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Abstract 
The type II clustered regularly interspaced short palindromic repeats (CRISPR)/Cas system has 

recently emerged as a powerful tool for genome editing. The RNA-guided Cas9 nucleases have been 

engineered to induce double-strand breaks (DSB) in specific genomic locus. Modified cell lines are 

then generated as the cell machinery repairs the DSB via non-homologous end joining (NHEJ) or 

homology-directed repair (HDR). The introduction of a repair template along with the CRISPR/Cas9 

elements allows for targeted DNA modifications. 

TACC3 is a centrosomal protein and is known to be involved not only in promoting microtubule growth 

but also in stabilizing the mitotic spindle. Previous works have demonstrated that a specific point 

mutation (F543A) in chicken TACC3 can lead to an accelerated mitosis. In order to confirm whether 

different cell lines would exhibit the same phenotype, this thesis aimed to generate mutants carrying 

the equivalent mutation to that introduced in chicken cells, in a mouse cell line (NIH/3T3), using 

CRISPR/Cas9 technology. 

Three different guide RNAs were designed and two delivery methods were tested as to optimize this 

methodology to target Tacc3 gene. To introduce the desired mutation, a 199-nt long ssODN was 

synthesized. Although no HDR was detected, the guide RNAs were successful in targeting this locus 

as several clonal lines showed deletions within Tacc3. Immunofluorescence staining in selected 

clones also revealed impaired TACC3 localization, which might indicate that critical domains were 

modified thus affecting centrosomal targeting. 
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Resumo 
Os sistemas CRISPR (do inglês clustered regularly interspaced short palindromic repeats)/Cas do tipo 

II emergiram recentemente como ferramentas eficazes para editar e manipular genes. As nucleases 

(Cas9) que constituem estes sistemas, são guiadas por elementos de RNA (sgRNA) e foram re-

inventadas para induzir danos em loci específicos do DNA. As mutações surgem assim que a 

maquinaria celular repara os danos por recombinação não-homóloga (NHEJ) ou recombinação 

homóloga, assistida (HDR). Neste último caso, poderão ser introduzidos oligonucleótidos, 

desenhados de forma a direcionar a reparação por homologia e, assim, induzir modificações 

específicas. 

TACC3 é uma proteína encontrada nos centrossomas, envolvida quer em promover a síntese de 

microtúbulos quer em estabilizar o fuso mitótico. Estudos recentes mostraram que uma mutação 

pontual (F543A) na TACC3 de Gallus gallus acelera a mitose. Com o objetivo de averiguar se este 

fenótipo se mantinha noutras linhas celulares pretendeu-se, nesta tese, gerar mutantes em células 

NIH/3T3, contendo uma mutação equivalente, usando a tecnologia CRISPR/Cas9.  

De forma a optimizar este método para editar o gene Tacc3, três sgRNAs foram desenhados e dois 

métodos de transfecção foram testados. A mutação desejada foi introduzida usando um 

oligonucleótido de 199-nt. Apesar de não se ter detetado nenhum evento de reparação por 

homologia, os sgRNAs mostraram ser eficazes em localizar o gene em questão uma vez que alguns 

mutantes continham deleções neste locus. Por imunofluorescência verificou-se que a localização da 

TACC3 tinha sido afetada pelo que as modificações induzidas deverão ter alterado domínios 

importantes no recrutamento desta proteína para os centrossomas. 

 

Palavras-chave: CRISPR/Cas9, NIH/3T3, oligonucleótido, TACC3, mitose acelerada. 
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Introduction 

CRISPR/Cas 9 Technology 

A MICROBIAL ADAPTATIVE IMMUNE SYSTEM 
Bacteria and Archae have developed diverse defence mechanisms to withstand viral predation and 

exposure to invading nucleic acid (Horvath & Barrangou, 2010). Recently, an adaptive microbial 

system was described, which provides acquired immunity against viruses and plasmids by targeting 

nucleic acid in a sequence-specific manner (Horvath & Barrangou, 2010). The clustered regularly 

interspaced short palindromic repeats (CRISPR) loci consists of a set of CRISPR-associated genes 

(Cas) and the CRISPR array; a series of repeat sequences, interspaced by variable sequences 

(spacers) corresponding to sequences within exogenous genetic elements (protospacers) (Hsu et al., 

2014). Most repeats form stable, highly conserved secondary structures as they are partially 

palindromic sequences (Horvath & Barrangou, 2010). CRISPR/Cas systems are highly diverse and 

each type has a specific ‘signature’ Cas protein (reviewed in van der Oost et al., 2014). This work will 

explore the Type II CRISPR/Cas system, defined by the Cas9 endonuclease (Figure 1). 

 
Figure 1 – Overview of the Type II CRISPR/Cas mechanism of action. After insertion of exogenous DNA from viruses or 
plasmids, a Cas complex recognizes foreign DNA and integrates a novel repeat-spacer unit in the CRISPR locus – 
immunization phase (Horvath & Barrangou, 2010). The CRISPR repeat-spacer array is then transcribed into a pre-crRNA that is 
processed into mature crRNAs, which are subsequently used as a guide to direct Cas9 to cleave the corresponding invading 
nucleic acid – immunity phase (Horvath & Barrangou, 2010). Figure taken from Mali et al., 2013. 
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Type II CRISPR/Cas systems in bacteria comprise two phases: immunization and immunity. First, the 

CRISPR system integrates fragments of foreign DNA into the CRISPR locus as ‘spacers’, forming a 

memory element (Mali et al., 2013). In the immunity phase, this stored information is transcribed in the 

form of a long pre-crRNA. The trans-activating crRNA (tracrRNA), which is important for processing 

the pre-crRNA and forming the Cas complex, hybridizes to repeat regions of the pre-crRNA (Mali et 

al., 2013). Then, the endogenous RNase III cleaves the hybridized crRNA-tracrRNA, yielding mature 

crRNAs that remain associated with the tracrRNA and Cas9 (Mali et al., 2013). The complex guides 

Cas9 to locate and cleave nucleic acids complementary to the spacer, the protospacer sequences 

(Mali et al., 2013). Cas9 will only cleave if a protospacer adjacent motif (PAM) is present, which 

prevents autoimmunity as the CRISPR array does not include the PAMs (Horvath & Barrangou, 2010). 

ENGINEERING CRISPR/CAS9 SYSTEMS 
The ability to engineer biological systems surely holds enormous potential for basic science, 

biotechnology and therapeutics. The introduction of Type II CRISPR based systems has enabled 

genome modifications in a broad range of species including those that have not previously been 

genetically manipulated (Ran et al., 2013). Indeed, targeted genome editing using customized 

nucleases provides a versatile method for inducing deletions, insertions and precise sequence 

changes in different organisms and cell types (Sander & Joung, 2014). 

A schematic representation of the RNA-guided Cas9 nuclease is shown in Figure 2. The CRISPR/Cas 

system derived from Streptococcus pyogenes relies on a guide sequence designed to pair with the 

DNA target which must immediately precede a characteristic 5’-NGG PAM, N being any nucleotide. 5’-

NAG PAM is also recognized but to a lesser extent. The entire reconstitution of the system is 

dependent on the heterologous expression of human codon-optimized Cas9 with an appropriate 

nuclear localization signal and the required RNA components (Ran et al., 2013). The crRNA and 

tracrRNA can be either fused together to create a chimeric single-guide RNA (sgRNA) and expressed 

via a RNA polymerase III promoter or expressed individually (Mali et al., 2013). Via Watson-Crick base 

pairing the sgRNA, in particular the 20-nt crRNA, directs Cas9 to a particular genomic locus whose 

endonuclease activity then mediates a blunt-ended double strand break (DSB), 3 base pairs upstream 

of the PAM (Mali et al., 2013; Ran et al., 2013).  

 
Figure 2 – The sgRNA, a fusion between a guide sequence (crRNA, in blue) and the tracrRNA (in red), directs the Cas9 protein 
from S. pyogenes (in yellow) to a specific genomic locus. The guide sequence is complementary to the DNA target (blue bar on 
top strand) and the base pairing precedes the required 5’-NGG sequence. The DSB induced by this system is 3 bp upstream of 
the PAM (red triangles). Shown for example is the human EMX1 locus. Figure taken from Ran et al., 2013. 
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Upon cleavage by Cas9, the target locus typically undergoes one of the two major pathways of DNA 

damage repair: the error-prone non-homologous end joining (NHEJ) or the high-fidelity homology 

directed repair (HDR) pathway. NHEJ can lead to the efficient introduction of insertion/deletion 

mutations (indels) of various lengths, which can disrupt the translational reading frame of a coding 

sequence resulting in gene knockout, or the binding sites of trans-acting factors in promoters or 

enhancers (Sander & Joung, 2014). On the other hand, HDR-mediated repair can be used to 

introduce point mutations, correct specific genes or insert desired sequences through recombination of 

the target locus with an exogenously supplied DNA donor template (Kim & Kim, 2014; Sander & 

Joung, 2014). The repair template can either be provided in the form of double-stranded DNA 

constructs or single-stranded DNA oligonucleotides (ssODNs) (Ran et al., 2013). In both cases the 

donor DNA has homology arms flanking the target site however, the preparation of targeting vectors is 

cumbersome and time-consuming making ssODNs an attractive alternative (Kim & Kim, 2014).  

Finally, it is important to note that, unlike NHEJ, HDR is mostly active in dividing cells and its efficiency 

can vary widely on the cell type and also with the targeted genomic locus and the repair template used 

(Ran et al., 2013). Homologous recombination proteins are mainly expressed during G2 phase, which 

makes it difficult for HDR-based gene editing in post-mitotic cells (Hsu et al., 2014). The enzymatic 

machinery involved in this repair process should be nearly identical to the set of proteins responsible 

for chromosomal crossover during meiosis which allows the repair of a damaged chromosome using 

the sister chromatid, available during G2 after DNA replication.  

EXPERIMENTAL DESIGN 
CRISPR/Cas9 technology has certainly evolved quite rapidly and now users face a variety of choices 

to implement this genome editing tool. In the following section some of the parameters, which should 

be considered when applying this methodology, will be discussed.  

Target Selection 

As mentioned before, the Cas9 protein is directed by the sgRNA, which can be specifically designed 

to target a particular genomic locus. The specificity of this binding depends on the guide sequence 

that should immediately precede the PAM sequence. Therefore, when selecting the target sequence 

one should take into consideration the existence of a 5’-NGG PAM but also the minimization of off-

target activity. Firstly, these PAM sequences can be found in the human genome on average every 8 

bp, which determines the DNA targeting space of Cas9 (Cong et al., 2013). However this is a 

computational prediction which does not consider that there may be chromatin, DNA methylation, RNA 

structure and other factors that may limit the cleavage activity (Cong et al., 2013). Also, the design 

density was determined considering solely the occurrence of PAM sequences in the human genome 

(Cong et al., 2013) and does not consider the off-target cleavage potential, which influences the 

sgRNA selection and should restrict the number of target sites available. Regarding the off-target 

activity it has been argued that truncated guide RNAs improve the specificity of the nuclease used (Fu 

et al., 2014). Also, a double-nicking strategy can be used to minimize off-target editing. The D10A 

mutant Cas9 nickase (Cas9n) can be guided by a pair of suitably spaced and oriented sgRNAs to 
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simultaneously introduce single-stranded nicks on both strands of the target DNA (Ran et al., 2013). 

Moreover, Cas9 activity can be influenced by the architecture of the sgRNAs used (Sander & Joung, 

2014). Therefore, certain sgRNAs might not work for some of the reasons already stated and it is 

recommended to design at least two guide RNAs for each targeted locus and test their efficiencies in 

the cell type of interest. 

To facilitate this process, some groups have developed online designing tools, which can take a 

particular genomic sequence and identify suitable target sites. Additionally, open-source distributors 

such as Addgene have contributed to accelerate the development of this technology by allowing 

scientists to share their studies and experimental designs. 

sgRNA Construction 

After selecting the target sequence, the construction of the sgRNA itself is rather straightforward. 

Depending on the application, sgRNAs can be delivered as PCR amplicons or cloned into an 

expression plasmid. The latter is a simple and rapid method and involves a single cloning step with a 

pair of oligonucleotides (Ran et al., 2013). The oligo pairs encode the 20-nt guide sequence, which 

does not include the PAM sequence. Also, due to the promoter used to drive its expression (in this 

case, the U6 RNA polymerase III promoter), a guanine (G) nucleotide should be included as first base 

when the guide sequence does not begin with a G.  

The oligonucleotide pairs are then annealed and ligated into an appropriate plasmid. There are a 

variety of commercially available plasmids that can be browsed by function or model organism in 

which they can be used. Some confer resistance to a particular antibiotic and/or have specific tags 

next to the cloning site to allow selecting for transfected cells and facilitate the screening. Generally, 

the plasmid contains both Cas9 and the remainder of the sgRNA (the tracrRNA) as an invariant 

scaffold immediately following the oligo cloning site (Ran et al., 2013). It is worth mentioning that Cas9 

and the sgRNAs can also be introduced as mRNA and RNA, respectively, by direct injection into cells 

for example (Wang et al., 2013). As previously referred, the variety of strategies available makes this 

technology highly versatile and the experimental design depends greatly on the intended purpose.  

Design of Repair Template 

Traditionally, plasmid-based donor constructs have been preferentially used to modify the targeted 

DNA (Ran et al., 2013). Although this method can be used to edit large portions of the genomic locus 

or introduce reporter genes and antibiotic resistance markers, ssODNs recently arose as an 

alternative. The single-stranded oligonucleotides have been shown to successfully introduce targeted 

point mutations but also to facilitate the deletion of small and large sequences (Chen et al., 2011). 

Despite its evident design simplicity, the reported efficiencies vary considerably and are both cell-type 

and gene locus dependent. Ran et al. (2013) reported that ssODNs should have homology arms 

flanking the mutation site of at least 40 nt and preferably 90 nt on either side. Indeed, it has been 

shown that HDR is facilitated when the modification is closely located to the DSB site (or nick, in the 

case of Cas9n) (Ran et al., 2013). At greater distances from the cleavage site the degree of 

incorporation of the mutation decreases (Elliott et al., 1998).  
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It can be seen from the above discussion that the ssODN design requires careful analysis and its 

construction partially restricts the target selection discussed previously since homology directed repair 

is favoured when the cleavage is near the mutation site.  

Delivery of CRISPR/Cas9 Components 

CRISPR components have been delivered to a broad range of cell types and organisms using a 

variety of transfection methods. A detailed list of the available options can be found in Sander & 

Joung, 2014. In mammalian cells, it is noteworthy both nucleofection and Lipofectamine-mediated 

transfection as these will be the techniques used in this work. 

While nucleofection consists on a physical delivery of exogenous DNA through electroporation, 

Lipofectamine-mediated transfection is based on a chemical reagent. The use of cationic 

liposome/DNA complexes has been widely used due to its simplicity and limited toxicity (Maurisse et 

al., 2010). It relies on the ionic interaction between cationic lipids and the DNA molecules, which are 

intended to be transfected. This interaction leads to the formation of lipoplexes which are slightly 

cationic and can fuse with the anionic cytoplasmic membrane (Maurisse et al., 2010). However the 

delivery of DNA into the nucleus is still not fully understood and it may require cell division for 

completion of transfection as the DNA enters the nucleus during nuclear envelope breakdown. In 

comparison, by applying brief electric pulses to cells, their permeability to macromolecules is therefore 

increased and the substrate is directly transferred to the cytoplasm and cell nucleus. Yet the 

nucleofection efficiency is highly dependent on the buffer and program applied, which requires 

previous optimization. In short, both of the methods mentioned present some limitations but can be 

efficiently explored to deliver DNA to eukaryotic cells.  

Clonal Isolation 

Following transfection, the clonal lines generated need to be individualized. Single cells can be 

obtained through flow cytometry, including FACS, serial dilutions or using cloning cylinders. Given that 

different cell types can vary in their response to flow cytometry, clonal-density dilution or other 

isolation procedures, specific literature should be consulted (Ran et al., 2013). One option is to sort 

single cells into 96-well plates using flow cytometry, based on user-defined parameters. Alternatively, 

if any of the CRISPR elements is fluorescently tagged, FACS may be used to enrich for transfected 

cells (Ran et al., 2013). Serial dilutions rely on the dissociation of transfected cells and accurate 

counting of the number of cells to avoid having multiple clones in one well. Cells should be serially 

diluted to a final concentration of 0.5 cells per well, and distributed into 96-well plates (Ran et al., 

2013). Cloning cylinders can only be used when adherent cells are plated at a low density as the 

colonies must be well separated. For this reason, this procedure is usually preferred when the culture 

has been previously enriched for transfected cells using antibiotic selection, for example.  

