sRNAs applied exter-
nally [18, 19]. As described above, the locally applied dsRNA can inhibit pathogen growth
also at distal unsprayed leaves, so these RNAs should be able to spread systematically across
plant cells and tissues [18, 55, 60]. The nematode C. elegans is able to take up environmen-
tal dsRNAs that are longer than 50 bp, where the shorter dsSRNAs cannot be taken up [59].
Generally, plant-feeding insects are able to take up dsRNAs that are longer than 50-60 pb,
but not shorter dsSRNAs or sRNAs [61, 62], while fungi and plants can take up both external
sRNAs and long dsRNAs [18, 19]. The differences in the uptake of RNA species between
plants/fungi and insects suggest that entry/uptake channels or pathways may differ among
organisms. In the light of this, the uptake mechanisms that the externally applied RNAs may
be translocated into plant pathogens and/or herbivorous insects could have at least two pos-
sible routes for entry. First, for insects, RNAs could be directly taken up during herbivory or
through the cuticle to get into insect cells; similarly for fungi, RNAs could be taken up directly
into fungal cells after spray. Second, the RNAs could be taken up by plant cells first and then
move into insect/fungal cells indirectly (Figure 1).

dsRNA spray

Plant DCL @

= Insects take up deRNAS and sRNAS
Fafdewst ol longer than 50-50bp, but not shorer ones

[0 Mesophyll cell while fungi take up baoth

= Phioem cell

Figure 1. Two possible pathways of silencing insect and fungal genes induced by sprays of dsSRNAs and sRNAs. There
are at least two possible routes for RNAs to get into insect/fungal cells. Pathway 1: Insects and fungi directly take
up sprayed RNAs. The up taken dsRNAs may be sliced into sSRNAs by fungal or insect DCL proteins. Pathway 2:
Externally applied dsRNAs and sRNAs are taken up by plant cells and then transferred into insect or fungal cells. The
long dsRNAs may be sliced into sSRNAs by plant dicer like (DCL). In both possible pathways, fungi take up longer and
shorter dsRNAs, while insects take up dsRNAs longer than 50-60 bp in length. For phloem-feeding insects such as
stinkbugs and aphids, sprayed RNAs may prove difficult to get into insect cell directly (pathway 1), while for chewing
insects such as grasshoppers and caterpillar, RNAs are taken up easily during herbivory.
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One obstacle, if not the biggest, is the cost for the mass production of dsRNA. While the issues
of environmental stability and delivery are being addressed with creative innovations such as
BioClay, making mass amounts of RNA is still expansive. Indeed, cost-effective methods will
allow real-world applications of exogenous dsRNA for RNAi-mediated crop protection. To
our knowledge, currently, there are no commercial RNAi-based products that utilize dsSRNA
as a spray for crop protection. Since the discovery of dsSRNA and its potential for crop pro-
tection, some companies and academic scientists are seeking to develop more cost-efficient
methods for large production of dsRNA. Similarly, RNAi to control devastating pests such as
the Colorado potato beetle has obviously attracted attention in private research and develop-
ment. As mentioned before, Monsanto (currently Bayer) and Syngenta (current ChemChina)
have allocated major investments toward SIGS technology. Already in mid-2015, Monsanto
launched its technology BioDirect, and although the principle was the same as we had seen in
academia, these products work differently because they are not expressed in the leaves, but
applied exogenously to the plants. Syngenta scientists also are developing lines of biocontrol
products based on RNAi (https://www.youtube.com/embed/BiVZbAy4NHw?ecver=1). For
example, these dsRNA-based products when sprayed onto the potato plants (field trials) or
soy plants targeting genes of Colorado potato beetle and stink bug, Nezara viridula, respec-
tively, suppress efficiently plant defoliation. Additionally, these products indicated that ben-
eficial species even closely relate species that are not harmed [63].

The in vitro transcription and the in vivo syntheses are basically the two nonchemical sources of
pure dsRNA with potential for mass production. Both strategies are based on annealing of two
single-stranded RN As (ssRNAs) enzymatically synthetized. Therefore, the annealing of ssRNAs
may be performed in vitro [18, 19, 41, 57] or in vivo using bacterial cells deficient of enzyme
RNase III that degrades dsRNAs [35, 64, 65]; both approaches have advantages and disadvan-
tages (Table 1). For example, there are possible hybridizations of two complementary ssRNA
molecules that often result in a low final production of the correct and fully dsRNA duplexes.
Moreover, the in vivo production may contain bacterial homologous DNA molecules that will
affect RNA quality and its applicability.

In the last few years, we have experienced an ever-growing interest in the market for dsSRNA
that has pushed long-established companies and startups toward better production, cost-
efficient, and stable delivery systems. In instance, the cost to produce 1 g of dsRNA (100 up
to 800 pb) has dropped from $12,500 USD in 2008 to $100 USD in 2016, and to less than $60
USD today (July 2018) (http://www.agrorna.com/sub_05.html). The agroRNA [67] produces
bulk amounts of dsRNA that could be used in agriculture; however, it is worth noting that
naked dsRNA as sold by agroRNA needs to be formulated if the objective is a long-lasting

Approach Cost Purification Labor demand Mass production
In vivo High Hard High Possible
In vitro Moderate Easy Medium Maybe

*References: http://www.agrorna.com/ [9, 66].

Table 1. Common strategies* for mass production of dsRNA with pros and cons.
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crop protection; otherwise, the dsSRNAs will last only a few days. For crop protection, dsSRNA
does not need to be as pure as for medical application; however, at least for gene silencing in
insects, the efficacy of dsRNA increased using purified RNA.

Considering the rapid half-life of dsRNA mainly regulated due to action of RNases and
sunlight in the hostile environment, a biotechnology company RNAagri (former APSE)
developed a technology “Apse RNA Containers” (ARCs) that allows the mass production of
encapsulated ready-to-spray dsRNA with costs near $1 USD per 1 g [68]. In brief, this technol-
ogy is based on plasmids engineered to produce naturally occurring proteins such as capsids
that are cotransformed with another plasmid coding for the target dsRNA with a sequence
called the “packing site.” The proteins produced by bacteria self-assemble around RNAs,
resulting in RNA protected and resistant to environmental hostile conditions. For long-lasting
crop protection with exogenous applications, the dsSRNAs should be protected with coating
of nanoparticles, liposomes, or polymers, which will increase the efficacy by reducing dsSRNA
degradation [9].

Alternatively to pure dsRNA, the Escherichia coli [HT115(DE3)] strain can be used to produce
large quantities of dsRNA. The crude extracts of bacterially expressed dsSRNA can be sprayed
on crops to protect against pest insects and plant pathogens [9, 10, 35]. Also, symbionts have
shown to be a promising dsRNA delivery method [69]. These naturally occurring organisms
such as virus/bacteria can be engineered to generate a symbiont-mediated RNAi system to
continue produce dsRNA in the host. In perennial crops, there is a risk that the viral/bacterial
genome could lose the dsRNA construct and revert to the wild type, while for annual crops,
the area could be treated once and then deliver dsRNA during the entire production season.

The virus-induced gene silencing (VIGS) has also a great potential [70-72] to transiently
silence target genes of insects or pathogens on host plants. Therefore, if an insect or pathogen-
specific RNAi inducer sequence is introduced into an engineered plant virus, siRNAs specific
for insect/pathogen targets will be produced upon plant infection [18, 73].

5. Postharvest protection using nontransformative RNAi

Yearly, vegetables, grains, flowers, and fresh fruits are damaged by microbial pathogens and
insects. Sprays of dsSRNA may also be efficient on postharvest products [19] to protect them
during processing, transportation, and storage. Indeed, spraying B. cinerea dicer-like1/2 dsR-
NAs or sRNAs on the surface of fruits, vegetables, and flowers significantly inhibits gray
mold diseases. Sprays of regular fungicides/insecticides commonly control insects and micro-
bial pathogens attacking postharvest products, but sometimes these left residues on food.
Also, mycotoxins, which are considered carcinogenic, are produced by fungal pathogens such
as Aspergillus and Fusarium while proliferating on postharvest products. Sprays of dsRNA
may also be used to control postharvest pest insects and pathogens as a new generation of
sustainable and environmentally friendly products. It is worth to remind that postharvest
products are not exposed to severe environment conditions such as sunlight, which contrib-
utes to reduced dsRNA degradation and long-lasting protection of postharvest products.
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6. Other applications

RNAIi naturally protects the cell from invasive viruses. Therefore, beyond the application of
dsRNA sprays for pest and pathogen control, there is also a potential for the protection of benefi-
cial insects such as bees from viral diseases. For example, the Israeli acute paralysis virus (IAPV)
[74] is a single-stranded RNA virus in the family Dicistroviridae that increases bee mortality.
The ingestion of dsSRNAs from two regions of the IAPV genome protected bees from subsequent
IAPV infection. The success of this experiment has encouraged field trials [75]. Large-scale
field trials tested the efficiency of a dsSRNA product, Rembee™ (Beeologics, LLC, Miami, FL,
USA), in protecting honeybees from IAPV infection. The result was twice as many bees in the
dsRNA-treated hives when compared to untreated hives. Additionally, dsSRNA-treated hives
produced threefold more honey than the untreated hives infected with IAPV. Similar results are
also observed. A similar result was observed in bumblebees (Bombus terrestris) upon feeding of
IAPV virus-specific dsSRNAs that rescued the workers from mortality [76]. Also RNAi was effi-
cient against the internal microsporidian parasites Nosema apis and Nosema ceranae [77] as well
as Varroa mite Varroa destructor [78] and other mites [15], thus improving the honeybee health.

7. Conclusions

Crop protection against pathogens and pest insects relies mostly on the widespread use
of chemical pesticides that are applied to the environment in large amounts yearly; some
of these chemicals are in use for almost half a century. Therefore, there is a need for novel
tools more sustainable and less detrimental to the environment. Therefore, scientists have
harnessed RNAI to turn off genes that they are studying. RNAi through nontransformative
strategies will demand mass production of dsRNA, efficient delivery methods, and methods
to validate its environmental stability.

A large number of studies have demonstrated the feasibility and efficacy of RNAi-based
approaches, and some transgenic plants have been approved for commercialization and release
[38, 39, 79, 80]. However, unlike these strategies, which depend on plant transformation, the
spray of dsSRNA externally realizes crop protection without changing the plant DNA. The
dsRNA-containing end-use products, nevertheless, will be differently regulated when com-
pared to transgenic plants such as Bacillus thuringiensis crops. Moreover, chemical compounds
act through a structure-dependent mechanism, and dsRNA acts though a tailored species-spe-
cific sequence. Clearly, the dsRNA has more changes to act only against the target species. Also,
multiple target genes could be silenced simultaneously by fusing dsSRNA sequences to generate
a pyramidic plant protection approach, without any modification of the plant genome.

It is worth to remind that a specific dsSRNA exerts its mode of action throughout entire
sequence length by generating a large pool of target-specific siRNAs [29, 30, 32]. This large
pool of siRNAs for a single target increases target specificity and largely reduces evolution of
mutations and resistance in the targeted organism. Indeed, the dsRNA is designed to match
a long nucleotide sequences in the target organism (i.e., insects, pathogens, or viruses). The
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effectiveness of a long dsRNA will remain even when parts of this sequence mutate. So that
it is believed that it is unlike to face resistance evolution that commonly makes a chemi-
cal pesticide ineffective. Resistance development toward RNAi has not been documented in
insects and fungi, but as a famous artist says, “life finds a way,” these organisms have a great
phenotypic and genetic plasticity and relatively short life cycle contributing for that some
individuals/strains could be more or less sensitive to RNAi. For example, issues such as mal-
function of dsRNA uptake or nuclease upregulation and/or processing dsRNA and systemic
spread of RNAi signaling could stop the initiation and spread of RNAi response [45]. At least
for arthropod species as recently reviewed [45], the potential degradation of dsRNA prior to
ingestion, breakdown by nucleases in saliva and/or in the gastrointestinal tract, degradation
of dsRNA in the hemolymph, and/or transport mechanisms of dsSRNA within the organism
are some of several barriers to physiological exposure that may lead to resistance.

The sprayed dsRNAs, different from regular pesticides, are biocompatible compounds as
they occur naturally in the nature as well as inside/outside body of organisms and in food.
The dsRNA ultimately is a regular RNA molecule that enters naturally within plants and
other organisms. These molecules are subject of pathways from RNAi silencing mechanism,
converted into siRNA and finally degraded by natural cell processes. In water and soil, dsR-
NAs are rapidly degraded as regular RNA molecules do [81], so unlike to left considerably
novel residues in food products.

New genomic tools will allow the development of technologies such as dsRNA sprays that
increase crop resistance against insects, pathogens, and viruses; these could even replace
chemical pesticides in some applications.
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Abstract

The identification of various targets such as bacteria, viruses, and other cells remains a
prerequisite for point-of-care diagnostics and biotechnological applications. Nucleic acids,
as encoding information for all forms of life, are excellent biomarkers for detecting patho-
gens, hereditary diseases, and cancers. To date, many techniques have been developed
to detect nucleic acids. However, most of them are based on polymerase chain reaction
(PCR) technology. These methods are sensitive and robust, but they require expensive
instruments and trained personnel. DNA strand displacement amplification is carried
out under isothermal conditions and therefore does not need expensive instruments. It
is simple, fast, sensitive, specific, and inexpensive. In this chapter, we introduce the prin-
ciples, methods, and updated applications of DNA strand displacement technology in the
detection of infectious diseases. We also discuss how robust, sensitive, and specific nucleic
acid detection could be obtained when combined with the novel CRISPR/Cas system.

