
High-efficiency plant genome engineering via CRISPR/Cas9 system 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

King Abdullah University of Science and Technology, Thuwal, Kingdom of Saudi 

Arabia 

© April 2019 

Ayman Eid 

All rights reserved 

 



 2 

EXAMINATION COMMITTEE APPROVALS FORM 

 

The dissertation of Ayman Eid is approved by the examination committee.  

Committee Chairperson: Dr. Magdy Mahfouz, Associate Professor 

Committee Member: Dr. Ikram Blilou, Associate Professor.  

Committee Member: Dr. Pascal Saikaly, Associate Professor 

External Committee Member: Dr. Moussa Benhamed, Associate Professor 

 

 

 

 

 

 

 

 

 

 



 3 

ABSTRACT 

Precise engineering of genomes holds great promise to advance our 

understanding of gene function and biotechnological applications.  DNA double 

strand breaks are repaired via imprecise non-homologous end joining repair or via 

precise homology-directed repair processes. Therefore, we could harness the 

DSBs to engineer the genomes with a variety of genetic outcomes and with single-

base-level precision. The major barrier for genome engineering was the generation 

of site-specific DNA DSBs. Programmable DNA enzymes capable of making a 

complete and site-specific cut in the genome do not exist in nature. However, these 

enzymes can be made in in vitro as chimeric fusions of two modules, a DNA 

binding module and a DNA cleaving module. The DNA cleaving module can be 

programmed to bind to any user-defined sequence and the DNA cleaving module 

would generate DSBs in the target sequence. These enzymes called molecular 

scissors include zinc finger nucleases (ZFNs) and transcriptional activator like 

effector nucleases (TALENs). The programmability of these enzymes depends on 

protein engineering for DNA binding specificity which may be complicated, 

recourse intensive and suffer from reproducibility issues.  

Recently, clustered regularly interspaced palindromic repeats (CRISPR)/ CRISPR 

associated endonuclease 9 (Cas9) an adaptive immune system of bacterial and 

archaeal species has been developed for genome engineering applications. 

CRISPR/Cas9 is an RNA-guided DNA endonuclease and can be reprogrammed 

through the engineering of single guide RNA molecule (sgRNA). CRISPR/Cas9 
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activity has been shown across eukaryotic species including plants. Although the 

engineering of CRISPR/Cas9 is quite predictable and reproducible, there are many 

technological challenges and improvements that need to be made to achieve 

robust, specific, and efficient plant genome engineering. Here in this thesis, I 

developed a number of technologies to improve specificity, delivery and 

expression and heritability of CRISRP/Cas9-modification in planta. Moreover, I 

used these technologies to answer basic questions to understand the molecular 

underpinning of the interplay between splicing and abiotic stress.  

To improve Cas9 specificity, I designed and constructed a chimeric fusion between 

catalytically dead Cas9 (dCas9) and FOKI catalytic DNA cleaving domain 

(dCas9.FoKI). This synthetic chimeric fusion enzyme improved Cas9 specificity 

which enable precision genome engineering. Delivery of genome engineering 

reagents into plant cells is quite challenging, I developed a virus-based system to 

deliver sgRNAs into plants which facilitates plant genome engineering and could 

bypass the need for tissue culture in engineering plant genomes. To improve the 

expression of the CRISPR/Cas9 machinery in plant species, I developed a 

meiotically-driven expression of CRISPR/Cas9 which improved genome editing 

and heritability of editing in seed progeny, thereby facilitating robust genome 

engineering applications.  

To understand the molecular basis of the interplay between splicing stress and 

abiotic stress, I used the CRISPR/Cas9 machinery to engineer components of the 

U2snRNP complex coupled which chemical genomics to understand the splicing 
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stress regulation in response to abiotic stress conditions. Finally, I harnessed the 

technological improvements and developments I have achieved with 

CRISPR/Cas9 system to develop a directed evolution platform for targeted trait 

engineering which expands and accelerates trait discovery and engineering of 

plant species resilient to climate change conditions. 
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CHAPTER 1 

INTRODUCTION 

Precision plant genome engineering 
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The world population is increasing and expected to reach 9.7 billion by 2050 

(United Nations, 2015). Therefore, food production needs to be nearly doubled to 

sustain food security (Godfray et al., 2010). Climate change conditions will limit 

crop production and threaten agriculture in many parts of the world. Novel 

technologies are highly needed to produce plants with higher yields and resilience 

to climate change conditions. Mutations breeding and generation of crop plants 

with higher yields was key for the green revolution in 60s and 70s. A second green 

revolution is needed to feed the burgeoning world population.  

Nature has been slowly editing genomes and humans have been selecting these 

natural edits for agricultural traits of value. Selection breeding was key for crop 

domestication. Genetic variation is essential for crop trait improvement. And 

chemical and radiation mutagens were key to increase genetic variation in crops. 

Mutation breeding played a major role in the Green Revolution and the 

development of dwarf varieties with higher yields. Mutation breeding of crops 

resulted in significant increases in yield and tolerance to biotic and abiotic factors 

(Atkinson & Urwin, 2012; Barrow, Lucero, Reyes-Vera, & Havstad, 2008). 

Breeders are in a continuous effort to develop crops of improved traits (Morrissey, 

Dow, Mark, & O'Gara, 2004). Radiation and chemicals- based mutagenesis 

techniques have been developed to induce variations in crop species to enable 

trait discovery, development and improvement (Shu, 2012). These conventional 

mutagenesis methods alter the genome randomly, time consuming and require 

multiple generations of breeding the trait of interest. 

To mitigate the climate change conditions and their negative impact on crop 
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production a robust genome engineering technologies are highly needed to 

develop important traits for yield and resilience to climate changes in crops key for 

food security (Sedeek, Mahas, & Mahfouz, 2019). Serious research efforts have 

focused on altering the plant genome to engineer traits of interest. Agrobacterium 

tumefaciens was discovered in late 1980s as a natural genetic engineering system. 

Agrobacterium has the ability to introduce piece of its genetic material into the plant 

host genome inducing the crown gal disease (Nester, 2014). The bacterium 

transfers a piece of its tumor inducing plasmid (Ti-plasmid) called transfer DNA (T-

DNA) into the plant cell where it integrates into the plant genome. This T-DNA 

carries genes coding for opines and phytohormones  to support cellular 

proliferation and  Agrobacterium growth. The Ti-plasmid can be engineered into a 

binary vector system that mimics the natural Agrobacterium transgenesis and 

delivers genes of interest into the plant genome (Yadav, Vanderleyden, Bennett, 

Barnes, & Chilton, 1982). Agrobacterium mediated plant genetic engineering have 

enabled the transgenesis of DNA from distantly related species or other plant 

species (Schubert & Williams, 2006). Transgenesis suffers from serious 

drawbacks including random integration of the genetic material, possibility 

disrupting endogenous gene function or insertion in heterochromatic region 

leading to the lack of gene expression. Because transgenesis relies on the 

antibiotic selection, there is a public concern on the use of the genetically modified 

(GMO) crops. In addition, through transgenesis we are not making use the genetic 

repertoire of the target plant species. 

Other gene delivery methods including gene gun or particle bombardment also rely 
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on the use of the T-DNA molecules and suffered from the same drawbacks of the 

Agrobacterium-mediated transgenesis (Klein, Wolf, Wu, & Sanford, 1987; Sanford, 

Klein, Wolf, & Allen, 1987). In addition to multiple transgene integration events in 

the host plant genome which complicates segregation  in progeny (Ahmad & 

Mukhtar, 2017).  

1.1 Advances of genome engineering in plants 

To overcome the pitfalls of transgenesis, site specific technologies for precise 

modification of the DNA are highly needed. Site-specific modification of the 

genome enables functional analysis of genes and genomes, and diverse basic and 

applied applications across eukaryotic species including plants.(Hsu, Lander, & 

Zhang, 2014). Genome engineering uses technologies and approaches to edit 

DNA in a site specific fashion through generating double strand breaks (DSBs). 

DNA double strand breaks (DSBs) trigger two repair pathways; homology direct 

repair (HDR) in which the cell uses a preexisting DNA template to undergo the 

repair event (Ciccia & Elledge, 2010) or uses the error-prone non-homologous end 

joining (NHEJ) to imprecisely re-ligate the cut DNA strands (Figure 1). DSBs have 

been used by several groups to employ or direct cellular repair machinery towards 

the achievement of DNA modifications (i.e. genome engineering) (Bibikova et al., 

2001).  

The homology directed repair (HDR) is often used for gene correction, gene 

stacking and generation of protein variants of interest as it uses a repair template 

with pre-designed modifications (Krejci, Altmannova, Spirek, & Zhao, 2012). In late 
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1970s, HDR gene targeting via homologous recombination have been firstly used 

in yeast. This approach has facilitated the generation of single and multiple gene 

knockout in the genomes (Hinnen, Hicks, & Fink, 1978; Scherer & Davis, 1979). 

Subsequently, Capecci and colleagues have developed a gene targeting method 

through homologous recombination in mammalian cell lines (embryonic stem cells) 

in 1980s enabling the study of many genetic diseases and many drug discoveries 

(Mansour, Thomas, & Capecchi, 1988). Because HDR is inefficient in most of the 

cell types and eukaryotic cells, NHEJ is harnessed for diverse applications in 

genome engineering (Mahfouz & Li, 2011). 

The imprecise repair via NHEJ results in indels, deletions, insertion and 

substitutions, which facilities  functional studies of genes. All of the previous 

outcomes can result in functional knockouts due to generation of premature 

codons (PTC) and in-frame mutants of similar or novel functions. 

1.2 Targeted genome editing & gene editing platforms 

 DSBs can be harnessed for a variety of genomic modifications. The challenge 

was to generate a site-specific DSB in the genome. Enzymes capable of 

generating genomic DSBs at a user-selected sequence do not exist in nature. The 

generation of the site-specific nucleases (SSNs) or molecular scissors is key for 

the genome engineering technologies (Nakatsukasa et al., 2005). Scientists, have 

harnessed the modular domains of enzymes to generate chimeric enzyme fusions  

that are able to recognize DNA and generate DSBs precisely. SSNs commonly 

hold a DNA recognition domain and DNA nuclease domain.  
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Figure 1: Site-specific Nuclease generate DNA double stand breaks 

Site-specific nuclease (SSNs) or genome engineering platforms; precisely generate DNA 

doubled strand breaks by breaking phosphodiester bond. DSBs result in activation of either 
the error-prone NHEJ that can result in indels (deletions, insertions or substitutions (shown in 
Pink) or the precise HDR-mediated repair which used donor DNA template (shown in orange) 

to introduce point mutations or total gene addition. NHEJ mostly used to produce functional 
knockouts, while HDR is used for gene integration. Figure adapted from (Eid & Mahfouz, 2016) 

1.2.1 Zinc finger nucleases (ZFNs) 

Zinc finger arrays, are based on small protein motifs (domains) redesigned to 

specifically bind to DNA nucleotide triplets. These arrays could be designed to bind 

a long stretch of DNA sequences when tandemly fused together (Y. G. Kim, Cha, 

& Chandrasegaran, 1996). Subsequently, zinc finger nucleases (ZFNs) have been 

generated by the fusion of zinc fingers domains to the catalytic DNA cleavage 
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domain of FokI (Y. G. Kim et al., 1996; Pavletich & Pabo, 1993). The FokI cleavage 

domain endonuclease activity requires homodimerization. Therefore, the 

successful production of ZFNs needs the fusion of two zinc finger array-FokI 

heteromonomers to enable dimerization of FokI domain.In this modality, one 

monomer will recognize the forward DNA strand (left) and the other monomer will 

recognize the reverse DNA strand (right) through their different zinc finger arrays 

and place the two FokI domains at a proper conformation to enable dimerization 

and endonuclease catalytic activity to generate DNA double strand breaks (DSB) 

(Bitinaite, Wah, Aggarwal, & Schildkraut, 1998). The sequence in between left and 

right arrays is designated as spacer sequence and of a direct influence on the 

activity of the ZFNs. The longer the linker between ZF binding array and FokI 

domain within the same monomer the longer the required spacer (Figure 2a) 

(Cathomen & Keith Joung, 2008). Despite the high specificity and precision of 

ZFNs they suffer from low reproducibility, cytotoxicity, sophisticated protein 

engineering for every single gene target (Durai et al., 2005).  

1.2.2 Transcription activator-like effectors nucleases (TALENS) 

Comparably, the transcription activator-like effectors nucleases (TALENS) have 

emerged for genome engineering applications. The transcription activator-like 

effectors (TALEs) are natural proteins of the phytopathogen Xanthomonas. These 

effectors naturally enter the plant cell through type III secretion system then exploit 

the transcription machinery of a host cell to the pathogen’s favor (Römer et al., 

2007) by localizing into the host nucleus and activate the promoters of the 

susceptibility genes (Kay, Hahn, Marois, Hause, & Bonas, 2007). TALEs have 



 20 

discrete structural features including an N-terminal secretion signal, C-terminal 

transcriptional activation domain, nuclear localization signal and a central repeat 

domain. Its central repeat domain is made of nearly identical 33-39 amino acids 

repeats except for only two residues at the positions 12 and 13 of each repeat 

which are hypervariable and called repeat variable di-residues (RVDs). These 

RVDs mediate the protein DNA recognition through one nucleotide one repeat 

correspondence (Boch et al., 2009; Deng, Yan, et al., 2012; Moscou & Bogdanove, 

2009). The structural studies have revealed that amino acid 13 establish the DNA 

binding and amino acid 12 stabilizes the contact. The code of RVD-DNA binding 

is NK or NN to G, HD to C, NG to T and NI to A. Interestingly, Ralstonia 

solanacearum TALE-like proteins offered more diverse RVDs which have been 

utilized in the genome engineering research (L. Li et al., 2013).  

Therefore, scientist have employed the use of TALEs as DNA binding modules 

similar to zinc fingers (ZFs) (Christian et al., 2010; L. Li et al., 2012; Mahfouz et 

al., 2011). Subsequently, TALE nucleases (TALENs) have been generated by 

chimeric fusion of the catalytic domain of FokI. TALEN is a bi-modular protein 

composed of a TALE DNA binding domain and FokI endonuclease domain. 

TALENs can be reprogramed to bind to any user-defined sequence and generate 

DSBs (Figure 2b). Like ZFNs, TALENs requires protein engineering for every 

single DNA target, however it is more predictable and faster to use than ZFNs. 

However, the ZFNs & TALENs drawbacks limit their application in genome 

engineering due to delivery challenges, their large size, possible cytotoxic effects 

and the requirement of protein engineering for every DNA target of interest 
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(Aouida, Piatek, Bangarusamy, & Mahfouz, 2014; Deng, Yan, et al., 2012; Q. Ding 

et al., 2013; Mahfouz, Piatek, & Stewart, 2014; Tesson et al., 2011). 

Figure 2: Schematic representation of zinc-finger nucleases (ZFNs) and 

transcriptional activator-like effector nucleases (TALENs).  

(a) ZFNs are chimeric proteins of zinc finger arrays fused to FokI catalytic domain. Each ZF array 

can recognize and bind to 3 nucleotides at the targeted DNA location. FokI domains dimerization 

generates DSBs. (b) TALENs identify the target sequence through their central repeat domain 
specifically through their RVD residues, similarly dimerization of FokI domain generates staggered 

DNA cuts (sticky ends). Figure adapted from (Eid & Mahfouz, 2016). 

1.2.3 CRISPR/Cas systems: background and components 

The adaptive immunity mechanism in archaeal and bacterial species has been 

repurposed to serve as genome engineering tools (Bolotin, Quinquis, Sorokin, & 
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Ehrlich, 2005). Notably, the clustered regulatory short palindromic repeats 

CRISPR-associated system (CRISPR/Cas system), is the most powerful site 

specific nuclease developed for genome engineering applications (R. Barrangou, 

2012). The precision of the CRISPR systems originates from their DNA binding 

specificity by Watson-Crick base pairing (complementarity). This reprogrammable 

and predictable DNA recognition mechanism makes CRISPR technology a facile 

engineering of the genome (Cong et al., 2013; Ran et al., 2013). 

CRISPR/Cas systems are used by 90% of archaeal and 40 % of bacterial species 

as an adaptive immune system that guard the prokaryotic cells against invading 

external plasmids, nucleic acids and phages (R. Barrangou, 2014; R. Barrangou 

et al., 2007; Grissa, Vergnaud, & Pourcel, 2007; Wiedenheft, Sternberg, & 

Doudna, 2012). In 1987, CRISPR/Cas systems were identified in Escherichia coli 

as short direct repeats separated by unique sequences (later called spacers) by 

Ishino and colleagues (Ishino, Shinagawa, Makino, Amemura, & Nakata, 1987). 

Later in 2002, the CRISPR abbreviation was established as the CRISPR loci were 

detected in many other bacterial and archaeal models (Guy, Majerník, Chong, & 

Bolt, 2004). Several studies have revealed that there are transcribed irregular 

repeats structures that are constantly associated with CRISPR loci (Jansen, 

Embden, Gaastra, & Schouls, 2002; Tang et al., 2002). The most substantial 

evidence was found in 2005, when three separate studies have revealed that the 

spacer short sequences in-between repeats are homologous to foreign genetic 

elements like plasmids and phages DNA (Bolotin et al., 2005; Pourcel, Salvignol, 

& Vergnaud, 2005). This evidence strengthened the hypothesis that infections are 
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the source of the foreign spacer DNA sequences. Subsequent findings in bacterial 

cultures and infection experiments have showed that Streptococcus thermophiles 

phage resistance was imparted by its CRISPR/Cas system (R. Barrangou et al., 

2007). These CRISPR loci include Cas genes that encode proteins of helicase and 

nuclease activities (Bolotin et al., 2005; Jansen et al., 2002; Pourcel et al., 2005) 

as well as antisense RNA molecules (Makarova, Grishin, Shabalina, Wolf, & 

Koonin, 2006). Consequently, a study in E. coli have shown that CRISPR RNAs 

(crRNA) that are transcribed from CRISPR loci spacers-repeat sequences serve 

as guides to target the Cas proteins against phages DNA. These spacer where 

integrated within the repeats during previous invasions and serve as a memory for 

future invasions (adaptive immunity) (Brouns et al., 2008). Similarly, the defense 

properties was addressed in Staphylococcus epidermidis against foreign plasmids 

DNAs (Marraffini & Sontheimer, 2008). These finding have established the full 

CRISPR adaptive immunity mechanism in which proteins and RNAs are used for 

interference against foreign DNA. 

CRISPR systems are classified into two major classes; class 1 and class 2 where 

each is using a different mode of action (Makarova et al., 2015). Class 1 is a multi-

component dependent including many complexes and effectors. Class 2 is 

subdivided into type II, type V and VI. CRISPR Class 2 systems are used for 

genome engineering applications since they depend on a single effector for 

interference activity (R. Barrangou et al., 2007). The CRISPR/Cas system class 2 

type II adaptive immunity mechanism is divided into three major phases. First 

phase is the foreign DNA acquisition; in which the prokaryotic cell (archaea or 
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bacteria) uses its CRISPR effectors to incorporate pieces (spacer) of the invading 

DNA within the CRISPR array in-between the repeats. These spacer will be used 

as a memory for later invasions (Rodolphe Barrangou, 2013). Within the CRISPR 

array, an A/T rich leader sequence (promoter) is located downstream of Cas genes 

and upstream of the first repeat to initiate the array transcription in the next phase. 

Second phase is transcription and maturation during which the leader promoter 

initiates a polycistronic transcription of the CRISPR/array into a pre-crRNA. The 

pre-crRNA is processed into shorter molecules by RNase activity and Cas genes 

products then bind by a trans activating crRNA (tracrRNA) molecules that provide 

a recognizable structure to subsequently bind to the Cas proteins (Deltcheva et 

al., 2011; Sashital, Jinek, & Doudna, 2011). The third phase is the CRISPR 

interference; where the mature crRNA (RNA complementary to the foreign DNA) 

complexes with a Cas protein (Cas9) and acts as a guide for the Cas9 effector 

protein to identify the foreign DNA. Cas protein 9 (Cas9) is of helicase and 

nuclease activity that generates DNA double strand breaks (DSBs) upon crRNA 

base pairing with the foreign DNA preceding a protospacer associated motif (PAM) 

sequence (Figure 3).  

There are about 40 various families of Cas genes have been identified to date, 

some of these genes are universal and others are signatures that differ from one 

CRISPR loci to another (Makarova et al., 2006). For example; Cas1 and Cas2 exist 

in every CRISPR loci (Marraffini & Sontheimer, 2010) while Ca3 is a type I specific, 

Cas9 is a type II specific and Cas10 is a type III specific (Makarova et al., 2011) 

(Figure 4).  
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Figure 3: Nature adaptive immunity of CRISPR/Cas system 

CRISPR/Cas system is an adaptive immunity mechanism that archaea and bacteria use to fend of  

invading phages and foreign DNA molecules (plasmid). The CRISPR locus have several elements; 

Cas9 nuclease (light green), tracrRNA (dark green), acquisition genes (Cas1, Cas2 & Csn2), 

CRISPR array (Leader sequence, spacer (Abhary, Patil, & Fauquet) and repeats (Abhary et al.)). 

The adaptive immunity is an accumulation of three steps; 1) acquisition of foreign DNA, 2) crRNA 

maturation and biogenesis & 3) interference at which mature crRNA and Cas9 mediate the target 

DNA cleavage.  
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Figure 4: The CRISPR locus 

Cas genes are expressed as operons which Cas1 and Cas2 are universal in every CRISPR locus 

while the other members are signatures of every type. Ca3 is a type I specific, Cas9 is a type II 

specific and Cas10 is a type III specific. CRISPR array expresses premature crRNA (pre-crRNA) 

as a polycistronic RNA.  

1.2.4 The CRISPR/Cas9 system 

Moreover, DNA and RNA targeting CRISPR/Cas systems are available (Jiang & 

Marraffini, 2015). The simplest is the Type II system as it only requires Cas9 

protein as an endonuclease, an RNA molecule as targeting guide and trans-

activating RNA molecule (tracrRNA) (Cong et al., 2013; G. Gasiunas, R. 

Barrangou, P. Horvath, & V. Siksnys, 2012; Jinek et al., 2012; Mali et al., 2013). 

The Cas9 enzyme is of DNA helicase activity and possess two endonuclease 

domains named HNH that cleaves complementary strand and RuvC domain that 

cleaves the non-complementary strand (Figure 5) (Makarova et al., 2011; 

Sapranauskas et al., 2011; Taylor, Heiter, Pietrokovski, & Stoddard, 2011). The 

crRNA binds to the target DNA through Watson-Crick base pairing through. The 

guiding RNA (crRNA & trans-activating RNA) molecules were later engineered into 

a single guide RNA molecule (sgRNA) capable of guiding the Cas9 to a specific 

gene sequence.  

The Cas9 and sgRNA form a ribonucleoprotein complex that searches the target 

DNA (protospacer) for the RNA complementary sequence and subsequently 

generate a DNA double strand break before a protospacer adjacent motif (PAM) 

(Giedrius Gasiunas, Rodolphe Barrangou, Philippe Horvath, & Virginijus Siksnys, 

2012; Jinek et al., 2012). The PAM sequence is essential for Cas9 to generate 
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DSBs, and it is a function of Cas9 to recognize these PAM sequences prior the 

sgRNA binding to the target DNA sequence. Interestingly, archaea and bacterial 

CRISPR arrays are lacking the PAM sequence which proves that the PAM use by 

Cas9 is to avoid the host DNA self-cleavage (Figure 3 & 5) (G. Gasiunas et al., 

2012; Jinek et al., 2012). The PAM sequence is a species signature. The Cas9 

variant from Streptomyces pyogenes usually uses NGG sequence as a PAM 

(Jinek et al., 2012).  

The engineered sgRNA is a single RNA molecule composed of 20 nucleotide 

complementary to target DNA and a scaffold sequence that generates a loop 

structure similar to that of the trans-acting RNA (tracrRNA) (Hsu et al., 2014; 

Wright, Nuñez, & Doudna, 2016). The sgRNA binds to the 20 nts next to the PAM. 

The first 12 bases from the PAM are called the seed sequence. Mismatches 

between the sgRNA and the seed sequence can compromise the Ca9 activity and 

the target binding efficiency (Bortesi & Fischer, 2015). 

These unique modalities make the CRISPR/Cas9 very precise and 

reprogrammable. The CRISPR/Cas9 can be repurposed to engineer any target 

sequence by redesigning the sgRNA guide sequence. The CRISPR/Cas9 can be 

used to simultaneously target multiple genomic loci (multiplexing) (Doudna & 

Charpentier, 2014).  
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Figure 5: Modern CRISPR/Cas9 system 

Cas9 protein on a DNA target. Helicase activity if the Cas9 unwinds the DNA target at the 
protospacer adjacent motif (PAM) sequence which is NGG for S. pyogenes Cas9. Cas9 

endonuclease enzyme have two nuclease domains each cuts a single DNA strand; RuvC and HNH. 

Shown in the figure a chimeric single guide RNA (sgRNA) instead of the crRNA tracrRNA natural 

dual guide (figure 3). The seed sequence is shown as yellow bar. Figure adapted from (Eid & 

Mahfouz, 2016). 

1.2.5 Challenges of CRISPR/Cas9 applications in plants 

The CRISPR/Cas9 system outperforms its counterparts like ZFNs and TALENs 

which require protein reengineering with every new targeted DNA sequence. 

Despite the strength of this system, some drawbacks have emerged; a) off-target 

activities which is the non-specific activity of Cas9 at unwanted sites due to 

sequence similarity (Frock et al., 2015; Hsu et al., 2013; Y. Lin et al., 2014) and 

varies across diverse species and cell types (Tan, Li, Velasco-Herrera Mdel, Yusa, 

& Bradley, 2015), b) limited expression levels of Cas9 and sgRNA in germline cells 

of certain plant species can hinder the heritability of mutations and delays recovery 

of homozygous plants (Fauser, Schiml, & Puchta, 2014; Feng et al., 2014), c) 



 29 

optimization of the reagents transiently might be necessary before starting the 

experiments to ensure better components delivery, mutagenesis frequency and 

avoid embryonic lethality (Ali, Abul-Faraj, Piatek, & Mahfouz, 2015) and d) 

constant system modifications and reengineering are necessary to improve HDR 

and gene editing to ensure precise control of mutation events after the generation 

of the double strand break (DSB). (Haroon Butt et al., 2017; Eid & Mahfouz, 2016).  

1.2.6 CRISPR/Cas9 system applications  

The CRISPR/Cas9 is portable, reprogrammable and can be deployed through in-

vivo and ex-vivo approaches in many prokaryotic and eukaryotic systems. 

Improvements in the CRISPR systems gene editing efficiency is of high demand. 