Since not all sorted cells can withstand the mentioned processes or the subsequent outgrowth, 

inevitably resulting in cell death, the number of 96-well plates prepared and cells sorted should be 

adjusted to ensure an adequate number of cell lines, obtained after clonal isolation (Ran et al., 2013). 

Cells should then be allowed to expand for 2-3 weeks before being used for downstream applications 
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or for indel analysis (Ran et al., 2013). To detect indels or screen for positive clones carrying specific 

mutations introduced by HDR, different strategies can be adopted and evidently, it depends on the 

experimental design followed. 

DISTINGUISHING BETWEEN PROGRAMMABLE NUCLEASES 
CRISPR/Cas9 technology is one of the programmable nucleases that were engineered and have 

emerged as efficient and precise genome editing tools. Adding to the RNA-guided endonucleases 

(RGENs), there are the zinc-finger nucleases (ZFN) based on eukaryotic transcription factors, and the 

transcription activator-like effector nucleases (TALENs) from Xanthomonas bacteria (Hsu et al., 2014). 

The general features of each nuclease are described in detail in Kim & Kim, 2014. 

ZFNs are composed by two domains: a DNA-binding zinc-finger protein and the nuclease domain 

derived from the FokI restriction enzyme (Kim & Kim, 2014). Two ZFN monomers are required to form 

an effective nuclease as the FokI nuclease domain must dimerize to cleave DNA (Kim & Kim, 2014). 

Successful target sites are G-rich regions that consist of 5’-GNN-3’ repeat sequences, which can be 

found every ~100 bp on average (Kim & Kim, 2014). The requirement for dimerization substantially 

increases the specificity of the ZFNs, on the other hand, it is still challenging to avoid cytotoxicity 

associated with too many off-target sites since the wild-type FokI domain can still bind to one of the 

designed ZFN monomers and cleave the DNA (Kim & Kim, 2014). TALENs have a similar structural 

organization as ZFNs: they contain the same FokI nuclease domain at their carboxyl termini but 

instead use transcription activator-like effectors, as DNA binding domain (Kim & Kim, 2014). TALEs 

consist of tandem arrays of 33-35 amino acid repeats, each recognizing a single nucleotide (Kim & 

Kim, 2014). Although they can be designed to almost every target, the construction of the TALE arrays 

can be quite laborious as the pair of TALE genes can reach ~6 kb (Kim & Kim, 2014). Table 1 

summarizes the main characteristics of each class of programmable nucleases discussed. 

Table 1 – Comparison of three classes of programmable nucleases: zinc-finger nucleases, transcription activator-like effector 
nucleases and RNA-guided engineered nucleases. Adapted from Kim & Kim, 2014. 

 ZFNs TALENs RGENs 
DNA targeting specificity 
determinant Zinc-finger proteins Transcription activator-like 

effectors crRNA or sgRNA 

Nuclease FokI FokI Cas9 

Average mutation rate* Low or variable (~10%) High (~20%) High (~20%) 

Specificity-determining 
length of target site 18 – 36 bp 30 – 40 bp 22 bp 

Restriction in target site G-rich Start with T and end with A (owing 
to the heterodimer structure) 

End with an NGG or NAG 
(PAM sequence) 

Design density One per ~100 bp At least one per base pair One per 8 bp (NGG PAM) or 
4 bp (NAG PAM) 

Off-target effects High Low Variable 

Cytotoxicity Variable to high Low Low 

Size ~1 kb x 2 ~3 kb x 2 4.2 kb (Cas9 from S. 
pyogenes) + 0.1 kb (sgRNA) 

* A wide range of mutation rates, which depend on factors such as the methods used to construct these 
nucleases, delivery methods and cell lines or organisms, have been reported so far (Kim & Kim, 2014). The 
numbers given here are based on studies performed by the authors. The average mutation rate is based on the 
frequency of NHEJ-mediated insertions and deletions obtained. 
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In comparison to ZFNs and TALENs, RGENs can be easily customized to induce a new genome-

editing event, as only the sgRNA has to be replaced and it is a short RNA element that recognizes the 

target via Watson-Crick base pairing (Hsu et al., 2014). Also, no subcloning steps are required to 

make Cas9-based nucleases with new specificities and the relatively small size of the Cas9 gene (4.2 

kb) facilitates gene delivery (Cho et al., 2013). Additionally, whereas ZFNs and TALENs specificity can 

be adjusted by changing the number of DNA-binding modules, Cas9 recognizes target sequences of a 

fixed length and its specificity is limited by the presence of a PAM sequence (Cho et al., 2013). 

The off-target binding potential has been pointed out has one of major limitations of the Cas9-based 

RGENs. These nucleases act as monomers since dimerization of Cas9 is not a requirement for 

cleavage, which does not contribute to high specificity (Kim & Kim, 2014). In addition, contrarily to 

what was initially thought, Cas9 tolerates mismatches throughout the guide sequence, this being 

sensitive to the number, position and distribution of mismatches (Hsu et al., 2014). Finally, 

protospacer sequences followed by the 5’-NAG PAM can also lead to off-target cleavage as S. 

pyogenes Cas9 can recognize both NGG and NAG PAMs (Hsu et al., 2014). Taken together, several 

studies have shown that Cas9 binding can be more promiscuous than previously considered (Wu et 

al., 2014). To improve on-target DSB specificity, different strategies have been developed (Hsu et al., 

2014). Besides truncated sgRNAs and the use of Cas9n for double nicking as previously described, it 

is worth mentioning a recent work from Tsai and colleagues (2014). The authors designed a dimeric 

RNA-guided nuclease by fusing the dimerization-dependent, wild-type FokI nuclease domain to a 

catalytically inactive (or “dead”) Cas9 protein. dCas9 lacks the nuclease activity so it does not cleave 

DNA and can be used as a generic RNA-guided homing device (Hsu et al., 2014). Like ZFNs and 

TALENs, this dimerization-dependent RGEN will only cleave when both dCas9 monomers are bound 

to target DNA by each sgRNA (Tsai et al., 2014). This system appears to be relatively robust and to 

have enhanced specificity as a single sgRNA would most likely be unable to recruit two FokI-

containing fusion proteins, required for DNA cleavage (Tsai et al., 2014). 

Notwithstanding the mentioned limitations, the popularity of CRISPR/Cas9 technology remains largely 

undiminished. Multiplex gene targeting can now be accomplished by delivering a battery of sgRNAs 

into cells rather than a library of large and bulky proteins (Hsu et al., 2014). The ease of Cas9 

targeting and its high efficiency as a site-specific nuclease allowed generating mice carrying mutations 

in multiple genes in a single step (Wang et al., 2013; Yang et al., 2013) To generate transgenic 

animals, Cas9 protein and transcribed sgRNA can be directly injected into fertilized zygotes, reducing 

the generation time required, from more than a year to only several weeks (Hsu et al., 2014).  

Additionally, CRISPR/Cas9-induced mutations can be identified by simple screening without the need 

of drug-resistance marker selection (Sander & Joung, 2014).  
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BEYOND GENOME EDITING 
CRISPR/Cas systems have undoubtedly transformed our ability to edit genomes and engineer living 

systems. Indeed, they provide a single unifying factor capable of co-localizing RNA, DNA and proteins 

and hold great promise in many applications which go beyond genome editing (Mali et al., 2013). The 

potentiality of RGENs has been extensively reviewed elsewhere (Hsu et al., 2014; Mali et al., 2013; 

Sander & Joung, 2014). In the following section, some of the most promising applications of 

CRISPR/Cas technology will be briefly described. 

As mentioned before, the ease to design CRISPR/Cas9 systems makes it possible to alter many 

targets at the same time. Lentiviral delivery of sgRNAs against all genes, together with Cas9, can be 

used to disturb thousands of genes in parallel (Hsu et al., 2014). Genome-wide screens have 

previously used RNAi, however this only leads to a transient knockdown whereas delivering guide 

RNA libraries could allow to introduce loss-of-function mutations into coding exons of different genes 

in each cell (Hsu et al., 2014). 

The catalytically inactive Cas9 could also be further explored as a potential unifying factor. Proteins 

can be fused to dCas9 and be specifically targeted to a particular genomic region via a suitable 

sgRNA (Mali et al., 2013). Additionally, CRISPR/Cas9 systems could modulate transcription. dCas9 

binding alone to DNA elements may result in transcriptional repression as the RNA polymerase 

machinery would be sterically hindered (Hsu et al., 2014). This was defined as CRISPR-based 

interference (CRISPRi) and proved to be efficient in prokaryotic genomes but less effective in 

eukaryotic cells (Hsu et al., 2014). On the other hand, Cas9 can also be converted into a synthetic 

transcriptional activator for gene upregulation (Hsu et al., 2014). However, the extent of activation is 

not consistent and generally requires a synergetic contribution of several sgRNAs/Cas9 activators 

(Mali et al., 2013). This might be due to the local chromatin structure, unique interactions with the 

endogenous transcription machinery or the underlying Cas9 biochemistry (Mali et al., 2013).  

Moreover, an EGFP-dCas9 fusion has been successfully used to visualize specific DNA loci and 

proved to be an alternative to traditional DNA labelling techniques as fluorescence in situ hybridization 

(FISH) (Chen et al., 2013). The latter requires sample fixation and so it is not compatible with live-cell-

imaging whereas fluorescently tagged Cas9 could be used in living cells and provide a powerful tool to 

study chromosome dynamics and structure (Sander & Joung, 2014). 

Ultimately, CRISPR-based editing can be used to rapidly generate disease models, which could 

accelerate and broaden biological research beyond traditional (Hsu et al., 2014). Cas9 has been 

extensively used as a research tool but one can also envision its potential as a therapeutic molecule to 

treat genetic disorders (Hsu et al., 2014; Yin et al., 2014). The development of CRISPR/Cas9 

technologies is an on-going process and many applications in research, medicine or biotechnology 

remain to be addressed and explored.  
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Centrosome Biology 

CENTROSOME, MICROTUBULES AND THE CELL CYCLE  
The basic architecture of all eukaryotic cells comprises membranes, organelles and the cytosol. Each 

cell type is uniquely distinguished by its shape and the location of its organelles. Indeed, the cytosol is 

not an amorphous medium in which organelles float and it rather forms a complex network of protein 

filaments, the cytoskeleton, that define the structural design of each cell type (Lodish et al., 2004).  

What is more, the organization of the cytoskeleton is permanently being rearranged and all its 

components serve as a highly dynamic scaffolding for several processes that a cell undergoes during 

its life (Glover et al., 1993). The centrosome is one of the major cytoskeletal elements and assumes a 

crucial role in orchestrating cytoskeleton rearrangement. It regulates cell motility, adhesion and 

polarity, in interphase and especially during cell division, the centrosome is determinant in setting up 

the mitotic spindle which eventually segregates the chromosomes into daughter cells (Bettencourt-

Dias & Glover, 2007; Glover et al., 1993).  

Centrosomes are composed of two centrioles surrounded by an electron-dense matrix, the 

pericentriolar material (PCM) (Glover et al., 1993). Each centriole is a cylindrical bundle of nine rods 

and each rod is composed of three microtubules (MTs), fused along their length (Glover et al., 1993). 

Each microtubule results from the assembly of 13 protofilaments, which are polymers, composed of α- 

and β-tubulin subunits. Centrioles also provide the basal body required for the formation of the flagella 

and cilia. Altogether, centrosomes form the main microtubule-organizing centre (MTOC) of animal 

cells, regulating the nucleation and spatial organization of MTs. In interphase cells, an extensive array 

of microtubules emanates from the centrosome and distributes throughout the cytoplasm, transporting 

organelles and vesicles. While in mitosis, this array of fibres is disassembled and the tubulin 

monomers assume a completely different structure, the bipolar mitotic spindle (Glover et al., 1993). 

This transition between growing and shrinking is highly dynamic and is caused by a phenomenon 

called dynamic instability (Glover et al., 1993). In most species, microtubule nucleation requires γ-

tubulin which is present in the PCM, and together with several other factors, it forms a stable 

nucleation template from which the MTs start polymerizing (Gergely, 2002). 

Changes in microtubule dynamics are directly associated with the progression of the cell cycle. 

Besides, for daughter cells to inherit one centrosome, this structure has to duplicate only once per cell 

cycle (Bettencourt-Dias & Glover, 2007). A procentriole assembles orthogonally to each existing 

centriole during S phase and elongates to approximately 80% of its length by the time of mitosis 

(Gönczy, 2012). The remaining maturation only occurs during the following cell cycle (Gönczy, 2012). 

If a centrosome fails to replicate, a bipolar spindle cannot be formed and cells are not able to divide. 

On the other hand, if centrosomes keep replicating, the formation of multipolar spindles result in 

deficient segregation of chromosomes (Glover et al., 1993). Evidently, centrosome numbers have to 

be tightly controlled and both centrosome biogenesis and the cell cycle have to be coordinated 

(Bettencourt-Dias & Glover, 2007). Problems in this coordination between the two cycles and in 

spindle-pole organization occur in many cancers and can be associated with genomic instability 
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(Bettencourt-Dias & Glover, 2007). However, despite the recent progress, there are still several open 

questions about how centrosome amplification affects tumorigenesis (Godinho & Pellman, 2014). 

Cell Cycle Stages 

In order to divide into two daughter cells, the parent cell has to go through the cell cycle. Also known 

as the cellular life cycle, it comprises a series of events starting with the preparation of the cell to 

divide followed by the actual division process. Importantly, to monitor the progress through the cell 

cycle, the cell must go across numerous checkpoints where specialized proteins ensure that all 

necessary conditions exist to proceed in the cycle (O’Connor et al., 2010). 

The cell cycle consists of four phases: G1, S, G2, which altogether make up the interphase, and M or 

mitosis phase. In cycling somatic cells, mRNAs and proteins are synthesized in G1 phase to prepare 

for chromosomal replication during the S (synthesis) phase. After progressing through G2, cells initiate 

the mitotic phase, which consists of five morphologically distinct phases: prophase, prometaphase, 

metaphase, anaphase and telophase. Following mitosis, the cell physically divides in two through 

cytokinesis (Lodish et al., 2004). 

In prophase, the replicated DNA synthesized during S phase, condense and form extremely compact 

X-shaped structures that become visible in the light microscope. What is commonly referred as 

chromosome consists of the two sister chromatids – duplicated parent cell chromosomes –, joined at a 

point called the centromere. During prophase the mitotic spindle begins to develop and the two 

centrosomes move towards opposite poles. Microtubules start assembling between them, forming the 

complex network which will eventually segregate the duplicated chromosomes. The star-shaped 

cluster of microtubules which emanate from each end is called the spindle pole (Lodish et al., 2004). 

The second stage of mitosis is prometaphase. During this phase the nuclear membrane breaks down 

into several small vesicles. The nuclear envelope breakdown (NEBD) allows for the direct access of 

microtubules to the genetic material of the cell. Indeed, the highly dynamic nature of microtubules is 

crucial at this stage since by growing and shrinking continuously, each microtubule locates a 

chromosome (Lodish et al., 2004). A multiprotein complex positioned at the centromere, the 

kinetochore, mediates the connection between microtubules and chromosomes. It is worth mentioning 

that although it is quite variable among species, there is at least one microtubule from each pole which 

attaches to the kinetochore of each chromosome (O’Connor et al., 2010). 

A tug-of-war then follows, as prometaphase ends and metaphase begins, to align the chromosomes 

along the cell’s equator. The tension within the cell becomes balanced and chromosomes no longer 

move back and forth (O’Connor et al., 2010). The mitotic spindle is completely formed at this stage, 

and anaphase follows. Sister chromatids separate and move to opposite ends of the cell, becoming 

independent chromosomes. Similarly, the changes in microtubule’s length ensure the movement of 

every chromosome and their segregation (Lodish et al., 2004). 

During telophase, once the chromosomes are all gathered at the poles, the mitotic spindle is 

dismantled and chromosomes decondense. The vesicles, which contain the fragments from the initial 

nuclear membrane, assemble around the two sets of chromosomes and form the nucleus of the two 
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daughter cells. The parent cell is finally split in two through cytokinesis with the formation of the 

cleavage furrow. The cell membrane pinches in at the cell equator, forming a cleft which results from 

the action of a contractile ring of actin and myosin filaments (Lodish et al., 2004; O’Connor et al., 

2010). Following mitosis, cycling cells enter G1 phase, embarking on another turn of the cycle. 

Notably, most differentiated cells in multicellular organisms generally exit the cell cycle in G1, entering 

a phase called G0, and stop cycling. This entry is not irreversible and some cells can return to the cell 

cycle afterwards (Lodish et al., 2004). 