Keywords: nucleic acids, isothermal amplification, strand displacement, CRISPR/Cas,
multiplex detection

1. Introduction

To date, nucleic acids have been used not only for biological studies but also as powerful bio-
markers for clinical diagnosis, agriculture, forensic science, and so on. PCR is a well-known
molecular biology tool for the amplification of target sequences. In PCR, DNA amplification
relies on heating and cooling of nucleic acids followed by hybridization. It can efficiently
amplify target sequences within a few hours in three temperature-dependent steps: initiation,
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annealing, and elongation. However, PCR requires thermocyclers for reaction temperature
adjustment and trained personnel, which hinders its usage in resource-limited settings; and
additionally, it has mispriming and sometimes inadequate template amplification. Therefore,
the development of simple and inexpensive methods for nucleic acids amplification and
detection is important for on-site inspections.

Whilst several isothermal amplification platforms, such as nucleic acid sequence based ampli-
fication (NASBA) [1], strand displacement amplification (SDA) [2-5], loop-mediated isother-
mal amplification (LAMP) [6], rolling circle amplification (RCA) [7], recombinase polymerase
amplification (RPA) [8], and Helicase dependent Isothermal DNA Amplification (HAD) [9,
10] have been developed. These amplification platforms can achieve linear or exponential
dsDNA accumulation, and some of which can be purchased as kits and integrated in portable
devices [5], so no expensive instruments are needed, but there are still challenges in multi-
plexing, primer design, and stringency in experimental design. In this chapter, we describe
the development and current directions of SDA in detail. Prospects in analysis using fluores-
cence, colorimetry, and lateral flow biosensors are also discussed.

Moreover, CRISPR-Cas system is also currently exploited for the detection of nucleic acids. For
instance, some CRISPR-Cas proteins have been found to exhibit collateral cleavage of target
nucleic acids and any nonspecific single-stranded nucleic acids in the solution. Therefore, if the
latter is labeled with a fluorescent or a specific antibody recognized molecule, detectable signal
can be generated [11-13]. This combination of isothermal amplification and various CRISPR-
Cas-based signal readouts is simple, fast, specific, and sensitive and thus can elevate the speci-
ficity of nucleic acid diagnosis. In addition, CRISPR-Cas-based diagnosis can be multiplexed to
provide another convergent evolution and convenient point-of-care detection of nucleic acids
in low cost.

2. Strand displacement amplification (SDA)

SDA is carried out under isothermal condition. It is inspired from normal physiological RNA
transcription and DNA replication, which occurs at a constant temperature. Over the past 2
decades, SDA has been widely used as an alternative to PCR for the detection of pathogens
[14, 15], hereditary diseases [16], and cancers [17-19]. Moreover, SDA amplified nucleic acids
can be multiplexed and readily provide optical and visual readouts [14, 20, 21]. In a typi-
cal SDA, two pairs of primers are designed to specifically recognize two regions of a target
sequence. One pair is bumper primers designed as standard PCR primers, and another pair is
SDA primers, which bind immediately next to the bumper primers at the target sequences. In
addition, a Hincll restriction enzyme and an exonuclease deficient (exo~ Klenow) polymerase
are added. The reaction mixture is incubated in a single constant temperature of 37°C. In this
reaction, the Hincll cleaves at the recognition site of the phosphorothioate (modified substrate,
dATPaS) of the DNA probe, and the exo~ Klenow initiates the replication of the sequence.
Subsequently, the exponential reaction starts with the primer-triggered repeated cycle of
nicking, extension, and strand displacement. This amplification is accelerated by additional
primers franking the inner region of the target sequence, and this reaction exhibits a single
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and double nicking site cycle (Figure 1). The final new product chain yield can reach 107-
fold amplification within 2 h [2, 20]. However, unlike the original method of cutting double-
stranded sequences using restriction enzymes, the modified SDA uses nicking endonucleases
(engineered restriction enzymes) such as Nt.BsmAI, Nb.Bsml, Nb.BsrDI, Nt.BspQI, Nb.BtslI,
Nt.Alwl, Nt.BbvCl, and Nt.BstNBI (Table 1) to enhance the site-specific cleavage accuracy
of target sequences and do not require modified dNTPs such as dATPaS at the cleavage site.

These endonucleases effectively create a nick for Klenow fragment or Bst polymerase to
initiate a new strand replication and displace the downstream strand. The improved SDA
exhibits an enhanced exponential amplification at 37-55°C, with 10°-fold amplified DNA
in <30 min [3]. The amplified nucleic acid products can be detected by photometry (turbid-
ity), electrophoresis, SYBR Green’s DN A-insertion dye, cross-flow text of a sequence-specific
hybridization capture probe, or visual inspection of white precipitate. As shown in Figure 1,
DNA double-strand is denatured, and primers (S1, S2, B1, and B2) bind to a specific DNA
polymerase such as exo™ Klenow or Bst and then extend through the strand displacement
activity. Upon the formation of strand containing the nicking site (linear amplification), the
nicking enzyme cleave it, and the DNA polymerase primes initiate a new round of replica-
tion (1st cycle). The exponential amplification continues with a cycle of single and double-
nicking, extension, and displacement cycles, producing a targeting sequence (SDA product).

Linear amplification Exponential amplification Cycle of extension, single and double nicking
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Figure 1. Schematic illustration of strand displacement isothermal amplification principle. First, double strand DNA is
heat denatured for primer binding. The SDA primers (S1 and S2) contain recognition sequence for nicking endonuclease
(green and yellow), a linker (blue), and sequence complementary to a target sequence (red). Bumper primers (B1 and
B2) are located upstream of the SDA primers (red) and are complementary to the target sequence (black and gray).
These primers bind to target sequence and extend by specific DNA polymerase such as exo~ Klenow or Bst with strand
displacement activity. Upon formation of strands harboring a nicking site (linear amplification), the nicking enzyme
nicks them, and the DNA polymerase primes a new round of replication (first cycle). Exponential amplification of the
target sequence starts by cycle of single and double nicking, extension, and displacement.
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2.1 Experimental procedures
2.1.1 Design of SDA primers

Primers are prerequisite for the initiation of nucleic acid amplification. SDA requires two pairs of
primers, SDA primers (S1 and S2), and Bumper primers (B1 and B2). Bumper primers are similar
to standard PCR forward and reverse primers for the identification of specific sites and amplifi-
cation of a target DNA sequence. The B1 and B2 primers are 18-23 nucleotides designed based
on the target strand from the 5’ end and a reverse complementary sequence of the 3" end strand,
respectively. However, the S1 and S2 primers are a pair of 5 end-turned special primers. From
5" to 3/, both primers contain a protecting 10-15 nucleotides, a nicking recognition sequence (~5
nucleotides), linkage sequence (~4 nucleotides), and then a 10-18 nucleotides complementary to
the target sequence at the 3’ end immediately adjacent to a bumper primer (Figure 1).

2.1.2 Properties and choice of nicking endonuclease

Restriction endonucleases are well-known endonucleases that recognize and cleave palin-
dromic DNA sequences. Nicking endonucleases (NEases), on the other hand, cleave one
strand of a specific DNA sequence. Typically, homodimer restriction enzymes bind to two
half sites of a specific palindromic sequence, that is, each monomer cut one strand. However,
both the nicking endonucleases and one strand-cleaving restriction enzyme are heterodimers,
allowing only single nicking or cleaving at the asymmetric recognition sequences. Through
the genetic engineering of naturally occurring restriction enzymes, various nicking endonu-
cleases, such as Nb.BbvCI and Nt.BbvCl, have been generated through modifications of the
catalytic activity of the asymmetric amino acid sequences of the enzymes. BbvCl, a heterodi-
meric Type IIS endonuclease recognizing 7 bp of asymmetric DNA sequence, uses its R1 and
R2 subunits at the catalytic sites to cleave bottom strand and top strand (..CC{TCAGC.. and
.CCTCA1GC..), respectively [3, 42]. The Nt.BbvCl is an engineered BbvCI with functional
R2 and a missing R1 domain which can only cleave top strand (..CC{TCAGC..) [42, 43],
while Nb.BbvCI was engineered from BbvClI, with functional R1 and deficient R2, which
can only cleave bottom strand (CCTCA1GC..) [43]. However, other nicking endonucleases
were generated through mutations, truncation, and domain swapping. These nicking endo-
nucleases include bottom strand nickase such as Nt.Alwl, Nb.Bsml [44], Nb.BsrDI, Nt.BspQI
[45], Nb.BtsI, and Nt.CviQII and top strand nickase such as Nt.CviPII [46-48]. For example,
Nt.Alwl was engineered from the dimeric Alwl (dsDNA cleaving REase) to cleave only
the top strand of the AlwlI target sequence (..GGATCNNNNN/N..). The Nt.Alwl monomer
structure derives from the dimerization swapping with nonfunctional domain of Nt.BstNBI
[49]. Thus, as shown in Table 1, the choice of nicking enzymes may depend on the preferred
DNA polymerase and the desired type of reaction to achieve an efficient amplification.

2.1.3 Properties and choice of DNA polymerase

The combinations of nicking enzymes and DNA polymerases have great effect on the amplifi-
cation efficiency. For example, among several nicking enzymes and DNA polymerases studied,
Nt.BspQI coupled with Sequenase 2.0 polymerase showed a higher linear SDA amplification
[47], and Nt.BstNBI coupled with Bst DNA polymerase showed a 10 times higher exponential



Strand Displacement Amplification for Multiplex Detection of Nucleic Acids
http://dx.doi.org/10.5772/intechopen.80687

amplification compared to other combinatorial NEases. The authors attributed this property
to the enzymatic conformation and concentration, as higher or lower concentration could be
ineffective for the SDA reaction [50]. DNA polymerase such as exo~ Klenow and Bst (Bst 2.0,
Bst 2.0 WarmStart, and Bst 3.0) have good amplification performance and are good choices
for SDA [3]. Although Exo~ Klenow exhibits excellent performance after binding to specific
nicking enzymes like Nb.BbvCl, the amplification efficiency decreases by 5-100 folds when
the target nucleic acid sequence increases by 50 base pairs [47]. Bst exhibits a similar limita-
tion. To address the limitation of Exo~ Klenow and Bst, newly engineered DNA polymerases
such as Bst 2.0 show higher efficiency, thermal stability, salt tolerance, and greater fidelity in
SDA amplification. Xu et al. showed that Bst 2.0 polymerase highly prefers Nt.BbvClI rather
than other conventional nicking enzymes, and this combination showed good results for the
detection of viral, bacteria, and BRCA1 gene sequences. However, various inhibitors can affect
the activity of most polymerases. Fortunately, Bst 3.0 was designed to amplify both RNA and
DNA with high activity even in the presence of amplification inhibitors.

Furthermore, to encounter mispriming occurring at lower temperatures and isothermal ampli-
fication stringency, Bst 2.0 WarmStart was engineered. A specific aptamer (unique oligonucle-
otide sequence) targeting Bst DNA polymerase via noncovalent binding has been selected
using the systematic evolution of ligands by exponential enrichment (SELEX). The Bst DNA
polymerase with the bound aptamer cannot perform strand displacement unless the tempera-
ture is raised to 50°C, thereby minimizing the unwanted isothermal preamplification usually
occurring at room temperature, and mispriming is therefore prevented. Another attempt for
limiting undesired preamplification and spurious results is by performing all sample prepara-
tion steps in ice before starting the reaction. By this simple tuning combined with the best
DNA polymerase, the detections for C. elegans, E. coli, --phage specific genes, and Hela cell
genomic DNA showed rapid (~10 min) and consistent isothermal amplification [51, 52].

2.1.4 Multiplex SDA reaction

The detection of more than one target from a single sample is usually required in medical
diagnosis. Multiplexing is mainly achieved using spatial separation of targets, regional sepa-
ration by targeting specific sites, or label-based techniques [53]. Though spatial and regional
separation methods are highly employed for on-site multiplexed detection of various targets,
they still suffer from expensive apparatus and complicated procedures [54, 55]. An alterna-
tive method is target-labeling approach, which uses different molecular recognition elements
(dyes, enzymes, DNA probes, beads, aptamers, etc.) to identify different targets.

Primer design and optimization are essential for multiplex SDA. Singleplex SDA requires four
primers to detect one target; therefore, duplexed detection would require eight primers, and
so on. Thus, the number of primers increases rapidly with the number of targets. The large
number of primers increases the complexity of the multiplex amplification system and therefore
decreases the stability of the system. To solve this problem, Walker et al. developed a method
called “adapter-mediated duplex SDA” for simultaneous detection of Mycobacterium species
using fewer primers and without altering amplification yield [20]. In this method, a single pair
of amplification primers and adapter sequences is used, where two target strands are amplified
exponentially using dual primers. The first primer is attached to one end of the second target,
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while the second primer is appended to one end of the first target sequence. After amplification
of the target strands by the primers, the adapter sequences start to bind to the amplified target
sequences and begin extension and displacement, which results in a cascade of exponential
amplification of the target sequences using the adapters rather than the primers. This method
was also used for multiplexed SDA of three distinct DNA sequences of Mycobacterium tubercu-
losis and other mycobacteria [56]. Furthermore, multiplex SDA was used to amplify multiple
SNPs simultaneously with molecular beacon probe-assisted fluorescent signal readout [57].
Most recently, several BRCA mutations were genotyped by combining SDA and mass spec-
trometry. Allele-specific regions were amplified and then ligated to adapters by DNA ligase,
and the ligated products were SDA amplified with universal primers. The resulting fragments
were analyzed and confirmed using mass spectrometry [58]. Though, this SDA method required
complex equipment, it was able to detect hundreds of mutations.