The CRISPR/Cas9 system have improved the efficiency of   the generation of site-

specific DSBs  and enabled harnessing the NHEJ and HDR repair machineries for 

targeted genomic modifications. The NHEJ can result in out-of-frame mutations 

that consequently generate functional knock outs which are useful in some 

applications. In resemblance, HDR pathways precise engineering of the genome 

and enable single-base-level control over the genetic material.  

The catalytically inactive Cas9 or dead Cas9 (dcas9) has the HNH and RuvC 

nucleases domains deactivated by a single amino acid substitution at each 

domain. This variant is capable of DNA targeting but lack the DNA cleavage 

function (Farzadfard, Perli, & Lu, 2013; Piatek et al., 2015). Dead-Cas9 is a tunable 

enzyme that can be fused to domains of additive functions such as regulatory 

effectors (Gilbert et al., 2013; Piatek et al., 2015), epigenome modifiers (Hilton et 
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al., 2015) and base editors (Y. B. Kim et al., 2017; Komor, Badran, & Liu, 2018; A. 

C. Komor, Y. B. Kim, M. S. Packer, J. A. Zuris, & D. R. Liu, 2016; Komor et al., 

2017) (Figure 6). A partially inactive cas9 also called nickase, where either HNH 

or RuvC nuclease activities is abolished. This Cas9 nickase can produce DNA 

single strand nicks instead of DNA double stranded breaks (B. Shen et al., 2014). 

The dCas9 is used as a DNA targeting module for different applications. For 

example; Piatek et al., have employed the use of dead-Cas9 fused to SRDX 

transcriptional repression, EDLL and TAL transcriptional activation domains to 

provide transcriptional regulation of genes in plants (Piatek et al., 2015; Piatek & 

Mahfouz, 2017). Hilton et al., have used a dead cas9 fused to histone 

acetyltransferase to initiate the downstream gene transcription (Hilton et al., 2015). 

Recently, a breakthrough  has been achieved by David Liu and his group who have 

provided a base editor dead-Cas9. Liu’s serious experimenting and evolutionary 

approaches have generated a dCas9-cytidine deaminases that converts the DNA 

cytidine into thiamine (C to T) and dCas9-adenosine deaminases that can convert 

the DNA adenine to guanine (A to G) at the sgRNA binding or target site (Gaudelli 

et al., 2017; A. C. Komor et al., 2016). This system represents a precise base 

specific editing platform for genome engineering applications.  
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Figure 6: CRISPR/Cas9 system applications  
a) un modified Cas9-sgRNA generating DSB on a DNA target, b) representing catalytically 

inactive (dead-cas9) fused to an effector regulatory domain (arrow represent activation, lines 
indicate repression), c) a nickase-base editor fusion promoting precise base substitution close 

to the PAM site. 

1.2.7 CRISPR/Cas9 system for functional studies of genes 

CRISPR/Cas9 systems have been used for trait engineering across eukaryotic 

species including plants. However, the power of CRISPR/Cas9 is not limited only 

to applied or biotechnological applications but it has tremendous applications for 

basic studies. The CRISPR/Cas9 systems facilities the functional studies of genes, 

and genetic networks and provide functional knockouts and gene variants 

essential to understand the molecular underpinning of biological processes.  
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Genes of higher eukaryotes are often transcribed as precursor or pre-mature RNA 

(pre-mRNA) which is then processed into a mature mRNA. A pre-mRNA is 

composed of expressed sequences called exons and intervening sequence called 

introns, while a mature mRNA is only composed of exons (Will & Luhrmann, 2011). 

Introns where first discovered in 1970s and they are known to be excised from the 

pre-mRNA molecule through the process of splicing. A simple definition of splicing, 

is the removable of introns from a premature mRNA (Figure 7) (Berget, Moore, & 

Sharp, 1977; Chow, Gelinas, Broker, & Roberts, 1977). Most of human genes 

include at least 1 intron which means that every gene is likely to undergo the 

splicing process. Splicing involves a series of chemical changes to the pre-mRNA 

molecule to produce mRNA. The machinery of splicing is termed the spliceosome 

and composed of subsets of ribonucleoprotein complexes that use ATP to process 

pre-mRNA into mRNA (Lerner, Boyle, Mount, Wolin, & Steitz, 1980; Will & 

Lührmann, 2011a).  

Figure 7: Steps of an intron removal 

The figure is showing 2 exon pre-mRNA. 
Intron (red) holds the common conserved 

cis-acting elements 5’SS, branch point 

adenine BPA, polypyrimidine tract. Step1: 

1stranestreification happens when the 

hydroxyl of the BPA makes a nucleophilic 

attack on the 5’ SS structure. The second 

transesterification ligates the two exons 
together and release the intron. 
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A multi exon gene can have either constitutively spliced exons that are represented 

in each mRNA it expresses or alternatively spliced exons that are not going to be 

selectively expressed through alternative splicing mechanisms. Through 

alternative splicing eukaryotes expand their expression capacity and complexity 

as a single gene can be transcribed into multiple mRNAs isoforms and each could 

be translated into a unique protein (Figure 8) (Nilsen & Graveley, 2010). A proper 

understanding of the splicing and spliceosome is crucial to for many aspects; 1) 

unravel the cellular expression patterns and 2) investigate the mis-splicing 

rearrangements underlying genetic disease (Novoyatleva, Tang, Rafalska, & 

Stamm, 2006; Ward & Cooper, 2010). The precise CRISPR/Cas9 system genome 

engineering based approaches can be employed to unravel these splicing 

molecular regulation mechanisms in response to biotic or abiotic stress conditions. 

Figure 8: Alternative splicing events 

A) a gene contains multiple exons that can 

be alternatively spliced. B) mutually 

expressed exons (exon 2 and 3) means 
that only one of them will exists at the 

mature mRNA. C) alternative 5’’ spice site 

might result due to the presence of more 

than 5’ss consensus in the same exon, D) 

alternative 3’’ spice site might result due to 

the presence of more than 5’ss consensus 

in the same exon, E) intron retention is 
where an intron is not splices and passes 

to the final mRNA, these events likely to 

result in pre-mature stop codons and very 

common in plants notable rice Oryza 

sativa.  
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The spliceosome is a multi-megadalton ribonucleoprotein (RNP) complex, that 

dynamically changes its composition and conformations. The eukaryotes include 

2 types of spliceosome; the U-2 dependent and U12-dependent. The U12-

depenedent is less abundant, active with very uncommon intron types and present 

only in some few eukaryotic systems, while the U2-dependnt spliceosome is 

involved in more mechanisms and more common (Black, 2003; M. Chen & Manley, 

2009; Matlin, Clark, & Smith, 2005; C. W. Smith & Valcarcel, 2000). The pre-mRNA 

molecule has conserved sequence features called cis-acting elements that are 

recognized by the spliceosome machinery. These sequences are the 5’ splice site 

(ss), 3’ splice site (ss) and branch site (BS) or branch point adenine (BPA) on an 

intron. The BS is located at 18 to 40 nucleotide before the 3’ ss and followed by 

polypyrimidine tract in eukaryotes (PPT).  

These Cis-acting elements also include enhancers and silencers for exons and 

introns; exon splicing enhancers and silencers (ESE and ESS) or intron splicing 

enhancers and silencers (ISE and ISS). The enhancers and silencers facilitate the 

regulation of constitutive and alternative splicing and serve as binding sites for  

splicing regulatory effectors and so activate or inhibit the splicing at a proximal 

exon or intron (Figure 9) (C. W. Smith & Valcarcel, 2000; Z. Wang & Burge, 2008). 

These splicing regulatory effectors belong to two major protein families 

serine/arginine rich (SR) proteins and heterogenous nuclear ribonucleoproteins 

(hnRNPs) each bind to enhancers and silencer respectively (M. Chen & Manley, 

2009). 
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An introns needs two transesterification reactions to be spliced out to complete a 

splicing event of pre-mRNA molecule. During the first reaction, the 2’ hydroxyl 

group (2’OH) of the branch point adenosine of the intron performs a nucleophilic 

attack on the 5’ss. Consequently, the 5’ss dissociate from the exon and ligates to 

the BSA forming a lariat structure. The second transesterification reaction ligates 

the 5’ and the 3’ of two flanking exons together (Will & Lührmann, 2011b) (Figure 

7).  

Figure 9: Exon definition 

Exon definition or identification. ESEs is recognized by the SR proteins with recruits U2 snRNP members at 

the proximal splice site consensus. The pre-mRNA together with hnRNP from a heterogenous complex H. 

When the complex E forms; U1 snRNP bind to 5’ ss, U2AF (dimer) bind to 3’ ss and polypyrimidine tract , SF1 
bind to branch point, SR protein bind to exon splicing enhancers (ESE) and contact U1 snRNP, U2AF and 

branch point (exon definition complex) (H. Shen, Kan, & Green, 2004). The exon splicing enhancers (ESEs) 

have binding site for the SR proteins (SRp) through their RNA recognition motifs (RRM). The SRps serve as 
regulator and splice effectors (Graveley, 2000). Usually, SR proteins are of different alternative splicing 

functions that can be concluded from the lethality of their knockouts (Ring & Lis, 1994; X. Xu et al., 2005). 

Generally, SR proteins have N-terminal RNA recognition motif (RRM) and arginine serine rich C-terminal 
domain (RS). This RS domain also exists in the U2AF (65 kDa and 35 kDa subunits) of the U2 snRNP (H. 

Shen & Green, 2004; H. Shen et al., 2004). Splicing silencers, ESSs and ISSs usually bind to the 

heterogeneous nuclear ribonucleoproteins (hnRNPs) through RNA recognition motifs to trigger silencing. 

The U2 dependent spliceosome is composed of small nucleolar ribonucleoproteins 

(snRNPs) including U1, U2, U5 and U4/U6 and non-snRNP proteins (Patel & 

Steitz, 2003). Simultaneously, a single snRNP is composed of a number of specific 

proteins, one or two snRNA and Sm proteins. These spliceosomal snRNPs reside 
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in an inactive state and only active when they assemble together during the pre-

mRNA splicing in a very dynamic, interconnected and sequential pattern. The 

snRNAs are being continuously remodeled across the splicing stages through 

serious structural rearrangements (Brow, 2002; Matlin & Moore, 2007; Staley & 

Woolford, 2009). Initially, the U1 snRNP binds to 5’SS of an intron to achieve a 

structure called complex E. Followed by some non-snRNA effectors proteins on 

the cis-acting elements complex A. Both complex E and A are also called pre-

spliceosomal complexes. Then the tri-snRNP which is composed of U4/U6-U5 

snRNPS interacts with pre-mRNA molecule to generate the pre-catalytic B 

complex. In-between each step serious RNA-RNA and RNA-Protein remodeling 

and interactions are undergone. Through snRNA is one of the ways that the U 

snRNPs communicate to execute the next steps. Subsequently, the U1 and U4 

snRNPs are then destabilized leaving an active complex (Bact complex). This 

complex is activated by a DEAH-box RNA helicase Prp2 into B* complex. Then 

the 2 transesterifications steps take place at complex C until the snRNPs are then 

released. (Will & Lührmann, 2011b) (Figure 10). 
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Figure 10: Pre-mRNA splicing by U2-type spliceosome 

The figure shows the assembly and disassembly of the U2 dependent spliceosome across an intron 

with correlation to the U snRNPS only.  

The U2 snRNP is of key importance for the complexes A, B, Bact and C assemblies 

and functions. This multiple component complex includes U2 snRNA and 

associated proteins, SF3A and SF3B sub-complexes (Cretu et al., 2016; Golas, 

Sander, Will, Luhrmann, & Stark, 2003). Particularly, SF3A and SF3B assemble in 

an ATP dependent fashion at the 3’ end of an intron forming complex A of the 

splicing (Matlin et al., 2005). The SF3B subcomplex is composed of seven 

proteins; SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, SF3B6 (SF3B14a or P14) and 

SF3B7 (SF3B14b or PHF5A) (Cretu et al., 2016). The understanding of the 

functional regulatory roles of each of these subunits is essential to interrogate the 
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molecular functions of the splicing and alternatively splicing. The CRISPR/Cas9 

system and CRISPR/Cas9 based base editors provide an efficient molecular tool-

box to edit and modify these cis and trans-acting splicing elements to understand 

their molecular functions and to generate plants that can cope with biotic  and 

abiotic stresses.  

During the complex A formation, the splicing factor 1 (SF1) recognizes the PPY 

and the U2 auxiliary factor protein (U2AF) recognizes the 3’ SS (Wahl, Will, & 

Lührmann, 2009; Will & Lührmann, 2011a) followed by the U2 snRNA binding to 

BS using its the branch point recognition sequence (BPRS) and the pre-mRNA 

branch point adenine (BPA) flanking sequence but not the adenine itself (D. J. 

Smith, Konarska, & Query, 2009). The binding of the U2 snRNA to the pre-mRNA 

is always imperfect due to sequence diversity around the adenosine of BP. 

Therefore, U2 snRNP tends to stabilize this binding by additional protein-protein 

contacts of U2AF65 and protein-pre-mRNA contacts through the splicing factor B 

subunit 1 (SF3B1), SF3B14a and SF3B14b (PHF5A). The 155 kDa SF3B1 subunit 

interacts with the sequence at the 5’ and 3’ of the branch point adenosine 

facilitating the branch point identification (Gozani, Potashkin, & Reed, 1998). In 

addition,  a protein-protein interaction of SF3B1 and PHF5A (PHD finger like 

protein 5A ) provide a conformational access (a pocket) for the branch site adenine 

(BS-A) and the U2 snRNA (Plaschka, Lin, & Nagai, 2017; Rauhut et al., 2016; C. 

Yan, Wan, Bai, Huang, & Shi, 2016). Moreover, the 14kDa subunit of SF3B 

complex, splicing factor 3Ba (SF3B14a or P14) establishes a contact with the 

branch point adenine. The U2 snRNP does interact the pre-mRNA mainly through 
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the SF3b14a (P14). Evidently, the SF3B complex is crucial for scheduling the 

catalytic activation of the splicing complexes (Lardelli, Thompson, Yates, & 

Stevens, 2010; Warkocki et al., 2009). 

1.3.1 Alternative Splicing  

The spliceosome utilizes the trans-acting elements for the fine tuning of the 

alternative splicing by alternating between exons and introns in a pre-mRNA to 

give multiple transcripts from same gene (Figure 8). The diversity of the cis-acting 

and trans-acting elements enables for a complicated adjustment of splicing or 

alternative splicing response specific plant cellular demands (Z. Wang & Burge, 

2008). The splicing enhancer and silencer sequences within exons and introns are 

recognized by SR protein families and heterogenous nuclear ribonucleoproteins 

(hnRNPs) receptively (M. Chen & Manley, 2009). The SR proteins serve as 

splicing inducers while hnRNPs are of inhibitory functions. Additionally, the SR 

proteins and hnRNPs can promote a strong activator or inhibitory effect on the 

proximal cis-acting elements and consequently differ the splicing pattern into a 

selected alternative state (Witten & Ule, 2011). These tans-acting elements are 

separately regulated through post-transcriptional modifications which impact their 

activity on splicing (Heyd & Lynch, 2011). In addition, the process of splicing or 

alternative splicing is co-transcriptional as a result the pre-mRNA is affected by the 

chromatin interactions and remodeling taking place around it. Evidently, there are 

direct and indirect molecular connections in between the chromatin structure, the 

transcription elongation and the splicing functions of the cis-acting and trans-acting 
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elements (U2 snRNP, SR, hnRNPs) (Kornblihtt, 2007; Luco, Allo, Schor, 

Kornblihtt, & Misteli, 2011). 

The prediction of constitutive and alternative splicing fates is often difficult. The 

multiple exon containing pre-mRNA can undergo several alternative splicing 

patterns. Pre-mRNA splicing could be alternative (alternative splicing) to produce 

multiple mRNA transcripts from same gene containing more than one exon (Figure 

8).  

The exon splice sites (ESEs) activates the nearby 3’ and 5’ splice sites by binding 

to the SR proteins which in turns recruits the U2AF65 at a weak polypyrimidine 

tract (Figure 9) (Matlin et al., 2005). On the other hand, hnRNPs act on the intron 

splice enhancers (ISEs) to activate a nearby weak 5’ splice site and so promote 

the contacts to the U1 snRNP (Del Gatto-Konczak et al., 2000; Hui, Stangl, Lane, 

& Bindereiff, 2003). An important observation is that a conserved alternatively 

spliced exon is often surrounded by conserved introns (Philipps, Park, & Graveley, 

2004; Sorek & Ast, 2003; Sorek et al., 2004). There are many observed and 

proposed mechanisms of repression but commonly the hnRNPs will bind the 

silencer sites and provide a zone of silencing or accumulating on pre-mRNA 

making the enhancers sites in accessible (Cartegni, Chew, & Krainer, 2002; 

Wagner & Garcia-Blanco, 2001).  

1.3.2 Splicing and plant stress responses 



 41 

Plants respond to growth, development and environment cues through molecular 

regulations (Shinozaki & Yamaguchi-Shinozaki, 2007; Zhu, 2002). The plant 

transcriptome possesses sophisticated molecular plasticity properties. The gene 

expression (transcription) is subject to different regulatory control, processing and 

modifications such as; mRNA capping, splicing, polyadenylation, surveillance and 

export. Moreover, Most of eukaryotic genes (90%) contain introns (Labadorf et al., 

2010; Szarzynska et al., 2009), given the previously mentioned; robust, dynamic 

and complexed features of the splicing process with the directly acting effector 

complexes and auxiliary proteins (>200) contributing to the process, splicing itself 

is being regulated upon the plant demand through transcriptional and post-

transcriptional machinery (S. Filichkin, Priest, Megraw, & Mockler, 2015; Jurica & 

Moore, 2003; Will & Lührmann, 2011a).  

Hence, alternative splicing (AS) represents one of the most central regulatory 

steps of the post transcriptional gene expression. In humans, 95% of the intron-

containing genes undergo (AS). While in plants this frequency ranges from 40 to 

61% (S. A. Filichkin et al., 2010; Marquez, Brown, Simpson, Barta, & Kalyna, 

2012). The type of AS events predominant in mammalian systems are different 

from those of plants. The mammalian systems favor alternative 5’SS, 3’SS and 

exon skipping which can cause diseases due to cis-acting or tans-acting elements 

mutations. However, the intron retention is enriched and it usually leads into 

truncated proteins in plants. In both systems the mRNAs AS are expected to show 

differential transcriptional level under developmental and stress condition (Reddy, 

Marquez, Kalyna, & Barta, 2013; Staiger & Brown, 2013). The SR proteins can 
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affect; exon identification and recognition, regulate other splicing effectors 

contribution to splicing, and thereby affecting wide aspects of RNA metabolism 

with a huge impact on both the constitutive and alternative splicing (Howard & 

Sanford, 2015). For example, SR proteins control responses to hormonal and 

developmental stimuli in A. thaliana (Tanabe, Yoshimura, Kimura, Yabuta, & 

Shigeoka, 2007). Interestingly, SR coding genes are subject to AS themselves at 

certain stress conditions like salinity, at which alternative splice sites and intron 

retention are reported to be enriched (Cruz, Carvalho, Richardson, & Duque, 2014; 

F. Ding et al., 2014). These observations emphasize the complexity AS process 

and the necessity to utilize the CRISPR/Cas9 system for precise spliceosome 

engineering to unravel the molecular underpinnings of the alternative splicing 

under abiotic stress conditions. 

The U2 snRNP is a central complex for both the constitutive or alternative splicing. 

The U2 snRNP is key to identify the branch chain adenine and itself is regulated 

by the trans-acting effectors of alternative splicing (SRps & hnRNPS) (Figure 9). 

Interestingly, splicing complex subunits mutations and specifically SF3B complex 

are common in human cancer cells. In mammalian systems, alternative splicing 

take place in 95% of the genes (Kornblihtt et al., 2013) and 80% of human genes. 

Remarkably, 50% of the human genetic diseases are due to mutations at the 

consensus splice sites or in the exon and intron auxiliary elements as enhancers 

(ESEs ISEs) and silencers (ESS and ISS) (Cáceres & Kornblihtt, 2002; Cartegni 

et al., 2002; Faustino & Cooper, 2003; Pagani & Baralle, 2004). Recently, the 

sequencing technologies had uncovered huge amounts of somatic mutations in 
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splicing factors genes within many hematological malignancies, myeloid 

neoplasms and chronic lymphocytic leukemia cells (Yoshida & Ogawa, 2014). In 

addition, the splicing factors mutations have been reported in tumors as lung 

adenocarcinomas, pancreatic cancers, breast cancers and unveil melanomas. 

Most of these mutations are heterozygous and affecting splicing factors involved 

in early stages of splicing and in mutually exclusive patterns including SF3B1 

subunit (Figure 11) (Quesada et al., 2011; L. Wang et al., 2011).  

The unclear clinical outcomes of the SF3B1 mutations in chronic myeloid 

neoplasms and lymphoid malignancies are worth of the investigation (Landau et 

al., 2013) as the homozygous deletion of the sf3b1 gene is lethal (Isono, Mizutani-

Koseki, Komori, Schmidt-Zachmann, & Koseki, 2005). There are no previous 

reports of functional knockout of SF3B1 in plants. The generation of functional 

knockouts or in-frame mutations in plants SF3B1 using CRISPR/Cas9 system is 

highly important to understand its role in transcriptional regulation and plant 

adaptations to abiotic stresses.  

Comparably, PHF5A have been also reported to be mutated in few types of cancer. 

Interestingly, PHF5A is oncogenic and is upregulated during cancer progression 

(Y. Yang et al., 2018) and has been shown to be influencing RNA polymerase II 

elongation through interacting or modulating the polymerase associated factor 1 

complex (PAF1c) (Strikoudis et al., 2016). Studies in mammalian cell lines, have 

shown that PHF5A is an essential factor for ESC self-renewal and effective iPSC 

generation. The PHF5A PHD-finger protein is highly conserved among eukaryotes 
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and was previously indicated to be involved in chromatin associated transcription 

(Trappe, Ahmed, et al., 2002). Additionally, previous knockdowns and mutations 

of PHF5A resulted in developmental, cell cycle abnormalities, trigged tumor 

activating pathways, cell cycle arrest and involved in epigenetic cancer 

progression by inhibiting apoptosis (Trappe, Ahmed, et al., 2002; Trappe, Schulze, 

Rzymski, Frode, & Engel, 2002; Zheng et al., 2018). Importantly, the PHF5A have 

been addressed mostly in mammalian, yeast and C. elegans but not in plants.  

 

Figure 11: SF3B1 structure and mutations prevalence  

SF3B1 is composed of 20 Heat repeat domains some of which are reported as hot spots for 

mutations in cancer. Mentioned residues substitutions per each repeat. Contact points to other U2 

snRNP components are mentioned. Heat repeat 16 contacts anti splicing drugs as pladienolide B 

and GEX1A 
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1.3.3 Splicing modulators 

The high frequency of mutations observed in SF3B complex subunits have made 

it a primary target for anti-tumor drugs. The identification of compounds in the 

fermentation broth of Pseudomonas spp and Streptomyces spp was carried out to 

screen for natural products with antitumor properties (Mizui et al., 2004; Nakajima, 

Hori, et al., 1996; Nakajima, Sato, et al., 1996; Nakajima, Takase, Terano, & 

Tanaka, 1997; T. Sakai, Asai, Okuda, Kawamura, & Mizui, 2004; T. Sakai, 

Sameshima, et al., 2004; Y. Sakai, Tsujita, et al., 2002b; Y. Sakai, Yoshida, et al., 

2002a). From these cultures some bacterial metabolites (polyketides) have 

displayed cytotoxic effects on several tumor cell lines and ability to arrest the cell 

cycle at G1 ang G2/M phases (Mizui et al., 2004; Nakajima, Hori, et al., 1996; Y. 

Sakai, Tsujita, et al., 2002b). This data was coupled with promising in vitro cancer 

inhibition when tested in animal models (Mizui et al., 2004; Nakajima, Sato, et al., 

1996; Y. Sakai, Tsujita, et al., 2002a; Y. Sakai, Yoshida, et al., 2002b).  

The groups of compounds extracted from Pseudomonas spp and Streptomyces 

spp are structurally different.. The Pseudomonas spp, produces compounds like; 

FR901463, FR901464 and FR901465 (Nakajima, Hori, et al., 1996; Nakajima, 

Sato, et al., 1996; Nakajima et al., 1997), and Streptomyces spp  produces 

compounds like; Herboxidienes (GEX1A) (Y. Sakai, Tsujita, et al., 2002b; Y. Sakai, 

Yoshida, et al., 2002a) and pladienolides which is extracted specifically from 

Streptomyces platenis Mer-11107 strain (Figure 12) (Mizui et al., 2004).  
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Figure 12: Splicing modulators/antitumor drugs chemical structures  

A) Spliceostatin A9SSA), B) pladienolide B, C) herboxidiene (GEX1A)pharmacophores (groups) 
know to be interacting the SF3B complex are shown I  red letters and boxes. Symbols represent: 

conjugated diene (*), oxycarbonyl (‡) and epoxide (§) groups. Adapted from (Will & Lührmann, 

2011a) 

Herboxidiene’s as GEX1A have been shown to have herbicidal effects on some 

plant species (M. Miller-Wideman et al., 1992). Consequently, synthetic analogous 

of enhanced solubility and stability where produced to replace these natural 

compounds such as spliceostatin A (SSA), meayamycin and E7107 (Albert et al., 

2009; Y. Kotake et al., 2007). Additionally, simpler compounds were generated by 

enantiochemistry approaches based on the compounds (FR901464 and 

pladienolides) consensuses pharmacophore to produce sudemycines (Fan, 

Lagisetti, Edwards, Webb, & Potter, 2011; Lagisetti et al., 2009; Lagisetti et al., 

2008a). All of these analogous were tested to be more active than their natural 

ancestors in cancer inhibition (Kaida, Schneider-Poetsch, & Yoshida, 2012; Webb, 

Joyner, & Potter, 2013b).  
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Many efforts have been done to identify the molecular targets of these compounds. 

The bioactive tagged analog of FR901464 was found to bound very tightly to the 

SF3B complex of the U2 snRNP, afterwards this analog was given the name 

spliceostatin A (SSA) (Kaida et al., 2007b). Similarly, GEX1A (M. Hasegawa et al., 

2011) and pladienolide B from Streptomyces spp were concluded to bind to the 

SF3B complex using photoaffinity approaches. In the initial experiments, subunits 

as SF3B3 and SF3B1 were found to be highly enriched components in affinity 

chromatography assays during SSA, GEX1A and pladienolide B treatments (M. 

Hasegawa et al., 2011; Kaida et al., 2007a; Y. Kotake et al., 2007). This have gave 

a direct indication that the binding pockets of these compounds are somewhere in 

this complex (SF3B) (Bonnal, Vigevani, & Valcarcel, 2012).  