THE TACC PROTEINS 
As described above, microtubule dynamics is crucial to ensure successful cell divisions. In fact, 

microtubules are subjected to an extensive rearrangement, regulated by several centrosomal- and 

microtubule-associated proteins (MAPS) (Thakur et al., 2013). The focus of this thesis was TACC3, a 

member of the transforming acidic coiled-coil (TACC) family of centrosomal adaptor proteins. The first 

member to be described was TACC1, whose ability to promote cellular transformation, its highly acidic 

nature and the presence of a predicted coiled-coil domain at the C-terminus, defined the name of the 

family later on (Gergely, 2002). All TACC proteins isolated from different species share the predicted 

coiled-coil domain, named as TACC domain and composed of approximately 200 amino acids. 

Conversely, the N-terminus is quite variable between species, both in sequence homology and length. 

Both mice and humans express three different TACC proteins: TACC1, TACC2 and TACC3. Due to 

their tissue-specific expression and since each TACC protein assume a distinct localization pattern 

during the cell cycle, it has been argued that their function is not redundantly encoded by the three 

genes (Gergely, 2002). The human TACC genes map in genomic regions that are known to be 

rearranged in certain cancer cells suggesting that TACC proteins might be implicated in cancer. 

Thakur and colleagues (2013) reviewed the types of cancer that are thought to be linked to mutated or 

deficiently expressed TACC proteins. In fact, research on TACC proteins is definitely becoming more 

and more promising as to provide novel drug targets and potential applications in cancer therapies. 

TACC3 
A brief overview about what is currently known about TACC3 and its function during cell division will 

be given in the following section. 

Analysis of the expression profile of human TACC3 revealed that this protein is not as widely 

distributed as TACC1 and TACC2 and it is only expressed in few adult tissues. It shows elevated 

levels in testis, ovary and in the hematopoietic lineages (Still et al., 1999). Interestingly, TACC3 is 

present throughout murine embryonic development. The high levels of TACC3 expression detected at 

specific times in development suggested that it might be involved in the control of cell growth and 

differentiation (Still et al., 1999). This point is also sustained by the work of Piekorz et al. (2002), which 

described the phenotype for mTACC3-null mice. Mice lacking TACC3 showed embryonic lethality with 

evidence of abnormalities in several cell types (Piekorz et al., 2002). These authors also suggested 
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that there might be a link between p53 activity and mTACC3 since the phenotype caused by the 

absence of this protein was restored in mice with reduced levels of p53. 

During cell cycle progression, mouse TACC3 mRNA and protein levels increase dramatically in late S 

and G2/M phase, followed by degradation during mitotic exit (Piekorz et al., 2002). Notably, 

intracellular localization of TACC3 is tightly related with the cell cycle and it shows a distinctive 

distribution pattern in each phase. In HeLa cells (Figure 3), TACC3 localizes to the centrosomes only 

during mitosis, and associates with spindle microtubules as well, thus, covering a larger area at the 

spindle poles (Gergely et al., 2000). During interphase, anti-TACC3 antibodies stain both the 

cytoplasm and the nucleus, being the signal slightly more intense in the nucleus. It is the TACC 

domain which assumes a crucial role in targeting TACC3 to the centrosomes (Gergely et al., 2000). 

Indeed, truncated TACC3 lacking the TACC domain failed to localize to the centrosome in Drosophila 

and Xenopus (Gergely et al., 2000; Peset & Vernos, 2008). On the other hand, the TACC domain 

alone can localize to the spindle poles and to the centre of centrosomal asters (Gergely et al., 2000). 

 

 
Figure 3 – HeLa cells in different stages of mitosis were stained with anti-TACC3 antibody (top panel; red in bottom panel) and 
anti-tubulin antibody (green in colour panel). Figure adapted from Gergely et al., 2000. 

In lower eukaryotes only one member of the TACC family is expressed; D-TACC in Drosophila and 

Maskin in Xenopus laevis and both of them are, indeed, homologues of TACC3. Gergely et al. have 

reported that D-TACC is concentrated in the centrosomes and is implicated in microtubule assembly 

during mitosis. Additionally, these authors suggested that the interaction with microtubules was via the 

C-terminal region and required other factors present in the cells. This study was the first to identify D-

TACC as a microtubule-associated protein and most importantly, to suggest that the interaction 

between the TACC domain and microtubules might be the link between these genes and the 

progression to cancer. These findings then motivated several groups to further characterize the 

function of TACC3 and to study its role in spindle assembly.  

As depicted in Figure 4, there are several proteins known or proposed to interact with different 

domains of TACC3 (its interactome is reviewed in detail by Thakur et al., 2013). In particular, TACC3 

interacts with chTOG, the founding member of a large family of MAPS, which shows very distinct 

effects on microtubule dynamics in vitro, when compared with other microtubule-associated proteins. 

Indeed, it has been proposed that chTOG catalyses microtubule assembly however the MTs formed 

show a highly dynamic nature which is of particular importance during mitosis (Peset & Vernos, 2008). 

chTOG co-localizes with TACC3 at the spindle poles and is also found in centrosomes, being the 

interaction between the two proteins mediated by the TACC domain (Thakur et al., 2013). It is now 

agreed that TACC3 is not involved in MT dynamics directly but rather it is responsible for increasing 
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chTOG affinity to microtubules, which then catalyses the assembly of MTs to form the mitotic spindle 

(Gergely et al., 2003; Hood et al., 2013; Kinoshita et al., 2005; Peset et al., 2005). 

More recently, clathrin heavy chain has also been identified to interact with the human TACC3-chTOG 

protein complex. The complex TACC3-chTOG-clathrin was found to be crucial in establishing 

crosslinks between the network of microtubules and kinetochore fibres in the mitotic spindle (Booth et 

al., 2011). In short, the working model is that TACC3 acts as an adaptor protein and recruits both 

chTOG and clathrin to stabilize the mitotic spindle and ensure successful chromosome segregation. 

This complex only forms upon TACC3 phosphorylation by Aurora-A kinase (Thakur et al., 2013). The 

function of Aurora-A will be further discussed in a subsequent section. 

 
Figure 4 – Murine and human TACC3 interactome includes proteins involved not only in microtubule dynamics and cell cycle 
regulation but also transcription and neurogenesis. Interestingly, the highly conserved C-terminal TACC domain ensures most of 
the interactions. The N-terminus of TACC3 is rather variable between different species. In mice and humans, Aurora-A 
phosphorylates three conserved serine residues depicted in blue. Figure taken from Thakur et al., 2013. 

In summary, the role of TACC3 in cell division has been extensively studied for the past years. 

Although initially TACC3 was described to be involved in the promotion of MT growth through chTOG 

binding, it is now consensual that the TACC3/chTOG/clathrin complex is also crucial in stabilizing 

kinetochore fibres by favouring the physical interconnection of neighbouring microtubules. Moreover, 

TACC3 and clathrin are mutually dependent for spindle recruitment, they interact directly upon 

TACC3’s phosphorylation by Aurora-A, and both TACC3 and clathrin are needed to localize chTOG to 

the MTs (Hood et al., 2013).  

Aurora-A–dependent Regulation of TACC3 

Aurora-A belongs to the evolutionary conserved Aurora serine/threonine kinase family, which plays an 

important role in maintaining genome stability. In particular, Aurora-A is determinant in regulating 

mitotic centrosomes as well as spindle assembly (Barr & Gergely, 2007). Indeed, its localization and 

expression profile are consistent with its function as a mitotic kinase (Barr & Gergely, 2007).  
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The consensus phosphorylation site has already been identified for this kinase and this motif was 

confirmed to be present in TACC proteins, as well as in CDC25B (involved in mitotic entry) and in 

NDEL1 (implicated in centrosome maturation and separation, and mitotic entry) (reviewed in Barr & 

Gergely, 2007). Besides these proteins, many other substrates are known (Nikonova et al., 2013). The 

kinase activity of Aurora-A is regulated by autocatalytic phosphorylation and this mechanism is 

facilitated by specific co-factors. TPX2-mediated Aurora-A activation is the most studied one (Barr & 

Gergely, 2007). Interestingly, TPX2 (Targeting Protein for Xklp2) can also be phosphorylated by 

Aurora-A, acting as a substrate as well (Kufer et al., 2002).  

In the human TACC3 there are three Aurora-A phosphorylation sites: S34, S552 and S558 (see Figure 

4). Several studies revealed that mitotic spindles are abnormal when Aurora-A activity is compromised 

and, in human cells, when Aurora-A is inhibited, TACC3 fails to localize to the centrosomes 

suggesting that kinase activity is required to target TACC3 (reviewed in Peset & Vernos, 2008). 

Indeed, TACC3 phosphorylation of S558 by Aurora-A appears to regulate clathrin recruitment and the 

complex TACC3-clahrin then localizes to the spindle microtubules (Hood et al., 2013).  

RATIONALE 
So far, several studies have contributed to describe the effects of Aurora-A phosphorylation on TACC3 

function. However, very little is known about the molecular mechanism underlying this interaction and 

what is the contribution of TACC3 on Aurora-A kinase activity, during mitosis. It is worth noting that 

this duality has been already demonstrated for certain interacting proteins, as some of the Aurora-A 

substrates can function as activating partners as well (Nikonova et al., 2013). 

A recent work performed in Richard Bayliss’ laboratory has shown that human TACC3 can activate 

Aurora-A, in vitro, stimulating the kinase activity (unpublished data). Moreover, this interaction with 

Aurora-A is ensured by a specific region within TACC3 (residues 519-563), named as Aurora-A 

activator domain – TACC3act. To further characterize the binding between TACC3act and Aurora-A 

and identify which amino acids directly influenced kinase activity, the authors altered to alanine the 

highly conserved residues within the activator domain (distinguished with a box in Figure 5A). The 

results obtained from the in vitro kinase assay performed on WT TACC3act and mutant cell lines, are 

depicted in Figure 5B (unpublished results). As shown, the kinase activity of Aurora-A was only 

affected in the F525A mutant. It is worth noting that the activity measured for MBP only corresponds to 

the basal activity of the kinase. TPX2 was used as positive control and interestingly; the kinase activity 

was greatly enhanced in the case of WT TACC3act domain suggesting that, in vitro, TACC3 can 

potentially be an activator of Aurora-A. 

Additionally, the Aurora-A-TACC3 interaction was studied in vivo, using a chicken B cell line, DT40. In 

particular, a mutation was introduced in the equivalent F residue (F543A) and the phenotype was 

subsequently analysed (unpublished data). Although the Aurora-A activation by TACC3 was not 

confirmed, one of the functional assays performed showed that the mitosis was faster in the F543A 

mutant cell line (Figure 5C; unpublished results). This was determined using live-cell imaging, 

comparing wild-type and mutant DT40 cells which expressed GFP-α-tubulin. This experiment was 
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repeated for two independent clonal lines and revealed a decrease in the time between NEBD and the 

onset of anaphase for both of them.  

This phenotype is quite remarkable since there are not many evidences in the literature that could 

indicate why the mitosis is faster, especially as a consequence of a point mutation. Altogether, these 

observations prompt several questions: first, it would be interesting to investigate whether the 

phenotype is maintained in a distinct cell line. Moreover, if it proves to be reproducible, one could ask 

how a faster mitosis could determine the different fates of differentiation in embryonic stem cells. 

Indeed, the results obtained for the F543A mutants motivated the work reported in this thesis.  

   A 

 
 B     C 

 

 

Figure 5 – (A) Multiple sequence alignment of TACC3act (residues 519-563 in human TACC3) in different species. Sequence 
conservation is shown below the alignment where the ‘*’ indicates identical residues. The conserved residues are marked with 
black boxes and the studied phenylalanine is highlighted with a red box. Aurora-A phosphorylation sites are indicated above 
with an asterisk. (B) Aurora-A kinase activity was determined by incorporation of 32P, quantified by scintillation counting, in the 
presence of WT TACC3 (residues 519-563) and mutants where alanine replaced several residues within TACC3act (marked 
with boxes in (A)). Myelin basic protein (MBP) was used as substrate and TPX2 as a positive control. Error bars represent the 
standard error for two independent reactions. (C) Plot showing the duration of NEBD-Anaphase onset measured using a time-
lapse microscope and GFP-tubulin expressing cells: WT and F543A DT40 cells. F543A_1 and F543A_2 cells represent 
independently derived clones and for both it was observed a reduction of the time between NEBD and the anaphase onset. 
Mann Whitney nonparametric t-test; * P = 0.04, **** P < 0.0001. Figure adapted from Peset, I. & Burgess, S. et al., unpublished 
data. 
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Aim of Studies 
The overall aim of this project is to generate the equivalent of F543A mutants, in a mouse cell line, 

using CRISPR/Cas9 technology. This is to be achieved by designing several sgRNAs to target the 

Tacc3 gene and testing different delivery methods. The cell lines obtained are to be analysed by PCR 

amplification followed by restriction-fragment length polymorphism analysis, using a specific restriction 

enzyme to identify potential clones carrying the intended mutation, in both alleles. Hence, this thesis 

aims to establish and validate all the CRISPR elements, necessary for subsequent application in other 

mouse cell lines. 

To compare the functional efficiency of the guide RNAs used, the T7 Endonuclease I assay will be 

performed. The clones that prove to be interesting will be further characterized with regard to TACC3 

protein levels and its localization in mitotic cells using immunofluorescence. Finally, the clonal lines 

carrying the mutation on phenylalanine will be imaged using time-lapse microscopy to determine the 

duration of NEBD-Anaphase onset and, thus, confirm the phenotype obtained previously in chicken 

DT40 cells. 

All the experimental work was done in the Gergely group, in Cancer Research UK – Cambridge 

Institute, Cambridge (United Kingdom).  
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Materials and Methods 

Plasmid Construction and Single-Stranded DNA Donor 

Bicistronic expression vector pX330 (Addgene plasmid ID: 42230; (Cong et al., 2013)) expressing 

Cas9 was digested with BbsI (NEB) and the linearized vector was gel purified. A pair of oligos for each 

targeting site was phosphorylated, annealed and ligated to the linearized vector. These oligos were 

based on the protospacer sequence (without the PAM) and contain overhangs for ligation into the pair 

of BbsI sites in pX330. Digestion with BbsI allowed for the direct insertion of annealed oligos right 

before the tracrRNA (+85 nt) sequence. The resulting fusion molecule, the sgRNA, is under the action 

of U6 promoter. A schematic representation of the vector is shown in Figure 6. 

 
Figure 6 - Schematic of the expression vector for chimeric sgRNA. The guide sequence is inserted between two BbsI sites 
using phosphorylated and annealed oligonucleotides. The vector already contains the partial tracrRNA (red) sequence. Two 
nuclear localization signals (NLSs) were attached to the human codon-optimized S. pyogenes Cas9 (hSpCas9) gene to ensure 
nuclear compartmentalization in mammalian cells. The expression of the chimeric guide RNA is driven by the U6 promoter while 
the Cas9 is expressed using the CBh promoter. Adapted from Cong et al., 2013. 

Each plasmid was then transformed into chemically competent E. coli DH5α: 2 µl of the ligation 

reaction was added to 100 µl of cells and incubated on ice for 30 min. The tubes were then transferred 

to a 42oC water bath for 1 min and immediately returned to ice for 3 min. 900 µl of LB medium was 

added and the cells were incubated in a shaker at 37oC and 250 rpm. After 1 h the suspension was 

spread in LB-ampicillin agar plates. The vectors containing each sgRNA were purified using 

GenElute™ Plasmid Miniprep kit (Sigma) and eluted in TE buffer. The plasmid encoding Puromycin 

resistance (pBSK-Puro R) gene was a kind gift from DR. K J Patel, MRC LMB. The single-stranded donor 

oligo was synthesized by Integrated DNA Technologies. 

Cell Culture 

Murine fibroblast NIH/3T3 cell line (ATCC® CRL-1658™) was cultured in Dulbecco’s modified Eagle’s 

Medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (FBS, Gibco® Life Technologies), 

and penicillin/streptomycin (pen/strep, Gibco® Life Technologies). Cells were maintained at 37oC and 

5% CO2 in a humidified incubator. When the culture reached 70-80% confluency, cells were sub-

cultured. After washing with PBS, cells were detached using a trypsin-EDTA solution (0.05% Trypsin-

EDTA (1x), phenol red, Gibco® Life Technologies). Cells were then resuspended in fresh medium and 

were seeded at different densities accordingly. Puromycin (Sigma) selection was applied at a 

concentration of 1.5 µg ml-1 48 h after transfection. Cells were maintained in Puromycin for at least 5 

days and the antibiotic containing medium was replaced every 3 days. 
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Transfection 

3T3 cells were seeded into 24-well plates (Corning) one day prior to transfection at a density of 0.5, 1, 

1.5 and 2 x 104 cells per well. On the day of transfection, the wells at 50-70% confluency were 

selected. Cells were transfected using Lipofectamine 2000 (Life Technologies) following the 

manufacturer’s recommended protocol. For each well of a 24-well plate, a total of 600 ng for each 

plasmid was introduced and 1.2 µl of 10 µM ssODN. The ratio between plasmid DNA and the 

transfection reagent was 1:3. The Amaxa® Cell Line Nucleofector® Kit R (Lonza) was also used 

following the manufacturer’s protocol. In this case, 1 x 106 cells were electroporated with 5 µg of 

plasmid DNA and 4 µl of 10 µM ssODN. When the vector conferring the Puromycin resistance was 

also included, both plasmids were co-transfected in the same amount making the total already 

mentioned for each delivery method explored. The GFP-expressing plasmid (pmaxGFP, Lonza) was 

used to monitor the efficiency of transfection after 24 h. 