2.1.5 Sample preparation

Isothermal amplification usually requires specimen isolation and culture, enzymatic treat-
ment or genomic DNA (gDNA) extraction, and/or heat denaturation (in case of dsDNA) to
obtain template DNA. Traditional sample preparation methods like genomic DNA extrac-
tion are time consuming and susceptible to contamination. Thus, crude cell lysate method
is widely used, whereby cells are heat killed or enzymatically pretreated using proteinase
K to expose DNA ready for amplification [59]. Cell cultures are usually heated at 92-95°C
for 3-5 min and cooled to appropriate SDA temperature prior to the reaction. An up to date
approach termed HUDSON (heating unextracted diagnostic samples to obliterate nucleases)
combines the dual range of heating, that is, one temperature (37-50°C, 5-20 min) for nucle-
ase inactivation, and another temperature (64-95°C, 5-20 min) for pathogen inactivation and
genome exposure [60]. Though heat-assisted amplification is still frequently preferred owing
to its simplicity, but it cannot differentiate nucleic acids from live and dead cells. As solution,
Tong and colleagues used a set of restriction enzymes and modified nucleotides that could
target different sites of target template and create a site of nicking and extension for SDA tar-
get DNA amplification [61]. However, these modified nucleotides and probes are costly, and
the restriction enzymes exhibit random target digestion, which results in high background,
low sensitivity, and specificity. Alternatively, heat treatment can also be abolished by using
an improved SDA approach that initiates amplification at a DNA breaching site (Hoogsteen
pairing), though its specificity to long templates is still of concern [3, 62].

To overcome contamination and detect live targets accurately, gDNA extraction free isother-
mal amplification methods have been adopted, which use extracellular compartment recog-
nizing molecules such as aptamers. We reported ultrasensitive aptamer-based biosensors for
the detection of live pathogens including E. coli and S. enteritidis [15, 24, 36]. In these methods,
a dual aptamer system recognizing two extracellular membrane components are used. One
bacterium-targeting aptamer is modified with biotin in order to react with streptavidin-
coated magnetic beads during positive selection, while another bacterium-targeting aptamer
is used as a template for SDA amplification. The bacteria-aptamer-magnetic bead complex
is enriched, amplified, and applied to lateral flow strip for visual detection (Figure 2). This
method sensitivity to pathogens is 10 cfu of live cells, therefore reduces false-positive results.
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Figure 2. Conceptual illustration of SDA and aptamer-based nucleic acid biosensor. Two target-specific aptamers termed
biotinylated capture aptamers (C-aptamer) and amplifying aptamers (A-aptamer) bind to target cells, for the enrichment
of targeted cells and strand displacement amplification (SDA), respectively. After the binding reaction, streptavidin
(SA)-coated magnetic beads are added to form cell-magnetic bead-aptamer complexes that are collected for SDA
amplification. Finally, the single strand amplicons are loaded onto the lateral flow strip for visual readout or hybridized
to fluorophore-probe after displacement of quencher-labeled probe for fluorescent detection.

3. SDA product analysis

Detection of amplified product is critical in isothermal amplification of nucleic acids, which
includes quantification of the final amplification product and monitoring of the product dur-
ing the process of amplification. Hereafter, we introduce a variety of methods for the detec-
tion of nucleic acids, which include intercalating fluorescent dyes, fluorescent probes, lateral
flow biosensors, and CRISPR/Cas system.

3.1 Fluorescent dye-based analysis

Fluorescent gel staining dyes such as SYBR Green and ethidium bromide are commonly used
for monitoring and quantitation of nucleic acids. SYBR Green I can intercalate into dsDNA,
which emits light under UV-light. SYBR Green Il is supersensitive to RNAs and ssDNA; how-
ever, it fluoresces in the presence of dsDNA or ssDNA [50]. Although SYBR Green is the
most sensitive dyes employed to monitor nucleic acid amplification progress, high concentra-
tion of SYBR Green can inhibit SDA amplification [47]. Thus, other dyes such as Picogreen,
Ribogreen, and Oligogreen have been developed. These versatile fluorescent dyes are specific,
sensitive, and rapid for a broad spectrum of applications such as nucleic acid typing, ampli-
fication, and purification, Band-shift assays as well as DNA-damage assays. Interestingly,
they are not interfered by free nucleotides and proteins. They are much more specific than
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UV-based absorbance (A,,) and much easier to use than laborious radioisotope labeling and
silver staining. They have been widely applied to quantitatively detect the early onset of dis-
eases with window periods such as virus, oncogenes, etc. Furthermore, DNA dyes such as
EMA (ethidium monoazide bromide azide) and PMA (propidium monoazide bromide azide)
have been extensively used to distinguish nucleic acids of live and dead cells [63, 64]. These
dyes can penetrate damaged cells and bind to DNA with little effect on live cells endowed
from their intact cell membranes [65, 66]. However, their off-target binding and background
result in spurious amplicon staining [47, 50] and are limited to single-strand conformation
polymorphism (not at the level of single nucleotide polymorphism) [67].

3.2 Fluorescent probe-based analysis

To increase specificity, fluorescent oligo probes such as TagMan probes and molecular beacons
have been used to monitor and quantify nucleic acid amplification products [68-70]. A fluores-
cent probe consists of a fluorophore and a quencher covalently attached at 5’ and 3’ ends of a
DNA probe sequence. There are two main types of fluorescent oligo probes, TagMan probes
and molecular beacons. In TagMan probes, the fluorescent light of the fluorophore (e.g., FAM) is
absorbed by the quencher (e.g., TAMRA) before amplification; therefore, no fluorescence can be
detected. During amplification, the fluorescent probe hybridizes complementary to the target
sequence, and the DNA polymerase degrades the probe via its 5'-3" exonuclease activity. As a
result, the fluorescent reporter and the quencher are separated, and the fluorescent reporter is
then detected [71]. This technology has been widely used in real time PCR for medical diagnosis.

TagMan probes depend on probe hybridization, polymerase extension, and cleavage of the
probes. Molecular beacons, on the other hand, do not require polymerase extension and cleav-
age activity. Molecular beacons comprise modified stem ends with fluorescent and quencher
molecules, a hairpin loop probe sequence (~20-25 bases) and complementary stem sequences
(~4-6 base pairs). Before hybridization with the target sequence, the fluorophore on one end
of the molecular beacon is quenched by the quencher on the other end of the beacon as the
two ends are close together. When the probe hybridizes with the target nucleic acid sequence,
the molecular beacon sequence becomes linear. As a result, the fluorophore and the quencher
are separated, and the fluorescence is then detected. For example, the putative molecular bea-
con probes with fluorophore (5-(2'-aminoethyl)aminonaphthalene-1-sulfonic acid (EDANS))
and quencher (4-(4'-dimethylaminophenylazo) benzoic acid (DABCYL)) changes conforma-
tion and fluoresces spontaneously upon perfect complementarity with the target nucleic acid
(Figure 2) [72]. This approach is best used to detect ssDNA products produced from SDA. It
can also been multiplexed using multicolored molecular beacons for different targets [69].

Organic dyes such asrthodamine are conventionally used in fluorescent oligo probes. However,
organic dyes have low quantum yield and are easily photo bleached. Other fluorophores such
as quantum dots (QDs), silver nanoclusters, upconversion nanoparticles, and corresponding
quenchers such as gold nanoparticles and carbon nanomaterials have been used to replace
organic fluorophores and quenchers [73] for nuclei acid as well as protein detection [74, 75].
These nanomaterials have high quantum yield and photostability. In addition, they can be
simultaneously excited using one wavelength during multiplex detection of various targets.
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They are promising substitutes of organic dyes in the detection of nucleic acid detection using
fluorescent oligo probes.

Tavares et al. reported an on-chip immobilization of QDs as energy donors in FRET and
Cy3-labeled dsDNA target as a receiver for transduction of nucleic acid hybridization, which
resulted in rapid quantitative determination of nucleic acid at the fmol level within 7 min
after target introduction [76]. Silver nanoclusters possess much higher photostability and
fluorescence than organic fluorophores and QDs, which have been used to detect influenza
specific nucleic acids. Upon hybridization, these DN A-silver nanocluster probes fluoresce up
to 500-fold when placed near G-rich nucleic acid targets and exhibited high signal to back-
ground ratio [77]. This finding was promising; however, it was elusive how fluorescence
increased upon G-rich target detection. It is speculated that upon target binding guanines,
G-quadruplex structures may be formed to yield reddish nanoclusters, or serve as electron
donors since guanines have lowest oxidation potential compared with other nucleotides [78],
or otherwise reduce oxidized nanoclusters and render them reddish [79, 80].

3.3 Lateral flow biosensor

Lateral flow biosensor is the most commonly used technology for the point of care testing
[81-84]. A test strip consists of four parts: a sample pad, a conjugate pad, a nitrocellulose
membrane, and an absorption pad. This method uses fiber chromatography material as a
solid phase to allow capillary flow of sample solution, followed by the reaction between the
analyte in the sample and the target recognition molecules fixed on the nitrocellulose mem-
brane [9] (Figure 2). Color development can be obtained through enzymatic reaction, or visu-
ally detectable materials such as gold nanoparticles.

For the detection of nucleic acids, traditional lateral flow biosensor has been modified and
termed nucleic acid lateral flow biosensor. In nucleic acid lateral flow biosensors, antibodies or
antigens are replaced with probe DNAs that are fixed on the test zone and control zone to cap-
ture specific targets via nucleic acid hybridization. Based on SDA and aptamers, we developed
anucleic acid lateral flow biosensor to detect as low as 1 cfu/ml of pathogens, 1 ppm heavy met-
als, SNPs, and stem cells [15, 24] (Figure 2). This nucleic acid biosensor consists of (i) a specific
capture probe, complementary to one part of the target nucleic acid and conjugated on gold
nanoparticles, (ii) a target-hybridizing probe, immobilized on the nitrocellulose membrane test
zone to capture amplified target sequence, and (iii) a specific nucleic acid probe on control zone
that can hybridize with nanoparticle labeled probe. The hybridization on test line occurs at the
presence of target, while in the absence of target sequence, the test zone does not show up. The
appearance of the control zone shows the assay works properly. This method is fast, specific,
sensitive, and cost effective. With different targeting aptamers and corresponding test zones on
the test strip, multiplexing assay can be developed to detect multiple pathogens [84].

3.4 CRISPR-Cas-based analysis of nucleic acids

CRISPR-Cas is known to endow bacteria and archaea adaptive immunity against foreign
nucleic acids using mobile genetic elements [85]. CRISPR-Cas proteins cleave invading DNA
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and generate spacer nucleotides known as protospacer. The protospacer integrates into
genome near the protospacer adjacent motif (PAM) region required as memory for future
interrogation and cleavage of same invader depending on spacer-phage similarity. For the tar-
geting, CRISPR-Cas9 requires a gRNA (guide RNA) composed of tracrRNA (trans-activating)
and crRNA, or a chimeric sgRNA (single guide RNA). The RNA-guided cleavage is mediated
by RuvC (a member of RNase H family) and HNH catalytic domains at the site of gRNA-tar-
get sequence base-pairing. In this mechanism, Cas9-gRNA complex recognizes a G-rich PAM
region of the target sequence followed by blunt end cleavage. However, some Cas enzymes
such as Cas9 and Casl2a, purified from Francisella tularensis novicida and Streptococcus pyo-
genes, exhibit nonspecific RNA-independent DNA cleavage in the presence of Mn2* [86], sug-
gesting the significant role of several mediators including Cas RuvC nuclease domain. On the
basis of gRNAs, more literatures indicated that Cas12a, Cas13a, and Cas13b enzyme effectors
require a mature crRNA for self-assembly and processing and ribonucleoprotein surveillance-
dependent nuclease or DNA for interference activity [87, 88]. Moreover, the Casl2a, Cas13a,
and Cas13b enzymes do not require a dual functional crRNA-TrancRNA as for Cas9 [89, 90].

Basically, CRISPR-Cas systems are categorized into three main types (type I, type II, and
type III) and 12 subclasses based on the genetic and structural differences [91]. From these
classes, Type II CRISPR-Cas is widely used for genome-editing applications. Currently,
researchers have exploited the CRISPR-Cas system in diagnostics. Two CRISPR-Cas-based
diagnostic systems termed DETECTR (DNA Endonuclease Targeted CRISPR Trans Reporter)
and SHERLOCK (Shorthand for Specific High Sensitivity Reporter unLOCKing) have been
developed as a new platform for real time detection of nucleic acid based on Type II Cas13a
and Casl12a, respectively. These enzymes exhibit collateral cleavage of nucleic acid targets
and nontarget single strands in vicinity. For instance, Cas13, an RNA-targeting CRISPR-
associated type VI-A protein, cleaves an ssRNA at a non-G PFS (protospacer flanking site)
of target sequence in a gRNA-independent manner via its endonuclease HPN domain [12].
On the contrary of Casl3a and distinct from Cas9, Casl2a (cpfl) is a CRISPR-Cas fam-
ily enzyme that possess a unique RNA-guided DNase activity [88]. It targets at 5" T-rich
PAM region (TTTN) by cleaving ~18 nucleotides on the DNA strand opposite to the gRNA
complementary strand by leaving 5 nucleotide staggered cuts on both 5’-ends of the target
sequence [92]. Cas12a can collaterally cleave both targeted dsDNA and a nontarget ssDNA
in vicinity. Through the integration of a fluorescently labeled ssDNA reporter, a detectable
signal can be obtained after cleavage. However, the cleavage of reporter nucleic acids is
motif dependent and requires 41-44 nucleotide crRNA to recognize a 5’ T-rich PAM of the
target sequence, while Cas9 requires ~100 nucleotide gRNA at the 3'G-rich PAM target site.
Nevertheless, Casl2a is unable to trans-cleave an ssRNA reporter and a targeted ssRNA
sequence [11], suggesting that it exhibits only a DNA-activated DNase activity. In contrast,
Cas13 enzymes (e.g., CcaCas13b and LwaCas13b) from some bacteria strains have shown a
random enriched motif cleavage with U-dependent nucleotide preference, while some other
Cas13 enzymes (e.g., PsmCas13b and AsCasl2a) strongly preferred A-nucleotides and A-T
dinucleotide across the motif, respectively [11]. Nevertheless, other CRISPR-Cas13a/b exhib-
ited dinucleotide preference collateral cleavage activity. This activity can be enhanced with
optimized target concentration, buffer, and crRNAs. Therefore, irrespective of the target
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efficiency of the CRISPR/Cas system, it is consent that a single-guided RNA-Cas enzyme
complex recognition of target nucleic acid and reaction conditions is required to initiate
cleavage of both target and a nearby nontarget (reporter sequence).