U2 snRNP targeting drugs have direct sequential effect on the splicing specially 

the 3’ss recognition. For example; spliceostatin A (SSA) (Figure 12) binding to 

SF3B complex causing instability of U2 snRNP-pre-mRNA binding and hinder the 

assembly of the U2 spliceosome in general (Corrionero, Miñana, & Valcárcel, 

2011; Roybal & Jurica, 2010). These drugs mediates splicing inhibition effect as 

they block the binding of the U2 snRNA and the original branch point site instead 

binds to its upstream 5’ region (decoy site) causing unspecific interactions and 

leaving the branch point (BPA) adenosine inactivated. Studies have shown that in 

the presence of SSA, the SF3B1 subunit does not crosslink with the pre-mRNA 

suggesting a conformational change upon contacting SSA and inability to form a 

pre-mRNA contact (Corrionero et al., 2011). 
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Thereafter, experimental validations and drugs screens have proven that SF3B1 

is the target for pladienolide B, spliceostatin A (SSA) and herboxidienes (M. 

Hasegawa et al., 2011; Kaida et al., 2007b; Y. Kotake et al., 2007). 

Simultaneously, PHF5A is a molecular target for PB and GEX1A (Cretu et al., 

2018; Cretu et al., 2016). 

In plants, the known methods of studying the transcriptome (e.g. RNA-seq) provide 

an informative advantage to study alternative splicing. However, the pladienolides 

and herboxidiene’s affinity to Un snRNPs complex subunits enable their use as 

splicing modulators/inhibitors and consequently act a molecular probes to tag a 

specific subunit or a molecular function. This strategy could provide an 

understanding on how splicing and AS impact the development and cellular stress 

responses. Mahfouz and his group have addressed the effect of splicing 

modulators (pladienolide B and herboxidiene GEX1A) on alternative splicing and 

plants transcriptome (AlShareef et al., 2017; Ling et al., 2017). Their findings were 

that PB is of inhibitory effect on plant growth and development and that PB 

treatments perturb the splicing of 37% of the constitutively expressed and 25% of 

the alternatively expressed intron containing genes. Most importantly, the finding 

of that PB treatments causes intron retention of constitutively spliced introns and 

that PB causes deferential expression of genes related to abiotic stresses and 

abscisic acid (ABA) in Arabidopsis thaliana, is actually a clear indication that this 

drug behaves the same as in mammalian system by interacting the SF3B complex 

subunits (Ling et al., 2017). Similarly, Mahfouz has found that GEX1A; inhibits 

plant growth and development of several A. thaliana ecotypes, as well as rice and 
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tomato, GEX1A induces an abiotic stress like transcriptional patterns and cause 

perturbed splicing for 53% of the intron-containing genes in Arabidopsis thaliana 

(AlShareef et al., 2017). Splicing modulators, PB and GEX1A are of severe effect 

on plants constitutive and alternative splicing by inhibit SF3B complex (a 

subcomplex of U2 snRNP complex) by targeting SF3B1 and PHF5A subunits. The 

use of anticancer drugs of anti-splicing properties have facilitated the 

understanding of plant splicing abiotic stress responses.  

Interestingly, some cancer cell lines have shown resistance to Pladienolide B and 

GEX1A treatments and there spliceosome is expected to be tolerant to the effects 

of the drugs (Effenberger, Urabe, & Jurica, 2017; Sugano et al., 2014; Yokoi et al., 

2011a). These cell lines have specific substitutions in SF3B1 (R1074H) and 

PHF5A (Y36C) (Teng et al., 2017). These findings have been reported by multiple 

groups and led to the identification and confirmation of the drug binding residues 

within SF3B1 and PHF5A subunits, through multiple approaches such as; 

screening, survival assays, drug-protein structural analysis and cryo-EM structure 

studies of the whole SF3B complex (Bertram et al., 2017; Cretu et al., 2018; Cretu 

et al., 2016; Finci et al., 2018). Structural studies have explained drug target 

interaction in details with pladienolide B and given GEX1A similarity it also undergo 

a similar binding pattern (Figure 13).  
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Figure 13: Structure of SF3B complex members with a splicing modulator  
A) subunit Hsh155 the SF3B1 homolog of S. cerevisiae (violet) is surrounding PHF5A subunit 

(pink). Both are facing the SF3B3 moiety. Also, shown SF3B3 in green. SF3B1 and PHF5A are at 

a contact proximity from the splicing modulator pladienolide B (orange and red spheres). B) is a 

rotation of the previous panel, indicating that the heat repeat 16 (green sticks) of Sf3B1 subunit is 

the closest to the branch site adenosine (BS-A) (green/orange) of the prem-mRNA (grey single 

helix). Figure is adapted from (Cretu et al., 2018).  

Surprisingly, the drugs macrolide ring matches a funnel shape or groove formed in 

between SF3B3, SF3B1 and PHF5A subunits. This region have an almost even 

distribution of residues around, these residues promote the drug interaction. 

SF3B1 residues (F1153, K1071, and V1078), PHF5A residues (Y36 and R38) are 

all at very close proximity to the drug binding pocket (Figure 14). 
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Figure 14: SF3B1-PHF5A PB interaction  

Graphical representation of the amino acid residues of subunits SF3B1 and PHF5A at the drug 

binding pocket (U2/BS docking site). Residues like Y1175,F1153,V1114, V1110, V1110,V1078, 

K1041 and R1074 can engage in hydrophobic weak contacts (grey dotted lines or blue semicircles). 

The SF3B1 V1110, K1071 and V1078 can engage in weak polar interactions with drug (blue semi 

circles). The PHF5A R38 can build a salt bridge (hydrogen bond) with the macrolide ring of the 

drug (green dotted line), while Y36 can make 	 π–π interaction (noncovalent between ring 
structures) with the diene part of the drug (shown as green plates) and also contributes to a weaker 

polar interaction with aliphatic arm (Effenberger et al., 2014b; Effenberger et al., 2017; Lagisetti et 

al., 2008b). Figure adapted from (Cretu et al., 2018). 

Naturally, a hydrogen bond is established between SF3B1 residue K1071 and 

PHF5A residue Y36 to interact the 3-hydroxyl of the branch point adenosine (BPA) 

in a pocket structure. In addition residues (R1074, V1078, V1114) of SF3B1 are 

also repositioned towards the same pocket and build a closed state with the pre-

mRNA. By binding of the drug to the complex its conformational freedom becomes 

restricted and the complex fails to maintain its open state, and instead its stays in 

a closed state but without the pre-mRNA contact. In contrast, the open state is 

accomplished when the space between the terminal heat repeats (H14, H15 and 

H17) of SF3B1 is large (relaxed) to accept the U2snRNP-branch point (U2/BS) 

helix to fit in place. This step is the key for complex A assembly and intron 3’ss 

recognition. Drug binging blocks the complex from binding to pre-mRNA (Figure 

15) (Cretu et al., 2018).  

Genetic engineering plant genomes to incorporate similar mutations could develop 

plants of adequate resistance to the splicing modulators. CRISPR/Cas9 could be 

employed to mediate directed evolutionary development in these subunits. The 

generation of such splicing enhanced subunits will engage enormous comparative 
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studies that can result in the identification of sole role of each subunit, identification 

of the subunits novel or suspected functions and post the transcriptional 

regulations of plants to new level of abiotic stress tolerance and adaptations. 

Figure 15: Conformational rearrangements due to macrolide binding  

The SF3B complex at complex A formation rests in an open position provided by the SF3B1 heat 

repeats (H16-H17) mobility (a). This enables the pre-mRNA branch chain adenosine to access the 

pocket then locked inside in a closed position (c). Binding to pladienolide B or GEX1A locked the 2 
subunits in an always opened position that disturbs the assembly of the complex A at the pre-

mRNA. 

Based on earlier reports and our previous experiments, we insist on the necessity 

to generate mutant variants in SF3B1 and PHF5A using CRISPR/Cas9 system. 

The gene modifications in SF3B1 and PHF5A can develop plant crops of enhance 

a biotic stress tolerance properties and thus advance the plant biotechnology field. 

The use of the splicing modulators PB and GEX1A as molecular probes together 

with CRISPR/Cas9 directed mutagenesis could engineer the plant spliceosome to 

cope with abiotic stresses. CRISPR/Cas9 based genome engineering of the 

splicing machinery would bring a better understanding to the molecular 

underpinnings of splicing and the molecular functions of SF3B1 and PHF5A 
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through the generation of single and multiple functional knockouts and drug 

insensitive variants.  

Collectively, CRISPR/Cas9 based genome engineering methods are for a 

continuous need for optimization and improvement. Through this thesis I am 

presenting different approaches that I have developed to improve the 

CRISPR/Cas9 systems for genome engineering research. I have improved the 

CRISPR/Cas9 components through generation of chimeric fusions to reduce off-

targeting activities and improve system precision in eukaryotes. I have improved 

the germline transmission and heritability of CRISPR/Cas9 mediated mutagenesis 

in plants. I have developed a transient approach to deliver sgRNAs to plant tissue 

for rapid mutagenesis experiments. I have improved CRISPR/Cas9 HDR base 

gene editing using chimeric sgRNA templates in plants. I have used the 

CRISPR/Cas9 system to mediate directed evolution and generate herbicide 

resistant crops. I have used the CRISPR/Cas9 to interrogate the molecular 

underpinnings of the eukaryotes spliceosome and splice abiotic stress responses.  
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CHAPTER 2 

Efficient fdCas9 Synthetic Endonuclease with Improved Specificity for Precise 

Genome Engineering 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission by PLOS from: 

Aouida M, Eid A, Ali Z, Cradick T, Lee C, et al. (2015) Efficient fdCas9 Synthetic 

Endonuclease with Improved Specificity for Precise Genome Engineering. PLOS 

ONE 10(7): e0133373. https://doi.org/10.1371/journal.pone.0133373 
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2.1 Abstract: 

Cas9 endonuclease has been used for genome editing applications across diverse 

eukaryotic species. High frequencies of off-target activities have been reported in 

many cell types, which limit its application in genome engineering especially in 

genomic medicine. Here, we generated a synthetic chimeric protein between the 

catalytic domain of FokI endonuclease and the catalytically inactive Cas9 protein 

(fdCas9). Use of a pair of gRNAs, binding to sense and antisense strands with a 

defined spacer sequence range, allows the formation of a catalytically active 

dimeric fdCas9 protein and the generation of double strand breaks (DSBs) within 

the spacer sequence. Our data demonstrate an improved catalytic activity of the 

fdCas9 endonuclease, with spacer range of 15-39 nucleotides, on a surrogate 

reporter system assays and genomic targets. Further, we observed no detectable 

activities of fdCas9 at known Cas9 off-target sites. Taken together, our data 

suggest that the fdCas9 endonuclease variant is a superior platform for genome 

editing applications in eukaryotic systems including mammalian cells. 
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2.2 Introduction  

The development of precise and highly efficient genome editing tools is 

transforming biological research and expediting biotechnological applications 

ranging from superior crop production to genomic medicine uses (Aouida et al., 

2014). Genome editing tools allow precise alteration of DNA sequences on a single 

nucleotide level. Such control permits functional characterization of genes and 

their variants and linking a particular genotype to a particular phenotype. Several 

genome-engineering approaches have been developed including zinc finger 

nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) 

(Christian et al., 2010; Deng, Yin, et al., 2012; Mahfouz & Li, 2011; Mahfouz et al., 

2011; Ramirez et al., 2008; F. Zhang et al., 2011). ZFNs are used in a variety of 

organisms and cell types but are difficult to design or select, and suffer from a high 

failure rate, rendering them impractical for targeted genome modification (Ramirez 

et al., 2008). TALENs can be easily engineered to bind almost any user-defined 

sequence and have proven efficient in genome editing applications across 

eukaryotic species (Boch et al., 2009; Christian et al., 2010; Moscou & Bogdanove, 

2009). Both ZFNs and TALENs require protein engineering and depend on protein 

DNA recognition and binding. Several repeat assembly protocols have been 

developed for TALEN engineering (Aouida et al., 2014; P. Huang et al., 2011; J. 

F. Li, J. Aach, et al., 2013; L. Li et al., 2012; Reyon et al., 2012; F. Zhang et al., 

2011). However, the requirement of engineering two TALEN proteins with 

simultaneous expression in single cells for each individual target complicates their 

applications, especially in genomic medicine. Moreover, TALEN off-target binding 
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and cleavage has been detected, as have effects of TALEN monomer binding 

(Aouida et al., 2014).  

Clustered regularly interspaced short palindromic repeats (CRISPRs) are involved 

in adaptive immunity in bacteria and archaea against invading foreign DNA from 

phages and conjugative plasmids (R. Barrangou et al., 2007). Recently, a type II 

CRISPR/Cas genome engineering platform was developed for genome editing 

applications (Bassett, Tibbit, Ponting, & Liu, 2013; Cho, Kim, Kim, & Kim, 2013; 

Cong et al., 2013; Dicarlo et al., 2013; Friedland et al., 2013; Jiang, Bikard, Cox, 

Zhang, & Marraffini, 2013; Jiang, Zhou, et al., 2013; Jinek et al., 2012). This 

genome editing system is composed of the Cas9 endonuclease and two RNA 

molecules, i.e., a CRISPR RNA targeting molecule and a trans-activating CRISPR 

RNA processing molecule (Deltcheva et al., 2011; Jiang, Bikard, et al., 2013; Jinek 

et al., 2012; Pattanayak et al., 2013). These two RNA molecules can be combined 

into a single-guide RNA (gRNA) molecule capable of efficiently directing the Cas9 

endonuclease to its genomic target (Cong et al., 2013; Jinek et al., 2013; Mali et 

al., 2013). The Cas9 endonuclease possesses two nuclease domains, the HNH 

and RuvC domains. The HNH domain cleaves the complementary strand and the 

RuvC domain cleaves the non-complementary strand (Jinek et al., 2013). The 

gRNA- guided Cas9 system is used with high efficiency for targeted genome 

modification across eukaryotic species (Doudna & Charpentier, 2014). A major 

drawback of this genome editing system is the frequent off- targeting activity of the 

Cas9 endonuclease (Cho et al., 2014; Cradick, Fine, Antico, & Bao, 2013; Fu, 

Sander, Reyon, Cascio, & Joung, 2014; Hsu et al., 2013; Kuscu, Arslan, Singh, 
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Thorpe, & Adli, 2014; Y. Lin et al., 2014). Activity at off-target sites complicates the 

analysis of the intended modification and can produce unwanted effects, limiting 

the applications of this technology, especially in genomic medicine, where 

specificity is an essential characteristic of an editing reagent. Two gRNA molecules 

are required to ensure the proximity of the Cas9 nickases and to cleave the sense 

and antisense strand simultaneously, thereby generating DSBs (Ran et al., 2013). 

SSB repair is not always effective and can result in deleterious effects in the tar- 

get gene or other loci. It was recently reported that SSBs introduce unwanted 

insertions and/or deletions (indels) and point mutations (Cho et al., 2014; B. Shen 

et al., 2014).  

2.3 Research objective 

Since, a dependable Cas9 platform that is highly specific and efficient is desired 

to ensure the broad applicability of this technology and to realize its potential in 

genomic medicine applications. Accordingly, we generated a chimeric protein 

referred to as fdCas9 by fusing the fully inactivated dead Cas9 protein (dCas9) to 

the catalytic domain of the FokI endonuclease. The fdCas9 protein can be guided 

to the target sites using two gRNA molecules that bind to the sense and antisense 

strands in forward and reverse conformations. When the sgRNA molecules are in 

close proximity and the correct orientation, they facilitate homodimer formation of 

the FokI catalytic domain and thus DSB formation within the intervening sequence. 

The synthetic fdCas9 chimeric protein was capable of mediating efficient genome 

editing with improved specificity in mammalian cells. In conclusion, our data show 
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that fdCas9 provides a superb alternative to existing platforms and may overcome 

limitations that have prevented their use in a wide variety of genome engineering 

applications, namely off-target effects.  

2.4 Results  

2.4.1 Design and construction of synthetic fdCas9 endonuclease variants  

A Cas9 nuclease dead (dCas9) version was generated by simultaneously 

disrupting the HNH and the RuvC catalytic domains (B. Chen et al., 2013). The 

dCas9 protein variant was incapable of cleaving the DNA but retained the ability 

to be targeted by gRNAs. Since the Cas9 nuclease and the Cas9 nickases exhibit 

significant off-target activity, we attempted to design and constructed dCas9. FokI 

protein variants by using the dCas9 as a DNA targeting module and the non-

specific  catalytic domain of the FokI endonuclease as a cleaving module. Such 

biomodular protein variants, with architectures reminiscent of ZFN and TALEN 

architectures, can be used to generate homodimers on a DNA target sequence 

defined by the specificities of gRNA sequences on sense and antisense strands 

and the length of the intervening spacer sequence, (Figure 16A) (F. Zhang et al., 

2011). We used the previously reported dCas9 backbone and generated different 

C- and N-terminus fusions of the FokI catalytic domain (B. Chen et al., 2013). To 

generate the dCas9.FokI chimeric protein, we PCR-amplified and cloned the full-

length dCas9 fragment into the pENTR/D TOPO vector (Life Technologies, 

Carlsbad, CA, USA) to facilitate subcloning and gateway recombination into a 

pDEST26 destination vector for mammalian cell expression (S1 File for 
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sequencing data and map). To produce an in-frame dCas9 C-terminus fusion, we 

sub-cloned synthetic fragments composed of the catalytic domain of wild-type FokI 

preceded by three nuclear localization signals (3NLS) and a linker sequence 

(Figure 16B and S1 File). To produce an N-terminus fusion, we cloned a synthetic 

fragment composed of 3XFLAG, 1 NLS, 2GS, the wild-type FokI catalytic domain, 

and linker sequences into the N-terminus of dCas9 using the NcoI restriction 

enzyme (Figure 16B and S1 File). Subsequently, we cloned different C- and N-

terminus fusions of dCas9 and FokI in pENTR/D into pDEST26 under the control 

of the CMV promoter for mammalian cell expression (Figure 16B). We tested 

dCas9 and FokI fusion variants for dimerization and catalytic activity on episomal 

and genomic DNA targets.  
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Figure 16: Schematic representation of different dCas9 and FokI fusion variant 

architectures. (A) Schematic strategy used to test dCas9 and FokI fusion variants for homodimer 

formation and double-strand break (DSB) generation within the target sequence. A pair of gRNAs 

capable of guiding the dCas9 and FokI fusion variants and binding to the sense and antisense DNA 

strands to facilitate dimerization of the FokI catalytic domain is shown. (B) Schematic 

representation of dCas9 and FokI fusion variants. The FokI catalytic domain was fused to either 

the C- or N-terminus of dCas9 with different linker sequences to facilitate dimer formation. The 

fdCas9 variant was cloned under the CMV promoter with a linker of 16 amino acids and 4 NLSs, 

one in the N-terminal domain and three in the C-terminal domain. dCas9 was also cloned under 

Fig 1. Schematic representation of different dCas9 and FokI fusion variant architectures. (A) Schematic strategy used to test dCas9 and FokI fusion
variants for homodimer formation and double-strand break (DSB) generation within the target sequence. A pair of gRNAs capable of guiding the dCas9 and
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the CMV promoter and used as a negative control. NLSs were included on either or both ends of 

the fusion protein to boost its nuclear localization. 

2.4.2 fdCas9 endonuclease variant exhibited robust catalytic activity in surrogate 

reporter system assays  

The catalytic activities of heterodimeric ZFNs and TALENs are sensitive to spacer 

length (Mahfouz et al., 2011; F. Zhang et al., 2011); therefore, we sought to 

determine the genome editing efficiency of different N- and C-terminus variants. 

We used a surrogate reporter system with various spacers (i.e., sizes) and 

orientations (i.e., protospacer adjacent motif (PAM)-in and PAM-out) (Figure 17A 

and S1 File) (Y. H. Kim, Ramakrishna, Kim, & Kim, 2014; Ramakrishna et al., 

2014). Briefly, this system was composed of two red and green fluorescent 

proteins (RFPs and GFPs) with their coding sequences separated by an 

intervening target sequence that contains a stop codon and renders GFP out of 

frame (Figure 17A). Targeted DSBs in the intervening sequence due to nuclease 

activity followed by non-homologous end joining makes 1/3 of the repair events in 

frame with the second GFP reporter, resulting in functional copies and green 

fluorescence. We transfected HEK293 cells with the DNA of dCas9 and FokI 

variants, pairs of gRNAs targeting the fusion proteins to the intervening sequence, 

and the pMRS reporter plasmid. All gRNA pairs were designed to bind in either 

PAM-in or PAM-out orientations, bringing the two dCas9.FokI monomers in close 

proximity to allow FokI dimer formation and subsequent catalytic activity (S1 File). 

Since FokI activity is dependent on dimerization of the FokI domain, we designed 

various combinations of forward and reverse gRNAs to test various spacer lengths 
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with PAM-in and PAM-out orientations (S1 File). It has been reported previously 

that the optimal spacer length for ZFNs is 6–8 bp and for TALENs is 16–24 bp (F. 

Zhang et al., 2011). We therefore designed spacer lengths that ranged from 2–39 

bp (S1 File). Binding of the dCas9 and FokI fusion monomers that permit dimer 

formation of the FokI domain results in DSBs, frameshift mutations, and the rescue 

of GFP expression.  

We measured GFP fluorescence 72 hours post-transfection using flow cytometric 

analysis to determine the level of nuclease activity. For all experiments, we used 

dCas9 as a negative control and wild-type (wt) Cas9 and Cas9 nickases as positive 

controls for analyses of activity and to ensure the proper design and capability of 

gRNAs in targeting Cas9 monomers. Using the surrogate reporter system, we 

confirmed the cleavage activities of wtCas9 and paired nickases, as well as the 

lack of dCas9-mediated cleavage (Figure 17B and S1 File). The C-terminus 

fusions dCas9f did not exhibit any detectable catalytic activity in either PAM-in or 

PAM-out orientations, for all spacer lengths (data not shown). Conversely, the N-

terminus fusion fdCas9 exhibited robust catalytic activity in the PAM-out 

orientation, though only for spacer lengths ranging from 15–39 bps. Surprisingly, 

the catalytic activity of the fdCas9 variant was better than that of the Cas9 paired 

nickases and very close to that of wtCas9 (Figure 17B).  
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Figure 17: dCas9 fusion variant exhibited robust catalytic activity in surrogate 

reporter assays. (A) Schematic representation of the pMRS plasmid used in surrogate reporter 

assays. Different versions were used including those with different spacer lengths in the intervening 

sequence between the monomeric red fluorescent protein (mRFP) and enhanced green fluorescent 

protein (eGFP) reporters. gRNA pairs in PAM-in and PAM-out orientations were tested. (B) Flow 

cytometry of HEK293 cells at 3 d post-co-transfection with fdCas9 and the PCR amplicon of gRNA 

under the U6 promoter with a 36-bp spacer target. Paired Cas9 nickases and wtCas9 were used 

as positive controls and dCas9 as a negative control. The percentage of cells expressing both 

mRFP and eGFP is shown in the Q2 area of each panel. 

2.4.3 fdCas9 endonuclease exhibits robust catalytic activity on genomic DNA  

the fdCas9 variant did not exhibit any catalytic activity at the off-target sequence. Moreover,
the Cas9 nickases did not exhibit detectable off-target activity, as previously reported [35]. It

Fig 2. fdCas9 fusion variant exhibited robust catalytic activity in surrogate reporter assays. (A) Schematic representation of the pMRS plasmid used in
surrogate reporter assays. Different versions were used including those with different spacer lengths in the intervening sequence between the monomeric
red fluorescent protein (mRFP) and enhanced green fluorescent protein (eGFP) reporters. gRNA pairs in PAM-in and PAM-out orientations were tested. (B)
Flow cytometry of HEK293 cells at 3 d post-co-transfection with fdCas9 and the PCR amplicon of gRNA under the U6 promoter with a 36-bp spacer target.
Paired Cas9 nickases and wtCas9 were used as positive controls and dCas9 as a negative control. The percentage of cells expressing both mRFP and
eGFP is shown in the Q2 area of each panel.

doi:10.1371/journal.pone.0133373.g002
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We included all FokI.dCas9 fusion variants to test and confirm whether the catalytic 

activity and target specificity were similar to those observed in the surrogate 

reporter system assays. To this end, we selected four genes, CCR5, HBB, AAVS1, 

and EMX1, and employed the T7 endo- nuclease I (T7EI) surveyor assay to 

determine the catalytic activities of the dCas9 and FokI fusion variants, as 

previously described (Cradick et al., 2013). Our T7EI assays demonstrated activity 

of wtCas9 and some activity of the paired nickases, the positive controls, and no 

detectable activity of dCas9, the negative control, confirming correct gRNA designs 

and as well as the validity of the T7EI assay (Figure A and D in S1 File). 

Furthermore, our data on the modification of the four genomic targets corroborate 

our previous data obtained using the surrogate reporter system (Figure 18B). None 

of the dCas9f variants exhibited any catalytic activity on any genomic target for 

various spacer lengths in PAM-in and PAM-out orientations (Figure D in S1 File). 

In contrast, the fdCas9 variant produced robust catalytic activity on the genomic 

targets only in the PAM-out orientation of the dual gRNAs, consistent with our data 

using the surrogate reporter system (Figures 18A, 3C, 3E and 3G for EMX1, 

AAVS1, CCR5, and HBB, respectively). It is worth noting that the fdCas9 variant 

exhibited robust catalytic activity for different spacer lengths (17–37 bp) on 

genomic targets (Figure 18). No detectable activity was observed for the fdCas9 

variant with a single gRNA, verifying that fdCas9 monomers were catalytically 

inactive (Fig C in S1 File). To precisely determine the cleavage site and the nature 

of indels, we PCR-amplified fragments encompassing the target site only with the 

combination of gRNAs that exhibited the highest fdCas9 activity for EMX1, AAVS1, 



 66 

CCR5, and HBB and cloned the amplicons into plasmid vectors using the TOPO 

TA Cloning Kit for Sequencing (Life Technologies). Based on Sanger sequencing 

data for these clones, fdCas9-induced DSBs were within the spacer sequence and 

resulted in indels of various lengths (Figures 3B, 3D, 3F and 3H for EMX1, AAVS1, 

CCR5, and HBB, respectively).  
fdCas9 Synthetic Endonuclease for Precise Genome Engineering
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Figure 18: Robust catalytic activity of the fdCas9 variant on endogenous genomic 

targets.  