Clonal Isolation 

Isolation of clonal cell lines from the transfected cells was performed by serial dilutions or using 

cloning cylinders after selection with Puromycin. In the first case, the protocol was followed as 

described in Ran et al., 2013. After 2/3 days in culture, cells were dissociated using trypsin and 

thoroughly resuspended in fresh medium to avoid clumping. A hemocytometer was used to count the 

cells from each well. The cells were serially diluted in DMEM to get 0.5 cells per 100 µl. For each 

transfected population, 100 µl was added per well in two 96-well plates (a final volume of 24 mL 

containing 120 cells was prepared) using a multichannel-pipette. After a week, the plates were 

inspected for the presence of isolated colonies and the wells which contained more than one colony 

were excluded. Cells were allowed to expand for 2-3 weeks before transferring into 12-well plates. 

In the case where the Puromycin was added to the culture to select for the transfected cells, the clonal 

lines were isolated using cloning cylinders. Cells were allowed to grow on 10 or 15-cm dishes in the 

presence of Puromycin, which allowed the isolation of clonal lines which had taken up the pBSK-Puro R 

vector. After 5 days in culture, the dishes were examined and well-isolated colonies were marked with 

a circle around them on the bottom of the dish, using an inverted microscope (Nikon Eclipse TS100). 

Only colonies with a reasonable size were selected since very large colonies might have originated 

from a clump of cells and very small ones probably grew from a cell that belonged to a neighbouring 

colony. To collect the colonies using cloning cylinders the media was aspirated from the dish and the 

plate was rinsed twice with PBS. The cylinders were then picked up using a sterile forceps and after 

being set over a colony they were pressed down evenly. In the case where the cylinders had no 

grease on the flat bottom, this had to be applied prior to the positioning over the colony. The grease 

(silicone vacuum grease, Beckman) was spread in a glass petri dish and then autoclaved. With sterile 

forceps the cylinders were picked up, pressed into the silicone grease and removed quickly. This is to 

give even distribution of grease on the bottom of the cylinder to avoid leakage.  

The position of the cylinder was verified under the microscope before adding 200 µl of trypsin (0.25% 

Trypsin-EDTA (1x), phenol red, Gibco® Life Technologies). Cells were incubated at 37°C until they had 

round up completely. A few drops of fresh medium were added and the resultant cell suspension was 
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aspirated and transferred into a 12-well plate already containing the appropriate volume of medium. 

Cells were incubated as usual for downstream experiments.  

T7EN I Cleavage Assay 

NIH/3T3 cells were transfected using the Amaxa® Cell Line Nucleofector® Kit R (Lonza), using an 

optimized protocol for this cell line. 1 x 106 cells were transfected with 3 µg of plasmid DNA 

corresponding to each of the guide RNAs designed. The ssODN was not included in the transfections. 

After the pulse, the cells were distributed between two wells of a 6-well plate containing 1.5 ml of 

growth medium. Cells were incubated at 37ºC for 72 hours before genomic DNA extraction. Genomic 

DNA was extracted using Gentra Puregene Kit (Qiagen) according to the manufacturer’s protocol. The 

resulting DNA was then resuspended in TE buffer (1x) and quantified using Nanodrop (Thermo 

Scientific). The genomic region surrounding the CRISPR/Cas9 target site was PCR amplified using 

gene-specific primers: mT3_F314_F2 (CCTCACCCAGAACCTCACTC), and mT3_F314_R5 

(TCGCCTGCCTGAATTTTGTG). The expected amplicon length is 1322 bp. Ideally for this assay, the 

amplification product should be short since longer fragments are prone to nonspecific degradation by 

the T7EN I enzyme. A high fidelity polymerase was used (Phusion® High-Fidelity DNA Polymerase, 

NEB) to prevent the incorporation of mismatches during amplification. 50 µl PCR reactions were set 

up to have the following final concentrations: 1X GC Buffer (NEB), 200 µM of dNTPs (NEB), 0.5 µM of 

both forward and reverse primers, 2% DMSO, between 100-200 ng of template DNA, 1 unit of 

polymerase. The cycling conditions used were as follows: 98oC for 30 s; 30X (98oC for 30 s, 62oC for 

30 s, 72oC for 40 s); 72oC for 3 min; hold at 10oC. 5 µl of the amplified DNA was mixed with DNA dye 

and electrophoresed on SYBR® Green-impregnated agarose gel (0.8%) ran in 1X TAE, to confirm 

specific amplification. 

Subsequently, PCR products were purified using PureLinkTM PCR Micro kit (Invitrogen) following 

manufacturer’s protocol. The purified fragments were eluted with 12 µl of the elution buffer and 

quantified using Nanodrop (Thermo Scientific). A total of 200 ng of DNA was mixed with 2 µl of 10X 

NEBuffer2 (NEB) and water to a final volume of 20 µl. The heteroduplex formation was performed by 

incubating the mixture in boiling water and allowing the water to slowly cool down to room 

temperature. To avoid evaporation of samples in the tubes, their caps were wrapped with parafilm and 

spun briefly after incubation to collect the contents to the bottom of the tube. Following the re-

annealing, products were treated with 1 unit of T7 Endonuclease I and incubated at 37°C for 30 min. 

The digestion was stopped by the addition of 5 µl of 5X DNA loading dye (0.25% Bromphenol Blue, 

30% glycerol, 1% SDS and 100 mM EDTA). The reactions were analysed on a 2% agarose gel, ran in 

1X TBE and images were acquired using a UVP BioDoc-It imaging system. 

Image quantification was based on relative band intensities using ImageQuant TL (GE Healthcare Life 

Sciences). This software allowed for 1-D gel analysis including lane creation, background subtraction 

and band detection. Percentage of Cas9-mediated indel was calculated on the basis of the cleaved 

PCR products, as determined by the integrated intensity of bands on the gel. For each lane, the 

fraction of the PCR product cleaved (fcut) was calculated using the following formula: fcut = (b + c)/(a + 

b + c), where a is the integrated intensity of the undigested PCR product and b and c are the 
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integrated intensities of each cleavage product. Indel occurrence can be estimated with the formula 

indicated below, based on the binomial probability distribution of duplex formation: !"#$%   % =

100× 1 − 1 − !!"#  (Ran et al., 2013). The percentage of indel will also be referred as %NHEJ. 

Restriction Fragment Length Polymorphism (RFLP) Analysis for Detection of Homologous 

Recombination 

Genomic DNA from control and treated cells was extracted as mentioned before. PCR was performed 

using gene-specific primers (mT3_F314_Screen_F1: GCCTTTAGCCCCAGTGGATGATGC and 

mT3_F314_Screen_R2: ACCGAGGAAGTTCCAAACTGCTCC) and each 25 µl reaction was set up to 

have the following final concentrations of each component: 1X GC Buffer (NEB), 200 µM of dNTPs 

(NEB), 0.5 µM of both forward and reverse primers, between 100-200 ng of template DNA, 0.4 units of 

Phusion® High-Fidelity DNA Polymerase (NEB). In this case, DMSO was added to a final 

concentration of 2%. The PCR reaction was under the following cycling conditions: 98oC for 30 s; 30X 

(98oC for 30 s, 64oC for 30 s, 72oC for 2 min); 72oC for 3 min; hold at 10oC. For RFLP analysis, the 

resultant 2.9 kb PCR products were digested with HaeII (NEB) for 1 h at 37oC and analysed on 0.8% 

agarose gel as described above. 

Deletion Mapping 

For some of the clonal lines screened it was possible to detect deletions after PCR amplification based 

on differences in amplicon size. To map these deletions, several primers were designed spanning the 

2.9 kb amplification product used in the RFLP analysis. The primer pairs and the respective PCR 

cycling conditions are presented in Table 2. For each sample, the 25 µl reactions were set up as 

previously described. Since the concentration of DMSO was variable, it is referred for each primer pair 

in Table 2. The amplicons were separated and analysed on 0.8% agarose gel as mentioned above. 

Table 2 – Primers, amplicon lengths and PCR conditions used to map the deletions detected for some of the clones generated. 

Designation Primer sequence (5’ – 3’) Amplicon 
length % DMSO PCR cycling 

conditions 

mT3_F314 _F2 
mT3_F314_R3 

CCTCACCCAGAACCTCACTC 
ATCCACTTCAGCACCAGTACC 2500 bp 2% 

98oC for 30 s; 30X (98oC 
for 30 s, 63oC for 30 s, 

72oC for 1 min 15 s); 72oC 
for 3 min; hold at 10oC 

mT3_F314 _F2 
mT3_F314_R4 

CCTCACCCAGAACCTCACTC 
CTCAAACTCAGAAACCCGCC 1992 bp 3% 

98oC for 30 s; 30X (98oC 
for 30 s, 64.5oC for 30 s, 

72oC for 1 min); 72oC for 3 
min; hold at 10oC 

mT3_F314_Screen_F1 
mT3_F314A_ShorterScreen_R1 

GCCTTTAGCCCCAGTGGATGATGC 
CAAGTATTTTGGCTGGGAAGTAGCC 

1447 bp 2% 

98oC for 30 s; 30X (98oC 
for 30 s, 68oC for 30 s, 

72oC for 1 min 10 s); 72oC 
for 3 min; hold at 10oC 

mT3_F314 _F2 
mT3_F314_R5 

CCTCACCCAGAACCTCACTC 
TCGCCTGCCTGAATTTTGTG 1322 bp 0% 

98oC for 30 s; 30X (98oC 
for 30 s, 62oC for 30 s, 

72oC for 40 s); 72oC for 3 
min; hold at 10oC 

mT3_F314 _F2 
mT3_F314_R8 

CCTCACCCAGAACCTCACTC 
ATACCACATACCTTCTGATGGG 648 bp 2% 

98oC for 30 s; 30X (98oC 
for 30 s, 58oC for 30 s, 

72oC for 20 s); 72oC for 3 
min; hold at 10oC 
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Western Blot 

Protein lysates were prepared from 0.3 – 0.4 x 106 cells for each sample. NIH/3T3 cells were 

centrifuged at 1000 rpm for 5 min and the resultant cell pellet was then washed once with cold PBS 

and centrifuged again. Cells were lysed in RIPA buffer (50 mM Tris/HCl pH 8, 150 mM sodium 

chloride (NaCl), 1 mM EDTA, 0.5% NP-40, 0.5% Na-deoxycholate and 0.1% SDS). To avoid 

undesired protease activity, a protease-inhibitor cocktail (Roche) was added. After 20 min incubation 

on ice, the lysate was centrifuged at 13 000 rpm at 4oC for 10 min to pellet cell debris and nuclei. The 

supernatant was subsequently transferred to a fresh tube. If the resultant solution was still viscous it 

was sonicated using Bioruptor (Diagenode) at high speed for approximately 10 sec. Concentration of 

the final protein lysate was determined using the Direct Detect® Spectrometer (Merck Millipore). 

15 µg of protein sample was mixed with an equal volume of 4X SDS-Page loading buffer (0.25 M Tris 

(pH 8), 4% SDS and 40% glycerol, 5% β-Mercaptoethanol). To assure protein denaturation, samples 

were heated at 80oC for 7 min. Protein lysates were then separated on a Bolt® 4-12% Bis-Tris Plus 

Gel (Life Technologies) in MOPS buffer (Life Technologies). The gels were run at 140 V for 1 h and 

the PageRuler® prestained protein ladder (Thermo Scientific) was used to estimate protein sizes. 

Proteins were subjected to dry-transfer onto a nitrocellulose membrane using the iBlot® 1.0 Gel 

Transfer device (Life Technologies) according to manufacturer’s instructions. The program used was 

P0 which lasted for 8 min. To check the quality of transfer, the membrane was reversibly stained with 

Ponceau S solution (Sigma). To block non-specific binding, the nitrocellulose membrane was 

incubated at 4oC over night in blocking solution [5% milk solution (Marvel) in Tris buffered saline (TBS) 

containing 0.1% Tween20 (AppliChem)]. The primary antibodies used were anti-TACC3 (EPR7756, 

abcam) and anti-cyclin B1 (554179, BD Biosciences) at 1/1000 dilution in the blocking solution. As 

loading control a 1/1000 dilution of anti-p150 antibody (Glued, 610474, BD Biosciences) was used. 

The incubation lasted for 1 h at room temperature and the membrane was then washed for three times 

with TBS/0.1% Tween20. Finally, the membrane was incubated with a horseradish peroxidase (HRP)-

conjugated either anti-mouse or anti-rabbit secondary antibodies (1/2000 dilution in blocking solution, 

Dako). After 45 min of incubation at room temperature, the membrane was washed again three times 

using TBS/0.1% Tween20 and the bands were detected by chemiluminescence using Pierce ECL 

Western Blotting Substrate (Thermo Scientific). 

The quantification of the signals obtained was done using ImageQuant TL (GE Healthcare Life 

Sciences). The relative levels of TACC3 and cyclin B1 were quantified for each sample by normalizing 

them against p150 level, which was included as loading control. In the cases where two or more 

bands were present in a particular lane, corresponding to different isoforms of the protein being 

detected, the normalization was avoided. To compare the levels of TACC3 and cyclin B1 for each 

clone to that in the wild-type cells, a ratio between the two was calculated using the already 

normalized values.  
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Immunofluorescence (IF) Protocol 

NIH/3T3 cells were grown directly on glass cover slips and then washed with PBS prior to fixation. 

Cells were fixed with ice-cold methanol at -20oC for 10 min and subsequently permeabilized at 37oC 

for 10 min using PBS containing 0.5% Triton-X 100. To avoid non-specific staining the cover slips 

were blocked with 5% bovine serum albumin (BSA, Sigma) in PBS solution for 10 min at room 

temperature. Primary antibodies were diluted 1/1000 in the blocking solution and the incubation was 

either done at room temperature for 1h30m or at 4oC over night. The antibodies used in the 

immunofluorescence analysis were anti-TACC3 (EPR7756, abcam) and anti-α-tubulin (DM1α, Sigma). 

After incubation with the primary antibodies, cells were washed three times with 0.1% Tween20 in 

PBS at room temperature. The cover slips were then incubated with fluorophore-conjugated 

secondary antibodies for 45 min at 37oC in the dark. Donkey anti-rabbit Alexa Fluor 488 and donkey 

anti-mouse Alexa Fluor 555 (Invitrogen) secondary antibodies were diluted 1/1000 in blocking solution. 

After three washes with PBS + 0.1% Tween20 and one final wash with water, cover-slips were stained 

with the DNA dye Hoechst (1/1000 dilution was prepared in PBS). Incubation lasted for 10 min at room 

temperature and the cover slips were subsequently washed three times with PBS and once with 

water. They were mounted on a slide containing 4 µl of ProLong® Gold antifade reagent (Molecular 

probes) and dried over night at room temperature or for 30 min at 37oC. The slides were stored at 4oC 

in the dark. 

Confocal Microscopy 

Stained cells were imaged using the Nikon confocal A1 microscope equipped with the 60x/1.40 oil λS 

objective (Nikon). Images of z-stacks (0.3 µm steps) were acquired using NIS-Elements AR software 

(Nikon). Z-stacks were projected in the same software and exported as 2-D volume-rendered images 

into ImageJ (version 1.49, NIH) for analysis. 
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Results 

TARGET SELECTION AND sgRNA DESIGN 
Target selection was restricted by the position of the intended point mutation in the Tacc3 locus. 

Sequence comparisons revealed that chicken F543 corresponds to mouse F314 and is part of a 

conserved region identified as an Aurora-A kinase activation domain (unpublished results). Mouse 

Tacc3 gene is located in chromosome 5 and consists of 14 exons that encode a 630 amino acid long 

protein. F314 is one of the last residues in exon 4 and was targeted using three different sgRNAs 

(Figure 7).  

To identify the protospacer sequences for sgRNAs, an online design platform was used 

(http://cas9.cbi.pku.edu.cn), which gives a list of possible protospacers found within the indicated 

locus. The details about this web tool and how the library was built can be found in Ma et al., 2013. 

The query sequence introduced was such that the DSB induced by Cas9 was close to the intended 

mutation site. Ideally, the DSB should be within 100 bp from the mutation site, beyond which the 

degree of incorporation of the mutations decreases significantly (Elliott et al., 1998). In this case, the 

three protospacers selected and described in Table 3 should induce a DSB between 12-18 bp away 

from the mutation site. The guide RNA that mapped only once in Mus musculus genome with fewer 

SNPs and base contribution to the loops in the sgRNA, was expected to be more efficient in targeting 

Cas9 to the right sequence. Indeed, if a certain protospacer sequence is mostly involved in RNA 

loops, the efficiency to bind with the desired target will be lower (Ma et al., 2013). Also, the highest 

percentages of AT content were preferred since it has been negatively correlated with off-target effect 

(Ma et al., 2013). 