Various diagnostic applications necessitate detection of one or more targets, and therefore with
tremendous propensity of both platforms, CRISPR-Cas enzymes can detect a single or multiple
targets in complex liquid biopsy samples. Various samples suspected with Zika, dengue, and
human papilloma viruses and bacteria as well as SNP and mutation discrimination have been
developed. Their multiplex detection relies on reprogrammable crRNA tailing specific target
sequence and enriched multiple motif fluorescent reporters. For example, Gootenberg et al.
showed that isothermally amplified four different target nucleic acids could be detected simul-
taneously by LwaCas13a, PsmCas13b, CcaCas13b, and AsCasl2a, with leveraged dinucleotide
motifs harboring FAM, TEX, Cy5, and HEX quenched fluorescent reporters, respectively. After,
the reporter is cleaved by Cas enzymes; the read-out can be achieved by high specific detection
of four different quenched fluorescent reporters or using lateral flow biosensor analysis with
specific antibodies against fluorescein-biotin reporters at conjugate pad and protein A as second
antibody immobilized at the control line (Figure 3). Thus, these enzymes are intriguing for broad
spectrum diagnostic applications (Figure 3, left). Moreover, the combination of isothermal ampli-
fication and CRISPR-Cas system for amplification and signal readout, respectively, revealed an
amplified signal detection of 8zM in a 250 pl reaction volume. It should be noted that isothermal
preamplification of target nucleic acids is crucial to achieve that robust sensitivity with Cas12
and Cas13 enzymes [13]. This approach could be adopted, however with the most minimized
cost. More interestingly, it is simple, fast, specific, sensitive, and can be multiplexed. Thus, it is
convenient in minimally instrumented fields for point-of-care detection of nucleic acids.

= % SNP detection
[T}
o .’ -,
.*.. “::“‘:c':; - - Virus and Bacteria
" aRNA — detection
o Reaction
E 37°¢, 1h e J,,@ =3 Cancer detection
6 NP N
= B Antibiotic resistance
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Fluorescence/Lateral flow assay POC application

= dsDNA target —ﬁ-rm-r@ ssONA reporter f.,.k,r@ Cleaved ssDNA reporter W Cleavage site

Figure 3. Workflow of nucleic acid detection with the CRISPR-Cas system. Nucleic acids are obtained from samples by
proteinase K treatment or heat treatment. The nucleic acids are isothermally amplified using recombinase polymerase
amplification at 37°C for 10 min. A one-pot reaction comprising amplicons, Cas protein, a designed crRNA for specific
DNA/RNA target spotting, and reporters is prepared. To detect the presence of target nucleic acid, a fluorophore
molecule (yellow star) and a quenching molecule (circle) are used. When Cas protein slices its nucleic acid target, and
any ssDNA reporter nearby, the quenching molecule frees from the fluorophore, letting it fluoresce. The fluorescence can
be detected directly or the reaction mixture can be applied to lateral flow assay.
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4. Discussion, conclusion, and future perspectives

The development of new methodologies in nucleic acid amplification is of great importance
in point of care diagnosis for research and public health. The SDA and its colleagues such as
RPA, LAMP, etc. have proved reliable application for this purpose. Nevertheless, SDA has
poorly achieved longer sequence amplification and a comparable amplification as for LAMP
toward turbidity measurement, but under stringent conditions, possesses higher sensitiv-
ity, specificity, and cost-efficiency, and can be multiplexed and reprogrammed for various
targets [58, 93-96]. But also, other isothermal amplification methods such as LAMP have
hardly shown multiplexing capacity [97-99] and are solely dye dependent for colorimetric
detection and quantification, which are target independent and nonspecific. Up to now, no
perfect method can overcome all shortcomings. However, probe-based lateral flow assay in
combination with SDA could provide robust multiplexing detection higher than their peer
antibodies [84]. For example, our group [15, 24, 36] and other researchers [3, 100, 101] dem-
onstrated that SDA can be used to amplify short target recognition sequences, for example,
aptamers, after target binding and then integrated with lateral flow biosensors for analysis.
Therefore, preheat denaturation of templates, background signals, and unspecificity encoun-
tered during the use of long nucleic acid templates or the presence of DNA contaminants
are prevented [102, 103]. Furthermore, the lab-on chip approach, consisting of on-chip fixed
multiple analytes, could eliminate partially primer-dimerization frequently observed during
multiplexed isothermal amplification [104].

DNA fluorescent probes were widely applied for singlex and multiplex detection of iso-
thermal amplified nucleic acid targets. Notwithstanding, comparing with fluorescent probe
detection of nucleic acids and other PCR-based techniques, CRISPR-Cas-based analysis of
isothermal amplified products is fast, sensitive, and specific, allowing its on-site implementa-
tion. This technique is reprogrammable for the ultrasensitive and specific detection of various
targets and is amenable to multiplexing by using their targeting Cas proteins and fluorescent
labels [11, 13, 60]. Nevertheless, further studies are still needed to overcome some drawbacks
of this technology. For example, the cost of enzymes and anti-fluorophore reporters still needs
to be reduced. Moreover, the operability needs to be improved because the usage of more
enzymes in one reaction requires complicated optimization for one-pot concurrent cataly-
sis. In the lateral flow assay, we propose the combination of CRISPR-Cas with DNA capture
probe technique for the cleaved and noncleaved reporters” detection, in order to replace the
immunoassay approaches which are prone to cross reactivity. Furthermore, the sensitivity
of this emerging diagnosis depends solely on target (s) nucleic acid (s) amplification. Thus,
alternatively, one can develop an intrinsic signal amplification of reporters’ signal by either
cationic and fluorescent conjugated polymers or direct inhibition of fluorescent loss using flu-
orophore encapsulation. For signal amplification, the CRISPR system might be promoted by
using other fluorescent-intensity-based nanostructures (e.g., quantum dots and silver nano-
structures) and up conversion nanomaterials alongside with robust quenchers such as gold
nanoparticles [105] and carbon nanomaterials (graphene oxides and single-walled carbon
nanotubes) [106]. Additionally, the use of G-quadruplex-mediated catalysis for colorimetric
detection of isothermal amplified amplicons or cleaved-CRISPR reporters could eliminate the
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need of more enzymes and thus allow conveniently the one-pot reaction toward simplified,
cost-effective, specific, and sensitive on-site detection of nucleic acids.
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Abstract

The clustered regulatory interspaced short palindromic repeats (CRISPR)/Cas9 method
is a powerful tool for genome editing, by introducing a DNA double-strand break
(DSB) at the specific site. The gene knock-out can be achieved by the deletion or inser-
tion at the CRISPR/Cas9-mediated DSB site by error-prone nonhomologous end joining
repair in targeted cells. However, the gene knock-in is still difficult as compared to the
knock-out, because of the low efficiency of homology directed repair with donor DNA
in cells. Therefore, to efficiently select the knock-in cells, we developed a complicated
donor DNA plasmid containing an antibiotic-resistance gene, in addition to the knock-in
sequence and the two homology arms. MultiSite Gateway technology is a useful tool for
constructing this complicated plasmid. We describe the MultiSite Gateway technology
and provide an overview of the DSB repair pathways to clarify the knock-out and knock-
in methods by the CRISPR/Cas9 system.

Keywords: knock-in, homology directed repair (HDR), MultiSite Gateway, donor DNA
plasmid, CRISPR/Cas9, DSB repair

1. Introduction

Genome editing has been an important technique to investigate gene function in biology since
before the development of the clustered regulatory interspaced short palindromic repeats
(CRISPR)/Cas9 system. In microorganisms such as Escherichia coli (E. coli) and yeast, gene disrup-
tion can be achieved by simply introducing a donor DNA into the cells without inducing a DSB in
the targeted gene [1-3]. With regards to gene disruption in vertebrate cells, chicken B lymphocyte
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line DT 40 cells have been widely used because of their high efficiency of homologous DNA
recombination [4-6]. Similar to E. coli and yeast cells, gene disruption in DT 40 cells can also be
achieved by introducing a DNA vector for gene targeting into the cells. In contrast, gene disrup-
tion by this method in human cells is difficult, because of the inefficient homologous recombina-
tion in the cells. Therefore, gene knockdown by RNA interference (RNAi) has usually been used
in human cells, in order to examine the functions of human genes [7]. However, the targeted
protein cannot be completely eliminated from the cells by RNAi. Therefore, an efficient method
for targeted gene disruption in human cells has been keenly desired.

The CRISPR/Cas9 method is an innovative genome editing technology. The history of this tech-
nology originated from the finding of unusual, functionally unknown repeated sequences in E.
coli [8, 9]. In the repeated sequences, highly homologous repeats are separated by nonrepeti-
tive nucleotides as spacers. Repeated sequences, composed of repeats and spacers, were also
found in numerous genomes of other bacteria and archaea [10] and were named CRISPR [11].
In addition, well-conserved genes were identified adjacent to the CRISPR loci and were named
CRISPR-associated (Cas) genes [11]. Some of the Cas protein families were found to share
sequence homology with proteins involved in DNA metabolism, such as helicases and exo-
nucleases [11], and the purified Cas proteins exhibited endonuclease activity [12-14]. Sequences
identical to the CRISPR spacers were found among bacterial mobile genetic elements, such as
plasmids and phages, suggesting that the CRISPR spacers in the bacterial genome are derived
from DNA fragments of the invading foreign genetic elements [15, 16]. In bacteria, CRISPR/Cas
serves as a defense system against the invasion of mobile genetic elements [17]. The molecu-
lar mechanism of the defense system was elucidated by biochemical experiments [13, 14, 18,
19]. Cas proteins bind to RNA transcribed from the CRISPR spacer sequence and cleave the
precursor CRISPR RNA (pre-crRNA) [18]. Cas proteins exist in the complex with the cleaved
mature crRNA [18] and cleave invading foreign genetic elements mediated by the crRNA guide,
containing the complementary sequence with the targeted genetic elements [13, 14, 19]. Among
the Cas family proteins, a single Cas9 protein complexed with a crRNA can introduce a specific
DSB at the desired site in the target DNA [13, 14]. Therefore, the CRISPR/Cas9 system is being
applied for genome engineering [20, 21]. The biology and technology of the CRISPR/Cas system
are described in detail in excellent reviews [22-27].

A variety of CRISPR/Cas9-mediated genome editing tools is now commercially available. A
gene knock-out can be accomplished simply by using the CRISPR/Cas9 tool. However, for a
gene knock-in or replacement, a donor DNA must also be prepared individually. Here, we
describe the usefulness of the MultiSite Gateway technology [28, 29] for the construction of the
donor DNA plasmid.

2. DSB repair pathways involved in genome editing

The CRISPR/Cas9-mediated gene knock-out or knock-in is based on the mechanisms of DSB
repair. To better understand the genome editing by the CRISPR/Cas9 method, we first pro-
vide an overview of the DSB repair mechanisms.

DSBs are repaired by multiple mechanisms [30] (Figure 1). One of the major DSB repair mech-
anisms is nonhomologous end joining (NHE]). NHE] is the simplest method for DSB repair,
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Figure 1. Multiple DSB repair pathways. The targeted DSB induced by CRISPR/Cas9 is repaired by NHE], MME], SSA,
or HR.

in which the broken ends of the DNA are rejoined, and is a rapid and predominant DSB repair
pathway in mammalian cells [31]. The DSB is accurately repaired to its normal state when
the broken ends are protected during repair. However, if the broken ends are digested before
rejoining, the DNA information at or around the DSB site is lost. Thus, NHE] is an error-
prone DSB repair pathway [32]. CRISPR/Cas9-mediated gene knock-out technology utilizes
this mutagenic aspect of NHE], and thus requires only DSB induction in the targeted gene.
Most of the DSBs are repaired accurately by NHE] [33]. However, if the DSB site is repaired
accurately, then the target DNA site seems to be attacked repeatedly by CRISPR/Cas9, until
the site is broken and thus insensitive to the hybridization with the crRNA (Figure 2). This
apparently enhances the knock-out efficiency by CRISPR/Cas9.

The second major DSB repair pathway is homologous DNA recombination (HR) [34, 35]
(Figure 1). In HR, DSBs are repaired by DNA strand exchange with the undamaged homolo-
gous DNA strand. In E. coli or yeast, HR is the predominant mechanism for DSB repair. In
the first step of HR, the DSB ends are resected by a nuclease to generate 3’ single-strand
(ss) DNA overhangs. Then, the ssDNA overhangs invade and anneal with the undamaged
homologous DNA strand. New DNA is synthesized from the 3’ end of the invaded DNA as
a primer, according to the sequence information of the undamaged DNA template, thereby
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Figure 2. Gene knock-in or knock-out by DSB repair pathways. (A) Targeted gene disruption induced by NHE]. (B)
Targeted short DNA fragment insertion mediated by MME] or SSA. (C) Targeted long DNA fragment insertion mediated
by HR.

restoring the lost sequence information at the damaged sites. The branch point in the crossed
DNA strands moves during the repair process. Finally, the crossed DNA strands are resolved
by cutting and rejoining. Thus, the DNA information can be restored by HR repair even if the
broken DNA ends are digested, such as by nucleases. Therefore, HR is a more precise DSB
repair mechanism, as compared to NHE]. If the homologous DNA strand is available in the
donor DNA, then the donor DNA is integrated into the damaged site by HR (Figure 2). Thus,
HR is an important mechanism for a gene knock-in.