(A, C, E, and G) T7EI assays for the EMX1, AAVS1, CCR5, and HBB genomic targets, respectively 

with fdCas9 using several combinations of gRNAs in PAM-in and PAM-out orientations. Arrows in 

(C) indicate the expected size of the DNA bands of AAVS1 amplicons cleaved by T7EI. (B, D, F, 
and H) Alignment of Sanger sequencing reads of PCR amplicons encompassing the EMX1, 

AAVS1, CCR5, and HBB target sequences showing indels within the 37-, 20-, 17-, and 28-bp 

spacer sequences, respectively. gRNA targets are highlighted in green, the PAM sequence is 

shown in bold and underlined, dashes indicate nucleotide deletions, nucleotides highlighted in red 

indicate insertions, and nucleotides highlighted in blue indicate substitutions. Mutation frequencies 

were estimated as the number of mutant clones divided by the total number of sequenced clones. 

(I) Catalytic activities of fdCas9 on different genomic targets using gRNA pairs with different spacer 

sizes (represented in percentage).  

2.4.4 fdCas9 variant possesses improved specificity in genome editing  

To investigate whether fdCas9 catalytic activity is reduced at potential genomic off-

target sites, we selected several genomic targets with known off-targets. As we 

have previously reported, wtCas9 exhibits substantial genomic modification at off-

target sequences (Cradick et al., 2013). Therefore, we designed gRNA pairs with 

optimal spacer lengths for efficient fdCas9 activity at HBB and CCR5 that were 

capable of binding to the HBD and CCR2 off-targets as single gRNAs. Further- 

more, we selected gRNA pairs with spacer lengths ranging from 31–39 bp. We 

included paired nickases and wtCas9 to compare the specificities of these 

reagents at the on- and off-target sites to ensure that each gRNA could direct Cas9 

cleavage at the intended sites. As expected, wtCas9 produced substantial off-

target activities ranging from 25% to 30% for different targets, CCR5 and HBB 

sites, as previously reported (Figures 19A and 4C and A and Fig G in S1 File). In 
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contrast, might be possible to detect off-target events using deep sequencing 

coverage of the target sites. Nevertheless, fdCas9 is highly specific when 

compared to wtCas9.  

 

Figure 19: fdCas9 exhibited robust activity with high target specificity.  

The genome modification activities of fdCas9 were assayed at known Cas9 off-targets. (A) T7EI 

assays at HBD, a known off-target for the HBB genomic target, showed high modification 

frequencies using wtCas9 with various gRNAs targeting HBB. (B) T7EI assays at HBD showed no 

detectable modification activities using fdCas9. (C) T7EI assays at CCR2, a known off-target for 

the CCR5 genomic target showed high modification frequencies with wtCas9 using various gRNAs 
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targeting CCR5. (D) T7EI assays at HBD showed no detectable modification using fdCas9 guided 

by different combinations of gRNAs. 

Moreover, we employed our recently developed PROGNOS web-tool to 

interrogate the genome for potential off-targets by allowing different mismatches 

(up to 6 nts) and spacer lengths (0–50 nts). We used the gRNA pair that produced 

the highest catalytic activity on each genomic target (Figure 19I). We identified 10 

potential off-targets for EMX1, 19 off-targets for AAVS1, 9 off-targets for CCR5, 

and 24 off-targets for HBB (Tables I-L in S2 File). We used the T7EI assay to test 

the catalytic activity at each potential off-target. Our data reveal that the fdCas9 

exhibited significant improvement of specificity. For example, fdCas9 did not 

exhibit any catalytic activity on CCR5 and HBB off-targets (Figure 20C and 5D). 

However, very weak activity has been observed with 1 off-target of EMX1 and 

AVVS1 (Figure 20A and 5B). Therefore, fdCas9 exhibited a significant specificity 

compared to wtCas9.  
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Figure 20:  dCas9 exhibited significantly improved specificity.  

T7EI assays to determine the catalytic activity of fdCas9 on potential off-targets, identified by 

PROGNOS web-tool, for EMX1, AAVS1, CCR5 and HBB genomic targets. T7EI mutation detection 

assays for potential off-targets of EMX1.4 and EMX1.14 gRNA pair (Panel A). T7EI mutation 

detection assays for potential off-targets of AAVS1.2 and AAVS1.10 gRNA pair (Panel B). T7EI 

mutation detection assays for potential off-targets of CCR5.13 and CCR5.15 gRNA pair (Panel C). 
T7EI mutation detection assays for potential off-targets of HBB9 and HBB10 gRNA pair (Panel D). 

Note: * indicates the expected size of the DNA bands of corresponding amplicons cleaved by T7EI.  

2.5 Discussion  

The RNA-programmable Cas9 system holds much promise in genome 

engineering especially in genomic medicine applications. However, such 
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applications are hampered by substantial off-target activity of the Cas9 

endonuclease. Thus, attempts have been made to overcome this problem 

including paired Cas9 nickases and titrations of the Cas9 activities using different 

strategies including the control of the level and the efficiency of the gRNAs or Cas9 

expression (Ran et al., 2013). Paired Cas9 nickases provide a feasible solution to 

this problem but it is not without its drawbacks. Another approach involves the 

titration of Cas9 to control its expression or by con- trolling targeting efficiency by 

manipulating the gRNA length and structure (B. Chen et al., 2013; Hsu et al., 

2013). However, these approaches need further improvements in terms of 

specificity and efficiency for wider applications in genomic medicine. Generation 

of Cas9 architectures that necessitate more specific binding requirements for 

catalytic activity would substantially broaden the applications of precise genome 

engineering.  

Here, we describe a robust and highly efficient system for genome engineering 

applications that overcomes the off-targeting problems associated with the present 

platforms. We developed a synthetic chimeric endonuclease variant (fdCas9), a 

fusion of the FokI catalytic domain and dCas9, that exhibits robust catalytic activity 

in a surrogate reporter system and on genomic tar- gets with spacer lengths from 

15–39 bp. Using two gRNAs, an obligate homodimer formed around the spacer 

sequence that brought the fdCas9 monomers of the FokI catalytic domain into 

close proximity and allowed their dimerization and catalytic activity, resulting in 

DSBs within the spacer sequence. The fdCas9 variant is quite similar to recently 

reported fCas9 and RFN endonucleases (H. Chen, Zhang, Yuan, & Liu, 2014; 
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Guilinger, Thompson, & Liu, 2014; Tsai et al., 2014). The NLS-GGS-FokI-XTEN-

dCas9 variant exhibited 10% modification efficiency compared with 15% and 25% 

for Cas9 and wtCas9, respectively (Guilinger et al., 2014). Our fdCas9 exhibited 

up to 20% modification efficiency in the surrogate reporter system compared with 

15% for paired nickases, and possessed robust catalytic activity on a wider range 

of long spacer sequences (15–39 bp). This elevated catalytic activity might be 

attributed to the fdCas9 architecture and the presence of 1 NLS at the N-terminus 

and 3 NLSs at the C-terminus (Andreas, Schwenk, Küter-Luks, Faust, & Kühn, 

2002; Cong et al., 2013). The efficiency of the fdCas9 could be further boosted 

using the recently described tRNA processing system for multiple gRNAs (Xie, 

Minkenberg, & Yang, 2015). In our experiments, fdCas9 variant exhibited robust 

catalytic activity, albeit slightly lower than that of wtCas9, but higher than that 

reported for fCas9 and RFN, indicating that several parameters still need to be 

optimized to produce architectures that possess equal catalytic activity to that of 

wtCas9 with improved specificity. Such improved catalytic activity of obligate 

homodimers with dual single-guide (sg) RNAs would substantially improve and 

extend the applications of CRISPR/Cas9 for precise genome engineering in 

mammalian cells and for genomic medicine, where specificity is an essential 

requirement.  

We have previously reported that Cas9 exhibits off-target activity, including DNA 

and sgRNA bulges in addition to base mismatches (Cradick et al., 2013; Y. Lin et 

al., 2014). Although our results indicate that the specificity of the fdCas9 variant is 

similar to that of Cas9 paired nickases, a detailed genome- wide study will be 
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needed to confirm this. Indeed, researchers have reported that the Cas9 nickase 

using single gRNAs exhibits lower modification levels than that observed using 

paired nickases, indicating that the latter increases the overall off-targets and could 

lead to mutagenic effects in the genome via unknown mechanisms (Tsai et al., 

2014). The fdCas9 variant and the previously reported fdCas9 and RFN variants 

are ideal for precise and efficient genome engineering because they are active 

only when two gRNAs are in the PAM-out orientation with a spacer sequence 

length of 15–39 bp. This range of spacer lengths increases the number of 

targetable sequences in the mammalian genome. Future studies should focus on 

a detailed genome-wide analysis to assess the off-target activities and specificities 

of fdCas9 variants and paired nickases. Such analysis could help generate highly 

robust and specific fdCas9 variants with flexible spacer lengths to increase the 

number of targetable sites in the genome.  

We attempted to further improve the catalytic activity of fdCas9 by using the FokI- 

Sharkey variant but we did not demonstrate a significant increase in the catalytic 

activity of Sharkey fdCas9 compared to fdCas9 (Fig I in S1 File) (Guo, Gaj, & 

Barbas, 2010). It might be possible to increase the efficiency of fdCas9 catalytic 

activity using additional manipulations such as optimizing the linker length and the 

PAM sequence and Cas9 backbone. While this study was in preparation, the same 

linker used in our fdCas9 variant was reported (Guilinger et al., 2014; Tsai et al., 

2014); however, the fdCas9 variant described here possesses elevated catalytic 

activity, which is likely due to the permissibility of homodimer formation using this 

architecture. Moreover, the spacer length required for robust catalytic activity of 
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this fdCas9 variant ranged from 15–39 bp or higher. Longer spacers need to be 

tested to determine the exact spacer range. However, this fdCas9 variant exhibits 

robust catalytic activity and is sufficient for most genome engineering applications. 

Accordingly, future improvements should focus on the use of short versions of 

Cas9 to mediate DNA targeting, thereby improving delivery into different cells 

types. The fdCas9 endonuclease variant provides a versatile genome-editing tool, 

with improved specificity and catalytic activity, for precise engineering of 

mammalian genomes.  

2.6 Material and Methods  

2.6.1 Cell culture media, conditions and, DNA transfections  

HEK293FT cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum in a 37°C humidified incubator with 5% 

CO2. Transient transfection of cells was performed with FuGene HD DNA 

Transfection Reagent (BioRad, Hercules, CA, USA) following the manufacturer's 

instructions. Briefly, 80,000 HEK293T cells per well were seeded in a 24 well 

culture plate and cultured in DMEM supplemented with 2 mM fresh L-glutamine 24 

h prior to transfection. Subsequently, cells were transfected with 250 ng of PCR 

amplicons containing the U6 promoter and sgRNA including a 19-nt guide 

sequence, and chimeric 85-nt RNA (S1 File), and 500 ng of wtCas9, fdCas9 fusion 

variants, dCas9, or Cas9 nick- ase plasmids using 3.4 μl of FuGene HD (Promega, 

Madison, WI, USA). All primers used to amplify the gRNAs are described in Table 
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G in S1 File and the gRNA sequences are listed in Tables C-F in S1 File for EMX1, 

AAVS1, CCR5, and HBB, respectively.  

2.6.2 Construction of dCas9 and FokI fusion variants  

Human-codon-optimized catalytically inactive Cas9 (dCas9) was obtained from 

Addgene (Cambridge, MA, USA; Product number 44246) 

(https://www.addgene.org/44246/). dCas9 was sub-cloned into the pENTR-

D/TOPO vector (Invitrogen, Paisley, UK) using NcoI and EcoRI restriction 

enzymes. Sanger sequencing was used to confirm the authenticity of the dCas9 

clone using the set of primers highlighted in Table A in S1 File. To construct C-

terminus fusions (dCas9-FokI), dCas9 was cloned into the pENTR-D/TOPO vector 

following the same procedure as the FokI-dCas9 N-terminal fusion and verified by 

Sanger sequencing using the primers described in Table A in S1 File. The 

MluI/EcoRI C-terminus fragment of dCas9 was amplified by PCR with modified 

reverse primers (Table A in S1 File) to insert ApaI immediately before the EcoRI 

sites and remove the stop codon, keeping the NLS from the EcoRI site, using the 

Phusion Polymerase from New England Biolabs (Ipswich, MA, USA). Next, the 

MluI/EcoRI PCR fragment was re-inserted back into the original backbone to 

generate a new backbone with ApaI sites added and the stop codon removed. The 

FokI catalytic domain from dHax3 was PCR-amplified with forward primers 

containing the ApaI site and reverse primers containing the EcoRI site and a stop 

codon (Table A in S1 File) using the Phusion Polymerase from New England 

Biolabs. Finally, the FokI fragment was sub-cloned into the dCas9 back- bone with 
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a stop codon to generate the dCas9.FokI chimeric construct (S1 File). To construct 

N-terminus fusions, 3FLAG-NLS-WT.FokI-L16 fragments (Supplementary 

information; Gene synthesis from Blue Heron, Bothell, WA, USA) in the N-terminal 

region of dCas9.3NLS were custom synthesized in the pENTR/D plasmid using 

the NcoI restriction enzyme. The N-terminal fusion of 3FLAG-NLS-WT.FokI-L16 

was then confirmed by sequencing using one reverse primer, dCas9-R (5’-

CGGGTTGCTTCAGCGGTCTCCC-3’), and subsequently cloned into the 

pDEST26 human expression vector by LR-Gateway recombination cloning (S1 

File).  

2.6.3 Episomal surrogate reporter assays  

The RFP-GFP reporter plasmids used in this study were constructed as described 

previously (H. Kim et al., 2011) (H. Kim et al., 2011). The target DNA with various 

spacer lengths between the two gRNA binding sites was cloned into the pMRS 

plasmid between the EcoRI and BamHI restriction enzyme sites using primer 

cloning (Table B in S1 File for the PAM-out orientation). Sanger sequencing was 

used to confirm the cloning of the targets using primers described in Table A in S1 

File.  

To determine the catalytic activities of dCas9 and FokI C- and N-terminus fusion 

variants, HEK 293FT cells were co-transfected with each fusion variant plasmid 

(500 ng) and the RFP-GFP reporter plasmid (200 ng) and 150 ng of gRNA PCR 

amplicon containing the U6 promoter in both orientations (PAM-in and PAM-out) 

and G followed by a 19-nt guide sequence 85-nt chimeric RNA in a 24-well plate 
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using FuGene (Promega). At 3 d post-transfection, transfected cells were 

subjected to flow cytometry and cells expressing both RFP and GFP were counted 

and quantified.  

2.6.4 Mutation detection analysis using T7EI assays  

Genomic DNA was purified 3 d post-transfection using QuickExtract (EpiCentre, 

Madison, WI, USA) (Guschin et al., 2010). T7EI mutation detection reactions were 

performed, as previously described (Reyon et al., 2012), and the digestion 

products were resolved on 2% agarose gels. Unless otherwise stated, all PCR 

reactions were performed using high-fidelity AccuPrime Taq DNA Polymerase 

(Life Technologies) according to the manufacturer's instructions for 40 cycles 

(94°C, 30 s; 58–64°C depending on the target, 30 s; 68°C, 60 s) in a 50-μl reaction 

volume containing 1.5 μl of cell lysate, 3% dimethyl sulfoxide, and 1.5 μl of each 

10 μM target region amplification primer or off-target region amplification primer 

(Table H in S1 File). To corroborate our T7EI assays, the PCR products were sub-

cloned in TOPO TA Cloning or Zero Blunt vectors (Life Technologies), according 

to the manufacturer's instructions. Sanger sequencing reactions were per- formed 

using the M13F primer (5’-TGTAAAACGACGGCCAGT-3’).  

2.6.5 Off-target analysis for CCR5 and HBB  

CCR5 and HBB off-targets, known as CCR2 and HBD, respectively, were analyzed 

using a bioinformatics-based search tool to select potential off-target sites, which 

were evaluated using the T7EI mutation detection assay (Cradick et al., 2013). 
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Sanger sequencing was used to confirm the gene modification frequencies for the 

CRISPR/Cas9 system, the nickases, and the chimeric FokI-dCas9. The primers 

used to amplify CCR2 and HBD are listed in Table H in S1 File.  

2.6.6 Potential off-target analysis of fdCas9 using T7EI assays  

Potential paired fdCas9 off-target sites in the human genome (hg19) were 

identified using the recently developed bioinformatics program PROGNOS, up to 

6 base mismatches per target half site were permitted, with a spacer range of 0–

50 bp and top ranked sites were further investigated (Fine, Cradick, Zhao, Lin, & 

Bao, 2014). Primers used for target region amplification were designed by 

PROGNOS (Tables I-L in S2 File for EMX1, AAVS1, CCR5 and HBB respectively). 

The cleavage activity of RNA- guided fdCas9 at off-target loci was assessed based 

on the mutation rates resulting from the imprecise repair of DSBs by NHEJ. T7EI 

mutation detection assays were performed, as described previously and the 

digestion products were resolved on 2% agarose gels. We used the G/C control 

provided in the SURVEYOR Mutation Detection Kit as a positive control for the 

T7EI assays (Aouida, Li, et al., 2015; J. F. Li, J. Aach, et al., 2013).  
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CHAPTER 3 

High efficiency of targeted mutagenesis in arabidopsis via meiotic promoter-

driven expression of Cas9 endonuclease 
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3.1 Abstract 

The use of a meiosis I-specific promoter increased the efficiency of targeted 

mutagenesis and will facilitate the manipulation of homologous recombination. 

Abstract The CRISPR/Cas9 system has been harnessed for targeted engineering 

of eukaryotic genomes, including plants; however, CRISPR/Cas9 efficiency varies 

consider- ably in different plant tissues and species. In Arabidopsis, the generation 

of homozygous or bi-allelic mutants in the first (T1) generation is inefficient. Here, 

we used specific promoters to drive the expression of Cas9 during meiosis to 

maximize the efficiency of recovering heritable mutants in T1 plants. Our data 

reveal that the use of a promoter active in meiosis I resulted in high-efficiency (28 

%) recovery of targeted mutants in the T1 generation. Moreover, this method 

enabled efficient simultaneous targeting of three genes for mutagenesis. Taken 

together, our results show that the use of meiosis-specific promoters will improve 

methods for functional genomic analysis and studying the molecular underpinnings 

of homologous recombination.  
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3.2 Introduction  

Targeted mutagenesis has enabled fundamental advances in functional biology 

studies aiming to discern gene function and understand the molecular 

underpinnings of phenotype (Aouida et al., 2014; Mahfouz et al., 2014). Due to its 

simplicity and ease of engineering, CRISPR/Cas9 has become the system of 

choice in targeted plant engineering. However, in plants production of heritable 

mutations with the desired modification requires proper levels of expression of the 

Cas9 endonuclease and single guide RNA (sgRNA) in the germline cells. To get 

these components into the germ line of Arabidopsis, floral dip transformation using 

Agrobacterium tumefaciens is the method of choice and the T-DNA mainly targets 

the female germ line in the embryo sac (Clough & Bent, 1998; Ye et al., 1999). 

Therefore, expression of Cas9 endonuclease and sgRNA in these tissues is 

required to produce heritable mutations. We and other groups have used the 

cauliflower mosaic virus 35S promoter to drive the expression of Cas9, but con- 

structs with this promoter produce low efficiencies of mutagenesis and generate 

mosaic plants due to the activity of the Cas9 endonuclease after the first 

embryogenic cell division. This can complicate subsequent analysis and recovery 

of mutants (Fauser et al., 2014; Naryshkin et al., 2014). Indeed, previous studies 

have indicated that the 35S promoter has very low activity in germline cells, 

resulting in a very low efficiency of targeted mutagenesis (Fauser et al., 2014). 

Additionally, using such somatic promoters delays recovery of a homozygous 

mutation to the T3 generation. Therefore, there is a pressing need to improve the 

generation of heritable Arabidopsis mutants preferably from the T1 generation.  
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Several recent studies have employed different CRISPR/ Cas9 systems with cell- 

or stage-specific promoters to maximize the efficiency of genome editing and 

recovery of mutants in the T1 generation of Arabidopsis. For example, the YAO 

promoter was used to drive the expression of Cas9 and resulted in increased 

genome editing (L. Yan et al., 2015). Similarly, the male gametocyte-specific 

SPOROCYTE- LESS promoter also increased Cas9 expression and thus genome 

editing in the germline cells (Mao et al., 2016). Another recent study used an egg 

cell-specific promoter to increase the efficiency of CRISPR/Cas9 genome editing 

by optimizing the expression and the stability of Cas9 mRNA transcripts in the 

germline cells (Z. P. Wang et al., 2015). Intriguingly, the use of the egg cell-specific 

promoter substantially increased the efficiency of mutant recovery in the T1 

generation of transgenic Arabidopsis.  

3.3 Research objective 

Here in, we have improved the germ line mutation heritability through meiosis 

specific expression of the Cas9 protein. The stage specific activity of the system 

would enable very high rates of homozygosity recovery and faster genome 

engineering experiment in plants.  

3.4 Results 

3.4.1 Developing meiosis-specific CRISPR/Cas9 expression systems 

Therefore, we attempted to develop a meiosis-specific CRISPR/Cas9 expression 

system. Development of this system would facilitate the manipulation of 
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homologous recombination, increase the efficiency of generating mutants in the 

T1 generation, and provide exciting tools for studying fundamental questions 

related to homology- based DNA repair and ultimately efficient editing of plant 

genomes. Manipulation of homologous recombination will facilitate basic research 

and enable plant biotechnology approaches to improve key traits. To develop a 

meiosis-specific CRISPR/Cas9 system, we tested the effects of three meiotic 

promoters on targeted mutagenesis and mutant recovery in the T1 generation of 

transgenic Arabidopsis. We selected three different Arabidopsis thaliana 

promoters, one specific to meiosis I (AT4G40020, herein called MGE1p), one 

specific to meiosis I and II (AT4G20900, herein called MGE2p), and one specific 

to meiosis II (AT1G15320, herein called MGE3p) (J. Li et al., 2012). Since these 

promoters have not been fully characterized, we first cloned the promoters, by 

replacing the existing EC1.2p in the recently developed egg cell-specific Cas9-

expression system (Z. P. Wang et al., 2015); for each promoter, we included the 

respective untranslated region to maintain their transcriptional regulation (J. Li et 

al., 2012). We then used these three promoters to drive the expression of zCas9 

in the pMGE-TRI binary vector system, which contains the optimized rbcS E9 

terminator to improve the stability of zCas9 transcripts (Figure 21A) (Z. P. Wang 

et al., 2015).  

Additionally, we used the same dual sgRNA scaffold that had previously been 

tested; this targets the ENHANCER OF TRY AND CPC 2 (ETC2), CAPRICE 

(CPC), and TRIPTYCHON (TRY) genes (Figure 21B).  
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Figure 22: Meiotic genome engineering constructs (pMGE) designed and loci 

targeting 

a) Structural representation of the T-DNA showing the zCas9 endonuclease driven by meiosis-

specific promoters. b The genomic targets in the ETC2, CPC, and TRY genes indicating the relative 
sizes of the PCR amplicons and the site of T7EI activity and the sgRNA targeted site. 

3.4.2 Generation of mutants using meiosis-specific CRISPR/Cas9 expression 

systems 

The TRY CPC double mutants have an easily screenable phenotype of clustered 

leaf trichomes (Z. P. Wang et al., 2015) and the ETC2 TRY CPC triple mutants 

also have an easily screenable phenotype of increased trichome development at 

the edges of leaves and on petioles. Using multiple sgRNAs for three gene targets 

allowed us to test the efficiency of these meiotic promoters in mediating multiplex 

genome editing. The pMGE-TRI constructs harboring any of these three meiotic 

promoters were transformed into the Agrobacterium tumefaciens GV3101 strain 
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and single colonies were selected for floral dip transformation of Arabidopsis wild-

type Col-0 plants. Seeds were collected and screened on Murashige and Skoog 

(MS) medium supplemented with 30 mg/L hygromycin and 50 transgenic lines 

were recovered for each construct.  

3.4.3 Phenotyping and genotyping of the mutants 

We observed mutant phenotypes in the T1 generation (Figure 22A). Subsequently, 

we analyzed the frequencies of targeted mutagenesis of these lines (Figure 22B), 

using T7 endonuclease I (T7EI) to test the mutated site by specifically cleaving the 

mis-matched region of a DNA duplex with the original sequence (Figure 23) (Ali, 

Abul-Faraj, Li, et al., 2015). Our T7EI assays indicated that the three promoters 

mediated targeted mutagenesis, but MGE1p exhibited higher efficiency than 

MGE2p and both of them exhibited higher efficiency than MGE3p. We also cloned 

the PCR amplicons encompassing the target sequence and subjected these 

clones to Sanger sequencing. Our sequencing data revealed the high frequency 

of mutagenesis and the presence of different polymorphisms. Using the meiosis I-

specific promoter MGE1p resulted in 12/35 (34.2 %) targeted mutations for the 

ETC2 locus, 28/28 (100 %) for the TRY locus, and 33/39 (84.6 %) for the CPC 

locus. Using the meiosis I/II promoter MGE2p resulted in 10/26 (38.6 %) targeted 

mutations for the ETC2 locus, 17/32 (53.1 %) for the TRY locus, and 12/41 (29.2 

%) for the CPC locus. Using the meiosis II promoter MGE3p resulted in 1/37 (2.7 

%) targeted mutations for the ETC2 locus, 16/39 (42 %) for the TRY locus, and 

4/42 (9.5 %) for the CPC locus. Using the egg cell-specific promoter EC1.2p 



 86 

resulted in 4/19 (21 %) targeted mutations for the ETC2 locus, 4/20 (2 %) for the 

TRY locus, and 2/20 (1 %) for the CPC locus. Our data reveal that the MGE1p 

meiosis I-specific promoter produced high frequencies of mutagenesis, and that 

the activity of this promoter exceeds that of the egg cell- specific promoter. We 

also screened for mutagenesis by examining the phenotypes of the plants. We 

recovered mutants with the try cpc double mutant phenotype and with the etc2 try 

cpc triple mutant phenotype in the T1 generation (Figure 22A). These observations 

demonstrate the efficiency of mutagenesis and multiplexing using the meiosis- 

specific promoters. Subsequently, we determined the heritability of the 

modification. To this end, we selected a few confirmed T1 mutant lines, collected 

the T2 seeds, and screened these plants for the presence of the mutations using 

phenotypic and molecular analysis. We found that the T1 mutations were heritable, 

as evidenced by the mutant phenotype and corroborated by molecular analysis, 

indicating the germline activity of Cas9 driven by the meiotic promoters.  
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Figure 22: Phenotyping and mutation frequency  

a) Phenotype of T1 etc2 cpc try triple mutant Arabidopsis plant, number of plants exhibiting mutant 
phenotype and the number of T7EI positive plants. b) Mutation efficiencies in T1 generation. The 

table indicate, for each promoter construct, the number of transgenic plants, the number of plants 

with mutant phenotype, and the number of plants confirmed by T7EI assays. The mutation 

efficiencies are shown in (%) for each promoter 
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Figure 23: Molecular confirmation of indicates an efficient targeted mutagenesis in 

Arabidopsis, with meiotic promoter-driven Cas9 endonuclease.  