Table 3 – Protospacer sequences selected using an online design platform (http://cas9.cbi.pku.edu.cn). These were identified 
based on S. pyogenes type II CRISPR system targeting mouse Tacc3 gene in exon 4. ‘+/- strand’ represent the localization in 
the sense or antisense strand, respectively. ‘bp in loops’ refers to the nucleotides which can be involved into RNA loops 
(predicted with Vienna RNAfold 2.0.7). ‘AT %’ denotes the AT content of each protospacer.  

Protospacer 
ID 

Protospacer sequence 
(5’ to 3’) PAM Strand Mapping and SNP bp in 

loops AT % 

1 GAGACCCATCAGAAGGTATG TGG + 
1 place matched on 

genome: chr5:33664841-
33664863 (+), with 0 SNP 

4 50% 

2 TTATACCACATACCTTCTGA TGG - 
1 place matched on 

genome: chr5:33664846-
33664868 (-), with 0 SNP 

4 65% 

3 AGAACCTGTCGTGGATCTAA AGG + 
1 place matched on 

genome: chr5:33664806-
33664828 (+), with 0 SNP 

7 55% 

Design of ssODN repair template and screening strategy 

The single stranded donor sequence was designed such that the altered nucleotides localized in the 

middle of the oligo. The construct consisted of left and right homology arms (98-nt long) flanking the 

mutation site (Figure 7). The homology arms will allow the correct targeting of the repair template to 

the intended genomic locus and introduce homology-directed repair.  
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The desired point mutation was to change a phenylalanine to alanine (F314A). Taking into account 

codon redundancy, TTC (Phe) to GCC (Ala) change was selected that will introduce a new HaeII 

restriction site, which can then be used to identify positive clones by PCR amplification followed by 

restriction fragment length polymorphism (RFLP) analysis (Ran et al., 2013). PCR primers for this 

purpose should anneal outside the region spanned by the ssODN and preferably HaeII should be a 

unique cutter in the resultant amplification product. The chosen pair was primer F1 in exon 3 and 

primer R2 in exon 5 with an expected amplicon length of 2.9 kb.  

 
Figure 7 – The Tacc3 gene consists of 14 exons spanning a region of 10.8 kb in the mouse genome. Through CRISPR/Cas9 
technology, F314A mutation will be inserted using a ssODN repair template. F314 (in orange) in exon 4 (light blue bar) will be 
altered to an alanine. Three different sgRNAs were designed: the target sequences are indicated in yellow and the respective 
PAM sequences in green. For simplicity only one red arrowhead was represented, showing the position of Cas9-induced double 
strand break. The ssODN contains 98 bp-long homology arms flanking the 2 nt mutation site. The entire repair template is 199-
nt long and includes a HaeII restriction site (in blue). 

T7EN I assay 

To compare the functional efficiency of each sgRNA in NIH/3T3 cells, PCR amplicons of the target 

region were subjected to the T7EN I assay. T7 Endonuclease I recognizes and cleaves non-perfectly 

matched DNA such as cruciform DNA structures, Holliday structures or junctions, heteroduplex DNA 

and more slowly, nicked double-stranded DNA (T7EN I Datasheet, NEB). This assay has been 

successfully used to assess the targeting efficiency of different sgRNAs by determining the indel 

percentage introduced at the target site as a consequence of Cas9 cleavage. The genomic DNA 

extracted from the heterogeneous population of sgRNA-Cas9-targeted cells was used to PCR-amplify 

the region using specific primers (expected amplicon size is 1.322 kb). It is worth mentioning that the 

ssODN was not included in the transfection mix and hence the targeting should result only in indels 

and not in HDR. Since the PCR amplicons represent a pool of fragments derived from differentially 

modified genomic locus from a heterogeneous population of cells, denaturation and re-annealing of 

the amplicons will inevitably generate heteroduplexes. These will be cleaved by T7EN I enzyme 

whereas the homoduplexes will remain intact. The resultant 2% agarose gel is shown in Figure 8 

where a WT sample was also included as a control to assess non-specific cleavage by the enzyme. 

The amplification product is around 1.3 kb long and knowing the Cas9 cleavage sites for each of the 

guide RNAs it is possible to estimate the size of the digested fragments. Since all of the sgRNAs used 

were designed to introduce a DSB near the mutation site, the expected bands after digestion should 

run at approximately 700 bp and 600 bp.  
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Figure 8 – T7EN I assay: genomic DNA was extracted from different transfected cell populations and the region around the 
Cas9 target on Tacc3 gene was amplified, gel purified, denatured and re-annealed to promote heteroduplex formation. This 
non-perfectly matched DNA was cleaved by the T7 endonuclease I enzyme with distinct efficiencies. ‘WT’ refers to the fragment 
amplified from wild-type genomic DNA, sgRNA1, 2 and 3 correspond to samples originated from populations transfected with 
each of the sgRNAs. ‘C’ refers to a control tube with no enzyme added and ‘D’ to the digested sample. Lane marked M 
represents 100 bp ladder (NEB). 

The intensity of each band was quantified using image analysis software followed by the calculation of 

the % indel mediated by non-homologous end joining. The lanes and bands were selected such that 

they all had the same area. Also, in each lane the bands were detected in the same y coordinate to 

ensure that the pixel intensity was being measured for the band of the same molecular weight. The 

fraction cut by the enzyme (fcut) was estimated using a ratio between the intensity of each of the 

cleaved bands and the uncleaved one, for the digested samples. The percentage of NHEJ was then 

calculated and the values obtained are presented in Table 4. 

Table 4 – Quantification of band intensity obtained using ImageQuant TL, an image analysis software. These results were 
based on the agarose gel presented in Figure 8. The fraction of cleavage products by the T7 endonuclease I enzyme (fcut) was 
calculated for each of the digested samples. %NHEJ was determined using the value obtained for fcut, assuming a binomial 
probability distribution for the duplex formation (Ran et al., 2013). WT, sgRNA1, 2 and 3 refer to each of the transfected 
populations from which the template genomic DNA was extracted. 

	  
WT	   sgRNA1	   sgRNA2	   sgRNA3	  

Control	   Digested	   Control	   Digested	   Control	   Digested	   Control	   Digested	  

Cleaved	  band	  1	   5.72	  x	  106	   6.58	  x	  106	   6.99	  x	  106	   7.97	  x	  106	   3.66	  x	  106	   1.03	  x	  107	   4.98	  x	  106	   2.19	  x	  106	  

Cleaved	  band	  2	   5.56	  x	  106	   5.50	  x	  106	   4.95	  x	  106	   4.53	  x	  106	   3.46	  x	  106	   4.50	  x	  106	   4.44	  x	  106	   1.64	  x	  106	  

Uncleaved	  band	   2.14	  x	  108	   2.35	  x	  108	   2.54	  x	  108	   2.05	  x	  108	   2.44	  x	  108	   2.18	  x	  108	   1.96	  x	  108	   1.87	  x	  108	  

fcut	   -‐	   0.0489	   -‐	   0.0575	   -‐	   0.0635	   -‐	   0.0200	  

%NHEJ	   -‐	   2.48	   -‐	   2.92	   -‐	   3.23	   -‐-‐	   1.00	  

The intensity of the uncleaved band in the control lanes should be approximately the same in all the 

lanes since the amount of DNA used in the assay was similar (200 ng). Although fcut and the 

corresponding %NHEJ were calculated for the wild-type this value can be considered as a 

representation of the non-specificity of the enzyme or a measure of the background captured by the 

image analysis software. In fact, it is not expected for the wild-type sequence to contain mismatches 

and to be cleaved by the T7EN I enzyme.  

If one considers that the %NHEJ obtained for the wild-type does not correspond to a real percentage 

of mutated DNA in the absence of Cas9 and the sequence should not contain any indels, the specific 

%NHEJ for other samples could be normalized against the WT value. This being the case, the Cas9-

mediated cleavage efficiencies for each of the guideRNAs designed would be 0.43%, 0.73%, -1.44% 

for sgRNA 1, 2 and 3, respectively. These values were obtained subtracting the fcut of the WT to each 

of the sgRNA-transfected samples.  
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Comparing the percentage of indels, sgRNA2 seems to be the most efficient in targeting Cas9-

mediated cleavage. sgRNA3 showed the lowest %NHEJ which could indicate that it is the least 

efficient for TACC3-targeting. However the percentages obtained are in general very low and there is 

no strong evidence that supports selecting a particular sgRNA over the others. In fact, these results 

suggest that none of the guides are particularly efficient to target the Tacc3 gene. Alternatively, the 

protocol can also be questioned since a positive control was not included. In order to validate the 

methodology, the same assay was performed using different samples (Figure 9). 

In this case genomic DNA was extracted from cells carrying indels in SAS6 gene where each allele 

was modified differently. The indels in this genomic region have been sequenced and confirmed. This 

mutant was created using CRISPR/Cas9 technology in U2OS cells and is designated as ‘Clone 5’ 

(unpublished results). Two concentrations of enzyme were used to test whether T7EN I activity was 

being compromised due to insufficient levels. Also, one of the samples included in the assay consisted 

of a mixture of wild-type and Clone 5 PCR product. This is to ensure that the mismatches are detected 

since the test sample will hybridize with wild-type DNA generating mismatches for T7EN I enzyme 

cleavage. Both fragments were amplified with the same primers and mixed in a 1:1 ratio, which 

favours the formation of heteroduplexes.  

 
Figure 9 – T7EN I assay: ‘WT’ refers to the fragment amplified from wild-type U2OS genomic DNA, ‘Clone 5’ was created using 
the CRISPR/Cas9 technology and its genomic DNA carries indels in both alleles of the SAS6 gene. ‘Control’ refers to the 
undigested tube and ‘0.5 U’ and ‘1 U’ refer to the two concentrations of T7EN I enzyme used. The 1 kb ladder (NEB) is marked 
as ‘M’. The non-perfectly matched DNA was cleaved by the T7 endonuclease I enzyme with distinct efficiencies represented by 
the percentage of non-homologous end joining (%NHEJ) under the respective bands of the gel. 

The cleavage product intensities were quantified as described before and %NHEJ was determined 

normalising against the respective control reactions (Figure 9). The amplified PCR product is 1.4 kb 

long and knowing the position of the indels it was expected that the digested fragments should be 0.9 

kb and 0.5 kb. Although this test sample was expected to give a high percentage of cleavage, this was 

not the case indicating that the formation of heteroduplexes during hybridization was not maximized or 

the assay conditions need further standardization.  

Altogether, this assay proved that the T7EN I cleavage can potentially be used to detect mutations in 

heteroduplex DNA. Both enzyme concentrations tested resulted in detectable levels of NHEJ and can 
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be used to test other samples although the results for the Tacc3 sgRNA-transfected populations were 

inconclusive. Consequently, all three sgRNAs were included in the transfections as discussed below. 

Tacc3 TARGETING USING CRISPR 
To investigate whether the CRISPR/Cas9 technology and the designed sgRNA/Cas9 constructs could 

be used to edit the Tacc3 gene in NIH/3T3 cells, four experiments were set up using different 

transfection conditions. Specific Cas9 targeting was determined by analysing the clones which 

showed distinct patterns through PCR amplification and RFLP analysis by HaeII digestion. The data 

which will be presented for each transfection refers to the number of clones identified to be having the 

wild-type sequence or a modified one taking into consideration the size of the PCR products and their 

digested fragments. 

Transfection 1 

In the first round, cells were transfected using Lipofectamine 2000 and the clones were isolated by 

serial dilutions. Cells independently transfected with GFP expressing construct were examined after 

24 h and the transfection efficiency was estimated to be 60-70%. Each clonal line was scaled-up and 

genomic DNA was extracted for screening by PCR. The results obtained for each transfected 

sgRNA/Cas9 are shown in Table 5.  

Table 5 – Number of clones identified as having the wild-type sequence or showing different genomic modifications. 

 sgRNA1 sgRNA2 sgRNA3 Total 

Wild-type 8 5 12 25 

Non wild-type 0 0 1 1 

Total  8 5 13 26 

Only one clone, obtained from sgRNA3-transfected cells (Table 5), showed a different banding pattern 

from the wild-type, producing two bands in the PCR reaction one being the same size as the wild-type 

fragment (2.9 kb) and the other being approximately 0.9 kb (Figure 10A). 

 
Figure 10 – (A) 0.8% agarose gel showing the PCR amplification of the 2.9 kb fragment spanning the target region. A lower-
sized band of approximately 900 bp is visible for clone 11, isolated in the first transfection (T1) from cells in which sgRNA3 was 
inserted – T1311. (B) HaeII digestion results for the same clone. ‘C’ refers to control with no enzyme added and ‘D’ is the 
digested sample. PCR amplicon from wild-type genomic DNA was included for comparison. ‘M’ is 1 kb ladder (NEB). 
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The presence of both the wild-type band and a shorter one suggests that only one of the alleles was 

targeted and modified by the sgRNA/Cas9 complex. Analysis by HaeII digestion (Figure 10B) shows 

that none of the samples was cleaved by the enzyme, indicating that the ssODN was not incorporated 

to repair the DSB. Overall, this experiment proved less successful and the reason for the lower 

number of clones isolated remains elusive. Over-estimation of transfection efficiency as well as 

technical problems during the transfection process or clonal isolation might have contributed to the 

reduced number of clones obtained. 

Transfection 2 

The conditions used were the same as the previous experiment: cells were transfected with 

Lipofectamine 2000 and the clones were isolated by serial dilutions. Indeed, in this case it was 

possible to obtain over 200 different clonal lines as described in Table 6. 

Table 6 – Number of clones identified as having the wild-type sequence or showing different genomic modifications. The 
second transfection was done using Lipofectamine 2000 and the clones isolated by serial dilutions into six 96-well plates, as 
previously described. 

 sgRNA1 sgRNA2 sgRNA3 Total 

Wild-type 50 70 88 208 

Non wild-type 2 1 1 4 

Total  52 71 89 212 

 
Figure 11 – (A) PCR gel showing the amplification products obtained for several clones from the second transfection, using 
gene-specific primers designed to amplify a 2.9 kb fragment spanning the targeted region. (B) HaeII digestion results for the 
same clones. ‘C’ and ‘D’ refer to the undigested controls and digested samples, respectively. PCR amplicon from wild-type 
genomic DNA was included for comparison. ‘M’ is 1 kb ladder (NEB). 

The PCR amplicon sizes observed for each clone (Figure 11A) differ from that obtained for the wild-

type control but also from each other. Moreover, it is not possible to correlate the bands obtained with 

the guide RNA that was introduced. The deletions verified in the second transfection are of different 

sizes: between a few base pairs to 1.5 kb. These modifications seem to be present in both alleles 

since only one shorter fragment was amplified in three of the clones. However, further analysis (Figure 

15 and Figure 16) revealed that the wild-type allele was present in all these clones; the PCR reaction 

somehow favoured the amplification of the shorter fragment (discussed later).  

Notably, one of the clonal lines (T2111), obtained in the second transfection and isolated from the 

sgRNA1-transfected population, was digested by HaeII (Figure 11B). This might indicate that the 
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ssODN was incorporated but there was a re-arrangement which culminated in a 1.4 kb fragment. 

Conversely, the indel generated by Cas9-targeting could have resulted in a sequence, which contains 

a HaeII site.   

Transfection 3 

In an attempt to improve the targeting efficiency, another transfection method was explored and cells 

were subjected to electroporation. In addition, a plasmid encoding the Puromycin resistance gene was 

included along with the sgRNA/Cas9 construct. This allowed for the selection of transfected cells and 

made it possible to use cloning cylinders to collect well-isolated colonies. It is worth mentioning that 

Puromycin-resistant cell lines may not have taken up both the vectors and also the ssODN. 

Nonetheless, this initial selection reduces the number of negative clones analysed subsequently and 

facilitates the screening process.  

Contrary to what was observed for the previous transfections, estimating the transfection efficiency 

was not straightforward in this case. Following electroporation, the GFP-transfected cells 

(approximately 1 x 106 cells) were seeded in a 6-well plate. However, the culture soon reached 

confluence and was very hard to determine the transfection efficiency; it was then estimated to be 20-

30%. Despite being low and since the Puromycin selection would allow distinguishing the transfected 

colonies, the experiment was continued. 