DSBs are also repaired by other mechanisms, including microhomology-mediated end joining
(MME]) and single-strand annealing (SSA) (Figure 1). Although MME] and SSA are mecha-
nistically similar, they are distinct pathways with different repair proteins. Both MME] and
SSA use relatively short internal homologous sequences flanking both sides of the DNA break.
The length of the homologous sequence required for MME] is shorter than that for SSA. The
first step of MME] or SSA is the resection of the DSB site, and thereby the homologous dsDNA
region becomes ssDNA. In the next step, the ssDNA regions with the homologous sequence
are annealed, and the 3’ flaps of the nonhomologous region are removed. Finally, the gapped
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DNA regions are filled by DNA synthesis, and the resulting nicks are rejoined [36-39]. Both
repair pathways induce a DNA deletion at the damaged site, and therefore could contribute to
the CRISPR-Cas9-mediated gene knock-out in the absence of a DNA donor [40, 41]. However,
when the donor DNA is provided, the repair pathways can be used for gene knock-in [42-44]
(Figure 2).

3. Donor DNA plasmid for homology directed gene knock-in

The knock-in of a relatively short gene fragment (up to ~1.5 kb) can be achieved by MME] or
SSA with a linearized donor DNA fragment containing short (about 20-60 bp) homologous
DNA regions, called homology arms [42, 43, 45-47]. The knock-in efficiency decreases as the
size of the insert DNA increases [48]. In the case of the insertion of a long DNA fragment (more
than 1.5 kb), the knock-in efficiency increased as the length of the homology arms increased,
up to about 1500 bp [48]. Thus, long homology arms (more than 500 bp) are usually used for
the knock-in of such a long DNA fragment [45, 49-52]. In this case, the knock-in is mediated
by HR. The knock-in efficiency by HR is low [53], and accordingly, a selectable marker is intro-
duced into the donor DNA plasmid for screening the knock-in clones in some cases [49-52].
Therefore, the selectable donor DNA plasmid for the HR-mediated gene knock-in contains left
and right arms, the inserted gene of interest, and a selectable marker gene with promoter and
transcription terminator regions. An example of a donor DNA plasmid is shown in Figure 3
[52]. In our donor DNA plasmid, the left and right arms contain the promoter and transcrip-
tion terminator regions of the inserted gene of interest, respectively. However, the native tran-
scription terminator region is separated from the gene of interest by the neighboring selectable

left arm
RADS52 genome DNA region upstream start codon {1000 bp)

gene of interest - polyA
FLAG-RAD52(CDS, Wt or mutant)-HA-stop codon-SV40 poly A

promoter - antibiotic resistance gene - polyA
SV40 promoter-Neomycin resistance ORF-polyA

from pT-REx-DEST30

right arm
RADS2 genome DNA region
downstream stop codon (1000bp bp)

anB Y attB5 Y attB4 attB3 ¢ attgz?

DHA donor plasmid for CRISPR-Cas9 mediated genome adillli__._______________,.f

Figure 3. A donor DNA plasmid for HR-mediated gene knock-in.
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marker gene. Therefore, the SV40 transcription terminator sequence is also placed just down-
stream of the gene of interest. Thus, the structure of the donor DNA plasmid is complicated,
as it contains multiple inserted DNA regions. It is difficult to construct such a complicated
plasmid by using classical restriction enzyme-mediated cloning methods. In some cases, the
donor DNA plasmids were constructed by a site-specific recombinational cloning method
named In-Fusion technology [54], provided by Clontech [42, 55].

4. Gateway technology for DNA cloning

Gateway technology is another site-specific recombinational cloning method [54, 56] (Figure 4).
This technology is based on the site-specific recombination system of E. coli bacteriophage A
[57]. Bacteriophage A integrates into the E. coli chromosome by site-specific recombination
between the attachment (att) sites on the bacterial chromosome (attB) and the att sites on the
phage chromosome (attP), to generate left (attL) and right (attR) att sites. This recombination

cloned DNA cDMA library

—

gene of interest =

angi=+ = atiB2
gene of interest J(““ PCR
ate =
FCH\ 2nd PCR = itB2
BP r tion
eactio akPi attPz
4 (o ) —>

LR reaction

atiR2

attL1 attl2 attR1

gene

destination clone

byproduct / toxie

attBS—
attB1 cDNA  attB2 Paolyh - attBs attBd
p—< > MultiSite Gateway
< —
cloning
destination clona cDNA

_'- PalyA

Figure 4. Standard Gateway method for single-fragment cloning. The DNA fragment of a gene of interest is amplified
by PCR with a cloned DNA or cDNA library as the PCR template. The destination clone containing a polyadenylation
(polyA) tail region downstream from the cDNA can be used as a PCR template for the next MultiSite Gateway cloning.
Abbreviations: Kan, kanamycin resistance gene; Amp, ampicillin resistance gene; Cm, chloramphenicol resistance gene.
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reaction is mediated by the integrase (Int) enzyme of bacteriophage A and the integration host
factor (IHF) of E. coli. The excision reaction requires another host factor, excisionase (Xis), in
addition to Int and IHF. The Gateway technology has developed mutant att sites (such as attB1,
attB2, attP1, and attP2) [56]. The attB1 site specifically recombines with the attP1 site, but not
attP2, to generate the attL1 and attR1 sites. Similarly, the attB2 site specifically recombines with
the attP2 site to generate the attL2 and attR2 sites.

In the first step of the Gateway cloning, the DNA fragment for cloning is amplified by PCR with
primer sets containing attB1 or attB2 sequences at the 5’ ends (Figure 4). Gateway cloning vec-
tors (pDONR) contain attP1 and attP2 sites for cloning. Therefore, the PCR product containing
the attB1 or attB2 sites at both ends can be specifically inserted in between the attP1 and attP2
sites of the pDONR vector by site-specific recombination, to generate the entry clone of the
Gateway system. A protein mixture (BP clonase) containing Int and IHF is used for this in vitro
site-specific recombination reaction (BP reaction). In the pDONR vector, the ccdB gene from F
factor of E. coli is located between the attP1 and attP2 sites. The CcdB protein is a toxin for E.
coli cells that lack the antitoxin, the Ccd A protein, which is also produced from F factor of E. coli
[58-61]. Therefore, E. coli cells without F factor or the ccdA gene cannot grow, due to the produc-
tion of the CcdB protein from the pDONR vector. For example, E. coli DH5a cells lack F factor
and the ccdA gene. Therefore, the cell growth of the DH5a strain is inhibited in the presence of
the pDONR vector. The Gateway cloning method applies this cell killing mechanism mediated
by the ccdB gene for efficient DNA cloning. If the PCR product is successfully cloned between
the attP1 and attP2 sites of the pDONR vector, then the ccdB gene is removed from the vector
by the site-specific recombination. Therefore, when the in vitro site-specific reaction mixture
is transformed into DH5a cells, only the cells containing the generated entry clone can grow.
Thus, all of the transformed colonies contain the successfully cloned plasmid DNA. This is an
excellent point of the Gateway cloning method. In the constructed entry clone, the cloned gene
is present between the generated attL1 and attL2 sites.

The Gateway cloning system provides destination vectors for numerous purposes, such as for
expressing the cloned gene in a variety of organisms. Each destination vector contains attR
sites for cloning on both sides of the ccdB gene (Figure 4). The cloned gene in the entry clone
can be transferred to destination vectors by an in vitro site-specific recombination reaction (LR
reaction) between the attL and attR sites with a protein mixture (LR clonase) containing Int,
IHF, and Xis, to generate the destination clone. As a result of the reaction, the ccdB gene of the
destination vector is replaced with the gene of interest and is transferred to the pPDONR vector
as a by-product. Therefore, when the LR reaction mixture is transformed into DH5a cells, the
growth of the cells containing the by-product plasmid is inhibited by the expression of the
toxic ccdB gene. The antibiotic resistance gene of the destination vector is different from that of
the pDONR vector. Therefore, only the desired destination clone is selected in the presence of
the appropriate antibiotics. Thus, once the DNA fragment of interest is cloned into the pPDONR
vector, the DNA fragment can be transferred to a variety of destination vectors quite easily.

5. MultiSite Gateway technology for donor DNA plasmid
construction

The original Gateway cloning system was further improved for cloning multiple DNA frag-
ments into a single vector [28, 62]. The improved cloning method is called MultiSite Gateway
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[29, 63] (Figure 5). In the MultiSite Gateway cloning method, numerous attB, attP, attL, and attR
variant sites were developed. Each attB site is specifically recombined with the corresponding
attP site by the BP reaction, to generate the corresponding attL and attR sites. Similarly, each attL
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— TR R * _—
— genomic DNA —
+at PCR 15t PCR™N
attB1=—+ attB3 =
4= attB5r + attB2
antibiotic resistance gene
Neomycin
2nd PCR cDNA Blastcidip and PCR
el P 01y A Puromycin
) Hygromycin
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Figure 5. Cloning four-fragments by the MultiSite Gateway method. The strategy for the construction of the donor DNA
plasmid is shown.
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site is specifically recombined with the corresponding attR site by the LR reaction. At present,
up to four DNA fragments can be cloned into a single vector. The 4-fragment MultiSite Gateway
cloning technology is suitable for the construction of a donor DNA plasmid for CRISPR/Cas9
and HR-mediated gene knock-in (Figure 5). In the first step of the 4-fragment cloning, each
PCR-amplified DNA fragment is cloned into the corresponding pDONR vectors. As shown
in Figure 5, the orientation of the att site sequence is important. The attB3r, attB4r, and attB5r
sequences are reversely oriented relative to the attB3, attB4, and attB5 sequences, respectively.
In the second cloning step, the four entry clones are mixed with an appropriate destination
vector and are subjected to the LR reaction. Thus, the four DNA fragments are simultaneously
assembled and inserted into a single destination vector, in the desired order and orientation.
The outline of our example is described below [52].

We used a CRISPR/Cas9-mediated gene knock-in, in order to express the wild type or mutant
gene of interest (human RAD52 gene in our case) with its own native promoter in the genome
and to examine the cellular effects of the mutant protein expressed at the endogenous level.
The 1000 bp genomic DNA region upstream from the start codon of the gene of interest was
amplified by PCR with primer sets containing attB1 or attB5r sequences at the 5" ends and
was cloned between the corresponding attP1 and attP5r sites of the first pDONR vector.
The 1000 bp genomic DNA region downstream from the stop codon of the gene was cloned
between the attP3 and attP2 sites of the fourth pDONR vector (Figures 3 and 5). The cDNA
of the gene (wild type or mutant) was first cloned via standard Gateway cloning into a des-
tination vector (pT-Rex-DEST30), for gene expression with the CMV promoter of the vector
(Figure 4). In the destination clone, the SV40 polyadenylation region required for transcrip-
tional termination is present downstream from the stop codon of the cloned gene. We ampli-
fied the DNA region encoding the cDNA of the gene and the SV40 polyadenylation region by
PCR, using the destination clone as the PCR template. The PCR product was cloned between
the attP5 and attP4 sites of the second pDONR vector (Figure 5). The DNA region containing
the SV40 promoter, neomycin resistance gene, and polyadenylation region was amplified by
PCR with pT-Rex-DEST30 as the PCR template and was cloned between the attP4r and attP3r
sites of the third pDONR vector (Figure 5). The DNA fragments in each of the entry clones
were verified by DNA sequencing. Then, the LR reaction was performed with the confirmed
four types of entry clones and the destination vector (a simple vector, pDEST14, in our case).
Thus, the complicated donor DNA plasmids could be constructed relatively easily, by using
the MultiSite Gateway technology.

6. Advantages of MultiSite Gateway technology for donor DNA
plasmid construction

MultiSite Gateway technology is suitable for the construction of a complicated donor DNA
plasmid, for several reasons. In this method, all parts of the complicated donor DNA are first
cloned into entry vectors, before their assembly. The cloned parts are easily verified by DNA
sequencing. The verified entry clones can be used as parts for constructing other donor DNAs.
For example, the entry clone containing the required part for expressing the neomycin resis-
tance gene can be reused for constructing donor DNA plasmids targeting the other genes. For
generating knock-in cells, other antibiotic (such as blasticidin, puromycin, hygromycin, and
zeocin) resistance genes are sometimes required as the selection markers. In this case, if the
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DNA fragments required for expressing the other antibiotic resistance genes are cloned into
the entry vector, we can substitute the neomycin resistance gene of the donor DNA plasmid in
Figure 3 with the other antibiotic genes very easily (Figure 5). One of the purposes of generat-
ing knock-in cells is to elucidate the function and regulation of the gene product of interest, by
expressing the mutants of the gene related to genetic diseases or altered protein modification
sites. By using the MultiSite Gateway cloning method, the donor DNA plasmids containing a
variety of mutant genes can be easily constructed by simply substituting only the entry clones
containing the mutant genes of interest (Figure 5). For these reasons, MultiSite Gateway clon-
ing is a convenient and useful method for constructing the complicated donor DNA plasmids.