T7EI assays for the three targets using the three meiotic promoters and EC1.2 as the positive 

control. Red dots signify the T7EI cleavage products of the PCR amplicons. Sanger sequencing 

results next to the agarose gel show data from representative clones  

3.5 Discussion 

In this study we selected three meiosis- specific promoters to drive the expression 

of the Cas9 endonuclease. We recovered mutants from the T1 generation with 

high frequency indicating that meiotic expression of the CRISPR/Cas9 machinery 

could improve mutagenesis rates. Interestingly, the prophase MGE1p meiosis I-

specific promoter resulted in the highest frequency of mutagenesis, followed by 

the MGE2p meiosis I- and meiosis II-active promoter which resulted in a high 

number of T1 mutants. In comparison, using MGE3p meiosis II- specific promoter 

resulted in recovery of fewer mutants in the T1 generation. Our data indicate the 

need to optimize and fine-tune the expression of the CRISPR/Cas9 machinery in 

meiosis I to generate high levels of T1 mutants. Because genome editing does not 

require the constitutive and stable expression of sgRNA/Cas9 reagents, it could 

be possible to use in planta transformation to deliver the CRISPR/Cas9 reagents 

transiently and recover mutant progenies. Developing meiosis-specific promoters 

and in planta transient delivery of the CRISPR/ Cas9 reagents would increase the 

efficiency of non-trans- genic genome editing. Our work opens exciting possibilities 

to employ these promoters to study homologous recombination, including the 

molecular underpinnings of homologous repair for targeted molecular breeding 

across diverse plant species. 

3.6  Materials and methods 

3.6.1 Generation of the binary vectors 
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Promoters were amplified by PCR from A. thaliana genomic DNA  using promoters 

with forward SpeI overhang and reverse overhang with XbaI restriction sites. The 

1553 bp AT4g40020 promoter was amplified using primer forward (5’-

AATACCATGGTTATACTAGTGGGGTTTAGGTCTTTCCAT-3’) and reverse (5’-

TCCATCTAGAATGATAGAATGTTTTTTATTCAGC-3’), The 612 bp AT4G20900 

promoter was amplified using primer forward (5’-

AATACCATGGTTATACTAGTCTCGGCAAACGCCATAAC-3’) and primer reverse 

(5’-TCCATCTAGATCTTTTTCGATTCTCTCTGTC-3’) and the 1320 bp 

AT1G15320 promoter was amplified using primer forward (5’-

AATACCATGGTTATACTAGTCAACTCACCACCTCCCTCT-3’) and primer 

reverse (5’-TCCATCTAGATCGTGTTTCTTCTTCAGCACT-3’). PCR amplicons 

were then digested by SpeI and XbaI and cloned in PHEE2E-TRY (Z.-P. Wang et 

al., 2015) replacing its EC1.1 promoter to generate MGE1p, MGE2p and MGE3p 

respectively. PHEE2E-TRY is already expressing the sgRNAs. 

3.6.2 Agrobacterium tumefaciens transformation and floral dip 

Electro-competent cells (50ul) of GV3101 were transformed with the vectors 

containing the four binary vectors. Cells were spread on to 50 mg/L Kanamycin, 

25 mg/L Rifampicin and 30 mg/L Gentamycin LB agar plates. Single colony was 

picked and grown in 5 ml LB media with kanamycin, gentamicin and rifampicin at 

28 °C shaking incubator for 36–48 h. At OD600 1–1.2 cells were harvested by 

centrifuging at 3500 rpm at room temperature. Subsequently, floral dip on A 

thaliana was done as (X. Zhang, Henriques, Lin, Niu, & Chua, 2006). After four 

weeks from the floral dip seeds were collected and transgenic plants were selected 

on 30 mg/L Hygromycin. 

3.6.3 PCR and T7EI assay 

T7EI assay was performed as described by (Reyon et al., 2012). PCR was 

amplified from the genomic DNA for the corresponding loci; for AtETC forward 
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primers (5’-AATACCAACCGTCTTCGTCTTC-3’) and reverse primer (5’-

TTGTTACTCTCGCCATGTGAA-3’). For AtCPC, forward primer (5’-

TCACTTTGGCTAGTTTGGTTCA-3’) and reverse primers (5’-

TCCAAAATAGTAATTCAAGGACAGG-3’) and for AtTRY, forward primer (5’-

ACAGTGTACCATGTTGTAGGGGAAG-3’) and reverse primers (5’-

TAGGAAGGATAGATAGAAAAGCGAGGA-3’). The purified 200 ng PCR product 

was re-annealed in NEB Buffer 2 in PCR machine (95°C for 10min, 85°C for 2min, 

75°C for 3min,65°Cfor3min,55°Cfor3min,45°Cfor3min,35°Cfor3min, 25 °C for 3 

min, 4 °C) to make hetero-duplex DNA. T7EI (New England Bioloab) 0.5ul was 

added to the samples and incubate for 1 h at 37 °C. The samples were resolved 

on two (2%) Agarose TAE gel.  

3.6.4 Sequencing of targeted loci  

To confirm modification at targeted locus, all samples were analyzed by Sanger 

sequencing. PCR product of the respective loci were cloned in to pJet2.1 cloning 

vector. All plasmids were Sanger sequenced using T7 primer. 

 

 

 

 

 



 91 

CHAPTER 4 

Improving single guide RNA delivery by transient expression: Pea early-browning 

virus-mediated genome editing via the CRISPR/Cas9 system in Nicotiana 

benthamiana and Arabidopsis thaliana. 

 

 

 

 

 

 

 

 

 

Reprinted with permission by ElSEVIER from: 

Ali, Z., Eid, A., Ali, S., & Mahfouz, M. M. (2018). Pea early-browning virus 

mediated genome editing via the CRISPR/Cas9 system in Nicotiana 

benthamiana and Arabidopsis. Virus Research, 244, 333-337. 

doi:https://doi.org/10.1016/j.virusres.2017.10.009 



 92 

4.1 Abstract 

The clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR-

associated (Cas9) system has enabled efficient genome engineering in diverse 

plant species. However, delivery of genome engineering reagents, such as the 

single guide RNA (sgRNA), into plant cells remains challenging. Here, we report 

the engineering of Tobacco rattle virus (TRV) and Pea early browning virus (PEBV) 

to deliver one or multiple sgRNAs into Nicotiana benthamiana and Arabidopsis 

thaliana (Col-0) plants that overexpress a nuclear localization signal containing 

Cas9. Our data showed that TRV and PEBV can deliver sgRNAs into inoculated 

and systemic leaves, and this resulted in mutagenesis of the targeted genomic 

loci. Moreover, in N. benthamiana, PEBV-based sgRNA delivery resulted in more 

targeted mutations than TRV-based delivery. Our data indicate that TRV and 

PEBV can facilitate plant genome engineering and can be used to produce 

targeted mutations for functional analysis and other biotechnological applications 

across diverse plant species.  

Delivery of genome engineering reagents into plant cells is challenging and 

inefficient and this limit the applications of this technology in many plant species. 

RNA viruses such as TRV and PEBV provide an efficient tool to systemically 

deliver sgRNAs for targeted genome modification.  
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4.2 Introduction  

The ability to precisely manipulate eukaryotic genomes and transcriptomes can 

enable studies of protein function and the production of mutants that improve our 

understanding of the molecular underpinnings of growth, development, and 

disease states. These approaches require efficient genome engineering 

technologies that enable control of the genetic material at the single-base level 

(Zong et al., 2017b). Such technologies can be used for targeted mutagenesis, 

generation of gene knockouts, and precise integration of regulatory sequences or 

gene fusions. Site-specific nucleases can be engineered to bind a user-defined 

genomic sequence and generate a double strand break (DSB), which can be 

subsequently repaired by the imprecise non-homologous end joining (NHEJ) 

repair, or the precise homology dependent repair (HDR). Therefore, NHEJ is useful 

for the generation of functional knockouts, and HDR is useful for the generation of 

gene variants, gene addition, fusions, and replacement (Mahfouz et al., 2011; 

Zong et al., 2017b).  

The clustered regularly interspaced palindromic repeats (CRISPR)/ CRISPR-

associated (Cas9) system uses the Cas9 endonuclease and a single guide RNA 

(sgRNA); Cas9 specificity depends on Watson-Crick base pairing between the 20 

nucleotides of the sgRNA and the genomic target (Jinek et al., 2012). Therefore, 

the CRISPR/Cas9 system can be easily engineered to target any sequence by the 

simple engineering of the 20-bp sequence of the sgRNA (Aouida, Eid, et al., 2015; 

R. Barrangou, 2014). CRISPR/Cas9 has been used for genome editing in diverse 
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plant species and can be applied to all transformable plant species (Ali, Abul-Faraj, 

Piatek, et al., 2015).  

Efficient genome editing requires transient or stable expression of Cas9 and the 

sgRNA; improvements in delivery of these two components of the CRISPR/Cas9 

machinery can facilitate genome editing (Ali, Abul-Faraj, Li, et al., 2015). Delivery 

of transgenes producing Cas9 and the sgRNA for the generation of transmissible, 

germline mutations has traditionally involved the generation of transgenic plants; 

however, plant transformation and regeneration require time-consuming, 

resource-intensive work and occur with different efficiencies in different plant 

species. Because the CRISPR/Cas9 system requires only the 20-nt sgRNA to 

confer sequence specificity, transient delivery of different sgRNAs into a Cas9 

over-expressing line would enable editing of many different loci, thus enabling a 

variety of functional studies as well as plant trait engineering (Ali, Abulfaraj, et al., 

2015).  

Studies in vertebrate cells have used viruses, including retroviruses and 

adenoviruses, to deliver genome-engineering reagents (Lombardo et al., 2007). 

Studies in plants have used Tobacco rattle virus (TRV) for virus-induced gene 

silencing (VIGS), as an efficient tool to facilitate functional genomics in diverse 

plant species. TRV possesses a bipartite genome, composed of two positive-

sense single-stranded RNAs, designated RNA1 and RNA2. The RNA2 genome 

can be engineered to carry gene fragments for functional genomics applications 

via VIGS (Senthil-Kumar & Mysore, 2014).  
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To expand the possible host range, several other RNA viruses have been used to 

deliver different nucleic acids into various plant species. Under natural conditions, 

Pea early browning virus (PEBV) can infect at least 30 dicotyledonous species of 

10 different plant families, including key crops such as Pea, Faba bean, and Alfalfa. 

The host range or PEBV can be extended under laboratory conditions to include 

Tomato, Potato, and Rapeseed (Constantin et al., 2004). The cargo capacity of 

plant RNA viruses, including TRV, can allow the engineering of the viral genome 

to carry and produce sgRNAs. Recently, we and other demonstrated the use of 

the viral system to deliver an sgRNA to target endogenous plant genomic 

sequences and the genome of invading DNA viruses (Ali, Abul-Faraj, Li, et al., 

2015; Cody, Scholthof, & Mirkov, 2017; Zaidi, Mansoor, Ali, Tashkandi, & Mahfouz, 

2016). 

4.3 Research objective 

To expanded the use RNA viruses by engineering the PEBV-RNA2 of TRV for 

genome editing of Arabidopsis. Also, engineering of the RNA2 genome to carry 

single or multiple sgRNAs under the control of PEBV resulted in efficient 

generation of plant genomic mutations and can be used for interference with DNA 

viruses, indicating the broad usefulness of these viruses for plant genome 

engineering and disease resistance. 

4.4 Results  

4.4.1 Generation of At. thaliana over expression lines 



 96 

To improve the delivery of genome engineering reagents to plant cells, we 

previously developed a TRV-mediated platform that can deliver sgRNAs into Cas9-

overexpressing plants (Ali, Abul-Faraj, Li, et al., 2015). To extend this platform to 

other plant species, we generated an Arabidopsis Cas9 overexpression line. 

Arabidopsis Cas9-overexpressing (Cas9-OE) plants were generated by the floral 

dip method, with the Agrobacterium tumefaciens GV3101 strain harboring the 

pEarleyGate103 construct 35S:Cas9:GFP, which produces functional Cas9 fused 

to green fluorescent protein (GFP) and tagged with the Flag epitope. Basta-

resistant seedlings were analyzed for the production of Cas9 protein by 

immunoblotting with GFP and Flag antibodies (Supplementary Fig. 1). Two 

independent lines expressing significant levels of Cas9 (lines 17 and 22) were 

selected for further experiments.  

4.4.2 Transient sgRNA using tobacco rattle virus (TRV) RNA virus 

Next, two sgRNAs targeting the Arabidopsis GLABRA1 (GL1) and 

TRANSPARENT TESTA GLABRA4 (TT4) sequences were cloned under the 

PEBV promoter in the RNA2 genome of TRV. Mutants of these two loci results in 

lack trichomes and transparent testa, easily visible phenotypes. We then 

determined whether the engineered TRV can produce and deliver sgRNAs 

molecules in inoculated and systemic leaves of Arabidopsis. To this end, 

Agrobacterium strains harboring TRV (RNA1 and RNA2) were used to infect plants 

(Figure 24).  
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Figure 24: Viral mediated sgRNA delivery 

Schematic representation of TRV RNA1 and RNA2 genome organization and modification for 

targeted genome editing. RNA1 in the Agrobacterium binary vector system: LB (left border), 

2Xp35S (2X CaMV 35S promoter), RdRNAP (134/194 kDa RNA-dependent RNA polymerase), MP 

(movement protein), 16k (cysteine rich protein), Rz (self-cleaving ribozyme), Tnos (nopaline 

synthase terminator), RB (right border). RNA2 in the Agrobacterium binary vector system: LB, 
p35S, CP (coat protein), Rz, Tnos, and RB. In RNA2, the sgRNA was cloned under the pea early 

browning virus (PEBV) promoter (pPEBV::gRNA).  

For Arabidopsis, TRV was first reconstituted in wild-type N. benthamiana leaves 

and then rub-inoculated into rosette leaves 3, 4, 5 of Cas9-OE Arabidopsis plants 

(Figure 25A). We then tested for mutations with the T7EI assay, which uses an 

endonuclease to detect mismatches, to test whether the sgRNAs had induced 

editing of the target sequences in systemic (non-inoculated) leaves. The 

modification rates were analyzed using ImageJ software, as described previously 

(http://imageJ.nih.gov/ij/). Fifteen days post-in- filtration (dpi), genomic DNA was 

extracted from the rosette leaves 10, 11, 12 of TRV infected (line 17) Arabidopsis 

plants. T7EI assay of PCR products from the targeted genomic sequences 

demonstrated a high level of genome editing in GL1 and TT4 (Figure 25B).  
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Figure 25: Virus-mediated gene editing via CRISPR/ Cas9 in Arabidopsis  

(A) Schematic representation of the establishment of CRISPR/Cas9 machinery (Cas9, sgRNA) for 

targeting genomic DNA of Arabidopsis/N. benthamiana. sgRNAs specific for the genomic 

sequences are engineered in RNA2 of either PEBV or TRV. Cas9-OE Arabidopsis or N. 

benthamiana plants were inoculated with RNA1 and RNA2 of PEBV/TRV. After the establishment 

of CRISPR/Cas9 machinery in plants, samples were collected at 7–10 days post-inoculation (dpi) 

through infiltration in N. benthamiana or mechanical inoculation sap in Arabidopsis. Molecular 

analysis, using T7EI assay is represented by a diagram. (B) CRISPR/Cas9-mediated targeted 

modification of the Arabidopsis genome. PCR amplicons flanking the target genomic loci of GL1 
and TT4 were analyzed to detect the mutations. PCR amplicons of GL1 sub- jected to T7EI 

endonuclease. The asterisk indicates the T7EI digested DNA fragment in samples of GL1- sgRNA, 

but not in control samples of TRV empty vector or wild-type plants. Alignment of Sanger sequencing 

reads of PCR amplicons cloned from GL1 and TT4 targeted regions, PAM and target/mutated 

sequence are represented. 
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4.4.3 Transient sgRNA using pea early browning virus (PEBV) RNA virus 

To extend this efficient sgRNA delivery platform to RNA viruses that can be used 

in economically important plants such as legumes, we selected the Pea early 

browning virus (PEBV) (Constantin et al., 2004). Similar to TRV, the RNA2 genome 

of PEBV can be engineered to deliver open reading frames or regulatory 

sequences. We cloned sgRNAs targeting the N. benthamiana PDS gene, which 

encodes phytoene desaturase, and generated a cassette including the pPEBV 

promoter and sgRNA (pPEBV:Nb-PDS-sgRNA). We cloned this cassette into 

RNA2 of PEBV. The PEBV RNA1 and engineered RNA2 were mixed in infiltration 

buffer and agro-infiltrated into the lower leaves of Cas9-OE N. benthamiana plants. 

Genomic editing of PDS in both inoculated and systemic leaves was assessed by 

T7EI assays in three independent plants using PCR amplicons of a 797 bp 

fragment flanking the PDS target sequence. The T7EI assay and Sanger 

sequencing indicated robust genome editing efficiencies both in inoculated and 

systemic leaves (Figure 26A).  

4.4.4 Mutation efficiency and frequency determination  

Next, we compared the gene editing efficiencies of the TRV and PEBV systems in 

N. benthamiana. Our results confirmed more-efficient genome editing by PEBV 

(57–63%) compared to that of TRV (27–35%) (Figure 26B and supplementary 

Table 1). To determine whether PEBV- mediated gene editing system exhibit off-

target activities, we identified potential off-target sites in the N. benthamiana 

genome and PCR amplified eight different off-target loci to assess the off-target 
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activities. Our results showed that the PEBV-mediated gene editing exhibited no 

off-target not shown).  

 

 

 

 

 

 

 

Figure 26: Genotyping of the viral-mediated gene editing via CRISPR/ Cas9 in N. 

benthamiana 

(A) PEBV-mediated CRISPR/Cas9-based gene modification of the N. benthamiana genome. The 

PDS target flanking genomic DNA was PCR amplified from the samples infiltrated with engineered 

PEBV. The amplified target region was analyzed for mutation detection with T7EI endonuclease. 

The arrow indicates T7EI digested DNA fragments in samples collected from both inoculated and 

systemic leaves of plants infected with PDS-sgRNA of PEBV, but not in samples inoculated with 

empty vector control. G/C fragment was used as T7EI experimental control. Alignment of Sanger 

sequencing reads of PDS PCR amplicons cloned into pJET2.1 are shown. Target/mutated 
sequence and PAM is represented. (B) Comparison of PEBV and TRV-mediated CRISPR/Cas9-

based gene modification rate of N. benthamiana genome. The PDS target flanking genomic DNA 

PCR was analyzed for percentage mutation detection with NcoI endonuclease. The arrow indicates 

NcoI resistant DNA fragments. A high rate of modification was detected in plant samples collected 

from engineered PEBV compared to engineered TRV infected plant samples. Sanger sequencing 

reads alignment of PDS PCR amplicons from PEBV upper and TRV lower panel are shown. 

A 

B 
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Target/mutated sequence and PAM are re- presented. For all experiments, mutation rates (%) were 

calculated using ImageJ software and re- presented below each panel.  

4.5 Discussion 

Here, we showed that PEBV can be used for plant genome engineering similar to 

TRV, and that PEBV exhibited robust efficiency for targeted mutagenesis of 

multiple targets. Furthermore, we extended the application of the TRV to 

Arabidopsis, showing that TRV can be used to deliver sgRNA into Arabidopsis for 

targeted mutagenesis. This work expands the utility of TRV and PEBV for various 

genome engineering applications in N. benthamiana and Arabidopsis model 

plants. Therefore, this work establishes TRV and PEBV as efficient sgRNA delivery 

tools for CRISPR/Cas9-based genome engineering in model and non-model plant 

species. Indeed, more 200 plant species are natural hosts for TRV, and this 

increases 400 under laboratory conditions (Senthil-Kumar & Mysore, 2014). 

Moreover, viral-mediated genome editing is not limited to vectors derived from TRV 

and PEBV; other RNA viruses including Tobacco mosaic virus (TMV) and Potato 

Virus X (PVX) could also be used to deliver the sgRNA molecules to various plant 

species.  

Our data demonstrated that the TRV can produce sgRNA molecules in inoculated 

and systemic Arabidopsis leaves leading to high frequencies of targeted sequence 

modification. Theoretically, the modified tissues could then be regenerated into 

whole plants and screened for the presence of the modification. PEBV and TRV 

can also infect meristematic tissues (Constantin et al., 2004; Senthil-Kumar & 

Mysore, 2014); therefore, germinal transmission of the genomic modifications may 
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be feasible and seed progeny can be screened for the modification. This approach 

of sgRNA delivery and genome editing might provide a general method for the 

recovery of seeds with the desired targeted modifications, and may obviate the 

need for classical tissue culture and subsequent transformation to generate 

heritable targeted modifications.  

This viral-mediated genome editing system exhibits several important features: 1) 

TRV and PEBV can systematically infect a large number of plant species, under 

natural and laboratory conditions; 2) these viruses are easily introduced into plants 

via Agrobacterium; 3) the small genome size of these viruses facilitates sgRNA 

cloning, library construction, and subsequent agroinfection; and 4) importantly, the 

viral RNA genomes of TRV and PEBV do not integrate into plant genomes. 

Therefore, this approach will likely have broad utility for producing targeted 

mutations.  

In conclusion, this work expands the utility of plant RNA viruses for CRISPR/Cas9-

based genome engineering for functional genomics and biotechnology 

applications.  

4.6 Material and methods  

4.6.1 Plant material and growth conditions  

All experiments were carried out on T3 progeny plants of Cas9 over- expressing 

Arabidopsis or N.benthamiana plants. N. benthamiana line B14, (Ali, Abul-Faraj, 
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Li, et al., 2015) and Arabidopsis line 17. Seeds (100–200) were sown in a single 

pot on soil directly in green house for 7 days and were transferred individual pots.  

4.6.2 sgRNA expressing plasmid construction  

The sgRNAs against Arabidopsis genomic DNA targets GL1 and TT4 were custom 

synthesized. The fragment containing XbaI recognition site, 20 nucleotides guide 

sequence, 84 bp Cas9 binding scaffold and terminator (9–T) followed by XmaI 

recognition were inserted in to the XbaI − XmaI of TRV-RNA2 under pPEBV 

promoter. To target PDS through PEBV system, the whole cassette pPEBV:NB-

PDS-sgRNA of 309 bp (Ali, Abul-Faraj, Li, et al., 2015) (SpeI recognition site, 193 

bp PEBV promoter, 20 nucleotide target guide sequence, 84bp Cas9 binding 

scafold loop followed by poly T (Tx9) termination and PstI site) was PCR amplified 

using the respective forward primer, (PCAP2-PEBV-sgRNA, 5’-

ATGGACTAGTGAGCATCTTGTTCTGGGGTTTCA-3’) and reverse PCAP2- 

PEBV-sgRNA-R, 5’-GATCTGCAGAAAAAAAGCACCGACTCGG-3’) primers 

containing SpeI and PstI recognition sites respectively. The PCR product was 

digested with respective enzymes and 309 bp fragment was gel purified. PEBV 

RNA1 (pCAPE1, PEBV1) and RNA2 (pCAPE2, PEBV2) were used in these clones 

(Constantin et al., 2004). The PsPDS fragment between SpeI and PstI in pCAPE2-

PsPDS (RNA2 vector of PEBV system) (Constantin et al., 2004) was replaced with 

the PEBV:sgRNA cassette. All clones were confirmed with SpeI and PstI digestion 

and Sanger sequencing for the presence of pPEBV-sgRNA fragment.  

4.6.3 Agrobacterium transformation and culture growth  
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Electro-competent cells (50ul) of GV3101 were transformed with the vectors 

containing engineered TRV and PEBV RNA1 and RNA2 genomes and spread on 

to 50 mg/L Kanamycin, 25 mg/L Rifampicin and 30 mg/L Gentamycin LB agar 

plates. Single colony was picked and grown in 5 ml LB media with kanamycin, 

gentamicin and rifampicin at 28 °C shaking incubator for 36–48 h. At OD600 1–1.2 

cells were harvested by centrifuging at 3500 rpm at room temperature. Cell pellets 

were re-suspended in infiltration buffer (10 mM MgCl2, 10 mM MES and 100uM 

acetosyringone). For all agrobacterium cells TRV (RNA1, RNA2) or PEBV (RNA1, 

RNA2) containing sgRNA constructs, OD600 was adjusted to 0.3. Cells were 

placed at room temperature for 2 h. Before infiltration Agro cell containing RNA1 

and RNA2 were mixed in 1:1 ratio.  

4.6.4 Inoculation of PEBV AND TRV to cas9-OE tobacco and arabidopsis plants  

For infecting Arabidopsis, first N. benthamiana wild type was agro-infiltrated to 

enrich engineered TRV. After 10 days inoculation plant sap was collected in 100 

mM K2PO4 (pH8) buffer and 10ul was rub inoculated through carborandon (mish 

size 250–400) to the leave of two weeks old soil grown Cas9-OE Arabidopsis 

plants. Samples were collected from systemic leaves 15 day post inoculation 

(DPI).  

For PEBV experiments, 3 weeks old Cas9-OE N.benthamiana plants were agro-

infiltrated with PEBV, RNA1 and RNA2 to the lower epi- dermis of two fully 

expanded leaves by 1 ml syringe without needle. Plants were kept covered for two 
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days in green house. After 10 days of infiltration samples from both infiltrated and 

systemic leaves were collected separately.  

4.6.5 DNA extraction from N. benthamiana and A. thaliana  

DNA was extracted from grinded samples of both infiltrated and systemic leaves 

with DNA extraction buffer (100 mM Tris-Cl, 1 mM EDTA, 100 mM NaCl, 100 mM 

LiCl, 100 mM B-mercaptoethanol, 0.4% RNase), PCI (Phenol:Chloroform: Isoamyl 

alcohol), Chloroform and ethanol.  