Table 7 – Number of clones identified as having the wild-type sequence or showing different genomic modifications. The third 
transfection was done using the Amaxa Nucleofector kit and the clones were isolated using cloning cylinders, following 
Puromycin selection. 

 sgRNA1 sgRNA2 sgRNA3 Total 

Wild-type 10 21 12 43 

Non wild-type 4 1 3 8 

Total  14 22 15 51 

 
Figure 12 – (A) PCR gel showing the amplification products obtained for several clones of the third transfection, using gene-
specific primers designed to amplify a 2.9 kb fragment spanning Tacc3 genomic locus. Two clones which in the end proved to 
be like wild-type were also included in this gel (identified with an asterisk). (B) HaeII digestion results for the same clones. ‘C’ 
and ‘D’ refer to the undigested controls and digested samples, respectively. PCR amplicon from wild-type genomic DNA was 
included for comparison. ‘M’ is 1 kb ladder (NEB). 
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Likewise, the eight clones identified (Table 7) as different from the wild-type showed varying patterns 

up on PCR and cannot be associated with the sgRNA used, as mentioned earlier. The resultant PCR 

gel (Figure 12A) showed that some clones produced three bands instead of two, which was not 

expected as there are only two alleles encoding Tacc3. This can be due to contamination in the 

culture by another clonal line or in the PCR reaction. The latter seems to be unlikely since the same 

reagents were used in all the reactions and only some show an extra band. Clone T3311 was the only 

sample that did not produce a wild-type band, possibly indicating that similar modifications occurred in 

both alleles. 

Regarding the fragments obtained after HaeII digestion of the amplicons (Figure 12B), no 

incorporation of the donor oligo was detected. The 43 clones identified as WT were based on the size 

of the single PCR product obtained, none of which were digested by HaeII (data not shown).  

Transfection 4 

Finally, the fourth transfection followed the same protocol as that of transfections 1 and 2, with the 

exception that the pBSK-Puro R plasmid was co-transfected along with the pX330 vector encoding Cas9 

and the respective sgRNAs. The transfection efficiency was estimated to be 70-80% based on GFP 

control. Initial selection for the transfected cells by Puromycin allowed for the collection of well-isolated 

colonies on a 15-cm dish. In this round, 33 colonies were harvested for each of the transfected 

populations. In those cases where the colonies were not well separated and cloning cylinders could 

not be used to enclose the colony, they were scrapped and aspirated using a sterile pipette tip. Table 

8 summarizes the classification attributed to each clonal line after the screening.  

Three of the seven non wild-type clones showed a single band corresponding to a shorter 

amplification product (Figure 13A). The remaining clones showed a short PCR product along with the 

WT band. As already discussed, this might indicate that only one of the alleles was modified or the 

indel in the second allele was not detectable by PCR. Indeed, using just a PCR reaction to screen for 

genomic modifications, which can differ from WT in only a few base pairs is not reliable. Nevertheless, 

it was considered that the modifications identified through PCR for clones T4102 and T4111 were bi-

allelic whereas clone T4108 showed a WT band in subsequent rounds of PCR (Figure 15 and Figure 

16). These reactions also helped to conclude that clone T4232 is like WT (identified with an asterisk in 

Figure 13) although it had previously been considered as a potentially interesting clone. 

As observed in the previous rounds of transfections, none of the harvested clones proved to have a 

HaeII restriction site incorporated into the targeted genomic region (Figure 13B). All the clonal lines, 

which showed the expected PCR product of 2.9 kb, were not digested by HaeII (data not shown).  

Table 8 – Number of clones identified as having the wild-type sequence or showing different genomic modifications. The fourth 
transfection was done using Lipofectamine 2000 and the clones were isolated using cloning cylinders, following antibiotic 
selection with Puromycin.  

 sgRNA1 sgRNA2 sgRNA3 Total 

Wild-type 30 32 30 92 

Non wild-type 3 1 3 7 

Total  33 33 33 99 
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Figure 13 – (A) PCR gel showing the amplification products obtained for several clones of the fourth transfection, using gene-
specific primers designed to amplify a 2.9 kb fragment spanning the targeted region. (B) HaeII digestion results for the same 
clones. ‘C’ and ‘D’ refer to the undigested controls and digested samples, respectively. PCR amplicon from wild-type genomic 
DNA was included for comparison. ‘M’ is 1 kb ladder (NEB). One clone which proved to be like wild-type was also included in 
this gel (asterisk). In the case of T4322, the lower band is very faint and almost imperceptible. 

Summary  

To sum up, the results obtained throughout the screening of all four transfections are collated in Table 

9. However, it is important to note that the classification was based only on the PCR results and none 

of the clonal lines was sequenced to confirm the genomic modifications in Tacc3 gene. The 

percentages of gene editing indicated below were calculated using the number of clones, which 

showed different patterns in the PCR gel and after HaeII digestion, against the total number of clonal 

lines screened. 

Table 9 – Summary of the editing percentages determined for all four transfections (T1, T2, T3 and T4), for each sgRNA 
designed. These percentages were calculated using the information gathered during the screening. The modifications were 
classified as monoallelic or bi-allelic according to the PCR product(s) obtained.  

	  
T1	   T2	   T3	   T4	   	  Total	  

Monoallelic	   Bi-‐allelic	   Monoallelic	   Bi-‐allelic	   Monoallelic	   Bi-‐allelic	   Monoallelic	   Bi-‐allelic	   Monoallelic	   Bi-‐allelic	  
	  

sgRNA1	   0.0%	   0.0%	   3.8%	   0.0%	   28.6%	   0.0%	   3.0%	   6.1%	   5.6%	   2.8%	   8%	  
sgRNA2	   0.0%	   0.0%	   1.4%	   0.0%	   4.5%	   0.0%	   3.0%	   0.0%	   2.3%	   0.0%	   2%	  
sgRNA3	   7.7%	   0.0%	   1.1%	   0.0%	   13.3%	   6.7%	   9.1%	   0.0%	   4.7%	   0.7%	   5%	  

Total	  
3.8%	   0.0%	   1.9%	   0.0%	   13.7%	   2.0%	   5.1%	   2.0%	  

5%	  
4%	   2%	   16%	   7%	  

 

It can be seen from Table 9 that the third transfection was the most effective in terms of generating 

modifications in the screened clones. Despite having originated one clonal line with bi-allelic deletions, 

the vast majority of the clones sustained the WT allele. This transfection was the only one using a 

Nucleofector kit instead of Lipofectamine 2000 and interestingly, the estimated efficiency for this round 

was not very high. This result allows for a direct comparison between the transfection methods used 

and electroporation proved being the most efficient method targeting Tacc3 gene in NIH/3T3 cells. 
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Furthermore, T1 and T2 resulted in the least modified clonal populations, especially for the second 

transfection where more than 200 clones were screened. The third and fourth transfections differed 

only in the transfection method used and both included the Puromycin-encoded plasmid. Thus, the 

antibiotic selection did not have any implication in the editing induced by the CRISPR/Cas9 

technology. 

Analysing all the results gathered, the efficiency of each guide RNA can also be examined and 

compared. With the highest percentage of editing, sgRNA1 can therefore be considered the most 

effective guide RNA followed by sgRNA3 and finally sgRNA2. Noticeably, this ranking and the one that 

resulted from the T7EN I assay (see Table 4) do not match. Indeed, sgRNA3 proved to be a good 

candidate according to the percentage of editing however this scored lowest in the %NHEJ calculated 

with T7EN I assay. On the other hand, in Table 9, sgRNA2 had the lowest percentage of editing but in 

the T7EN I assay, resulted in the highest %NHEJ. It is worth noting that the classification represented 

in Table 9 considers only the PCR amplified products and this is not reliable since the reactions 

sometimes favour the shorter target fragments over the longer ones. Also, the T7 Endonuclease I 

assay did not show dependable results as indicated by the validation round. Thus, sgRNA1 can 

potentially be considered as the most efficient guide RNA between the three however, it is important to 

note the limitations of this classification.  

DELETION MAPPING USING PCR 
As previously mentioned, some clonal lines showed a shorter PCR product when amplified with 

primers F1 and R2. It was assumed that these fragments originated after Cas9 cleavage, which 

suggested that a particular region in at least one of the alleles was deleted. In order to map these 

deletions between exons 4 and 5 of Tacc3 locus, several primers were designed as shown in Figure 

14 to explore the possibility of locating the deletions based on the amplicons obtained. 

 
Figure 14 – Deletion mapping using a series of PCR reactions. Different primers were designed to anneal along a particular 
region of Tacc3 gene as indicated in green. Boxes in grey are the exons and the yellow line indicates the mutation site. The red 
arrowheads represent the three sgRNAs used. The grey arrows indicate the estimated deletion size and position for each of the 
selected clones. Some of them resulted in inconsistent deletion sizes (asterisk) or proved to be like wild-type (WT).  
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The clones chosen covered not only all four transfections but also included a representative of all 

three sgRNAs used. The majority of the PCR reactions used the same forward primer (F2) and the 

reverse primers were evenly distributed. The amplicon sizes varied from 648 bp to 2.5 kb. In the end, 

another forward primer was designed (F3) to confirm if the deletion extended over exon 4. The gels 

obtained are shown in Figure 15 and Figure 16.  

In general, all clonal lines showed the wild-type band besides the shorter amplification products. If only 

the wild-type band was present, it was assumed that the respective primer did not anneal to the 

deleted allele. This way it was possible to identify the size of the deletion and estimate its location 

within the genomic region spanned.  

The following considerations are worth mentioning regarding the results obtained. First, some clones 

(T1311, T2110 and T3113) showed inconsistent deletion sizes among the PCR reactions. The reason 

why the deletion sizes are not regular in some cases remains elusive and DNA sequencing of this 

region could give better insights into the modifications that have occurred. Indeed, separating the 

amplification products in agarose gels and estimating their sizes by comparison to a known marker is 

not very precise.  

Second, this experiment revealed that most of the deletions mapped within the intronic region between 

exon 4 and 5 which was expected since the sgRNAs should direct Cas9-cleavage to the end of exon 

4. The sizes obtained varied between 300 bp and 1.4 kb and as discussed before, this does not 

correlate with the transfection method or guide RNA used. Moreover, this analysis allowed for the 

identification of clones which had been previously considered as non wild-type. For clones T3216 and 

T4232, the PCR reaction using primers F1/R2 resulted in a smeared band and eventually no deletion 

was detected. Similar smeared bands were also obtained for clone T2242 but in this case, a 300 bp 

deletion mapped to the last nucleotides of exon 4. 

Interestingly, clone T2330 also revealed a short deletion (500 bp) but it mapped differently. 

Amplification using primers F3/R5 showed no products other than the wild-type band, obtained most 

likely from the unmodified allele. Since the PCR using F2/R5 resulted in two products of different 

sizes, binding site for F3 might not be present in the deleted allele. Thus, this deletion should cover a 

larger region of exon 4, at least in one of the alleles, as represented in Figure 14. This, however, was 

not further investigated or confirmed. 

Finally, several clones showed deletions of over 1 kb:  T2111, T3109, T3215, T3303 and T4322. 

F2/R5 amplification revealed that binding site for R5 had been deleted which invalidated the results 

obtained from F3/R5-PCR reaction. Due to this it was not possible to map these deletions correctly 

and it remains inconclusive which region from exon 4 was in fact deleted. Ultimately, the data 

collected allowed for the estimation of size and location of the deletions detected for some of the 

clonal lines however, they need to be validated. 
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Figure 15 – PCR gels for the deletion mapping. (A) Primer pair used: F2 and R3, expected size of the amplicon: 2500 bp; (B) 
Primer pair used: F2 and R4, expected size of the amplicon: 1992 bp; the band running below 500 bp is a non-specific product 
or primer dimer; (C) Primer pair used: F2 and R5, expected size of the amplicon: 1322 bp. A control was included in the gels 
and it corresponds to the wild-type (WT) sequence. ‘M’ is 1 kb ladder (NEB) and ‘CW’ the water control. 
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Figure 16 – PCR gels for the deletion mapping. (A) Primer pair used: F1 and Shorter_R1, expected size of the amplicon: 1447 
bp; (B) Primer pair used: F2 and R8, expected size of the amplicon: 648 bp; (C) Primer pair used: F3 and R5, expected size of 
the amplicon: 741 bp. A control was included in the gels and it corresponds to the wild-type (WT) sequence. ‘M’ is 1 kb ladder 
(NEB) and ‘CW’ the water control. 
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CHARACTERIZATION OF SELECTED CLONES 
To corroborate the previous analyses, some of the isolated clones were selected and characterized 

based on TACC3 expression levels in a Western blot and cells were observed using 

immunofluorescence microscopy.  

Protein expression level 

To quantify the amounts of TACC3 protein, total cell extracts were prepared and the Western blot 

containing the corresponding protein samples was then probed with anti-TACC3 antibody. The 

obtained bands were quantified and compared to p150 bands used as loading control. It is worth 

noting that although the expected size of mouse TACC3 protein is 70 kDa, in a Western blot this band 

runs at around 90 kDa. Unfortunately, the epitope for the commercial anti-TACC3 antibody has not 

been mapped yet and it is not known whether the antibody binds to the N- or C-terminal of the protein. 

p150 band should run at approximately 150 kDa. The same membrane was subsequently probed with 

anti-cyclin B1 antibody (the predicted molecular weight is 48 kDa). This marker is normally included to 

estimate the amount of mitotic cells present and can be used in correlation with the levels of TACC3. 

Indeed, this analysis showed increased levels of cyclin B1 in all clones in comparison to wild-type. 

There is no reason to believe that all clones would have more mitotic cells so it was assumed that the 

quantification obtained was not reliable. Hence, the quantification results regarding cyclin B1 will not 

be discussed in detail.  

Protein quantification was only performed when there was a single band corresponding to TACC3. A 

second band, running at ~65 kDa, was detected for several samples. This seems to be a specific 

detection, as the band does not appear in the wild-type lane and in two of the clones however, this 

was not further investigated. The analysis of the protein quantification showed a 4.6 fold difference in 

TACC3 between the WT and clone T3109 [TACC3/p150 levels: 1.72 (WT) and 9.65 (T3109)]. 

Regarding cyclin B1, it is worth mentioning that there was an 8.5 fold increase in its expression levels 

for T3109. Thus, one hypothesis is that because there were more mitotic cells in the population, the 

amount of TACC3 measured was higher. On the other hand, one can also assume that there was 

something affecting TACC3, which led to mitotic arrest and so an increased level of TACC3 was 

detected. However, these conclusions are limited by the fact that the TACC3 protein band was 

saturated and therefore this quantification should be interpreted with care. Clone T3303 showed a 

31% decrease in TACC3 levels when compared to WT. For both T3109 and T3303, TACC3 band ran 

around 90 kDa whereas for clone T3306, a single band running at around 80 kDa was obtained, which 

indicates a truncation of about 10 kDa. When quantified and normalized against p150 levels, T3306 

showed a 40% increase in TACC3 expression [TACC3/p150 levels: 1.72 (WT) and 2.35 (T3306)].  

The two truncated forms detected in the Western blot, one band running at approximately 80 kDa and 

the other at around 65 kDa, should correspond to deletions of approximately 270 and 680 bp 

(assuming as average molecular weight for an amino acid 110 Daltons). According to the deletion 

mapping (Figure 14), the clones that lost the binding site for F3 should carry a deletion of at least 55 

bp within exon 4. Contrarily, in the clonal lines where F3 could still bind, the deletion should be 35-bp 

long, in the exonic region. If the reading frame was not altered, these deletions would not originate the 
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referred TACC3 bands, in the Western blot. Thus, it seems evident that the modified sequence led to 

the translation of a stable truncated protein, most likely originated from a frameshift mutation and the 

incorporation of a premature stop codon. However, this could only be confirmed by obtaining the 

protein sequence. Another hypothesis to consider is that the modifications led to alternative splicing 

around the mutation site. Indeed, if the splicing junction between exon 4 and intron 4 had been lost 

due to Cas9-mediated indel and exon 3 had been fused together with exon 5, the translation would 

result in a 14 kDa protein since a premature stop-codon would be included immediately after exon 3. 

Because this band was not detected in the Western, this possibility was ignored.  

 
Figure 17 – Western blot of samples derived from wild-type and CRISPR/Cas9-generated cell lines. The blot was probed with 
commercially available antibodies against TACC3 and cyclin B1. P150 was used as loading control. Protein sizes were 
estimated using the PageRuler® prestained protein ladder. 

Immunofluorescence staining 

To assess whether the differences in the expression levels and expected size of TACC3 could 

influence its localization pattern during mitosis, several clones (selected from the previous analysis: 

T2111, T3109, T3113, T3306 and T4108) were stained using specific antibodies against TACC3 and 

α-tubulin. Staining of TACC3 revealed that, in fact, there are differences in its levels between WT and 

the modified clones (Figure 18). The images were acquired using similar laser intensities and protein 

levels were visually compared. Also, cells were imaged in the same mitotic phase since TACC3 

expression cycles during cell division. Pro-metaphase cells were selected, as they can be easily 

distinguished from cells in other mitotic phases: the chromosomes are condensed and the nuclear 

envelope breakdown (NEBD) has occurred.  