7. Strategies and improvements for generating knock-in cells

To replace the whole endogenous gene with the donor gene, the targeted gene was cleaved
around both the start and stop codons by the CRISPR/Cas9 method [52]. To avoid the cleav-
age of the donor vector, a specific cleavage sequence that does not exist within the donor
DNA must be selected in the endogenous gene. Therefore, the targeted sequence for CRISPR/
Cas9-mediated cleavage was designed within introns around both the start and stop codons
of the gene. In our case, the cDNA of the donor gene contains FLAG and HA tag sequences at
the amino (N)- and carboxyl (C)-terminal ends, respectively. Therefore, the DNA sequences
around the start and stop codons are different and allow discrimination between the endog-
enous gene and the donor gene. By selecting the sequence containing the start or stop codon
as the CRISPR/Cas9-targeted region, the endogenous gene can be cleaved selectively. For
CRISPR/Cas9-mediated cleavage, a 5'-NGG-3' sequence named the proto-spacer adjacent
motif (PAM) is required on the 3" end of the target sequence. In our case, PAM sequences were
found in the vicinities of the start and stop codons of the target gene. Therefore, we could
design the CRISPR RNAs to specifically guide Cas9 to the vicinity of the start or stop codon of
the targeted endogenous gene. We used the commercially available GeneArt CRISPR Nuclease
Vector from Life Technologies for the production of the CRISPR RNA and the Cas9 protein
in cells. To generate the knock-in cells, the donor DNA plasmid was transfected into the cells
with the two plasmids expressing the CRISPR RN As targeting the vicinities of the start codon
and the stop codon of the targeted gene. The transfected cells were initially cultured in the
absence of selectable antibiotics for a few days and subsequently cultured in the presence of
appropriate concentrations of the antibiotics for the selection of the knock-in cells. Most of the
cells died after the selection. However, the antibiotic-resistant cells were observed after a long
cultivation in the same culture dish. The antibiotic-resistant clones were isolated, the genomic
DNA from each clone was purified, and the desired knock-in cells were subsequently veri-
fied by PCR and sequencing analyses. Thus, we obtained the desired knock-in cells by our
method. However, we think that there is still room for improvements of our method.

In our method, we used circular plasmid DNA as the donor DNA (Figure 3). However, the
knock-in efficiency is reportedly enhanced when the circular DNA is linearized [53]. Therefore,
our strategy might be improved by using linearized donor DNA. According to the report, the
knock-in efficiency of the donor DNA fragment is decreased when nonhomologous terminal
DNA regions are present adjacent to the two homology arms [53]. The inhibitory effect of
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the nonhomologous DNA regions is increased in accordance with the length. Therefore, the
most suitable donor DNA is a linearized DNA fragment containing homology arms at both
terminal ends, without nonhomologous regions at the ends. When restriction enzyme sites
are introduced at the terminal ends of the homology arms of our donor DNA plasmid, this
linearized donor DNA can be produced by restriction enzyme cleavage. This modification of
our strategy will improve the knock-in efficiency.

The DSB repair pathway choice is an important consideration to improve the knock-in effi-
ciency. Among the several DSB repair pathways, the HR pathway choice is enhanced when
the NHE] pathway does not work [64]. Therefore, in order to increase the knock-in efficiency
by HR, the inhibition of the NHE] pathway was attempted in CRISPR/Cas9-mediated genome
editing [65-68]. A chemical compound, SCR7, inhibits DNA ligase IV, which is an essential
protein for NHE] [69]. The CRISPR/Cas9-mediated homology-directed genome editing was
enhanced by treating the cells with SCR7 [65, 66, 68]. In addition, a high throughput chemical
screen identified small molecules that modulate CRISPR/Cas9-mediated genome editing [70].
The HR-mediated knock-in efficiency was improved by two chemical compounds, L755507 and
BrefeldinA, which are a p3-adrenergic receptor agonist and an inhibitor of protein transport
from the ER to the Golgi apparatus, respectively [70]. In contrast, the HR-mediated knock-in
efficiency was decreased by the chemical compounds azidothymidine (AZT) and Trifluridine
(TFT), which are anti-HIV and anti-herpes virus drugs, respectively [70]. In contrast to their
effects on the HR-mediated knock-in, L755507 inhibits the NHE]-mediated knock-out, whereas
AZT enhanced it [70]. Therefore, in addition to their known activities, these chemical com-
pounds could modulate the DSB repair pathway choice. The effectiveness of L755507 for the
HR-mediated knock-in was also demonstrated in another study [68]. Therefore, the knock-in
strategy could be further improved in combination with the usage of these chemical compounds.

8. Experimental procedure for donor DNA plasmid construction by
MultiSite Gateway technology

Here, we describe our protocol for the donor DNA plasmid construction by the MultiSite
Gateway technology.

8.1. PCR amplification of arm DNA fragments (1000 bp)
8.1.1. The first-round PCR

Primers (forward and reverse): arm DNA-specific oligonucleotides (35 mer)
Primer stocks (50 or 100 uM) are diluted to 10 pM prior to use.

Template: human genomic DNA, purified with a Blood & Cell Culture DNA Mini Kit
(QIAGEN).

Template stock is diluted to 50 ng/pl prior to use.
PCR amplification is performed with PrimeSTAR GXL DNA Polymerase kit (Takara).
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5X PrimeSTAR GXL buffer: 10 pl

dNTP Mixture (2.5 mM each): 4 ul
Forward primer (10 pM): 1 pl

Reverse primer (10 pM): 1 pl

Template (50 ng/ul): 1 pl

Sterile distilled water: 32 pl

PrimeSTAR GXL DNA Polymerase: 1 pl
PCR conditions

Initial step: 3 s at 98°C (denaturation)
25 cycles:

10 s at 98°C (denaturation)

15 s at 55°C (annealing)

1-2 min/kb at 68°C (extension)

Hold: 4°C (storage)

The PCR reaction mixture is purified with a QIAquick PCR Purification Kit (QIAGEN) to

remove the PCR primers.

8.1.2. The second-round PCR

Forward primer for the left arm:

5'-GGGG-attB1 (ACAAGTTTGTACAAAAAAGCAGGCT)-(NN)-(template-specific sequence)-3

Reverse primer for the left arm:

5'-GGGG-attB5r (ACAACTTTTGTATACAAAGTTG)T-(template-specific sequence)-3°

Forward primer for the right arm:

5'-GGGG-attB3 (ACAACTTTGTATAATAAAGTTG)-(NN)-(template-specific sequence)-3

Reverse primer for the right arm:

5'-GGGG-attB2 (ACCACTTTGTACAAGAAAGCTGGGT)A-(template-specific sequence)-3

The first-round primer sequences are used as each template-specific sequence.
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If AA, AG, or GA is present 5 of the template-specific sequence, then NN (except for AA, AG,
or GA) is added in order to avoid the generation of a stop codon, as described in the MultiSite
Gateway User Manual.

5X PrimeSTAR GXL buffer: 10 pl

dNTP Mixture (2.5 mM each): 4 pl
Forward primer (100 pM): 0.5 pl
Reverse primer (100 pM): 0.5 pl
Template (5 ng/pl): 2 pl

Sterile distilled water: 32 pl

PrimeSTAR GXL DNA Polymerase: 1 ul
PCR conditions

Initial step: 3 s at 98°C (denaturation)
10 cycles:

10 s at 98°C (denaturation)

1 min/kb at 68°C (annealing/extension)
Hold: 4°C (storage)

8.2. PCR amplification of the gene of interest ((DNA of the gene and

polyadenylation region) or the antibiotic resistance gene (promoter, antibiotic
resistance gene, and polyadenylation region)

Template: plasmid DNA
Forward primer for the gene of interest:

5'-GGGG-attB5 (ACAACTTTGTATACAAAAGTTG)-(NN)-Kozak sequence and start codon
(ACCATG)-template-specific sequence)-3

Reverse primer for the gene of interest:

5'-GGGG-attB4 (ACAACTTTGTATAGAAAAGTTGGGT)G-(template-specific sequence)-3’

Forward primer for the antibiotic resistance gene:

5'-GGGG-attB4r (ACAACTTTTCTATACAAAGTTG)-(NN)-(template-specific sequence)-3’

Reverse primer for the antibiotic resistance gene:


http://dx.doi.org/10.5772/intechopen.80775

96 Modulating Gene Expression - Abridging the RNAi and CRISPR-Cas9 Technologies

5'-GGGG-attB3r (ACAACTTTATTATACAAAGTTG)T-(template-specific sequence)-3’

If AA, AG, or GA is present 5 of the template-specific sequence, then NN is added as
above-mentioned.

5X PrimeSTAR GXL buffer: 10 pl

dNTP Mixture (2.5 mM each): 4 pul
Forward primer (100 pM): 0.5 pl
Reverse primer (100 pM): 0.5 pl
Template: 10 ng

PrimeSTAR GXL DNA Polymerase: 1 pl
Sterile distilled water: to final reaction volume of 50 pl
PCR conditions

Initial step: 3 s at 98°C (denaturation)
30-35 cycles:

10 s at 98°C (denaturation)

min/kb at 68°C (annealing/extension)
Hold: 4°C (storage)

If the template plasmid DNA contains a kanamycin resistance gene, which also exists in the
PDONR entry vector, then the PCR reaction mixture is treated with the Dpnl enzyme to digest
the template DNA.

The PCR products are purified by phenol/chloroform extraction and ethanol precipitation
and are resuspended in TE buffer (10-50 pl).

8.3. BP reaction

PDONR entry vector (150 ng/pl; Invitrogen): 0.25 pl
BP Clonase II enzyme mix (Invitrogen): 0.5 pl

PCR product: 1-1.75 pl (10-100 ng)

TE buffer: to final reaction volume of 2.5 pl

Incubate at 25°C for 60 min (for attB4r/attB3r and attB3/attB2 fragments) or overnight (for
attB1/attB5r and attB5/attB4 fragments).

(Note: the cloning efficiencies of the attB1/attB5r and attB5/attB4 fragments were low. A lon-
ger incubation time in the BP reaction improved the cloning efficiency.)
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Add 0.25 pl Proteinase K solution (20 mg/ml; Invitrogen) to the reaction mixture. Incubate at
37°C for 10 min.

Transform the reaction mixture into DH5a competent cells by the heat-shock method. Spread
the transformed cells on an LB agar plate containing 20 pg/ml of kanamycin and incubate it
at 37°C overnight. The plasmids are purified from each colony on the LB agar plate and are
verified by DNA sequencing.

8.4. MultiSite Gateway LR reaction

Destination vector (20 fmol/ul; Invitrogen): 0.5 pl
attB1/attB5r entry clone (10 fmol/pl): 0.5 pl
attB5/attB4 entry clone (10 fmol/pl): 0.5 pl
attB4r/attB3r entry clone (10 fmol/pl): 0.5 pl
attB3/attB2 entry clone (10 fmol/pl): 0.5 pl

TE buffer: 1.5 pul

LR Clonase II Plus enzyme mix (Invitrogen): 1 pl

(Note: LR Clonase enzyme and LR Clonase II enzyme mix, which are used for standard single
fragment cloning, cannot be used for cloning multiple fragments.)

Incubate at 25°C for 1-2 days.

Add 0.5 pl Proteinase K solution (20 mg/ml; Invitrogen) to the reaction mixture. Incubate at
37°C for 10 min.

Transform the reaction mixture into Mach T1 competent cells (Invitrogen) by the heat-shock
method. Spread the transformed cells on LB agar plates containing appropriate antibiotics
and incubate them at 37°C overnight. The plasmid DNA is purified from the colonies on the
LB agar plates and used as the donor DNA after verification.

(Notes: Mach T1 competent cells were more suitable for cloning multiple fragments than DH5x
competent cells.)

9. Conclusion

The CRISPR/Cas9 technology has opened a new window to investigate gene functions by
targeted knock-ins. By replacing the endogenous gene with the mutant gene, the cellular
effects of the mutant can be examined under the most suitable native conditions of the gene
expressed from the native promoter. The native expression level of the gene is also important
for investigating the intracellular localization and behavior of the gene product, because over-
expression of the gene by a nonnative promoter sometimes induces artifactual effects on the
intracellular localization of the protein. The CRISPR/Cas9-mediated knock-in of specific tag
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sequences into the endogenous gene allows the investigation of the intracellular localization
of the protein at the native expression level, by monitoring the introduced tag sequences.
The construction of a complicated donor DNA is required for gene knock-in mediated by
HR. This is a bottleneck point for the CRISPR/Cas9-mediated targeted knock-in technol-
ogy. Standard Gateway cloning is a popular method for constructing ordinary expression
plasmids and is therefore more commonly used as compared to MultiSite Gateway cloning.
However, MultiSite Gateway cloning is a quite useful method, especially for constructing the
complicated donor DNA plasmid. Therefore, this technology will contribute to the spread of
CRISPR/Cas9-mediated targeted knock-in methods.
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Abstract

RNA interference (RNAi) and gene inactivation are extensively used biological terms in
biomedical research. Two categories of small ribonucleic acid (RNA) molecules, viz.,
microRNA (miRNA) and small interfering RNA (siRNA) are central to the RNAi. There
are various kinds of algorithms developed related to RNAi and gene silencing. In this
book chapter, we provided a comprehensive review of various machine learning and
association rule mining algorithms developed to handle different biological problems
such as detection of gene signature, biomarker, gene module, potentially disordered
protein, differentially methylated region and many more. We also provided a comparative
study of different well-known classifiers along with other used methods. In addition, we
demonstrated the brief biological information regarding the immense biological chal-
lenges for gene activation as well as their advantages, disadvantages and possible thera-
peutic strategies. Finally, our study helps the bioinformaticians to understand the overall
immense idea in different research dimensions including several learning algorithms for
the benevolent of the disease discovery.

Keywords: machine learning, association rule mining, RNAi, gene silencing,
multi-omics data

1. Introduction

RNA:i [1] is an innate biological process in which RNA molecules inhibit gene expression or
translation [2] by suppressing targeted mRNA molecules. Since the discovery of RNAi by
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Andrew Fire and Craig Mello, it has become evident that RNAi has immense potential in
suppression of desired genes [3]. The first evidence that double-stranded RNA (dsRNA) could
achieve efficient gene silencing through RNAi came from studies on the nematode
Caenorhabditis elegans [4] and Drosophila melanogaster [5], which lead toward understanding
the biochemical nature of the RNAi pathway. Two types of small ribonucleic acid (RNA)
molecules—microRNA (miRNA) and small interfering RNA (siRNA)—are central to RNAi
[6]. To compare two types of elicit RNAi, the siRNA must be fully complementary to its target
mRNA, whereas, miRNA only needs to be partially complementary to its target mRNA.
In organisms like C. elegans and D. melanogaster, RNAi can be induced by introducing long
dsRNA complementary to the target mRNA to be degraded, however, in mammalian cells and
organisms, introducing dsRNA longer than 30 bp activates a potent antiviral response. To solve
this limitation, siRNAs are used to induce RNAi in mammalian cells and organisms [7-9].