4.6.6 T7 endonuclease I (T7EI) assay for targeted mutation detection  

T7EI assay was performed as described by (Reyon et al., 2012). The respective 

target loci were PCR amplified from the genomic DNA using (AtGL1-TR1-gDNA-

F, 5’-GATTCGTTGATAGGGCTAAAGAGATGTGGG-3’) and (AtGL1-TR1-gDNA-

R, 5’-GGTTGAGTTTCATTGAAGAGAAGACAAACT-3’). For AtTT4, Forward 

primer (AtTT4-TR1-gDNA-F, 5’-CCCGTGTCAGTTTGTTATATAAGCTCTCAC-3’) 

and reverse primers (AtTT4-TR1-gDNA-R, 5’-TCCGTCAGATG- 

CATGTGACGTTTCCGAATT-3’) and for NB-PDS, (NB-PDS-TR12-F, 5’-

GAAACACAACTCCTTGGCGG-3’) and (NB-PDS-TR12-R, 5’-GGGCGTGAGGA- 

AGTACGAAA-3’) primers for NB-PDS. Phusion polymerase (NEB) was used for 

all PCR. The purified 200 ng PCR product was re-annealed in NEB Buffer 2 in 

PCR machine (95°C for 10min, 85°C for 2min, 75°C for 

3min,65°Cfor3min,55°Cfor3min,45°Cfor3min,35°Cfor3min, 25 °C for 3 min, 4 °C) 

to make hetero-duplex DNA. T7EI (New England Bioloab) 0.5ul was added to the 
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samples and incubate for 1 h at 37 °C. The samples were resolved on two (2%) 

Agarose TAE gel.  

4.6.7 Sequencing of targeted loci  

To confirm modification at targeted locus, all samples were ana- lyzed by Sanger 

sequencing. PCR product of the respective loci were cloned in to pJet2.1 cloning 

vector. All plasmids were Sanger sequenced using T7 primer.  

4.6.8 Mutation rate calculations  

Mutation rates were estimated by using ImageJ software (http// rsb.info.nih.gov/ij) 

according to developers protocols and described by (Guschin et al., 2010). The 

PCR amplified target flanking DNA (300 ng) was treated with NcoI for complete 

digestion. To calculate mutation, rate the intensity of the resistant band was divide 

by total intensity of all different size DNA bands in a single lane of 2% Agarose gel.  
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CHAPTER 5 

Efficient CRISPR/Cas9-Mediated Genome Editing Using a Chimeric Single-

Guide RNA Molecule. 
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5.1 Abstract 

The CRISPR/Cas9 system has been applied in diverse eukaryotic organisms for 

targeted mutagenesis. However, targeted gene editing is inefficient and requires 

the simultaneous delivery of a DNA template for homology-directed repair (HDR). 

Here, we used CRISPR/Cas9 to generate targeted double-strand breaks and to 

deliver an RNA repair template for HDR in rice (Oryza sativa). We used chimeric 

single-guide RNA (cgRNA) molecules carrying both sequences for target site 

specificity (to generate the double-strand breaks) and repair template sequences 

(to direct HDR), flanked by regions of homology to the target. Gene editing was 

more efficient in rice protoplasts using repair templates complementary to the non-

target DNA strand, rather than the target strand. We applied this cgRNA repair 

method to generate herbicide resistance in rice, which showed that this cgRNA 

repair method can be used for targeted gene editing in plants. Our findings will 

facilitate applications in functional genomics and targeted improvement of crop 

traits. 
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5.2 Introduction 

Recently, our ability to knock out genes in diverse eukaryotic species has 

dramatically increased due to advances in the development of site-specific 

nucleases (H. Kim & Kim, 2014; Osakabe & Osakabe, 2015; Shan, Wang, Li, & 

Gao, 2014; Voytas & Gao, 2014b). The clustered regularly interspaced palindromic 

repeats (CRISPR)/CRISPR associated 9 (Cas9) system has been key in these 

advances, which are transforming biological and biomedical research. The 

CRISPR/Cas9 system is composed of the Cas9 endonuclease of Streptococcus 

pyogenes and a synthetic single-guide RNA (sgRNA), which directs the Cas9 

protein to the user-selected genomic DNA sequence preceding the protospacer- 

associated motif (PAM) (Jinek et al., 2012; Mali et al., 2013). Engineering of a 20-

nucleotide sequence in single or multiple sgRNAs, for single or multiple targets, 

respectively, has facilitated efficient genome engineering in transformable 

eukaryotic species (Aouida, Eid, et al., 2015; Cong et al., 2013; Dicarlo et al., 2013; 

G. Gasiunas et al., 2012; J. F. Li, J. E. Norville, et al., 2013; Mali et al., 2013; 

Nekrasov, Staskawicz, Weigel, Jones, & Kamoun, 2013). The CRISPR/Cas9 

system has been applied in diverse plant species for targeted mutagenesis (Ali, 

Abul-Faraj, Piatek, et al., 2015; J. F. Li, J. E. Norville, et al., 2013; Nekrasov et al., 

2013; Sugano et al., 2014) and virus resistance (Zaidi et al., 2016). The 

CRISPR/Cas9 system generates site-specific double strand breaks (DSBs) at 

user- defined genomic sequences, which are repaired mainly through the error-

prone non-homologous end joining (NHEJ) process or the more precise homology-
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directed repair (HDR) process (Onozawa et al., 2014; Puchta, Dujon, & Hohn, 

1996; Sander & Joung, 2014; Symington & Gautier, 2011; Voytas & Gao, 2014b).  

During natural homologous recombination (HR) that takes place in germ line cells 

during meiosis, homologous chromosomes exchange DNA segments resulting in 

genetic variation in a species. For engineering genomes, gene targeting commonly 

uses a type of HR to specifically alter the sequences of target genes, replace gene 

sequences, or add genes or parts of genes (Capecchi, 1989; Terada, Urawa, 

Inagaki, Tsugane, & Iida, 2002). In this method, genetic recombination takes place 

between the target chromosomal segment and introduced DNA, leading to a 

replacement of chromosomal segments or genes by the inserted DNA (Bibikova, 

Beumer, Trautman, & Carroll, 2003; Donoho, Jasin, & Berg, 1998; Fauser et al., 

2012; Gloor, Nassif, Johnson-Schlitz, Preston, & Engels, 1991). Recently, 

geminivirus replicons have been used to express the CRISPR/Cas9 machinery for 

the generation of targeted DNA DSBs and enhanced gene targeting (Baltes, Gil-

Humanes, Cermak, Atkins, & Voytas, 2014).  

The process of NHEJ is predominant in plants, while HR is quite inefficient 

(Doudna & Charpentier, 2014; Puchta et al., 1996; Steinert, Schiml, & Puchta, 

2016; Symington & Gautier, 2011). Therefore, it is feasible to achieve targeted, 

small insertions or deletions (Indels) at user-specified loci, but more difficult to 

produce precise, user-defined alterations of the plant genomic sequence. 

Therefore, the development of efficient HR platforms will open a myriad of 

opportunities in targeted improvement of crop traits.  
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Multiple mechanisms and approaches have been used to manipulate NHEJ and 

HDR to gain control over the outcome of the repair process. Recent studies have 

shown that DNA repair mechanisms can use RNA as a template (Angeleska, 

Jonoska, Saito, & Landweber, 2007; Keskin, Meers, & Storici, 2016; Keskin et al., 

2014; Meers, Keskin, & Storici, 2016; Storici, Bebenek, Kunkel, Gordenin, & 

Resnick, 2007; Zalatan et al., 2015). RNA templates have been shown to control 

DNA rearrangement in ciliates (Keskin et al., 2014), and synthetically delivered 

RNA was capable of mediating targeted DNA deletions. Thus, RNA-mediated 

genome rearrangement can utilize the DSB formation, and the DSBs are used to 

rearrange the DNA segments. Moreover, RNA-templated DNA synthesis has been 

in the repair of DSBs in Saccharomyces cerevisiae (Keskin et al., 2014) and in 

human cells (Zalatan et al., 2015). Notably, RNA synthesis can occur through other 

mechanisms besides reverse transcription. Given the ease of delivery of sgRNA 

molecules compared to DNA, here we tested whether a chimeric sgRNA (cgRNA) 

could serve dual functions as sgRNA for the generation of targeted DSBs and as 

a template for DNA repair via HDR.  

5.3 Research objective 

In this study, we investigated the potential for using cgRNA repair templates to 

mediate DNA repair following the DSBs generated by the Cas9 endonuclease. We 

generated different DNA molecules that can be transcribed by the RNA Pol III 

promoter to produce different sgRNAs that can direct Cas9- mediated targeted 

DSBs and serve as a repair template for HDR. We applied this repair platform in 
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rice protoplasts for targeted gene editing of OsALS (Acetolactate synthase) and 

for targeted insertion of the HA tag in OsHDT701 (Histone Deacetylase701). We 

used cgRNAs that carried sgRNA to produce DSBs at the OsALS target site and 

also served as a repair template containing two simultaneous point mutations 

flanked by homology sequences. Similarly, we also targeted OsHDT701 using an 

sgRNA to produce DSBs and to serve as a repair template that contained a 3XHA 

tag flanked by homology sequences. Amplicon deep sequencing showed the 

integration of the 3XHA tag in the rice HDT701 locus and two substitutions in the 

rice ALS gene generated using CRISPR/Cas9-mediated homologous 

recombination in rice protoplasts. The repair template complementary to non-

target strands showed higher DNA repair efficiency. We then used the 

cgRNA/Cas9 gene-editing platform to produce herbicide- resistant rice via 

Agrobacterium-mediated transformation and subsequent regeneration on 

bispyribac sodium containing medium. The quick and efficient production of 

herbicide resistant rice in this study demonstrates the applicability of this 

cgRNA/Cas9 platform for gene editing in crop species.  

5.4 RESULTS  

5.4.1 Design and Construction of Chimeric gRNA Repair-Templates for Genome 

Editing  

To investigate whether a cgRNA can be used as a template for DNA repair in plant 

cells, we designed several modalities with different architectures in sense and 

antisense orientations (Figure 27). The RNA templates were generated as a cis 
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repair template, where the sgRNA and the repair template work as a single 

bifunctional molecule (Figure 27A), or as a trans repair template, where the sgRNA 

and the repair template were separated by a tRNA, which was further processed 

to give two RNA molecules (i.e., the sgRNA and the repair template) (Figure 27B) 

(Xie et al., 2015). The repair templates were designed in two orientations. The 

antisense orientation was complimentary to the non-target strand and the sense 

orientation was complementary to the target strand (Figure 27). Two different 

scaffold sgRNAs were tested during the cis repair, the scaffold RNA sequence 

used for rice (Xie et al., 2015) and the human scaffold RNA sequence as previously 

described (B. Chen et al., 2013; Zalatan et al., 2015). In our cis-repair designs, 

targeting of the RNA repair template to the DNA at the site of the DSBs or lesions 

was mediated by the Cas9 endonuclease. Therefore, Cas9 is serving a dual 

purpose; first as an endonuclease generating a targeted DSB, and second as a 

loading scaffold for an RNA template for RNA-mediated DNA repair. Therefore, we 

envisioned the use of a single, bifunctional cgRNA molecule for HDR (cis repair) 

and/or the availability of separate sgRNAs and repair molecules for DNA repair 

(trans repair). To prevent re- editing by the CRISPR/Cas9 machinery and to 

maximize the efficiency of RNA-templated DNA repair, we mutated the PAM site 

sequence by synonymous (silent) mutations in the repair template.  
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Figure 27: Schematic of RNA-templated DNA repair. Pol III transcribed RNA was 

used for the gRNA.  

(A) In cis repair, the gRNA (blue) is attached directly to the repair template (green). (B) In trans 

repair, a tRNA (red) separates the gRNA and the repair template, which are processed into two 

separate RNA molecules; arrows indicate the cleavage positions. Below is a schematic of cis and 
trans repair at a target locus, where a target-specific gRNA produces a CRISPR/Cas9-mediated 

DSB that is repaired by HDR. The repair template is in antisense or sense orientation relative to 

the gRNA sequence. Dark blue line, 20-nt target specific gRNA; light blue line, scaffold RNA; green 

line, repair template; the small vertical line represents the nucleotide sequence, the green vertical 

lines represent the PAM sequence, the red vertical lines represent mutations introduced through 

template-mediated repair.  

5.4.2 cgRNA molecules mediate repair of DSBs in rice protoplasts 

The activities of different cgRNA-molecules were first tested in rice protoplasts to 

determine their capability to induce DSBs and simultaneously serve as a repair 

template to mediate HDR. We targeted the OsALS (Acetolactate synthase) locus 

(LOC_Os02g30630) for gene editing (Figure 28A). We transfected Nipponbare 

rice protoplasts with DNA molecules carrying Ubi::Cas9 and U3::cgRNAs 

containing specificities for targeting and repair of the ALS gene. The protoplast 
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DNA enriched for InDels by digesting with BsaXI. Next, we performed polymerase 

chain reaction/restriction enzyme digestion (PCR/RE; Figure 28B).  

 

Figure 28: Gene editing of OsALS in protoplast 

(A) The target sequences in the OsALS (LOC_Os02g30630) locus. Blue nucleotides represent 

gRNA sequence and the PAM sequence is in black. The wild-type sequence has the BsaXI site 

underlined. Repair from the template introduces two substitutions, one in the PAM sequence G to 

A (green) and the other G to T (red). The second substitution destroys the BsaXI site and introduces 

an MfeI site (underlined). Arrows indicate an enzyme cutting site. (B) Genome-editing at the ALS 

locus in rice protoplasts. Rice protoplasts were transfected with the same gRNA and Cas9 but 

different repair templates, as indicated. DNA was extracted from protoplasts and enriched with 

BsaXI and PCR products were digested with MfeI to detect nucleotide substitutions. The red 

asterisks indicate the digested bands. 

All of the cgRNA molecules were fully functional in the generation of DSBs and the 

repair efficiency was highest in the cis-antisense repair templates when compared 

to the other architectures. Next, we performed Sanger sequencing to validate our 

PCR/RE data. Our Sanger sequencing data corroborated the PCR/RE data and 

showed that the cgRNA in the cis-antisense architecture was capable of mediating 

precise DNA repair (Figure 29A). To further validate these results, we performed 

PCR using genome-specific primers and amplicon deep sequencing. Our data 

were analyzed using CRISPResso software (Pinello et al., 2016), which revealed 
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that the average of three independent experiments showed the highest repair 

percentage (16.88% HDR) for the repair templates with the cis-antisense 

architecture (Figure 29B).  

 

Figure 29: Efficiency of OsALS sgRNA mediated repair in protoplast 

(A) The selected PCR fragments were cloned and Sanger sequenced. For cis-antisense, 16 out of 

96 (16.67% of total reads) have indels and 2 (12.5% of mutated reads) of these were repaired. For 

cis-anti_humscaff, 69 out of 253 (27.27% of total reads) have indels and 1 (3.70% of mutated reads) 

of these was repaired. (B) PCR was performed using genome-specific primers. Amplicons were 

deep sequenced and analyzed using CRISPResso software. The Ratio of HDR among total 

mutations was calculated. The cis-antisense template showed the highest repair efficiency. Error 

bars represent SE (n = 3). ( 

Next, we tested the potential for this system to introduce larger DNA fragments by 

fusing the 3XHA tag at the OsHDT701 locus in the rice genome. We used a cgRNA 

specific to OsHDT701 to generate DSBs and to serve as a repair template 

containing the 3XHA-tagged sequence flanked by 75 bp of homology sequence 

for transfections in rice protoplasts (Figure 30A). We then used allele-specific PCR 
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to test for insertion of the 3XHA tag. The allele-specific PCR data clearly showed 

the integration of the HA tag at the OsHDT701 locus (Figure 30B), which was 

further validated by Sanger sequencing (Figure 30C). Next, we performed deep 

sequencing using genome-specific primers and found that the efficiency of HDR 

for the cis-antisense template was 4.69%, which was higher than that of the cis-

sense architecture (2.13%) (Figure 30D). The introduction of the silent mutation in 

PAM in the repair template prevents re-editing of the target as evidenced by the 

recovery of HDR events lacking any Cas9- recutting activities. We observed that 

most of the mutations were deletions (Supplementary Figures 1A,B). Since we 

transfected DNA molecules into the protoplast cells, it is possible that DNA or 

DNA/RNA molecules were used as repair templates. We tested this system by 

using cgRNA as RNA molecules and transfected rice protoplasts with 

ribonucleoprotein complexes with the cgRNA as RNA only and the Cas9 protein 

(Supplementary Figures 2A,B). The ribonucleoprotein complex was capable of 

inducing DSBs and simultaneous DNA repair. Although the repair efficiency was 

less than that observed when DNA molecules were used for transfections, none 

the less, the cgRNA could be used for targeted DNA repair of DSBs 

(Supplementary Figures 2C,D). Furthermore, amplicon deep sequencing showed 

the highest HDR for the cis-antisense templates (Supplementary Figure 2D). In all 

of our experiments, and specifically with the ribonucleoprotein transfections, the 

mutation rate through NHEJ was much higher than through HDR (Supplementary 

Figure 2E). Therefore, further studies are needed to conclusively establish that 
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RNA molecules can serve as templates for RNA-mediated DNA repair in plant 

cells.  

Figure 30: Efficiency of OsHDT701 sgRNA mediated repair in protoplast 

A) The target sequences at the OsHDT701 (LOC_Os05g51830) locus. Blue nucleotides represent 
the gRNA sequence and black nucleotides represent the PAM sequence. The repair template is 

237 bp long including 87 bp of 3XHA-tag. (B) Protoplasts were transfected with HA-tagged repair 

templates as indicated. DNA was extracted and allele-specific PCR was conducted. Red asterisks 

indicate the expected PCR product size. (C) Gel elution was done and after cloning, Sanger 

sequencing was performed which showed the insertion of the HA-tag sequence in the genome. 

Black arrow represents the position of reverse primer used for allele-specific PCR. PAM sequence 

underlined. (D) PCR amplification was done using genome-specific primers from the transfected 

protoplast DNA. Amplicon deep sequencing was done and analyzed by CRISPResso software. cis-

antisense showed higher efficiency compared to the cis-sense repair template. Error bars represent 

SE (n = 3).  

5.4.3 cgRNA/Cas9-mediated targeted gene editing to confer herbicide resistance 

in rice  
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To test the applicability of the cgRNA-mediated genome editing method, we 

selected the ALS gene for mutagenesis and repair to produce plants resistant to 

bispyribac sodium (BS) herbicide. The enzyme acetolactate synthase (ALS) 

catalyzes the initial step of the biosynthesis of the branched-chain amino acids 

leucine, isoleucine, and valine (Chipman, Barak, & Schloss, 1998). ALS is the 

primary target site of action for at least four structurally distinct classes of 

herbicides (sulfonylureas, imidazolinones, triazolopyrimidine sulfonamides, and 

pyrimidinyl carboxy herbicides) (Shimizu, Kaku, Kawai, Miyazawa, & Tanaka, 

2005). BS belongs to the pyrimidinyl carboxy herbicide group. Rice BS tolerance 

is linked to two point mutations in the ALS gene: a tryptophan (TGG) to leucine 

(TTG) change at amino acid 548 (W548L), and a serine (AGT) to isoleucine (ATT) 

change at amino acid 627 (S627I) (Endo et al., 2007; Mazur, Chui, & Smith, 1987). 

However, a single point mutation (W548L) is enough to confer resistance in rice 

(Endo et al., 2007).  

We employed our cgRNA platform to generate BS resistance. We used 

Agrobacterium-mediated rice transformation and selected proliferating calli for 

regeneration on medium with 0.75 μM BS (Figure 31A). Only the mutated callus 

cells survived and regenerated as shoots. The plantlets were further analyzed by 

PCR/RE and Sanger sequencing (Figures 31B,C). For each cgRNA architecture, 

approximately 700 calli were transformed. After selection, approximately 15 

plantlets were regenerated for the cis_anti_humscaff template (HDR was 2.14%). 

No regeneration was observed with the other architectures. For the cis_antisense 

template, approximately five plantlets were recovered, but these were false 
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positives. To further confirm the herbicide resistance, we screened the seeds of 

progeny on 0.75 μM BS medium and confirmed that all progeny were resistant to 

BS (Figure 31D). We genotyped these plants and found that some were 

homozygous (Supplementary Figures 3A,B), indicating the applicability of this 

platform for targeted engineering of plant genomes.  

 

Figure 31: RNA-templated DNA repair produced herbicide-resistant plants  

(A) In OsALS Tryptophan (TGG) to leucine (TTG) at amino acid 548 (W548 L) showed high 

bispyribac sodium (BS) herbicide resistance. The transformed calli were regenerated with BS. T he 

seedlings transformed with cis_anti_humscaff repair template have stronger resistance and are 

well-established. (B) DNA was extracted from young seedlings and mutations were detected by 
MfeI digestion. The plants with desired mutations showed digested bands and the control showed 

an MfeI-resistant undigested band. (C) These amplicons were cloned and Sanger sequenced. The 

seedlings with the cis_anti_humscaff repair template showed repair (green nucleotides). Red 

nucleotides show other Indels. (D) Seeds from cis_antis_humanscaff repair template BS-resistant 

plants were germinated on 1/2MS+0.75 μM BS and showed clear BS resistance. These resistance 

plants were Sanger sequenced and showed homozygous repair (Supplementary Figure 3).  

5.5 Discussion  
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Significant improvements in HDR are required to ensure widespread application of 

CRISPR/Cas9 genome engineering, specifically in genomic medicine and targeted 

improvement of crop traits (Doudna & Charpentier, 2014; Hsu et al., 2014; Verma 

& Greenberg, 2016). Approaches to increase the efficiency of HDR include titration 

of the concentrations of sgRNA and Cas9 endonuclease, using small molecules to 

inhibit NHEJ, and performing editing at a specific stage of the cell cycle (Bi et al., 

2014; Chu et al., 2015; Lin, Staahl, Alla, & Doudna, 2014; A. T. Wang et al., 2015).  

Double strand breaks have been shown to induce the generation of small RNA 

molecules (diRNA) at or around the DSB site in plants and animals (Yamanaka & 

Siomi, 2014). Intriguingly, the small RNA pathways were implicated in this process, 

and the loss of function of key components of these epigenetic pathways 

abrogated such repair (Yamanaka & Siomi, 2014). However, it remains to be 

determined whether these diRNAs can serve as templates for DNA repair. RNA 

molecules have been shown to mediate DNA rearrangements in ciliates and to 

serve as templates for DNA synthesis in the repair of DSBs in Saccharomyces 

cerevisiae (Keskin et al., 2014). RNA oligos complementary to the broken ends 

were used in these studies. These studies indicated that genetic information can 

be transferred from RNA to DNA. One possibility is that the RNA molecules serve 

as a scaffold bringing together two DNA molecules and facilitating the repair. 

Exchange of genetic information between RNA and DNA and pairing between RNA 

and DNA has been shown in vitro and in vivo in RNA–DNA hybrids (Huertas & 

Aguilera, 2003).  
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In this study, we used the Cas9 endonuclease for the targeted generation of DSBs 

in the genome and for targeted delivery of RNA molecules homologous to the DNA 

ends around the DSBs to test whether these substrates could be used for precise 

DNA repair. We used cgRNAs containing sgRNA for targeted generation of DSBs 

and as RNA repair templates. These cgRNAs were designed with different 

architectures to test different fusions including cis and trans repair. Our data 

demonstrated that cgRNAs can serve as a guide for the Cas9-mediated generation 

of DSBs as well as an RNA template for subsequent DNA repair.  

Specifically, cgRNA in the cis-antisense architecture can be used to generate 

precise gene editing with reasonable efficiency in rice protoplasts.  

We used our cgRNA/Cas9 system for the precise introduction of an HA tag flanked 

by a 75 bp homology to target the OsHDT701 locus in the rice genome. Allele-

specific PCR and amplicon deep sequencing confirmed the successful introduction 

of the HA tag. However, a more rigorous analysis of the effect of the length of the 

RNA template from the PAM proximal and PAM distal sites is needed to determine 

its effects on the efficiency of genome editing. It should be noted that we were not 

able to recover rice plants with the introduced HA tag. Therefore, further studies 

are needed to determine the possibilities, limitations, and potential improvements 

of this cgRNA/Cas9 system.  

We also designed a repair RNA template of 200 bp in length with two substitutions 

to target OsALS. We used these substitutions to destroy the BsaXI site and to 

introduce the MfeI site for quick detection by PCR/RE analysis. Our results showed 
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the highest DNA repair efficiency for the cis-antisense templates in rice 

protoplasts. Furthermore, to show the applicability of this cgRNA/Cas9 system for 

gene editing, we edited the ALS gene in the rice genome to confer tolerance to 

BS.  

The precise molecular mechanisms of the cgRNA/Cas9- mediated gene-editing 

platform are not known and warrant further investigation. Because different 

substrates could be used for DNA repair, including ssDNA, dsDNA, RNA–DNA 

hybrids, and RNA only, many possible mechanisms could be envisioned for 

cgRNA/Cas9-mediated gene editing. As we delivered the templates in a DNA form 

for generation of cgRNA, we cannot exclude the possibility that some of the repair 

observed during protoplast transformation was due to DNA or DNA–RNA hybrids. 

It might be possible that the large amount of plasmid DNA available during 

protoplast transformation was used as a DNA repair template. However, different 

cgRNA architectures, with the same DNA molecules, produced drastically different 

editing efficiencies. For example, cgRNA with a complementary sequence to the 

target strand failed to mediate targeted gene editing. To exclude the possibility of 

plasmid DNA used for repair, we used in vitro transcribed RNA as a repair 

template. The ribonucleoprotein transfections in the protoplasts indicated that RNA 

alone can mediate targeted editing, although with reduced efficiency, showing that 

the cgRNA/Cas9 system was indeed capable of mediating precise repair.  

In summary, we used cgRNA as a guide for the generation of DSBs and as an 

RNA template for subsequent DNA repair. We detected successful substitutions in 
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the OsALS locus and insertion of an HA tag in rice protoplasts. Furthermore, we 

demonstrated the applicability of this cgRNA/Cas9 system for gene editing by 

editing the ALS gene in rice to produce herbicide- tolerant plants. Our platform 

depends on the CRISPR/Cas9 machinery to deliver the cgRNA repair template 

simultaneously as a single RNA molecule. Therefore, this platform could facilitate 

the generation of non-transgenic genome-edited crops using the RNP molecules. 

This cgRNA-templated DNA repair system may facilitate the generation and 

screening of protein variants for functional studies and for targeted improvement 

of crop traits.  