Immunofluorescence microscopy revealed that TACC3 levels in clone T2111 were lower compared to 

wild-type cells. The localization in pro-metaphase cells seems not to have been affected. Interestingly, 

in the Western blot (Figure 17) this sample showed two protein bands: two truncated forms of around 

80 kDa and 65 kDa. Thus, one of the modified forms of TACC3 appears to be enough to maintain its 

localization during mitosis. Moreover, these cells grew normally which suggests that there was no 

problem related to TACC3 function however this was not further investigated.  

Staining of TACC3 in clone T3109 revealed that its levels are higher when compared to WT cells, 

confirming the results obtained in the Western blot. The signal was saturated on the poles suggesting 
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an extensive accumulation of TACC3. According to the size of the protein band obtained in the blot, 

TACC3 seems not to carry large deletions but the nature of CRISPR/Cas9-induced modifications 

could only be confirmed by sequencing. The results gathered in the PCRs and subsequently in IF also 

indicate that TACC3 was modified. Though high levels of cyclin B1 were observed in the Western blot, 

a corresponding higher mitotic index was not obtained in the immunofluorescence analysis.  

 
Figure 18 – To study centrosomal and spindle localization of TACC3, cells were stained using commercial antibodies anti-
TACC3 (green in colour panels), anti-α-tubulin (red) and Hoechst (blue). Several clonal lines originated from CRISPR/Cas9-
targeted cells were compared with the wild-type cells. Images of pro-metaphase cells were acquired using identical laser 
intensities. Scale bar represents 10 µm. 
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Finally, cells from clones T3113 and T4108 showed an extremely weak signal when stained with anti-

TACC3 antibody. These clonal lines cannot be assumed as knockouts based on the Western blot 

results. In both samples, two protein bands were detected: the wild-type band and a truncated form of 

65 kDa although the truncation was more abundant in T3113. Despite growing normally, the cells 

showed evident differences in the staining patterns for TACC3 as it was mainly dispersed in the 

cytoplasm. The signal was stronger in mitotic cells but TACC3 did not localize to the spindle poles as 

in wild-type cells, during pro-metaphase. Microtubule staining showed no difference in these clones 

when compared to WT. It is worth mentioning that during pro-metaphase, microtubules are highly 

dynamic and are continuously growing and shrinking in order to locate each of the chromosomes. Due 

to the conditions used during immunofluorescence, these structures might not be entirely preserved 

resulting in poor staining as observed for some clonal lines in Figure 18.  

 
Figure 19 – NIH/3T3 cells were stained with commercially available antibodies anti-TACC3 (green in colour panels) and anti-α-
tubulin (red). DNA was stained with Hoechst (blue). Wild-type cells in interphase/prophase and in pro-metaphase were 
compared to cells in the same mitotic phase from T3306 clonal line, originated from a CRISPR/Cas9-targeted population. All 
images were acquired using identical laser intensities. Scale bar represents 10 µm. 
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Clone T3306 was also analysed using immunofluorescence microscopy (Figure 19 and Figure 20) 

along with wild-type as control. Both T3306 and WT cells were stained simultaneously and images 

were acquired for cells in distinct mitotic phases, using identical laser intensities. This clone was 

analysed more carefully since it was the only one showing a single shorter band in the Western blot, 

running at approximately 80 kDa (Figure 17). Strikingly, IF staining revealed that TACC3 levels were 

low in all mitotic phases, for clone T3306. Contrarily, the expression level of the truncated TACC3, as 

indicated by the Western blot, was 40% higher than wild-type TACC3 (Figure 17). Further repeats 

need to be carried out to determine more accurately TACC3 expression levels for T3306. TACC3 

localization is undoubtedly distinct in both wild-type and T3306 cell lines. In T3306 cells, TACC3 

staining revealed that this protein is not localized to the poles during mitosis and that the cytoplasmic 

fraction is higher in comparison to wild-type cells. Thus, it can be speculated that the modification 

induced by sgRNA3/Cas9 affected centrosomal targeting of TACC3. 

 
Figure 20 – NIH/3T3 cells were stained with anti-TACC3 (green in colour panels), anti-α-tubulin (red) antibodies and DNA was 
stained with Hoechst (blue). WT in metaphase and anaphase were compared to cells in the same mitotic phase from T3306, 
originated from a CRISPR/Cas9-targeted population. All images were acquired using identical laser intensities and scale bar 
represents 10 µm. 
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Discussion 
The main focus of this thesis was to generate a NIH/3T3-derived cell line carrying a mutation in Tacc3 

locus. This was to be achieved using CRISPR/Cas9 technology which consists of delivering a guide 

RNA, complementary to the target and Cas9 protein, to cells. These two components will interact and 

the resulting complex will then induce a double-strand break at a particular genomic locus. To 

generate the desired point mutation, a single-stranded DNA donor oligonucleotide was also introduced 

as template for the homology directed repair. Although no positive clones were obtained, several 

clonal lines carried genomic modifications and these were further analysed and characterized. In the 

following section, the CRISPR/Cas9 methodology adopted for gene editing and how the deletions in 

TACC3 influenced its function will be discussed.  

Given the versatility of the CRISPR/Cas9 system, a specific strategy had to be defined to edit the 

Tacc3 locus and all the components required were designed accordingly. First, the plasmid of choice 

encoded the fully functional Cas9 and the chimeric guide RNA. The design of the single guide RNAs 

was restricted by the presence of the PAM sequence and the proximity to the mutation site. Three 

sgRNAs were chosen from a series of candidates according to their mapping hits and number of 

SNPs, potential secondary structure and AT content (Ma et al., 2013). It is important to note, however, 

that several online design tools are available, which use different parameters to sort the potential 

candidate sgRNAs. To confirm the predicted efficacy of the sgRNAs, another web application was 

used (CRISPR Design Tool) which considers the presence of PAM sequences and the predicted 

minimization of off-target activity (See Appendix 1). This software platform identified the good 

candidate guide RNAs that were used in this work and several others which could eventually be 

included in future projects involving Tacc3 targeting using the CRISPR/Cas9 technology. 

Cas9 can cleave off-target DNA sequence at reduced frequencies and, in fact this has been indicated 

as one of the limitations of this methodology and should be examined carefully. To assess the 

potential off-target activity of each of the three sgRNAs chosen, an online software was used called 

the CasOFFinder (http://www.rgenome.net/cas-offinder/). The algorithm takes into consideration not 

only the number of mismatches between the sgRNA and the off-target sequence but also allows 

variations in the PAM sequence since it has been described that the Cas9 derived from S. pyogenes 

also cleaves at genomic sites with 5’-NAG PAMs although to a lesser extent (Bae et al., 2014; Ran et 

al., 2013). The computational prediction found a total of 13, 10 and 5 potential off-target sites for 

sgRNA1, sgRNA2 and sgRNA3, respectively with one, two or three mismatches in the protospacer 

(See Appendix 2). Furthermore, the CRISPR Design Tool, as mentioned before also scores the off-

target sites for each guide RNA and for the three sgRNAs used, the high scoring off-target sites did 

not fall into gene coding regions. The exonic off-target sites corresponded to sequences with 3 and 4 

mismatches, with very low scoring. This off-target analysis, however, was not validated experimentally 

by sequencing or performing T7EN I assay to scan for mutations in other genomic loci.  

The T7 Endonuclease I assay was used to test the efficiency of each single guide RNA selected to 

target Tacc3 gene in mouse NIH/3T3 cells, however the percentages of NHEJ obtained were very low. 
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The reported efficiencies for several different sgRNAs by T7EN I assay vary substantially, however 

percentages up to 68% have already been published (Ran et al., 2013). In order to validate the assay 

itself, a different experiment was conducted using another CRISPR/Cas9-derived cell line. Despite 

being a heterozygous population with both alleles modified differently, the %NHEJ was not as 

significant as expected. Thus, it was assumed that limitations associated with the protocol could 

explain the low efficiencies detected in both assays. First, it is recommended that, for heterogeneous 

DNA samples, the proportion of mutant to wild-type DNA should be above 5-10% for analysis by gel 

electrophoresis. This, however, should not be the main restriction since the transfection efficiency was 

estimated for all the rounds using a control and it exceeded this limit. Second, the digestion products 

were analysed by standard gel electrophoresis and the gel was subsequently imaged using a UV 

transilluminator. Nevertheless, the sensitivity of DNA fragment detection in agarose gels can vary not 

only with the wavelength used but also with the sensitivity of the imaging system. Additionally, it is 

important to mention that T7EN I assay relies on several other assumptions: complete duplex melting, 

random strand re-annealing, sufficiently broad range of mutations to prevent the annealing of similarly 

mutated DNA strands and complete cleavage of mismatched DNA (Guschin et al., 2010). On the 

whole, despite being a rapid and inexpensive method to detect mutations, it requires further 

optimization to ensure maximum detection of the digested products in order to determine the %NHEJ 

associated with each sgRNA tested. 

Although assaying the cleavage efficiency by T7EN I assay was not conclusive, all three sgRNAs 

were used for gene editing and eventually deletions were detected in several clonal lines by PCR 

(Table 9). Notably, none of the clones which produced the PCR product of the expected size was 

digested by HaeII. The donor oligonucleotide was designed to have a two nucleotide mutation flanked 

by 98-nt long homology arms and this modification introduced a new HaeII restriction site which was 

used to screen for positive clones. However, no homology-directed repair was detected in NIH/3T3 

cells and in this case, NHEJ was preferred over HDR to repair the double strand break. Indeed, the 

reported HDR efficiencies remain relatively low depending on the genomic locus, cell type and cell 

cycle stage (Ran et al., 2013). In the future, methods for stimulating homology-directed repair could be 

explored as well as alternatives in the donor repair template design. 

Yang et al. (2013) compared a set of ssODNs with different lengths and with different orientations 

(sense or anti-sense to the sgRNA). A 70-nt long ssODN, complementary to the sgRNA, achieved an 

optimal HDR efficiency of 1.5%. They also tested and compared several ssODN designs for TALEN-

mediated targeting. Based on the results, it was suggested that the low efficiency could be related to 

the fact that longer donor oligonucleotides might take part in alternative processes, or are simply less 

available as template and eventually could even hinder the repair pathway. Interestingly, the rates of 

NHEJ also decreased with longer ssODNs although this mechanism does not require any repair 

template. The explanations proposed were that the ssODNs could be toxic to cells or that transfection 

of longer oligonucleotides would saturate cell machinery. In this case, the nucleofection used 2 µL of 

100 µM ssODN for 2 x 106 PGP1 iPS cells. Conversely, in this study, 1 x 106 NIH/3T3 cells were 

electroporated with 4 µL of 10 µM ssODN. This substantial difference bypasses the proposed 

hypothesis of ssODN toxicity however no HDR was detected in the mouse cell line used.  
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Also, regarding the design of the donor construct, it has been argued that it should not include the 

intact spacer and the PAM sequence as the donor itself could be targeted and cleaved by Cas9 

(Cong, 2013). If the repair ssODN is incorporated, Cas9 can re-target the repaired locus and cleave 

the double stranded DNA. This could be avoided by introducing silent mutations both in the spacer 

and in the PAM sequence or, if possible, by avoiding the insertion of the full target site (Cong, 2013). 

The ssODN used in this work differed from the WT sequence in only two nucleotides to originate the 

F314A mutation, which might have invalidated the HDR. It is worth mentioning that several studies 

have used ssODNs with no alteration in the spacer or PAM sequences and were successful in editing 

particular loci (Wang et al., 2013; Yang et al., 2013; Yin et al., 2014).  

One could also hypothesize that chromatin architecture could influence the accessibility to a particular 

genomic locus both for targeting and subsequently for repair. However, the mechanistic basis of 

CRISPR/Cas9 systems seems to dispute this affirmation. Following sgRNA binding, the two structural 

lobes of Cas9 undergo a reorientation, which results in the formation of a central channel to better 

accommodate the target DNA (van der Oost et al., 2014). The Cas9/RNA complex then scans the 

DNA for a PAM motif and this should not be hindered by DNA condensation in eukaryotes. On the 

other hand, in response to DNA damage and in particular to double-strand breaks, cells activate a 

complex network of pathways which include chromatin relaxation and facilitate the activity of the repair 

machinery (Ziv et al., 2006). Finally, epigenetic states could also affect DNA cleavage although it has 

been reported that Cas9 could introduce indels in a highly methylated promoter (Hsu et al., 2014). 

Assuming that accessibility should not limit DNA repair, one other possibility is that the ssODN 

molecule is not stable after transfection and ultimately it is degraded intracellularly. However this was 

not addressed experimentally by examining the ssODN after transfection with a Southern blot, for 

example. One could also speculate that the oligonucleotide forms stable secondary structures (such 

as hairpins), which would impair their repair potential. To tackle this question, a DNA secondary 

structure prediction software was used (Zuker, 2003). Comparing the predicted structure for the wild-

type ssODN with the predicted for one carrying a two-nucleotide mutation, the differences are quite 

significant (see Appendix 3). In addition, this ssODN was electrophoresed in a 2% agarose gel (data 

not shown) to confirm whether or not the secondary structures could be detected. The resultant gel 

showed a single smeared-band running at ~200 bp and if the structures were in fact stable they would 

run faster in the gel as a well-defined band. To completely exclude this possibility, the ssODN could 

have been stabilized with magnesium prior to loading the gel to preserve the secondary structures. In 

conclusion, despite the likelihood of the donor oligonucleotide to form secondary structures was not 

entirely confirmed, this possibility cannot be discarded. 

A recent paper from Yin et al. (2014) described a CRISPR/Cas9-mediated correction of a disease 

mutation in adult mice. To edit the Fah locus, the authors cloned the tested sgRNAs into pX330 and 

used a 199-nt long ssODN. These components were then delivered into hepatocytes by hydrodynamic 

injection, which resulted in expression of reverted wild-type Fah protein, instead of the mutated one, 

which caused the disease (Yin et al., 2014). Although indels were also detected, the initial genetic 
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correction rate was 1/250 cells. These results substantiate the technology, in particular the use of long 

ssODNs to repair Cas9-induced DSBs as it was designed the same way as the one used in this work.  

The two delivery methods tested were Lipofectamine 2000 and electroporation (Nucleofection). The 

results gathered allowed to conclude that nucleofection was more effective in delivering exogenous 

DNA into NIH/3T3 cells (Table 9). However, it was not possible to confirm which CRISPR/Cas9 

elements were actually being internalized by the cells. Since, for each transfection round, indels were 

detected in Tacc3 locus it can be assumed that pX330 vector, encoding the Cas9 protein and the 

chimeric sgRNA, was transfected into cells. Also, in the experiments where pBSK-Puro R was also 

included, several colonies survived after adding Puromycin to the culture, thus, confirming the 

internalization of this plasmid. Only the uptake of the ssODN remains to be verified. One way of doing 

this is to use fluorescently tagged ssODN, which was not tried as part of this work. 

The use of cationic liposome/DNA complexes proved not to be adequate to transfect all the mentioned 

components into NIH/3T3 cells. It is worth mentioning that the low editing efficiencies might be due to 

the limitation in delivering the complexes into the nucleus, where the sgRNAs and Cas9 should act. 

Also, the adherence of cationic complexes to the nucleic acid can hinder its accessibility and/or 

delivery and hence delay subsequent cellular processes (Maurisse et al., 2010). Another important 

aspect is the age of the cells and cell density at which cells were transfected. Indeed, NIH/3T3 cell line 

is highly contact-inhibited and if cells are grown to complete confluence and then subsequently re-split 

at a lower density, as they are in a quiescent state, it might affect their transfection efficiency. In this 

case, cells were initially obtained at passage 15 (kindly provided by Elisabetta Zambon, CRUK CI). 

Additionally, it is important to mention that the transfection efficiencies were estimated using 

pmaxGFP plasmid that contains an enhanced green fluorescent protein (EGFP) gene under the 

regulation of a specific enhancer/promoter element (Maurisse et al., 2010). Therefore, GFP 

expression is greatly enhanced which can bias the estimated efficiencies for the sgRNA-Cas9-

encoding vectors.  

Altogether, this study identified electroporation as a better method for introducing exogenous DNA into 

NIH/3T3 cells however other methods could have been explored or even the protocol for nucleofection 

could be optimized to give better results. Different nucleofection solutions and/or electroporation 

programmes could have been tested although the kit used was especially developed for NIH/3T3 

cells. Another possibility could have been to use a different cell line that can be easily transfected. 

NIH/3T3 cells were chosen since they are fibroblasts and grow adherent, rounding up during mitosis. 