The discovery of both siRNA and miRNA provides a new therapeutic approach [10, 11] for the
treatment of diseases by targeting genes that have undesired mutated or overexpression of
normal genes. The RNAi Process is as following. SiRNAs that induce the degradation of
specific endogenous is very common phenomenon in eukaryotic cells to inhibit protein pro-
duction at post transcriptional level [12]. The RNAi process is initiated by short dsRNAs, 21-25
nucleotides that lead to the sequence specific inhibition of their homologous mRNAs. These
siRNAs are normally produced in cells from cleavage of longer dsRNA precursors by Dicer
that is a ribonuclease III family member. The cleaved parts are incorporated into a multi-
component nuclease complex known as the RNA-induced silencing complexes (RISC), which
contain the splicing protein Argonaute-2 (Ago-2) [13]. The ssRNA derived from the short
dsRNA acts as a antisense strand directing the complex to the specific target mRNA; in where
a RISC-associated endoribonuclease cleavages the target mRNA [14]. Therapeutic approaches
based on siRNA involve the introduction of a synthetic siRNA into the target cells to elicit
RNAI, thereby inhibiting the expression of a specific messenger RNA (mRNA) to produce a
gene silencing effect [15]. RNAi is beneficial in accelerating cures in medicine, especially when
a disease is thought to due to a defective gene [16]. For historical perspective, the first applica-
tion of RNAIi therapy was in age-related macular degeneration (AMD) by using siRNAs to
suppress the vascular endothelial growth factor (VEGF) pathway that causes abnormal growth
of blood vessels behind the retina, carried out directly to the patient’s eye [17]. RNAi tech-
niques have been used against the spread of tumor growth and increasing its sensitization
toward drug treatment, RNAi technology will be beneficial to selectively affect cancer cells
without damaging normal cells as the RNAIi therapy against cancer cells is used for directly
targeting the oncogenes; and therefore, found to stop progression and invasion of the tumor
cells [18, 19] and also increase the sensitization of tumor against drug, as mentioned earlier
[20]. As RNAI can silence disease-associated genes in tissue culture and animal models, the
development of RNAi-based reagents for therapeutic applications involves technological
enhancements that improve siRNA stability and delivery in vivo [21], while minimizing off-
target and nonspecific effects.

A number of different approaches have been developed for the in vivo delivery of siRNA,
among which, rapid infusion by hydrodynamic injection of siRNA achieves the best delivery
in rodents [22]. However, this way, the delivery is restricted to highly vascularized tissues,
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such as the liver [23] and also, it is currently not a viable method for delivery in human clinical
studies. Lipid-based in vivo applications have been devised [24], which have been used exten-
sively for cell culture experiments, with some issues, like the cationic nature of the lipids used
in cell culture leads to aggregation when used in animals and results in rapid serum clearance
and lung accumulation. Even then, there are an increasing number of reports citing success
with lipid-mediated delivery of siRNAs in vivo. To improve the delivery of siRNA into human
liver cells [25] without transfection agents, lipophilic siRNAs were conjugated with derivatives
of cholesterol, lithocholic acid, or lauric acid, where the lipid moieties were covalently linked to
the 5'-ends of the RN As using phosphoramidite chemistry [26]. These could down-regulate the
expression of a LacZ expression construct. By conjugating cholesterol to the 3'-end of the sense
strand of siRNA by means of a pyrrolidine linker, the pharmacological properties of siRNA
molecules was improved by Soutschek et al. [27]. Advantages of cholesterol attachments are
evident as being more resistant to nuclease degradation, more stable in the blood by increasing
binding to human serum albumin and increased uptake of siRNA molecules by the liver.
Intravascular delivery of siRNA molecules is a very simple technique, which was used to
protect mice from fulminant hepatitis using siRNAs against Fas receptors by Song et al. [28],
who administer Fas siRNA by intravenous injection into mice over a 24-hour period. The
authors could show the persist effects for 10 days and protected mice against experimentally
induced liver fibrosis. Local delivery of siRNAs have also been tried into the eye to target the
VEGF pathway and shown that it could be therapeutically beneficial in neovascularization-
related eye diseases. SIRNA topical gels have also been used to deliver them to cells in
dermatological applications and cervical cancer treatment [29]. Gene gun method was used
for an intradermal administration of nucleic acids to enhance cancer vaccine potency [30]. The
other technique is an electroporation, which has been used to deliver siRNAs into the brain
[31] and muscles of rodents. Injecting viral vectors for the in vivo delivery of siRNA directly
have been tried, where an adeno-associated virus (AAV) associated shRNA vector injected
directly into the midbrain neurons of adult mice to silence of the tyrosine hydroxylase gene
near the site of injection for several weeks. However, there exist an alternative to injection,
called as an ex vivo approach to generate human immunodeficiency virus (HIV)-1-resistant
lymphocytes and macrophages [32]. It was accomplished through using a lentiviral vector, an
anti-rev siRNA construct into CD34(+) hematopoietic progenitor cells. The siRNA-transduced
progenitor cells were allowed to mature into macrophages in vitro and T-cells in vivo, [33].

Many machine learning, bio-statistical [34] and association rule mining methods [35] are
available that have been developed to solve different problems related to gene silencing and
disease discovery. In this book chapter, we provided a comprehensive survey of different
machine learning and association rule mining algorithms developed for tackling various
biological challenges such as detection of gene signature, biomarker, gene module, potentially
disordered protein detection, differentially methylated region, multi-omics data integration,
etc. We also described a comparative study of different well-known classifiers along with other
used methods for the study. Meanwhile, many gene module discovery based approaches are
also developed that employs several machine learning, deep learning and soft computing
approaches. In addition, many multi-objective algorithms are also developed to find optimal
multi-omics genetic signatures for the respective disease. Furthermore, we demonstrated the
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Figure 1. Flowchart of the RNAi mechanism [37, 38].

brief biological information regarding the immense biological challenges for gene activation
and their advantages, disadvantages and possible therapeutic strategies. There are certain
challenges exist, such as off-target effects, cytotoxicity, need for efficient delivery methods,
their clinical implementation need efficient delivery vehicles and siRNA activity, itself, non-
specific gene silencing, activation of innate immune system, the lack of efficient in vivo deliv-
ery systems still remain to be handled. Apart from these challenges, the development of
efficient tissue-specific and differentiation dependent expression of siRNA is essential for
transgenic and therapeutic approaches. However, there are successful in vitro and in vivo
experiments for raising hopes in treating human diseases with RNAi [36]. Moreover, our study
is useful for the researchers to understand the central idea about RNAi and gene silencing,
along with the current machine/deep learning and association rule mining algorithms related
to these (Figure 1).

2. Fundamental concepts

In this section, some basic symbols of the graph mining, pattern recognition, [39] and informa-
tion theory are described. A graph is an ordered pair G = (V, E) comprising of a set of vertices
denoted as V and a set of edges denoted as E. To avoid ambiguity, the graph is described here
precisely as undirected and simple. Let, Q = (N, E) be an unweighted as well as undirected
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graph, and H be a (hypograph) of it, (H C N). Further, suppose, the density of H, denoted by
Ds(H), be defined as Ds(H) = ”EII(iII{”’ where IE(H) depicts the induced edge-set of H, and |H]|
refers to the cardinality of H. Suppose, the highest density of the graph H, referred to as
Ds*(H), is illustrated as follows: Ds*(H) = maxycv{DS(H)}. Now, if Q = (N, E) is a weighted

graph, Ds(H) will be %, where IE(H) symbolizes the induced edge-set of H, and wt,

denotes the weight of the edge e € IE(H). Entropy of a random variable evaluates the amount
of uncertainty corresponding to the variable [40]. The entropy of a discrete variable A, referred
to as EP(A), is defined in the following: EP(A) = =), 4p(a) logyp(a), where p(a) refers to the
probability mass function of A, and the value of b, in general, is considered as 2. Mutual
information [41] between two random variables estimates the quantity of information that
they combinedly share, i.e., the mutual dependency between them. When mutual information
is zero, this signifies that these two variables are entirely independent to each other; whereas
when mutual information is higher, it signifies that these two variables are extremely depen-
dent on each other.

Topological Overlap Measure (TOM) and other related measures: Ravasz et al. [42] proposed a
new measure Topological Overlap Measure (TOM) that provided the similarity between two
nodes belonging to a network depending upon nearest neighbor concept. Furthermore, vari-
ous modified versions of TOM such as weighted TOM (WTOM) [43], generalized TOM
(GTOM) [44] are present in the literature. In the course of computing the wITOM, Pearson
correlation coefficient scores are first evaluated for all pairs of vertices, and then a soft
thresholding power (say, p >= 1) is utilized from the correlation coefficient matrix through
scale free topology. After that, weighted adjacency matrix is calculated using the coefficient
matrix using the calculated power f. Then wTOM is computed from the weighted adjacency
matrix. In the same way, the GTOM can also be defined just like TOM except it counts the
number of m-step neighbors while calculating TOM measure between two vertices. Now, for
calculating GTOM of order 0 (i.e., GTOMO), the adjacency score becomes the score of GTOMO.
But, for determining the GTOM with higher order than zero (i.e, GTOM1, GTOM2,
GTOMS3,...), it follows the same procedure of TOM calculation, but counts up to d-th neighbors
for each vertex (d = 1,2,3, ...). Notably, GTOM1, GTOM2 and other higher order GTOM work
only on binary matrix. So, before using those measures, the weighted adjacency matrix is
translated into binary matrix in which the greater adjacency value than a specified cutoff
(e.g., 70% score of the distance between the minimum and maximum adjacency values is
converted into 1, and the lower value than the cutoff is transferred into 0.

In data mining, hierarchical clustering is one of the most popular cluster analyses in forming a
hierarchy of clusters. There exist two types of strategies: agglomerative and divisive [45]. As is
already known, agglomerative hierarchical clustering does not need any input parameters
except the similarity matrix. Thus, there is no extra burden of utilizing cluster initialization as
it simply merges two closest clusters at each iteration and continues till a singleton cluster is
found. Divisive hierarchical clustering also follows the same style but in a reverse order. This is
the major benefit of performing hierarchical clustering over the traditional K-means clustering
algorithm, which is sensitive to initialization.
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Association rule mining (ARM) [46] is a popular method for generating interesting relation-
ships among different items (viz., genes). Suppose, GST = {g;,,...-.§, } be a item set (gene
set) and SST = {s1,5,, ..., 5 } be sample set (viz., transaction set). Therefore, an association rule
can be stated as A = C, where A,C C GST and AnC = ¢. Notably, A and C symbolize as
antecedent and consequent, respectively. An association rule can be described as the cause-
effect relationships of the corresponding item sets in the transactions of a transactional data-
profile in a big shopping market. A set of bought items may fall into a transaction. In a similar
fashion, many genes may occur together in a sample (transaction) of a gene expression profile
or similar profile. Many of these genes may be up-regulated or down-regulated, whereas the
remaining genes will be non-differentially expressed.

3. Machine learning and rule mining approaches for gene inactivation

Currently, omics data analysis is one of the widely popular research domains. It can be
categorized into two major types, single-omics data analysis, and multi-omics data analysis.
In earlier, single-omics data processing such as gene expression data processing was highly
popular. In those days, basically microarray gene expression data was popular. Now, the
microarray data becomes obsolete while RNAseq, next-generation sequencing (NGS) and
whole exome sequencing (WES) data become popular. However, the major aim of the single
omics data analysis was to identify genetic marker as well as gene module identification. In
current era, multi-omics data integration is now a big challenge to any researcher since it
consists of various kind of profiles that are either proportional or inversely proportional to
each other. Different kinds of regression analysis (logistic regression, sglasso [47, 48], flasso
[47], etc.) are popular to integrate the multi-omics data. In case of the multi-omics data, the aim
is to determine either single (or, combinatorial) gene marker, or gene signature, or multi-
biomolecular closed bio-circuit. There are many machine learning and association rule mining
methods available that have been developed to solve different problems related to gene
silencing and disease discovery (Table 1 for tools and Table 2 for their application). For this
regard, Bandyopadhyay et al. provided a comprehensive survey of various statistical tests for
determining differentially expressed transcripts from microarray or other related datasets [69].
Then a rank based weighted association rule mining, RANWAR is developed to identify
weighted interesting genomic rules applicable to any kind of genomic or epigenomic data [9].
A new technique of gene-based association rule mining approach was developed in [62]. Next,
another statistics-based association rule mining technique “StatBicRM” had been proposed
that utilized statistical test and Binary Inclusion maximal algorithm (BiMax) to find
classification-based genetic rules [46]. Reverently, further enhancement of “StatBicRM” algo-
rithm was performed and a new method of combinatorial marker discovery had been devel-
oped whose central concept was based upon the inverse relationship between the gene
expression and methylation pattern [50]. In addition, mutual information based feature selec-
tion strategy had been incorporated into the statistical methodology, and a new method of
identifying epigenetic biomarkers through maximal relevance and minimal redundancy based
feature (gene) selection method from bi-omics dataset was proposed [63]. A new method of
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Method name Reference Type Brief description

Multi-view gene modules using ~ Bhadra et al. [49] Gene-module Module detection from multi-view data

hypograph mining detection using the statistical test and mutual

information based dense subgraph.

RANWAR Mallik et al. [9]  Rank based Rank based weighted association rule
genomic rule mining to identify interesting genomic rules
mining applicable to any genomic/epigenomic data.