5.6 Material and methods  

5.6.1 Vector construction and template design 

Oryza sativa L. ssp. japonica cv. Nipponbare was used for all experiments. 

pRGE32 and pRGEB32 vectors were used for protoplast and callus 

transformations, respectively (Xie et al., 2015). The expression of Cas9 and the 

cgRNAs were driven by the OsUbiquitin and OsU3 promoters, respectively. ALS 

catalyzes the initial step in the biosynthesis of the branched- chain amino acids 

leucine, isoleucine, and valine (Chipman et al., 1998). The ALS locus in Oryza 

sativa L. ssp. japonica cv. Nipponbare is (LOC_Os02g30630). A change from 

tryptophan (TGG) to leucine (TTG) at amino acid 548 (W548L) resulted in higher 

herbicide resistance than a change from serine (AGT) to isoleucine (ATT) at amino 

acid 627 (S627I). The cgRNA was designed to target the genomic sequence 

between 1,721 and 1,743 bp (5′-GGGTATGGTGGTGCAATGGGAGG-3′); the 
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underlined AGG represents the PAM sequence. To mutate this sequence, the 200 

bp template contained a point mutation that converts tryptophan (TGG) to leucine 

(TTG) at amino acid 548 (W548L), shown in bold red font. This mutation generated 

a recognition site for the restriction enzyme MfeI (CAATTG, shown in red font), 

which allowed rapid detection of the RNA- template repair event. To alter the PAM 

sequence, a silent mutation was inserted directly next to the leucine codon (shown 

in bold black font), which converts GAG to GAA, both of which translate to 

glutamate. This mutation destroyed the BsaXI site. For the trans-repair template, 

a polycistronic tRNA-gRNA (PTG; (Xie et al., 2015) fragment was synthesized 

containing the OsALS target gRNA—Scaffold RNA—pre-tRNA—Homology 

sequence (with mutations)—Terminator. Two PTG fragments were synthesized, 

one with a sense homology sequence and the other with an antisense homology 

sequence respective to the gRNA sequence. To test the potential of the cis-repair 

template, the repair template was inserted next to the gRNA scaffold sequence. 

The fragments were also synthesized in a sense and antisense orientation. The 

human scaffold RNA was used in another experiment to determine if there were 

differences between the human and yeast scaffold RNA sequences.  

To test the potential of using this system to insert larger DNA fragments, we 

attempted to fuse a 3XHA tag at the OsHDT701 locus (LOC_Os05g51830) in the 

rice genome. We used a cgRNA repair template with a 3XHA tag flanked by a 75 

bp homology sequence. The gRNA sequence is (5′-

GCCAAGTGAAGAATGAGACAACGG-3′ ). The PAM site (underlined) was silently 

mutated from GCC to GCG, both of which translated for alanine. The red font 
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represents the mutated nucleotide and the bold font represents a stop codon. The 

PTG fragment was synthesized as cis-repair in both the sense and antisense 

orientation.  

5.6.2 Protoplast isolation and transformation  

Protoplast isolation and transfection was performed as previously described (Shan 

et al., 2014). Ribonucleoprotein transfections were performed as described by 

(Woo et al., 2015). RNA was synthesized by T7 in vitro transcription using the 

Thermo Scientific TranscriptAid T7 high yield transcription kit (#K0441). Two 

simultaneous DNase1 treatments were done, each followed by purification using 

the MEGAclear transcription clean-up kit (AM1908). After ensuring the complete 

DNA degradation by PCR analysis, RNA was loaded on the gel to check the quality 

and integrity and subsequently used for protoplast transfection. After the 

transfections, protoplasts were incubated at room temperature for 24–48 h. The 

DNA was extracted using the CTAB method (H. Butt, Graner, & Luschnig, 2014) 

and further analyzed to detect the edited events.  

5.6.3 Rice transformation  

Agrobacterium-mediated rice transformation was performed as described (Hiei & 

Komari, 2008). For the selection of herbicide resistance, rice calli were 

regenerated on media supplemented with 0.75 μM BS (32967 Sigma-Aldrich). 

After 2–3 weeks, transgenic seedlings were transferred to sterile plastic containers 
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containing fresh rooting medium and grown for 2–3 weeks before being transferred 

into soil. Transgenic rice plants were grown in a greenhouse at 28◦C.  

5.6.4 Amplicon sequencing  

Using gene-specific primers, approximately 300 bp PCR amplicons were 

generated and purified, and subsequently subjected to amplicon deep sequencing. 

The library was prepared using the Illumina TruSeq Nano DNA Library Prep kit 

according to the manufacturer’s instructions. Libraries were run on the MiSeq 

platform. The sequencing data were analyzed using CRISPResso software 

(Pinello et al., 2016).  
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CHAPTER 6 

Proof of concept: CRISPR/Cas9-mediated drug target validation of the splicing 

inhibitor Pladienolide B 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission by ELSEVIER from: 

Aouida, M., Eid, A., & Mahfouz, M. M. (2016). CRISPR/Cas9-mediated target 

validation of the splicing inhibitor Pladienolide B. Biochimie Open, 3, 72-75. 

doi:https://doi.org/10.1016/j.biopen.2016.02.001 
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6.1 Abstract 

CRISPR/Cas9 system confers molecular immunity in archeal and bacterial species 

against invading foreign nucleic acids. CRISPR/Cas9 system is used for genome 

engineering applications across diverse eukaryotic species. In this study, we 

demonstrate the utility of the CRISPR/ Cas9 genome engineering system for drug 

target validation in human cells. Pladienolide B is a natural macrolide with 

antitumor activities mediated through the inhibition of pre-mRNA splicing. To 

validate the spliceosomal target of Pladienolide B, we employed the CRISPR/Cas9 

system to introduce targeted mutations in the subunits of the SF3B complex in the 

HEK293T cells. Our data reveal that targeted mutagenesis of the SF3b1 subunit 

exhibited higher levels of resistance to Pladienolide B. Therefore, our data validate 

the spliceosomal target of Pladienolide B and provide a proof of concept on using 

the CRISPR/Cas9 system for drug target identification and validation   
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6.2 Introduction 

Targeted modification of genomes holds much promise in functional analysis 

studies in basic biology and applied biotechnology (Maggio & Gonçalves, 2015; X. 

Yang, 2015). Site-specific nucleases (SSNs) that can be customized to specifically 

bind and cleave a user-defined sequence have been developed including zinc 

finger nucleases (ZFNs), transcription activator like nucleases (TALENs) and 

clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR 

associated (Cas9) systems (Cathomen & Keith Joung, 2008; Chandrasegaran & 

Carroll, 2016; Cong et al., 2013; Jiang, Bikard, et al., 2013). SSNs generate double 

strand breaks (DSBs) that are repaired by either the error-prone non-homologous 

end joining (NHEJ) or the precise homology directed repair (HDR), where a 

template is provided to copy the information across the break (Lukacsovich, Yang, 

& Waldman, 1994; Rouet, Smih, & Jasin, 1994). Due to its facile engineering and 

higher efficiencies, CRISPR/Cas9 system is the platform of choice for targeted 

editing and mutagenesis of eukaryotic genomes (Hsu et al., 2014; Sander & Joung, 

2014). Therefore, CRISPR/Cas9 has been used across diverse eukaryotic species 

for targeted genome editing and regulation and for functional analysis studies 

(Cathomen & Keith Joung, 2008; Chandrasegaran & Carroll, 2016; Cong et al., 

2013).  

Studies of drug target discoveries were hindered by the lack of efficient and 

reproducible-targeted modification of mammalian genomes. The efficiency of the 

CRISPR/Cas9 system, and the ability of modifying several targets simultaneously 
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(multiplexing), and amenability of sgRNA library construction and screening are 

poised to expedite the drug discovery and development efforts for different 

applications including the treatment of human diseases (Cong et al., 2013; Moore, 

2015; Neggers et al., 2015; Shi et al., 2015; Shuvalov et al., 2015; Smurnyy et al., 

2014). Pladienolide B (PB), a natural product with antitumor activities isolated from 

Streptomyces platensis and shown to bind the SAP130 subunit of the SF3B 

complex (Yoshihiko Kotake et al., 2007; Yokoi et al., 2011b). The SF3B complex 

is part of the U2 snRNP complex (Bonnal, Vigevani, & Valcárcel, 2012; Singh & 

Cooper, 2012; Webb, Joyner, & Potter, 2013a). Binding of PB to the SF3B complex 

blocks splicing and prompts nuclear export of intron containing transcripts 

(Effenberger et al., 2014a; Sato et al., 2014; Yokoi et al., 2011b). Here, we 

attempted to validate the molecular target of the PB in the SF3B complex.  

6.3 Research objective 

In here, I will use the CRISPR/Cas9 system to validate the molecular targets of the 

macrolide antitumor drug pladienolide b (PB). This study is a proof of concept on 

the ability of using CRISPR/Cas9 system to validate drug-target interactions as 

well as screen for novel drug targets. Such approach has a very important impact 

on the discovery of new therapeutics.  

6.4 Results 

6.4.1 Targeted mutagenesis of SF3B complex genes using CRISPR/Cas9 

Therefore, we generated sgRNAs with binding specificities to all SF3B subunits. 

We performed transfections into HEK293T cells using Cas9 endonuclease driven 
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by the b-chicken promoter and sgRNA driven by the U6 promoter (Figure 32A). 

We designed several sgRNAs to target some subunits of the spliceosome complex 

that is including some of SF3B complex such as SF3B1, SF3B2, SF3B3 (Golas et 

al., 2003) and SF3A complex such as SF3A3 (Figure 33B and Supporting 

information and Table S2). Catalytically inactive Cas9 (dCas9) was used as a 

negative control (Figure 32B).  

Figure 32: Target genome editing of various sub-units of the spliceosome complex 

using CRISPR/ Cas9 system in HEK293T cells.  

(A) Schematic representation of wtCas9, dCas9 under the beta-chicken promoter and PCR 

amplicon sgRNA under U6 promoter-used in this study. (B) Schematic strategy used to edit each 

specific gene target (SF3A3, SF3B1, SF3B2, and SF3B3) in HEK293T cells co-transfected with 

wtCas9 and corresponding sgRNA. 

6.4.2 Mutation analysis using T7EI and sanger sequencing  

Three days post-transfection, cells were collected and genomic DNA purified and 

subjected to T7 Endonuclease I (T7EI) mutation detection assays. Our data reveal 
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high levels of targeted mutagenesis of the SF3B subunits as demonstrated by T7EI 

mutation detection assays (Figure 33A-D). To validate the targeted mutagenesis 

efficiencies and precisely determine the nature of indels, we PCR-amplified 

fragments encompassing the target sites, SF3B1, SF3B2, SF3B3, and SF3A3, and 

cloned the amplicons. Subsequently, we subjected these clones to Sanger 

sequencing and analyzed the presence of indels and the efficiency of targeted 

mutagenesis (Figure 33A-D). We achieved 23% of targeted mutagenesis of the 

SF3B1 subunit, 37.5% for the SF3B2, 35.7% for the SF3B3 subunit and 20% for 

the SF3A3 subunit (Figure 33E).  

Figure 33: Detection of the targeted modification of each spliceosome subunit by 

T7EI assay and Sanger sequencing.  

(A to D) T7EI assays and alignment of Sanger sequencing reads of PCR amplicons encompassing 

the targets of SF3b1, SF3b2, SF3b3 and SF3a3 genes respectively. SgRNAs targets are 

highlighted in red, the PAM sequence is underlined, dashes indicate nucleotide deletions, 

nucleotides highlighted in blue indicate insertions, and nucleotides highlighted in green indicate 
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substitutions. Arrow indicates the expected size of the DNA bands of corresponding amplicons 

cleaved by T7EI. (E) Genome editing efficiency in each subunit estimated by the number of mutant 

clones divided by the total number of sequenced clones.  

6.4.3 Drug target validation and survival assay (IC50) 

Having achieved higher levels of targeted mutagenesis in all subunits of the SF3B 

complex, we proceeded to investigate the effects of the targeted mutagenesis of 

each subunit to the sensitivity to PB. Three days post transfection, cells were 

collected and seeded again in a 24 well culture plate and cultured for 24 h prior 

treatment with increasing concentrations of PB (1e100 nM) and incubated for 24 h 

at 37 C humidified incubator with 5% CO2. Subsequently, at the end of incubation 

time the media was removed and we performed cell viability assays using Almar 

Blue (AB) (Rampersad, 2012; Vega-Avila & Pugsley, 2011; White, DiCaprio, & 

Greenberg, 1996). Using this assay, it is possible to spectrophotometrically 

measure the cellular proliferation. Resazurin (oxidized form) is blue and non-

fluorescent, whereas resorufin (reduced form) is red and highly fluorescent. 

Therefore, AB reduction is a suitable indicator of the cellular viability (Ansar 

Ahmed, Gogal Jr, & Walsh, 1994). The AB assays were carried out according to 

manufacturer's instructions. In each experiment, wells containing only the AB 

solution without cells were also prepared and incubated for 5 h (Figure 34). 

HEK293T cells edited in SF3B1 subunit of the spliceosome complex and treated 

with 100 nM concentration of PB showed a red color when compared to the cells 

un-transfected or transfected with only sgRNA or wtCas9 only indicating more 

resorufin accumulation and high level of resistance to the PB (Figure 34). Higher 
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cell viability levels (50% ± 8) were detected in population of cells co-transfected 

with wtCas9 and a sgRNA targeting SF3B1 compared to lower cell viability levels 

(23% ± 5) for cells co-transfected with dCas9 and sgRNA targeting SF3B1 (Figure 

34). However, no significant difference has been observed in HEK293T cells co-

transfected with SF3B2, SF3B3 or SF3A3 indicating that SF3b1 is the bona fide 

target of the PB antitumor drug. Our data confirm the conclusions of previous work 

from Yokoi et al., where a mutation in the gene for SF3B1 was shown to confer 

resistance to the inhibitory action of PB (Yokoi et al., 2011b).  

 

 

 

 

 

Figure 34. Effect of the specific gene editing on the toxicity of the antitumor 

macrolide Pladienolide B on the HEK293T cells.  

(A) Cell viability was assessed by colorimetric assay using Alamar Blue Cell Viability Reagent (Life 

Technologies, UK). HEK293T cells edited in various genes (SF3A3, SF3B1, SF3B2, and SF3B3) 
and treated with 100 nM of Pladienolide B for 24 h at 37 C humidified incubator with 5% CO2. 

Specific deletion of SF3B1 dis- played high level of resistance to the PB when compared to the un-

transfected cells or cells transfected only with wtCas9, or sgRNA or dCas9. Result is a 

representative of three independent experiments and the bars represents the mean ± SD and *P < 

0.01.  



 136 

6.5 Discussion 

Therefore, CRISPR/Cas9 system could be used to identify a target of known drugs 

by using a specific subset of sgRNAs and screening their potential targets. 

Furthermore, sgRNA libraries with genome-wide targets could be employed to 

generate functional knock outs for the purpose of identifying drug targets (Figure 

35). Our data validate that the SF3B1 is the bona fide molecular target the PB and 

indicate the power of this technology in identifying existing and novel drug targets. 

Such applications would revolutionize the drug discovery and development efforts, 

and lead to the next generation of smart and personalized drugs.  

Our study extends the utility of the CRISPR/Cas9 system for drug discovery and 

development applications. Molecular target validation of PB would unlock the 

possibilities of developing new synthetic analogues that are cheaper and more 

stable with superb antitumor activities. Furthermore, target knockouts of genes of 

key cellular machineries, could be used to discover novel drugs from synthetic and 

natural chemical libraries. Different platforms for genome-wide interrogation of 

gene function have been recently developed (Q. W. Xu et al., 2012). Such 

platforms could be utilized to identify the molecular targets of existing drugs, and 

for novel drug discovery (Figure 35). Furthermore, such a platform would be helpful 

in identifying interacting genes and pathways with the primary drug target. By 

manipulating those interacting genes and pathways, we could increase the efficacy 

of the current drugs and develop much more powerful drugs. In conclusion, 
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CRISPR/Cas9 system serves as a key tool in the molecular toolbox for drug  

discovery and development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Illustration of CRISPR/Cas9 system based methods for antitumor drug 

target validation and identification.  

High-throughput CRISPR screens using libraries of sgRNAs for genome-wide interrogation using 

Cas9 nuclease activities (wtCas9; Nickase; fdCas9) to uncover genes involved in antitumor drug 

resistance. 

6.6 Materials and methods 

6.6.1 Cell culture media, conditions and, DNA transfections  
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HEK293FT cells were cultured and transfected as previously described in Aouida 

et al., 2015. Briefly, 80,000 HEK293T cells per well were seeded in a 24 well 

culture plate and cultured for 24 h prior then were transfected with 250 ng of PCR 

amplicons containing the specific gRNA for SF3b1, SF3b2, SF3b3 and SF3a3 

under U6 promoter and 500 ng of wtCas9 (pX260 from Addgene) or dCas9 

plasmids using 3.4 μl of FuGene HD (Promega, Madison, WI, USA) and incubated 

for 3 days at 37°C humidified incubator with 5% CO2. All gRNAs sequences and 

primers used to amplify the PCR amplicons of gRNAs are described in Table S1. 

6.6.2 Pladienolide B treatment and survival assay 

Following the three days of transfection, cells are collected and seeded again in a 

24 well culture plate and cultured for 24 h prior before treatment with increasing 

concentrations of pladienolide B (1–100 nM) and incubated for 24 h at 37°C 

humidified incubator with 5% CO2. At the end of incubation, the media containing 

the drug was removed from each well and proceeded for cell viability assay using 

Almarblue (Life technologies, UK) that was carried out according to manufacturer’s 

instructions. 

6.6.3 Mutation detection analysis using T7EI assays 

The genome target modification for each spliceosome sub-units was analyzed by 

T7EI assay followed by Sanger sequencing as described previously (Aouida et al., 

2015). 
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CHAPTER 7 

CRISPR-directed evolution of the spliceosome for resistance to splicing inhibitors 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted with permission by Springer Nature from: 

Haroon Butt, Ayman Eid, Afaque A. Momin, Jeremie Bazin, Martin Crespi, Stefan 

T. Arold, and Magdy M. Mahfouz. 2019. CRISPR-directed evolution of the 

spliceosome for resistance to splicing inhibitors. Genome Biology 
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7.1 Abstract 

Increasing genetic diversity via directed evolution holds great promise to 

accelerate trait development and crop improvement. We developed a 

CRISPR/Cas-based directed evolution platform in plants to evolve the rice (Oryza 

sativa) SF3B1 spliceosomal protein for resistance to splicing inhibitors. SF3B1 

mutant variants, termed SF3B1-GEX1A-Resistant (SGR), conferred variable 

levels of resistance to splicing inhibitors. Studies of the structural basis of the 

splicing inhibitor binding to SGRs corroborated the resistance phenotype. The 

SGR4 variant conferred strong resistance to higher concentrations of splicing 

inhibitors and exhibited efficient splicing compared to wild-type plants, which 

showed drug sensitivity and splicing repression. This directed-evolution platform 

can be used to interrogate and evolve the molecular functions of key biomolecules 

and to engineer crop traits for improved performance and adaptation under climate 

change conditions. 

7.2 Introduction 

Technologies for targeted and accelerated improvement of crop traits are highly 

needed to increase crop yield and meet the demands of the burgeoning world 

populations (Pennisi, 2010; Voytas & Gao, 2014a). Directed evolution approaches 
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are designed to mimic biological evolution, where genetic diversity is translated 

into gene products with subsequent screening and selection for functional variants 

with improved fitness (Packer & Liu, 2015). Directed evolution via targeted 

sequence diversification and selection have revolutionized our ability to develop 

diverse biomolecules with novel and improved functions for various applications in 

basic biology and biotechnology. Most of directed evolution approaches have been 

developed in bacteria or yeast. However, the evolved functions of biomolecules 

are best generated in their native cellular context intended for ultimate use and 

application to avoid serious drawbacks including stability and activity issues (Peck, 

Chen, & Liu, 2011). Therefore, the use of complex eukaryotes as a host for design 

and engineering approaches for directed evolution of biomolecules to discover new 

functions ensures the successful selection of the sought-after evolved variant for 

intended application. Directed evolution platforms in mammalian cells include 

plasmid mutagenesis, followed by transfection and screening, in vivo mutagenesis 

via somatic hypermutations in immune cells, robotic cell picking technologies, and 

an error-prone DNA replication platform in the gene of interest (Banaszynski, 

Chen, Maynard-Smith, Ooi, & Wandless, 2006; C et al., 2018; L. Wang, Jackson, 

Steinbach, & Tsien, 2004). Very recently, cytidine deaminases and DNA 

polymerases fused to Cas9 variants have been used to generate localized 
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diversification of gene sequence to enable directed evolution for improved 

functions capitalizing on the bimodular fashion of these chimeric proteins where 

Cas9 serves as a targeting module and the cytidine deaminase of DNA 

polymerase serves for localized sequence diversification of the targeted user-

defined sequence (Chang et al., 2016; Hess et al., 2016; Alexis C. Komor, Yongjoo 

B. Kim, Michael S. Packer, John A. Zuris, & David R. Liu, 2016). Developing 

directed evolution platforms in plants may help identify novel traits, expand the 

range of traits and accelerate trait development and improvement, which are key 

to maximize and reach the genetic potential and resilience of crop plants to climate 

changes (Pacher & Puchta, 2017).  

Clustered Regularly Interspaced Palindromic Repeats (CRISPR)/ Cas9 has been 

harnessed for genome editing applications across diverse eukaryotic species 

including plants. CRISPR/Cas9 generates a site-specific and user defined double 

strand breaks at user-defined DNA sequence, which can be harnessed via the 

precise homology directed repair (HDR) or error-prone nonhomologous end joining 

(NHEJ) repair mechanism for a variety of genetic outcomes (J. F. Li, J. Aach, et 

al., 2013). Applications of CRISPR/Cas9 in plants are mainly focused on the 

generation of functional knockout through targeted mutagenesis via efficient NHEJ 
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because HDR is quite inefficient in plants. To develop an efficient directed 

evolution platform in plants, a combination of simultaneous targeted mutagenesis 

and selection, under selective pressure, may offer a powerful approach to generate 

protein variants of interest for various trait improvement applications.  

7.3 Research objective 

In this work, we have developed and employed a CRISPR/Cas-based directed 

evolution platform to evolve the rice SF3B1 spliceosomal protein for resistance to 

splicing inhibitors. We will also demonstrate some preliminary data from 

CRISPR/Cas9 system genome engineering of PHF5A subunit. 

7.4 Results  

7.4.1 CRISPR/Cas-directed evolution platform 

Applications of CRISPR/Cas9 in plants are mainly focused on the generation of 

functional knockouts via targeted DSB formation and efficient NHEJ, because HDR 

is quite inefficient in plants. To develop an efficient directed evolution platform in 

plants, we used a combination of targeted mutagenesis and selection. To this end, 

we designed a CRISPR/Cas-directed evolution (CDE) platform employing 

CRISPR/Cas9 to generate DSBs at all possible coding sequence sites in a specific 



 144 

gene of interest. CRISPR/Cas9 requires a protospacer-adjacent motif (PAM) of 

NGG for cleavage; therefore, only sequences adjacent to a PAM can be targeted. 

For CDE, a targeted library of single guide RNAs (sgRNAs) is designed, cloned 

into a binary vector, and then transformed into Agrobacterium tumefaciens for 

stable plant transformation. Agrobacteria harboring the sgRNA library are used for 

plant transformation and plants are regenerated under selective pressure to force 

accelerated evolution. This enables the recovery of protein variants that give the 

plant the ability to survive under selective pressure. Plant regenerants that survive 

the selective pressure are genotyped and their progeny phenotyped to link 

genotype to phenotype and examine mutant variants of the protein (Figure 36). 

The ability to segregate out the CRISPR-Cas9 machinery and recover progeny 

plants harboring the evolved variant of interest without any foreign DNA makes this 

an elegant system for directed evolution applications. 
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Figure 36: The CRISPR/Cas-directed evolution (CDE) platform. 

a. All possible sgRNAs targeting the whole coding sequence of a gene are designed b. The sgRNA 

library is constructed via oligo synthesis and annealing. c. The annealed oligos are cloned with 

sgRNA scaffold under the U3 promoter in the binary vector. The sequences are confirmed by 

Sanger sequencing d. All the plasmids are pooled in equimolar ratios e. The pooled plasmids are 

transformed into Agrobacterium f. The Agrobacterium cells are washed from plates with 

transformation medium and used for callus transformation g. After two consecutive selections on 

hygromycin, the callus is regenerated under selection pressure (e.g. splicing inhibitor). h. The 
resistant seedlings are recovered. i. The resistant plants are further analyzed by exhaustive 

phenotyping under selection pressure. The plants are genotyped by amplicon sequencing and 

protein variants are identified. 

7.4.2 CRISPR/Cas-directed evolution of SF3B1 

To provide proof-of-concept for CDE, we evolved the spliceosome component 

SF3B1 for resistance to splicing inhibitors. In plants, naturally occurring splicing 

inhibitors, including pladienolide B (PB) and herboxidiene (GEX1A), have massive 

effects on the splicing machinery, resulting in transcriptome-wide splicing 

repression (AlShareef et al., 2017; Ling et al., 2017). These polyketide natural 
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products, produced by Streptomyces sp., have been applied to plants as 

herbicides and to mammalian cells as anti-cancer therapies (Lee et al., 2018; 

Margaret Miller-Wideman et al., 1992; Teng et al., 2017). Work in mammalian cells 

showed that these splicing inhibitors target the core splicing factor SF3B1, of the 

SF3B complex of the U2 snRNP of the spliceosome (Yoshihiko Kotake et al., 

2007). We have tested the effects of PB and GEX1A on Oryza sativa (rice) seed 

germination and primary root (PR) length, and our data showed that these splicing 

modulators significantly inhibit seed germination and PR growth in a dose-

dependent manner (Supplementary Figure 1).  

Due to the strong conservation with the mammalian SF3B complex, we 

hypothesized that the rice SF3B complex is targeted by these splicing inhibitors. 

We searched the rice genome for SF3B genes and found that OsSF3B1 is highly 

conserved compared with its mammalian homolog (Figure 37 and Supplementary 

Figure 2). To test our CDE platform on the evolution of SF3B1 resistance to splicing 

inhibitors, we used the CRISPR/Cas9 system to generate SF3B1 resistant 

variants. Because splicing inhibition leads to inhibition of plant growth and 

development, we selected plants during regeneration of callus using a splicing 

inhibitor to identify resistant variants. 
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Figure 37: Domains structure homology of SF3B1 across  eukaryotic species 

To generate SF3B1 variants, we designed 119 sgRNAs targeting all possible PAM-

adjacent sites in the whole coding sequence (CDS) of SF3B1 (Supplementary 

Table 1). The sgRNA library was constructed via oligonucleotide synthesis and 

annealing of all possible targets in SF3B1 into the sgRNA scaffold, under the 

control of U3 promoter in the binary vector pRGEB32 (Supplementary Table 2). 

Cas9 was produced under the control of the OsUbiquitin promoter on the same 

plasmid. The plasmids of this library were pooled and transformed into the 

Agrobacterium tumefaciens EHA105 strain for stable transformation of rice (cv. 

Nipponbare) embryonic callus. Subsequently, we performed callus transformation 

and selection for stable transformation. From the transformed callus, we 

regenerated whole plants on different concentrations of GEX1A. We used different 

concentrations to provide variable levels of selective pressure to trigger NHEJ 

repair and generation of SF3B1 variants resistant to GEX1A. We sub-cultured 

15,000 transformed calli onto medium supplemented with 0.4 µM and 0.6 µM 

GEX1A, concentrations that are sufficient to inhibit wild-type callus growth. We 
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recovered 21 rice shoots on 0.4 µM GEX1A (supplementary Table 4). Our data 

thus showed that our directed evolution platform was successful in regenerating 

GEX1-resistant seedlings that were likely to possess an SF3B1 mutation (Figure 

38A).  