They grow in standard DME medium supplemented with FBS and they have been used to test the 

targeting efficiency of sgRNA/Cas9 constructs (Shen et al., 2014; Yin et al., 2014). Several published 

works have described different approaches to CRISPR/Cas9-mediated genome engineering in murine 

cells (Shen et al., 2014; Wang et al., 2013; Yang et al., 2013; Yang et al., 2014). In particular, these 

studies used microinjection of one-cell-stage embryos to target different genomic loci. Evidently, 

generating genetically modified mice prompts new questions and does not exclude the need of an 

initial validation of the sgRNAs in cultured cells, as it was the aim of this work. Microinjection is also 
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available for adherent somatic cells despite being quite laborious since the exogenous material has to 

be introduced cell-by-cell and cell viability is greatly compromised as a consequence of the procedure. 

Targeted genome modifications were detected for all four transfection rounds, which included mainly 

deletions of different lengths (Table 9). Usually, the reported deletions for CRISPR/Cas9-derived cell 

lines are not as large – from 500 bp up to 1.5 kb. In fact, larger deletions are generally achieved by 

using two different sgRNAs which would induce two cleavage events on a single chromosome (Kim & 

Kim, 2014). Also, in this case, one cannot exclude the possibility that some clones could carry smaller 

deletions which were not detected in the screening due to low resolution of the agarose gels. The 

larger deletions observed might be age-related since it has been reported that genomic instability 

increases and end-joining repair becomes inefficient and more error-prone during cellular senescence 

(Seluanov et al., 2004). These authors compared the ability of young, pre-senescent and senescent 

normal human fibroblasts to repair DSBs and found deletions of various lengths ranging from 1 

nucleotide to 5 kb. Interestingly, the efficiency of NHEJ was more severely affected in senescent, 

whereas larger deletions were more abundant in pre-senescent cells. The group suggested that this 

might be due to higher exonuclease activity in actively dividing pre-senescent cells in contrast to 

growth-arrested senescent cells. 

With respect to the characterization of some of the interesting clonal lines, some considerations are 

worth mentioning. The membrane probed with anti-TACC3 antibody revealed that several isoforms of 

this protein were being expressed amongst the analysed clones (Figure 17). Interestingly, one of the 

clonal lines (T3109) showed an increased level of TACC3 protein which was subsequently confirmed 

by immunofluorescence staining. In the Western blot, the antibody recognized a band of 

approximately the same size of the WT protein, which does not exclude the possibility of an 

undetectable modification. The over-expression of a protein without the introduction of exogenous 

material to drive protein production is not very common. One possible explanation could be that either 

the mRNA molecule or TACC3 protein are more stable, leading to an accumulation in cells, after each 

cell cycle. However, this possibility was not further investigated.  

As previously mentioned, the different TACC3 isoforms detected vary in size and no correlation was 

found with the deletion sizes determined with a series of PCRs (Figure 14). It was suggested that the 

truncated forms might have originated from a frameshift which, as the name indicates, altered the 

reading frame of the gene sequence. Although the Western blot needs to be repeated to further 

validate the results obtained, the mutants could also be analysed according to transcript levels. 

Indeed, RNA could be extracted from both wild-type and mutant cell lines and the corresponding 

cDNA could be used as template to qualitatively and even quantitatively, detect gene expression. 

Determining which exons are being translated and their expression levels would give better insights on 

which region of TACC3 protein is missing and confirm the obtained phenotype. Obviously, Sanger 

sequencing would follow this procedure as to obtain the actual genomic sequence of this locus. In 

reality, several attempts were made to PCR amplify and sequence the modified region, but the results 

obtained were not reliable (data not shown), with the sequencing reaction failing most of the times. 

This could be because of the complexity of the region sequenced or due to other unknown reasons. 
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TACC3 staining revealed that centrosomal targeting was compromised in some of the clones since the 

localization pattern was different when compared to wild-type cells (Figure 18, Figure 19 and Figure 

20). This targeting has been linked to the conserved TACC domain while Aurora-A phosphorylation is 

known to be required to retain TACC3 in the centrosomes. One can, thus, hypothesize that the 

absence of TACC3 around the centrosomes is due to alterations in the region following exon 4. This is 

in agreement with the proposed assumption that a frameshift mutation was introduced by the 

CRISPR/Cas9 system, which could have, therefore, modified the C-terminal region in certain clonal 

lines, thus, affecting the Aurora-A phosphorylation site (S347) and/or the TACC domain. TACC3 was 

observed to be dispersed in the cytoplasm; however, these levels should not reflect precisely the 

actual levels of TACC3 being expressed. The fixation was done using methanol, a precipitating and 

denaturing agent and hence, the soluble protein pool could not have been well preserved. It is not 

clear, thus, if the signal detected is due to TACC3 staining or simply indicates the non-specificity of the 

antibody used.  

Moreover, TACC3 is known to strongly interact with microtubules via the TACC domain (Gergely et al., 

2000). However, TACC3-depleted HeLa cells did not show increased destabilization of microtubules 

or abnormal mitotic spindles (Gergely et al., 2003). These observations coincide with what was 

observed for α-tubulin staining in NIH/3T3 cells although microtubules stability was only addressed by 

the observation of fixed cells and requires further analysis. Also, approximately 30% of HeLa 

metaphase cells showed chromosome alignment defects associated with TACC3 depletion (Gergely 

et al., 2003). Schneider et al. (2008) also demonstrated that when TACC3 was depleted from NIH/3T3 

cells, it resulted in chromosome misalignment and aneuploidy. This lagging-chromosome phenotype 

was not observed in this study however, it is worth mentioning that both groups used siRNA to reduce 

TACC3 levels whereas CRISPR/Cas9-derived cell lines carry mutations in Tacc3 genomic locus, 

which may lead to distinct phenotypes.  

Finally, it has also been reported that HeLa cells lacking TACC3 showed a threefold-higher mitotic 

index than control cells (Gergely et al., 2003). TACC3-depleted NIH/3T3 cells showed to be able to 

progress through mitosis, being arrested at the G2/M checkpoint, as indicated by an elevated level of 

phospho-Cdk1 and cyclin B1 protein levels (Schneider et al., 2008). Although in this work, the Western 

blot of wild-type and clonal cell lines was probed against cyclin B1, the results obtained were not 

conclusive. The levels measured should directly correlate with the amount of mitotic cells present in 

the extracts, however, since the wild-type band was quite weak, all clones showed an increased 

mitotic index in comparison to control. Also, immunofluorescence microscopy did not confirm this 

phenotype despite no quantification was performed. To accurately determine the mitotic index, further 

analysis is required. 
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FUTURE PERSPECTIVES 
Having considered everything that was discussed, further improvements and alternatives will be briefly 

analysed in the subsequent section. 

First, since the available online software platforms provide several potential target sequences to be 

used in CRISPR/Cas9, a different set of sgRNAs could be selected. Also, the design of the donor 

ssODNs could be explored as to improve its stability. To avoid the formation of secondary structures, 

the altered nucleotides introducing mutations could be inserted in a more suitable position within the 

sequence, which could be shorter than 199 nt. Instead of single stranded DNA oligonucleotides, the 

repair could also be achieved using donor vectors containing larger homology arms flanking the 

mutation site. These constructs could even encode for a gene conferring resistance to a particular 

antibiotic which would facilitate the screening process. On the other hand, if the use of a different cell 

line turns out to be unsuitable, other transfection methods could be considered.  

Furthermore, off-target effects need to be examined in detail especially in the clones which showed 

interesting phenotypes. This could be achieved by PCR amplification and treatment with T7 

Endonuclease I or equivalent. By determining the %NHEJ for a specific locus, it would be possible to 

assess the effects of off-target binding. Alternatively, whole genome sequencing could be performed in 

order to completely eliminate the possibility of off-target activity of a particular sgRNA, although this 

technique is rather expensive. 

Regarding the clones obtained, since they are potential TACC3-knockout mutants, it would be 

interesting to further investigate the nature of alteration of the sequence of Tacc3 genomic locus. 

Primarily, this could be attained by investigating Tacc3 on transcript level to understand which exons 

are being transcribed and their size differences compared to wild-type sequence. Subsequently, the 

resulting amplification products could also be sequenced.  

Ultimately, the mutant cell lines obtained could be used to further characterize the phenotypes already 

described to be associated with depletion of TACC3, in particular its role in microtubule stabilization, 

the length of mitotic spindle and mitotic index (Peset & Vernos, 2008). The Western blot should be 

repeated and probing for other proteins that interact with murine-TACC3 namely chTOG and Aurora-

A, could also be included to test whether or not the binding sites were affected in the clonal lines. The 

quantification of mitotic cells could be performed using phosphorylated histone H3 as a marker for 

mitosis, to determine the mitotic index. 
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Conclusions 
This thesis aimed to mutate a specific residue in mouse TACC3 protein, using a recently developed 

genome editing tool, the CRISPR/Cas9 technology. By designing three different guide RNAs and 

exploring two distinct delivery methods, it was possible to target Tacc3 locus effectively. To introduce 

the desired mutation, a single-stranded DNA oligonucleotide was constructed to direct the repair of the 

Cas9-induced DSB.  

Despite NHEJ pathway was preferred over HDR, the sgRNAs were successful in targeting the 

intended locus. Indeed, ssODN incorporation was not observed while genomic deletions of different 

lengths were detected in some clones. Further characterization of selected clones allowed mapping 

these deletions and analysing the phenotype of each clonal line by immunofluorescence staining. 

Moreover, this study enabled to distinguish electroporation as a preferable delivery method for mouse 

NIH/3T3 cells.  

In summary, this work could not generate the F314A mutation in NIH/3T3 cells however, as suggested 

before; future studies should explore different approaches and strategies to design new experiments 

using CRISPR/Cas9-based systems. The progress of this technology over the past two years has 

been overwhelming and surely the future improvements hold great promise. 
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Appendices 
1. Target Selection and sgRNA Design using Online Tool 

The CRISPR Design Tool (http://crispr.mit.edu/) is an online platform which can be used to design 

single guide RNAs. Additionally, it provides the sequences for all primers necessary for assaying both 

the target modification efficiency and the cleavage at potential off-target sites. It takes into 

consideration two main assumptions in the selection of a sgRNA for gene targeting: the presence of a 

5’-NGG PAM for S. pyogenes Cas9 and the minimization of off-target activity (Ran et al., 2013). From 

a particular genomic sequence, the software not only identifies suitable target sites but also provides 

computationally predicted off-target sites. These are also ranked according to quantitative specificity 

analysis based on the effects of base-pairing mismatch identity, position and distribution (Ran et al., 

2013). 

Figure 21 shows the output page obtained for the mouse Tacc3 locus. sgRNA 1, 2 and 3 are ranked 

as Guide #10, #9 and #3, respectively. Specific information about each guide RNA can be found if the 

user selects a particular guide. Interestingly, the sgRNA which scored the highest and is ranked as #1 

is in the ‘-‘ strand and induces the DSB 24 nt upstream to the intended mutation site. The off-target 

sites identified were all scored below 1 and did not fall into gene coding regions (data not shown). 

Comparing the sgRNA sorting obtained with the alternative tool tested (http://cas9.cbi.pku.edu.cn), this 

guide mapped only once in the genome, had an %AT of 55 and 11 bp in the stem.  

 
Figure 21 – Online prediction of guide RNAs present in a particular locus on Tacc3 gene. All guides are scored according to 
target specificity and possible genome-wide off-targets. Green-labelled guides should be considered as good candidates if no 
high-scoring off-target sites fall into gene-coding regions. Guides coloured in yellow should be considered as backups for 
specific targeting in the case no suitable green guides are available and red guides should be avoided as they have many likely 
off-target interactions in the target genome (http://crispr.mit.edu/). Guide #3 is highlighted and corresponds to ‘sgRNA 3’ used in 
the present work. ‘sgRNA 1’ and ‘sgRNA 2’ correspond to Guide #10 and #9, respectively. The off-target sites found both in 
intronic and exonic regions (identified in the UCSC gene column) are presented on the right and refer to sgRNA 3.   
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2. Prediction of Off-target Cleavage 

Table 10 – Output file obtained for the computational prediction of off-target sites for each guide RNA used in Mus musculus 
genome using Cas-OFFinder (Bae et al., 2014). ‘Position’ refers to the chromosome position of the potential off-target site 
found. Mismatched bases are noted in lowercase letters and forward or reverse strands of the found sequence are indicated by 
(+) and (-), respectively.  

 

Chromossome 
Number Position Actual Sequence Strand Number of 

Mismatches 

sg
R

N
A

1 
G

A
G

A
C

C
C

A
TC

A
G

A
A

G
G

TA
TG

N
N

N
 

chr3 29238263 GAaACCCATCAcAAGGTAgGAGG - 3 

chr11 22182477 GAaACCCATaAGAAGGTcTGTGG - 3 

chr7 16005386 aAaACCCATCtGAAGGTATGTGG + 3 

chr7 29696148 GAGACCCATCtGAgGGTAaGGGG + 3 

chr7 41530120 GAGcCgCATCAGAAGcTATGTGG - 3 

chr7 79192062 GAGAaCCATtAGgAGGTATGGGG + 3 

chr9 74988817 GAGggCCATCAGAAGGgATGGGG - 3 

chr16 7969011 GAcAtCCATCAGAAGGTATaGGG - 3 

chr17 34103739 tAaACCCATCAGAAGGaATGAGG - 3 

chr5 33664840 GAGACCCATCAGAAGGTATGTGG + 0 

chr5 74925163 GAGACCCATCtGAAGGaATGGGG + 2 

chr5 114608387 aAGACCCcTCAGAAGGTATGTGG - 2 

chr6 145306720 GAGgCCCATCAGAAaGgATGTGG + 3 

chr4 104485420 GAGACaCgTaAGAAGGTATGAGG + 3 

sg
R

N
A

2 
TT

A
TA

C
C

A
C

A
TA

C
C

TT
C

TG
A

N
N

N
 

chr3 143690502 aTATACCACtTACCTTCTGAAGG + 2 

chr1 20700675 TTATACCAtcTACCTgCTGAAGG - 3 

chr17 75420696 aTATACCAgATACCTTCTGcTGG + 3 

chr2 109820304 TTATACCtCATACacTCTGAAGG + 3 

chr2 127816867 TTATACCAaATAgCTTCTGAAGG + 2 

chr5 33664845 TTATACCACATACCTTCTGATGG - 0 

chr19 8678174 cTATACCACATACCTgCTcATGG + 3 

chr13 29838882 TTtTAaCACAaACCTTCTGAAGG + 3 

chr13 47118084 TTcTACCACcTAtCTTCTGATGG + 3 

chr13 95923374 TTATACCACATAaCTTgTGATGG + 2 

chr4 45879591 TTATACCttATACCTTCTcATGG - 3 
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chr18 78783447 AGAACCTGTaGTtGATtTAAGGG + 3 

chr1 4735593 AGAACCTGTCtTGGAcCcAAAGG - 3 

chr1 110906383 AGAACCTGTCGTaGATCccAGGG - 3 

chr15 79931593 AGttCCTGTCcTGGATCTAAGGG - 3 

chr5 33664805 AGAACCTGTCGTGGATCTAAAGG + 0 

chr6 31042792 AGAcCCTGTCGTGGAaCTgAAGG - 3 
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3. DNA Secondary Structure Prediction 

To tackle the question whether the donor ssODN could be forming secondary structures, a DNA 

structure prediction software was used called the mfold web server (Zuker, 2003). The DNA 

sequences from both wild-type and the donor oligonucleotide were analysed using the software and 

the structures compared (Figure 22 and Figure 23, respectively). Actually, this comparison was not 

necessary since only the ssODN was introduced in the cells. However, since the repair template 

resulted in four different structures, the wild-type sequence was analysed as well. Introduction of two 

nucleotide changes was not expected to produce such a significant difference. As indicated by the red 

arrows in Figure 23, the altered nucleotides are complementary to other regions within the sequence 

and are capable of forming hairpins. As a rule of thumb, hairpins longer than 5 nt are more prone to be 

stable (Dr. Marco Di Antonio, personal communication). However, if the hairpin formation induces a 

big loop, the likelihood of the structure to exist, decreases, probably due to steric hindrance. In this 

case, it seems reasonable to admit that some of the hairpins could be sufficiently stable to be formed 

and affect the recruitment of the donor ssODN to the mutation site. Also, the values of dG indicated for 

each predicted structure represent the free energy but since the values are very similar for all 

structures, they should not be considered the criterion as to select one structure over the remaining. 

 
Figure 22 – DNA secondary structure prediction for Tacc3 wild-type sequence. The red arrow indicates the two nucleotides 
which were mutated in the ssODN. dG is equal to -16.49 for the WT. 

 
Figure 23 – Four different DNA secondary structure predictions for the 199 nt donor ssODN designed to modify two nucleotides 
in Tacc3 gene. TT was altered to GC, as indicated by the red arrows. dG is -15.02, -14.84, -14.69 and -14.03, respectively. 