Combinatorial marker discovery =~ Bandyopadhyay Combinatorial Integrating gene expression and

by integrating multiple profiles et al. [50] marker discovery  methylation profiles, and identifying

DTFP-growth

StatBicRM

sglasso

flasso

MVDA

Machine learning for epigenetics
and future medical applications

A machine learning approach to
integrate big data for precision
medicine

Deep learning based multi-omics
integration robustly predicts
survival

Deep learning for genomics: a
concise overview

intNMF

Multi-modal data analysis for
heterogeneous data

Comparative study and
evaluation of the integrative
techniques for the multilevel
omics data

Mallik et al. [51]

Maulik et al. [46]

Augugliaro
[47, 48]

Augugliaro
[47, 52]
Serra et al. [53]

Holder et al. [54]

Lee et al. [55]

Chaudhary
et al. [56]

Yue et al. [57]

Chalise and
Fridley [58]

Yang and
Michailidis [59]

Pucher et al. [60]

Gene based ARM

Statistical
biclustering-based
rule mining

Regression method

Regression method

Multi-view
genomic profile
integration

Machine learning
and deep learning
approaches

Molecular marker
discovery

Deep learning
based multi-omics
integration method

Deep learning
applications on
genomic data

Integrative
clustering method

Module detection
for heterogeneous
data

Integrative method
for multilevel
omics profiles

combinatorial gene markers.

Multiple-threshold based ARM integrating
gene expression, methylation and protein-
protein interaction profiles.

Statistical biclustering-based rule mining
and analyzing the gene expression and
methylation data profiles using it.

Sglasso tool develops the structured
graphical lasso estimator for the weighted
11-penalized RCON(V, E) model.

Implements the weight 11-penlized factorial
dynamic Gaussian graphical model.

Works to conjoin the those kinds of data at
the levels of the outcomes of every single
view clustering iteration.

Active learning and imbalanced class
learning are utilized to solve the
shortcoming with machine learning for
building better feature selection and solving
the imbalance data problem.

The robust molecular markers that might be
useful for targeted treatment of the acute
myeloid leukemia are identified.

A deep learning method is used to integrate
multi-omics data and to perform survival
study on hepatocellular carcinoma.

The strengths of various deep learning
methodologies are demonstrated that are
applicable on any kind of genomic profile.

Integrative clustering of several high
dimensional profiles and subtype
classification by non-negative matrix
factorization (NMF).

The multi-modal profile analysis is
conducted for heterogeneous data
depending upon NMF.

The comparative study of three integrative
methods (viz., NMEF, sparse canonical
correlation analysis (sSCCA) and logic data
mining MicroArray Logic Analyzer
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Method name Reference Type Brief description
(MALA)) is conducted on simulated data
and real omics profile.
WeCoMXP Mallik and Weighted WeCoMXP is developed integrating co-
Bandyopadhyay connectivity expression, co-methylation and protein-
[61] (similarity) protein interactions, and useful for
measure determining the similarity between any two
molecules.
Tumor prediction using Mallik et al. [62] Rule-based Integrated analysis of gene expression and
integrated analysis of expression classifier DNA methylation and classification rule
and methylation mining for tumor/cancer prediction.
Epigenetic gene marker discovery Mallik et al. [63] Gene based ARM  Epigenetic gene marker discovery using

through feature selection

maximal relevance and minimal
redundancy based feature selection.

Table 1. The machine learning and rule mining methods related to gene inactivation and RNAi.

Method name Reference Type Brief description

TF-MiRNA-gene network Senetal. Module detection TF-MiRNA-gene network based module

based modules for cytosine  [64] detection for 5ShmC and 5mC brain samples

variants between human and rhesus.

IDPT Mallik Intrinsically disordered Potential intrinsically disordered protein
etal. [65] protein finding identification through transcriptomic analysis

of genes for epigenetic data.

Integration of DNA Singh Finding differentially Differentially methylated regions are

methylation data and gene  etal. [66] methylated regions determined and further statistical analysis is

expression data performed.

Application of machine- Cheng Applications of machine The machine learning strategies on gene

learning algorithms for gene and learning methods on gene  regulation are reviewed, and their functional

expression regulation Worzel regulation links mediated by histone modifications and
[67] transcription factors are demonstrated.

Application of machine- Xuetal.  Predictive model of gene A new model is developed to predict the gene

learning techniques on [68] expression by epigenetic expression using the function of histone

histone methylation

factors by regression

modification levels through multi-linear
regression multivariate adaptive regression
splines.

Table 2. Applications of machine learning and rule mining methods related to gene inactivation.

identifying multi-view gene-module identification was also proposed that applied the inte-
grated methodology of statistical method and dense subgraph mining [49]. Detection of
strongly connected genetic modules in multi-omics regulatory networks is an important study
for the integrated study analysis of the network-based architecture. Many profiles belonging to
the multi-omics datasets basically consist of a massive amount of genes, many of them are
noisy and redundant. Such kind of noisy and redundant genes (or, features) are irrelevant
while obtaining knowledge from the data. Furthermore, it is computationally absurd to utilize
any clustering technique on such type of huge sized data profiles to get the dense genetic
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clusters. In many times, researchers face problems while calculating and subsequently accu-
mulating the similarity matrix of such massive dimensions consisting of all the mutual depen-
dency information between all the possible gene-pairs equivalent to every such profile. So,
managing the high dimensionality of the underlying profile is a critical challenge to the
researchers. To overcome the “curse of dimensionality” problem, the job of feature selection is
basically treated as one of the most important preprocessing works to remove such noisy and
redundant genes, which in turn decreases the total elapsed time. The main purpose of the
feature selection is to find an optimal subset of features depending on some optimization
conditions by which efficient knowledge discovery can be performed [70]. Depending on the
availability of the class labels, the feature selection process can be organized into two types:
supervised and unsupervised [71]. Unsupervised feature selection does not need the class label
information while choosing the minimized feature subset [72], whereas supervised feature
selection selects a subset of favorable features by utilizing the knowledge of class labels into
the feature selection procedure. In the case of supervised feature selection, significant test [73],
mutual information [74], are some broadly used measures to evaluate the excellence of the
candidate features. In the territory of biological rematches, a statistical test is generally treated
as one of the important tools for obtaining the significant genes for the big sized datasets, and
therefore aids in decreasing the size of the dataset. There are different types of statistical tests
such as t-test, significant analysis of microarrays, empirical Bayes test, etc. in the literature.

The significant genes therefore provide a weighted graph in which the nodes refer to the
significant genes and the weighted edges signify the association between the related two
nodes. Recently, graph data can be obtained in different rising fields of studies for forming
the complicated structures viz., biological networks, chemical compounds, social networks,
protein structures, etc. With the increasing stipulate on the analysis of large sized structured
data, graph mining has become one of the most demanding topics of research for identifying
the critical relationships among various entities included in the large graphs [75]. In the recent
era, analyzing multi-omics dataset is one of the emerging topics of research where different
profiles denoting several directions are applied to carry out different important tasks viz.,
marker determination, classification, and clustering. For this regard, many research works
have been performed in the following directions viz., marker identification [76], classification
[77], clustering [78], etc. Recently, Bhadra et al. [49] have developed a new algorithm handling
an integrated study comprising of statistical method and normalized mutual information
oriented hypo-graph mining to find the multi-omics co-similar genetic modules present in
multi-omics datasets. Formerly, various statistical (viz., correlation, regression oriented) and/
or weight-based techniques (viz., [79]) are matured for multi-omics data integration, but not for
multi-omics genetic-module detecting. Furthermore, some multi-view data integration mech-
anism employs various soft-computing methods such as clustering, non-matrix factorization,
etc. Recently, Serra et al. [53] proposed a framework for combining different data profiles of
multi-view datasets by integrating several clustering results done on each profile through non-
matrix factorization. Pucher et al. [60] provided a comprehensive review and comparative
study of the three integrative methods (viz., non-negative matrix factorization (NMF), sparse
canonical correlation analysis (sCCA) and logic data mining MicroArray Logic Analyzer
(MALA)) on simulated data as well as real omics profile. In addition, there are many deep
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C4.5 classifier K-nearest
neighbors (KNN)
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Naive Bayes
classifier

Support vector machines
(SVM) classifier

Artificial neural networks
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® Faces the ® Overcomes the
problem of problem of
overfitting. overfitting.

® Needs large ® Requires
searching higher
time. searching time

® Can use both
discrete and
continuous
values.

® Sensitive to
noisy features.

® (lasses need
not be linearly
separable.

® Faces the prob-
lem of
overfitting.

® Enormous
Computational
efficiency.

® Can use only continuous
values.

® s less effective when
data contains noisy fea-
tures.

® Works well even if data is

not linearly separable in
the input feature space.

® Overcomes the problem
of overfitting.

® Needs higher searching
time for a larger data.

® (Can use both discrete
and continuous values.

® Handles noisy features.

® Works fine even if data is
not linearly separable in
the input feature space.

® Overcomes the problem
of overfitting.

® Needs high processing
time if neural network is
huge.

for a larger
data.

Table 3. Comparison of different classifiers.

learning techniques that were also developed to handle biological data. Chaudhary et al. [56]
proposed a deep learning based methodology to integrate multi-omics data and robustly
perform survival study on hepatocellular carcinoma. Furthermore, there are many interesting
applications of the above machine learning and deep learning techniques. For example, Xu
et al. [68] developed a new model using the regression to predict the gene expression using the
function of histone modifications/variants levels through the consecutive regression methods
(viz., multi-linear regression as well as multivariate adaptive regression splines). Mallik et al.
[65] performed a comprehensive analysis to identify potential intrinsically disordered proteins
through the transcriptomic analysis of genes for the expression and methylation data. To find
differentially methylated regions is also an area of interest. Comparison of different classifiers
used in many tools related to RNAi and gene inactivation is described in Table 3.

4. Biological challenges for gene inactivation

There are certain challenges exist, such as off-target effects, cytotoxicity, need for efficient
delivery methods, their clinical implementation need efficient delivery vehicles and siRNA
activity, itself, non-specific gene silencing, activation of innate immune system, the lack of
efficient in vivo delivery systems still remain to be handled [80]. The effective delivery of RNAi
therapeutics in vivo is one of the important challenge and have to consider several parameters
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for an efficient silencing, particle sizing, duration of the RNAI effect, its stability and modifica-
tion, the delivery system and clearing off-target effects [81]. Apart from these challenges, the
development of efficient tissue-specific and differentiation dependent expression of siRNA is
essential for transgenic and therapeutic approaches. Bioactive drugs have been shown to
perturb the naturally running system as these can clog/saturate the biochemical pathways.
Since siRNA/shRNA relies on the endogenous microRNA machinery, thereby high doses of
ectopic RNA have the risk of saturating all component of the miRNA pathway components.
This was observed in the work by Grimm et al. [82] observed fatality association with high
doses of liver-directed AAV-encoded shRNAs in mice, where high doses killed the recipient
mice within 2 months. The length threshold of siRNAs seems to vary among cell types and it is
an important consideration as dsRNA would induce innate immune responses that would
eventually lead to cell death in mammalian. However, dsRNA less than 30 nucleotides have
been shown good enough for no induction of cellular toxicity in mammalian and longer
dsRNA is known to rapidly induce interferon responses. This suggests the careful risk assess-
ment strategies when using longer and more potent Dicer substrates siRNAs. Moreover,
correct RNAI targets are must, though ideal specificity of RNAi targets has not been shown.
However if RNAI is going to silence off-targets, it can alter the gene function, which is clearly
undesirable, therefore, care should be taken before-hand not to suppress the off-targets. If one
third of siRNA are chosen randomly that it results in a toxic phenotype [83]. Comparison of
siRNA and miRNA is described Table 4. However, there are successful in vitro and in vivo
experiments for raising hopes in treating human disease with RNAi. The epigenetic network
is one of the complex regulatory networks where epigenetic mechanisms such as DNA

siRNA miRNA

® Must be fully complementary to its target nRNA. @ Can be partially complementary to its target mRNA.

® 21-23 nucleotide RNA duplex, notably endoge- ® 19-25 nucleotide RNA duplex, derived from gene units.
nous siRNAs’ origin is more polemic.

® dsRNA (30-100 nucleotides), before Dicer ® Precursor miRNA (70-100 nucleotides) with interspersed mis-
processing. matches and hairpin structure, prior to Dicer processing.

® One mRNA target. ® Can have multiple targets (>100 at the same time).

® For gene regulation, endonucleolytic cleavage of ~ ® For gene regulation, translational repression degradation of
mRNA occurs. mRNA occurs.

® Used as a therapeutic agent. ® Utility as a drug target therapeutic agent Diagnostic and bio-

marker tool.

® siRNAs shut down gene expression at a post- ® MiRNAs silence their target genes mainly and most of the
transcriptional level through mRNA degradation. times through translational repression.

® Occurs in plants and lower animals, occurrence in  ® Occurrence in plants and animals.
mammals is questionable.

® Rarely found as an evolutionary conserved. ® Evolutionary conserved most of the time in the related organ-
ism.

Table 4. Comparison of siRNA and miRNA.
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Disadvantages

Advantages and possible therapeutic strategies

RNAi-based therapeutics has led to trigger several off-
target (unintended) effects and hence shown host innate
immune responses.

Pol III expressed shRNAs delivered in an AAV deliv-
ered in mice tail vein through injection was lethal due to
acute liver failure.

Using naked siRNA has poor cellular uptake, it acti-
vates toll-like receptors and does not target to specific
cell types.

Viral vectors for shRNA, expensive to create and cause
immune reactions.

Lack of efficient delivery systems is the most critical
challenge for the therapeutic applications of small

® Strategies for selective internalization and with endoge-

nous mechanism without disrupting the natural path-
way should be used to achieve maximal benefit from
RNAi-based therapeutics.

Levels of ectopic expression of therapeutic sShRNAs
should be carefully controlled (