To confirm that these seedlings carried mutations in the SF3B1 gene, we identified 

the sgRNA sequence in each resistant seedling through PCR amplicon 

sequencing. This allowed us to determine the target sequence in the SF3B1 gene 

for genotyping and to test the presence, nature, and identity of the causal mutation 

(Figure 38B). We selected several mutants, including SGR1 (SF3B1-GEX1A-

Resistant), SGR2, and SGR3 for further study and analysis (Figure 38B). Our 

sgRNA sequencing data revealed that these seedlings carried a single sgRNA. To 

determine the mutations triggered by these sgRNAs, we PCR-amplified the region 

encompassing the target sequence from T0 plants and subjected these PCR 

amplicons to Sanger sequencing.  

Our data showed that the GEX1A-resistant seedlings possessed in-frame SF3B1 

mutations that are likely to be functional to support RNA splicing, but could affect 

drug binding (Figure 39). For example, the SGR1 mutant had a 3-bp mutation 

causing a predicted single amino acid deletion of Q157. The SGR2 mutant had 

deletion of 10 amino acids, DAPDATPGIG (amino acids 223 to 232). SGR3 had a 

single amino acid deletion of K1050; mutation in the same K1071 of the human 

homolog HsSF3B1 confers resistance to splicing inhibitors (Teng et al., 2017). In 

an experiment without GEX1A selection, we tried to recover knock-out mutants of 

SF3B1. In the T0 we recovered seedlings harboring a heterozygous single 
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nucleotide deletion mutation with sgRNA-18 and an in-frame mutant with sgRNA-

50 causing a 15 amino acid deletion LPLMKPEDYQYFGTL (442–456). The 

heterozygous knock-out mutant was not heritable in the seed progeny. However, 

the in-frame mutant variant with the 15 amino acid deletion exhibited no resistance 

to GEX1A (Figure 39 and supplementary Figure 4). Because we were unable to 

recover any functional knock-out (out-of-frame) mutants of SF3B1, we concluded 

that the loss of functional SF3B1 is embryonic lethal and that this is an essential 

gene for seed viability. 

7.4.3 Domain-focused directed evolution 

We then tested whether domain-focused directed evolution, in which targeted 

mutagenesis is conducted on key protein domains known to mediate key 

interactions for function, stability, or activity, was achievable in our CDE platform. 

We examined whether targeting SF3B1 protein domains, known to mediate drug–

protein interactions, in our CDE platform could generate SF3B1 variants resistant 

to GEX1A. We capitalized on our prior knowledge of the key SF3B1 domains that 

mediate drug interactions and spliceosome inhibition and designed sgRNAs 

targeting these domains (Supplementary Figure 3). HEAT repeats (HR) 15–17 are 

highly conserved (Supplementary Figure 2 and 3) and splicing inhibitor-resistant 

mutations identified in mammalian cell cultures clustered around this region (Teng 

et al., 2017). We targeted this region by using a single sgRNA (HR-target) or a 

PTG (polycistronic tRNA-gRNA) fragment that contained two sgRNAs 

(Supplementary Figure 3). After application of our CDE platform and rice callus 

transformation, we recovered SF3B1 variants highly resistant to GEX1A, including 
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SGR3 to SGR6 (Figure 2C, supplementary Figure 5 and supplementary table 3). 

The SGR3 mutant was also recovered from GEX1A-resistant seedlings of a single 

sgRNA (Figure 39A). Our data show that, compared with sgRNAs targeting 

random regions, the sgRNAs targeting HR15–17 are more effective in producing 

rice seedlings capable of survival on GEX1A-supplemented media. Genotyping 

analysis revealed that these mutations included SGR4 with three amino acid 

substitutions (K1049R, K1050E, and G1051H). SGR5 had a substitution (H1048Q) 

and a deletion (K1049). SGR6 was recovered from PTG transformation and had 

two substitutions (H1048Q and A1064S), and a deletion (K1049, Figure 39C). 

To test the heritability of these mutations and the survival of the homozygous 

SF3B1 mutant variants, we conducted phenotypic and genotypic analysis of the 

seed progeny of the SGR1, SGR2, SGR3, SGR4, SGR5, and SGR6 mutants. 

Genotyping analysis revealed that these mutants were heritable in a homozygous 

fashion, indicating that these SF3B1 variants support efficient splicing, because 

these mutants are phenotypically indistinguishable from wild-type plants 

(Supplementary Figure 6).  
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Figure 38: Generation of SF3B1 variants using the CDE platform 

(A) Agrobacterium-mediated transformation was conducted using the sgRNA library targeting 

SF3B1. After selection on hygromycin, regeneration was performed under selection pressure of 

GEX1A (0.4 or 0.6 µM). A non-specific sgRNA was transformed and used as GEX1A selection 

control. Regeneration was only observed with the sgRNA library targeting SF3B1. Red arrows 

indicate the GEX1A-resistant shoots. (B) The resistant plants genotyped by Sanger sequencing 

and revealed in-frame mutations in SF3B1. These mutants were named SGR (SF3B1 GEX1 

Resistant). The red letters indicate the amino acids modified in mutant sequence. SGR1 has a 
deletion of Q157. SGR2 has a deletion of ten amino acids DAPDATPGIG (223–232). SGR3 has a 

deletion of K1050. The chromatograms show Sanger sequencing of SF3B1 mutant variants. C. A 

protein domain focused CDE platform used to generate SF3B1 mutant variants resistant to GEX1A. 

SGR4 has three consecutive substitutions K1049R, K1050E, and G1051H. SGR5 has the H1048Q 

substitution and K1049 deletion. SGR6 has the H1048Q substitution, K1049 deletion, and A1064S 

substitution. SGR4 and SGR5 were recovered with the sgRNA HR-target while SGR6 was 

recovered with PTG transformation.  

7.4.4 SF3B1 mutant variants confer variable resistance to GEX1A 
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Next, we analyzed the responses of SGRs to GEX1A treatments. Therefore, we 

conducted germination and root inhibition assays at several GEX1A 

concentrations (Figure 40 and supplementary Figure 7 and 8). As indicated earlier, 

GEX1A affected rice germination at 2.5 µM and severely inhibited seed 

germination at 5 µM (Supplementary Figure 1). Here, we observed that the 

germination of all SGRs was not affected at 2.5 µM GEX1A but the germination of 

SGS1 and the wild-type rice seeds was inhibited (Figure 39 and supplementary 

Figure 7 and 8). When we increased the GEX1A concentration to 10 µM, the 

germination of all SGRs was inhibited except SGR4, which was completely 

unaffected by GEX1A (Figure 39 and supplementary Figure 7 and 8). Similar 

results were observed for the root inhibition assay (Supplementary Figure 8), 

where all the SGRs showed resistance to 0.3 and 0.5 µM GEX1A. However, the 

root growth of SGS1 and wild-type seedlings completely ceased at 0.3 µM of 

GEX1A (Supplementary Figure 8). Intriguingly, root growth was inhibited for all 

SGRs at 1 µM GEX1A, except SGR4, which did not exhibit root growth inhibition 

at any concentration. These data indicate that the SF3B1 variants exhibit variable 

degrees of resistance to GEX1A, with SGR4 conferring the strongest resistance. 

Several reports have indicated that GEX1A, PB, and Spliceostatin A share the 

same pharmacophore and bind to the same site in the SF3B1 protein (Cretu et al., 

2018; Makoto Hasegawa et al., 2011). To investigate whether GEX1A and PB 

share the same binding site in SF3B1, we tested whether GEX1A-resistant 

mutants were also resistant to PB by conducting primary root growth assays on 

media supplemented with PB (Supplementary Figure 9). SF3B1 mutant variants 
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were resistant to PB (Supplementary Figure 9). The in-frame sensitive GEX1A 

mutant was also sensitive to PB. These data provide compelling evidence that 

these splicing drugs target the same SF3B1 domain. 

7.4.5 Structural basis of SGR resistance to GEX1A 

Recent reports have provided extensive structural studies on mammalian SF3B1 

and the SF3B1:PHF5 complex and their interaction with various splicing inhibitors 

(Cretu et al., 2018; Cretu et al., 2016). Since rice and mammalian SF3B1 are >80% 

identical, we used these mammalian structures to study the structural basis of the 

resistance of the rice SF3B1 mutant variants to GEX1A and PB (Figure 39B, 

Supplementary Figure 10 and 11). Based on these structural models, we assessed 

the molecular effect of six OsSF3B1 variants on interactions with PB and 

herboxidiene. The SGS1 variant results in deletion of an N-terminal loop-helix 

element (Figure 39B, Supplementary Figure 11). Although this deletion might 

mildly reduce protein stability, it is remote from the drug binding site and hence 

should not lead to drug resistance, in agreement with our experimental 

observations. The SGR3 K1050 variant is located at the rim of the drug binding 

surface and reinforces PHF5A interactions through an ionic bond to PHF5A D27 

(Figure 39B, Supplementary Figure 11). Deletion of K1050 perturbs the binding 

pocket’s stereochemistry, and weakens contacts to PHF5A.  

The SGR4 variant contains two mutations that are not predicted to have marked 

effects: K1049R is a substitution with similar physico-chemical properties and 

although G1051H leads to inclusion of a much larger side chain, this change does 
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not cause steric clashes, being exposed to the solvent (Figure 39B, Supplementary 

Figure 11). Conversely, K1050E will lead to electrostatic repulsion with GEX1A, 

weakening the drug binding interactions, and additionally introduce a repulsion 

with PHF5A D27 and weaken the OsSF3B1:PHF5A interaction. 

In the SGR6 variant (H1048Q, K1049 deletion, A1064S), H1048 and K1049 are 

located at the rim of the drug binding site, at the interface between OsSF3B1 and 

PHF5A (Figure 39B, Supplementary Figure 11). The double mutation 

H1048Q/K1049del will significantly destabilize the drug binding pocket and affect 

the binding to PHF5A. The third mutation A1064S is located 14Å away from the 

drug binding site, and the relatively homologous substitution with a serine would 

only lead to minor local structural rearrangements.  

The SGR Q157 deletion and DAPDATPGIG (223-232) variants carry mutations in 

the disordered loop region in the N-terminal of the protein, not included in our 

molecular models (Supplementary Figure 10A). We hypothesize that these 

deletions might affect additional interactions or regulatory roles that this region 

might have. Collectively, our structural analysis demonstrated that the drug-

resistant variants contained driver and passenger mutations, and that much of the 

effect was mediated through an OsSF3B1 region that is at the intersection between 

drug and PHF5A binding. Thus, the OsSF3B1mutations appeared to have a 

double effect by destabilizing binding of both drug and PHF5A. We anticipate that 

these data will be useful to predict and identify drug resistance in various 

applications. 



 155 

 

Figure 39: SGRs confer resistance to GEX1A treatment and the structural basis of 

resistance. 

A. Dose-response effects of GEX1A treatment on germination of WT, SGS, SGR1, SGR2, SGR3, 

SGR4, SGR5, and SGR6 seeds. Rice seeds were sterilized and germinated in dH2O with different 

concentrations of GEX1A. Hypocotyl emergence was considered as germination.  We observed 

that the rice seed germination was affected in a dose-dependent manner (Figure 1). Germination 

of wild-type and SGS1 seeds was severely inhibited at 2.5 and 5 µM GEX1A. Germination 

of SGRs is less affected by GEX1A treatment. SGR4 germination is completely unaffected even at 

10 µM GEX1A (n=8). B. The structural basis of the SF3B1 mutant variant resistance to GEX1A. 

The 3D model for the OsSF3B1:PHF5A complex and GEX1A with OsSF3B1 represented in gray; 
PHF5A is represented in cyan and GEX1A represented in blue. Key residues on PHF5A are shown 

in orange whereas residues for wild type are shown in magenta and mutations on OsSF3B1 are 

shown in gray. 

7.4.6 SGR4 mutant variant exhibits efficient splicing in GEX1A treatment 
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GEX1A and PB inhibit splicing and cause significant intron retention in Arabidopsis 

thaliana. Therefore, we wanted to test the effects of GEX1A on the seedlings of 

wild-type rice and SF3B1 mutant variants and examine their molecular effects on 

splicing repression. Subsequently, we treated one-week-old wild-type rice 

seedlings and SF3B1 variants with 0.3 µM GEX1A for 6 hours. After extracting the 

RNA, cDNA was synthesized and semi-quantitative PCR was conducted on exons 

flanking selected introns. We have tested several genes with alternatively spliced 

pre-mRNAs, including those encoding: MYB family transcription factor 

(LOC_Os03g55590), SKIP interacting protein 3 (LOC_Os04g37790), Oryzain beta 

chain precursor (LOC_Os04g57440), Glucan endo- 1,3-beta- glucosidase 

precursor (LOC_Os07g35350), EF hand family protein (LOC_Os08g44390),  and 

Alpha- amylase precursor (LOC_Os08g36910), and RING finger and CHY zinc 

finger domain-containing protein 1 (LOC_Os10g31850)  to test whether they 

exhibit intron retention upon GEX1A treatments. Our data show that the GEX1A 

treatment enhanced the intron retention events during pre-mRNA splicing of these 

genes in wild-type rice seedlings (Figure 40).  

Because the SGR4 variant exhibited very strong resistance to GEX1A treatment 

in the germination and root-length assays, we treated one-week-old seedlings of 

SGR4 with 0.3 µM GEX1A for 6 hours and conducted RT-PCR to determine intron 

retention patterns. Interestingly, our data show no intron retention events for plants 

carrying the SGR4 variant (Figure 40) further corroborating our phenotyping and 

structural analysis data. These data validate our hypothesis and the CDE platform 
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and indicate that GEX1A is not capable of binding to the SF3B1 SGR4 variant, 

resulting in proficient pre-mRNA splicing. 

 

Figure 40: GEX1A treatment inhibits pre-mRNA splicing in WT rice but not the 

SGR4 mutant  

The cDNAs were prepared from one-week-old rice seedlings that were treated with 0.3 μM GEX1A 

for 6 h. RT-PCR was performed using primers that flank alternatively spliced introns in selected 

genes. Arrowheads indicate splicing variants that changed following GEX1A treatment. The gene 
structure flanking the amplified fragments and the structures of regulated variants are shown under 

the gel images (the green line marks the positions of the PCR product). Blue box, exon; line, intron; 

white box, 5’ or 3’ UTR. The gene locus identifier is shown on the bottom. 

7.4.7 Accelerated mutagenesis of PHF5A subunit using CDE 
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PHF5A is highly conserved across plant species. PHD finger like protein 5, PHF5A 

is a highlight conserved protein across eukaryotic species. The 110 amino acid 

protein is conserved in most of the eukaryotic models. Phylogenetic analysis 

shows that plant and metazoan homologs of PHF5A are tightly related and diverge 

from the yeast RDS3. In plants, PHF5A homologs in monocot and dicots are highly 

conserved show only 1 to 2 amino acid changes in total (Figure 41). 

Improving crop traits through accelerated diversification of the spliceosome 

subunits is a unique newly emerging approach. We have used CRISPR/Cas9 

genome editing technology to generate splicing inhibitor resistant PHF5A 

functional knockouts in Oryza sativa. Our data revealed that together the functional 

homologs of PHF5A subunit and functional knockouts could help to overcome 

abiotic stresses while avoiding the lethality of losing PHF5A O. sativa. 

Consequently, we will investigated the effect of PHF5A on the splicing and splicing 

repression through the splicing modulator drug probing. We will also explore the 

molecular arrangements developed by splicing modulator resistant mutant PHF5A 

variant.  
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Figure 41: Amino acid sequence homology of PHF5A across plant species  

PHF5A is highly conserved protein across plant species with 110 amino acids. PHF5A is perfectly 

homologous across monocots. Such degrees of conservation reflects the crucial roles contributed 

by PHF5A. PHF5A is often a multicopy gene in plants which indicates the importance of the gene. 

The figure is showing only 1 homolog of PHF5A per plant as the other isoform perfectly match. 

PHF5A protein holds the PHF5A consensus (pfam03660). PHF5A has a PHD finger (plant 

homeodomain) like similarity. The conserved amino acids are shown in red, miss matches are 

shown in yellow, asterisk resembles residues previously reported to be interacting Zn+2, braces 
resembles the splicing modulator binding tunnel at (Y36, V37, R38), blue resembles the PHD finger 

like consensus cysteine residues, grey resembles SF3B1 & SF3B3 interaction residues, green 

resembles SF3B3 interaction residues, purple resembles nuclear localization signal residues.  

7.4.8 PHF5A mutants and over expression lines are resistant to GEX1A 

The selective pressure present by CDE platform and GEX1A have allowed us to 

detect resistant functionally knockouts in T0 plants here are named; Loc A (M1 & 

M2) and Loc B (M3) (Figure 42A and B). Our data show that only one mutant copy 

of the PHF5A can promote GEX1A resistance and that GEX1A have no inhibitory 

effect on root elongation in M1,M2 & M3. Unfortunately, we were not able to 
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recover double knockout plants. Based on the previous reports that Y36C 

substitution is sufficient to generate GEX1A insensitivity and resistance in 

mammalian cancer cells (Teng et al., 2017). We have generated O.sativa over 

expressing the mutant PHF5A variant (Y36C). OsPHF5Aox have shown to have 

high levels of GEX1A resistance. To that end, our data align with previous reports 

that the SF3B1 and PHF5A are the molecular targets of GEX1A. 

 

Figure 42: Generation of PHF5A; functional knockouts and overexpression GEX1A 

resistant O. sativa lines 

(A) Two rice homologous of PHF5A were targeted each with 2 sgRNA. Premature stop codons 

resulting indels are shown in red. (B) Map of the mutant PHF5A over expressing in O. sativa, the 

PHF5A sequence of the LOC_Os04g56760 was used with the mutation Y36C downstream of 

ubiquitin promoter. Rice seeds were germinated on 1⁄2 MS plate for 3 days, then transfer onto 1⁄2 

MS with 0.3 μM GEX1A for 3 days. (C) Herboxidiene (GEX1A) effect on primary root growth of O. 

sativa Knockout lines (M1, M2, M3 and M4), overexpression line (OxOsPHF5M expressing mutant 
PHF5A Y36C) and wildtype. Seeds were germinated on ½ MS drug free media for 3 days post 

treatment. Seedlings were then germinated on 1/2Ms media supplemented with  0.3 uM Gex1A for 
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3 days. Mutant and over expression lines show significant promoted growth/reinstate versus the 

wild type plants.  

7.5 Discussion  

Our study has demonstrated the power of the CDE platform to enable engineering 

of the spliceosome, which may serve as a target to inspire efforts to develop a 

novel class of herbicides with biotechnological applications in agriculture (Margaret 

Miller-Wideman et al., 1992). Furthermore, this work indicates that plants provide 

an attractive and inexpensive system for chemical genomics and directed evolution 

approaches and may aid in the discovery of clinically valuable splicing modulators 

(Lee et al., 2018).  

Although we used targeted mutagenesis and harnessed NHEJ to generate 

variants with improved functions, we envision that other CRISPR/Cas-based 

sequence diversification platforms, including CRISPR-X and EvlovR, coupled with 

selective pressure may be useful in future CDE platforms (Dueber et al., 2018; Lu 

& Zhu, 2017; Zong et al., 2017a). Our CDE platform in plants explores the mutation 

space rapidly, within the short time it takes for plant regeneration. Our CDE 

platform can be applied to key genes controlling plant responses to abiotic or biotic 

factors to produce variants with improved abilities to survive harsh and adverse 

environments (Q.-N. Huang et al., 2016; Miao et al., 2018). Because plant cells 

are amenable to various manipulations and treatments at different growth and 

developmental stages, employing the CDE platform with exposure to various biotic 

and abiotic factors as selective pressure holds great promise for crop trait 

engineering to develop resistance to various biotic and abiotic factors to enhance 
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food security. It is worth noting that this platform can be applied to single genes, 

multi-gene pathways, or gene networks. In this work we delivered the sgRNA 

library via Agrobacterium, but a targeted synthetic sgRNA library produced as 

RNA–Cas9 ribonucleoprotein complexes can be delivered to simultaneously 

expand the sequences targeted for mutation. Moreover, while this platform focuses 

on protein evolution, other types of biomolecules could be targeted for CDE 

applications in plants and other eukaryotes. 

This work provides an exciting proof-of-concept on the use of the CRISPR/Cas9 

system in plants for directed evolution, offering many possibilities for trait 

engineering and breeding of crops with enhanced or optimum performance under 

climate change.  

Preliminarily, We have attempted to interrogate the molecular function of PHF5A 

and its involvement in mediating the splicing inhibitors binding to U2 snRNP 

complex and its effect on splicing repression through CRISPR/Cas9 genome 

engineering approaches. The Oryza sativa PHF5A is a two copy gene. Double 

functional knockouts is unachievable. We were able to maintain several 

homozygous single knockout lines in each of the two loci separately. The splicing 

modulator/inhibitor GEX1A did allow us to control the functionally active homolog 

of the protein, control its contribution to the splicing and transcriptional regulation 

and thus understand the molecular functions PHF5A. 

7.6 Future prospects 



 163 

Will explore how the splicing is affected by PHF5A mutations, identify the 

downstream effects of the GEX1A inhibition on the pre-mRNA splicing, seek to 

unravel the PHF5A role in major spliceosome stability, generate an understanding 

on the sole role of PHF5A role in SF3B complex assembly and analyze the effect 

of PHF5a on histone/chromatin remodeling and other transcriptional regulations 

processes. 

7.7 Methods 

7.7.1 Plant materials and vector construction 

Oryza sativa L. ssp. japonica cv Nipponbare was used for all experiments. The 

expression of Cas9 was driven by OsUbiquitin and the sgRNA was expressed 

under the OsU3 promoter. The sgRNAs were designed to cover most of genomic 

region of SF3B1 (LOC_Os02g05310; Supplementary Table 1). The pRGEB32 

plasmid was digested with BsaI, sgRNAs were synthesized as oligonucleotides 

with BsaI overhangs, GGCA in the forward oligonucleotides and AAAC in the 

reverse (Supplementary Table 2). The oligonucleotides were annealed and ligated 

in the BsaI-digested vector. For domain-focused evolution, sgRNA-92, sgRNA-119 

and a PTG fragment with two sgRNAs (92 and 119) were cloned. 

7.7.2 Growth inhibition activities of GEX1A and PB 

The germination inhibition assays were performed in six-well culture plates. Rice 

seeds were surface-sterilized and germinated in 4 mL of H2O for controls and with 

serial dilutions of GEX1A and PB for the treatments. The germination rate was 
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calculated after 5 d. For root inhibition assays, sterilized rice seeds were 

germinated on ½-strength Murashige and Skoog (½ MS) media (without sucrose) 

on square plates in a vertical position. After germination, 3-day-old seedlings were 

transferred to ½ MS plates supplemented with different concentrations of GEX1A 

and PB. The position of the root tip was marked, and the root inhibition rate was 

calculated after 3 d. 

7.7.3 Rice transformation 

Agrobacterium-mediated rice transformation was performed as described 

previously (Butt et al., 2017). All the plasmids were pooled in equimolar ratios and 

transformed into Agrobacterium tumefaciens EHA105. The colonies were washed 

from the plates with transformation solution (AAM media) and the OD600 adjusted 

to 0.3. Around 20,000 calli were transformed with Agrobacterium. After two rounds 

of selection on hygromycin, calli were regenerated with or without 0.4 µM and 0.6 

µM GEX1A. A plasmid containing a non-specific sgRNA against SF3B1 was used 

in a control transformation. 

7.7.4 SF3B1 mutants screening for GEX1A resistance 

Seeds were harvested from T0 GEX1A-resistant plants. The seeds were de-

husked, sterilized, and grown vertically on square plates containing ½ MS media 

(without sucrose). Wild type and non-specific sgRNA seeds were used as controls. 

After 3 d, seedlings with similar root growth were transferred to ½ MS plates 

supplemented with 0.3 µM GEX1A. The root tips were marked to observe growth. 
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The seedlings were grown vertically for another 3 d and then imaged. The resistant 

seedlings (T1) were transferred to soil. 

7.7.5 Genotyping of the SF3B1 mutant plants 

Transgenic rice plants were grown in a greenhouse in soil at 28°C. After one week, 

when plants were established on soil, DNA was extracted. For GEX1A-resistant T0 

plants produced from the CDE platform, first T-DNA-specific PCR was performed 

and the products sequenced by Sanger sequencing. Then the sgRNA targeted 

genomic region was amplified by PCR using specific primers for locus 

LOC_Os02g05310. Purified PCR products were cloned into CloneJET PCR 

Cloning Kit (K1231). Sanger sequencing was performed to analyze the mutations. 

7.7.6 Construction of a 3D model for the OsSF3B1–OsPHF5A complex 

Homology models of the structures of the complex formed by OsSF3B1 (residues 

441–1280) and OsPHF5A were produced based on the crystal structure of the 

complex of the human orthologues (PDB id: 6en4; 82% and 91% sequence 

identity, respectively), using SwissModel. RaptorX and IUPred2 were used to 

predict the protein disorder. The compounds Herboxidiene and Pladienolide B (PB) 

were downloaded from the ZINC database in SD format and were converted to 

PDB format using OpenBabel 2.3.1. Flexible docking of the ligand compounds to 

the protein complex were performed using AutoDock 4.2. The grid parameters for 

the docking search were limited to cover the binding pocket identified in the human 

orthologue (PDB ID 6en4). Docking was performed using AutoDock default 
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parameters. All the models and protein mutations were manually evaluated using 

the PyMOL program (pymol.org). 

7.7.7 RNA isolation and semi-quantitative RT-PCR   

Total RNA was extracted from rice seedlings after 6 hours of treatment with DMSO 

or 0.3 µM GEX1A using the Direct-zol RNA MiniPrep Plus (Zymo Research) 

according to the manufacturer’s recommendations. For reverse-transcription 

quantitative PCR (RT-qPCR), DNA digestion of total RNA samples was performed 

using an RNase-Free DNase Set (Invitrogen cat. No. 18068-015) following the 

manufacturer’s protocol. The total RNA was reverse transcribed using a 

SuperScript First-Strand Synthesis System (Invitrogen) to generate cDNA. PCR 

conditions were: initial denaturation at 95ºC for 2 minutes then 40 cycles of 95ºC 

for 30 seconds, 55ºC for 30 seconds, 72ºC for 60 seconds then final elongation is 

72ºC for 5 minutes. Primers used for RT-PCR are listed in supplementary Table 4. 
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