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ABSTRACT 

The widespread application of high throughput sequencing methods to human 

tumor samples is leading to the identification of a growing number of novel chromosomal 

rearrangements that result in the formation of gene fusions. A subset of these fusions is 

likely to be oncogenic drivers, yet few of them have been characterized in detail. For this 

reason, it is crucial to develop novel strategies to efficiently model and study this class of 

cancer-associated mutations. Ex vivo and in vivo transgenic overexpression models, while 

informative and relatively simple to generate, fail to fully recapitulate the genetic 

complexity of gene fusions. Early attempts to model the underlying chromosomal 

rearrangement using Cre-lox-based approaches had varying levels of success, and they 

have not been widely used due to their technical complexity and time-consuming nature. 

The situation has dramatically changed with the development of CRISPR-Cas9 based 

gene editing methods which provide a straightforward mean to introduce site specific 

double strand DNA breaks anywhere in the genome. Previous studies, including this one, 

have shown that by simultaneously expressing two single guide RNAs and Cas9, it is now 

possible to quickly engineer a wide range of intra- and inter-chromosomal 

rearrangements.  

Using this novel approach, several rearrangements, have been successfully 

modeled in mice. However, in the context of hematological malignancies, where 

chromosomal rearrangements often occur, progress has been slower. To address this, I 

delivered tandem single guide RNAs and Cas9 by nucleofection into the mouse pro-B 

Ba/F3 cell line. This generated the chromosomal rearrangement that results in the Npm1-

Alk gene fusion and resulted in Ba/F3 transformation. Using allograft mouse tumor 

models, I show that Ba/F3 cells engineered to harbor the murine Npm1-Alk rearrangement 

support tumor growth in nude mice, as well as forming frank leukemias with a 

transplantation model in BALB/c mice.  
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To better model gene fusions in vivo, I adapted and optimized a murine stem cell 

virus viral vector to concomitantly express CRISPR-Cas9 protein and tandem single guide 

RNAs to generate chromosomal rearrangements. This construct expresses Cas9 and 

tandem single guide RNAs in the convergent orientation to improve Pol III single guide 

transcription. Using this construct, I generated the Npm1-Alk gene fusion in mouse primary 

mouse embryonic fibroblasts. The tools, reagents, and general strategies I have 

developed in this study can be used to rapidly model newly identified gene fusions in the 

hematopoietic system.   
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INTRODUCTION: Chromosomal rearrangements in cancer 

A brief history of chromosomal rearrangements in human cancers 

The idea that chromosomal abnormalities could promote cancer was first proposed 

over 100 years ago by Theodor Boveri (Bignold et al., 2006; Boveri, 2008). Building on his 

earlier work on the Chromosome Theory of Inheritance alongside with William Sutton 

(Crow and Crow, 2002), Boveri observed that sea urchins that inherited abnormal 

chromosomes had impaired development. Upon seeing similar chromosomal 

abnormalities in human cancers, he suggested a genetic cause for tumor formation. It was 

not until half a century later that a chromosomal rearrangement, a reciprocal translocation 

between the long arms of chromosome 9 and 22—t(9;22)(q34;q11), also known as the 

“Philadelphia Chromosome”—was directly linked to a human cancer (Forster et al., 2005; 

Nowell and Hungerford, 1960; Rowley, 1973). The realization that the Philadelphia 

Chromosome is found in virtually every chronic myeloid leukemia case spurred intense 

research efforts to identify the underlying molecular mechanisms. Those efforts ultimately 

led to the discovery that the chromosomal translocation results in an in-frame fusion 

between the Breakpoint Cluster Region (BCR) and the Abelson murine leukemia viral 

oncogene homolog 1 (ABL1) genes which in turn leads to constitutive activation and 

dimerization of the ABL1 kinase (Forster et al., 2005; Groffen et al., 1984; Heisterkamp et 

al., 1983; Shtivelman et al., 1985; Stam et al., 1985). 

The next rearrangement to be identified was the t(8;14) (q24;q32) translocation, 

which brings the MYC proto-oncogene under the control of the Immunoglobulin heavy 

chain (IgH) enhancer (Eµ), and is observed in approximately 85% of Burkitt’s lymphomas, 

a type of malignant B cell lymphomas (Erikson et al., 1982). Modelling this genetic event 

in the mouse led to the generation of the Eμ-Myc transgenic mouse model, a widely used 

model of B cell lymphomas and the very first ‘oncomouse’ (Adams et al., 1985; Hanahan 

et al., 2007).  
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Other highly recurrent translocations that were identified and characterized in early 

studies include the t(15;17) (q21;q22) and the t(2;5) (p23;q35) rearrangements. The 

t(15;17) (q21;q22) rearrangement generates the PML-RARa fusion and is observed in 

95% of patients with acute promyelocytic leukemia (APL) (Alcalay et al., 1991; Borrow et 

al., 1990; de The et al., 1990). The t(2;5) (p23;q35) rearrangement, which underlies a 

fusion between Nucleophosmin1 and the Anaplastic Large Cell Lymphoma Kinase 

(NPM1-ALK), is commonly detected in Anaplastic Large Cell Lymphomas (ALCL) (Morris 

et al., 1994). Identification of the breakpoints and functional characterization of the fusions 

helped elucidate the mechanisms by which gene fusions cause malignancy and paved the 

way for targeted therapies using kinase inhibitors such as Imatinib (Druker et al., 2001) 

and Crizotinib (Crescenzo and Inghirami, 2015). 

High-throughput sequencing identifies new fusions     

Until recently, the study of cancer-associated chromosomal rearrangements was 

largely limited to recurrent events that could be detected cytogenetically and identifying 

the breakpoints and the genes involved was a painstaking process (Mertens et al., 2015; 

Mitelman, 2015). This has radically changed in the last decade due to the development of 

high throughput sequencing methods. RNA-sequencing (RNAseq) and whole genome 

sequencing (WGS), in particular, have led to the identification of thousands novel gene 

fusions, the majority occurring only in a small fraction of patients, and many involving 

chromosomal rearrangements not detectable by conventional cytogenetic methods 

(Mitelman, 2018; Mitelman et al., 2007) (Figure 1). WGS allows the direct identification of 

the breakpoints of chromosomal rearrangements (Kumar-Sinha et al., 2015), while RNA-

sequencing can identify chimeric messenger RNAs (mRNAs) encoded by gene fusions. 

Computational tools, such as FusionMap and MapSplice, use direct alignment of 

sequence reads to a reference genome to identify junction boundaries, while other 

programs, like TopHat-Fusion and FusionCatcher, attempt to detect fusions from paired-
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end sequencing reads (Kumar et al., 2016). Much of this data is now readily available on 

online portals such as The Cancer Genome Atlas Project (TCGA) (Cancer Genome Atlas 

Research et al., 2013) or the Mitelman Online database (Schaefer et al., 2001). 

Types of chromosomal rearrangements 

Chromosomal rearrangements can be classified into two large groups: intra-

chromosomal (i.e. deletions, inversions, tandem duplications), and inter-chromosomal (i.e. 

reciprocal, non-reciprocal translocations). 

Interstitial deletions 

Interstitial deletions, in which a segment of a chromosome is lost, are the simplest 

class of rearrangements and can create gene fusions through the juxtaposition of two 

previously separate genes (Figure 2). The requires that the two fused genes are 

transcribed from the same strand and that the reading frame is maintained upon splicing 

of the chimeric transcript. One example is the interstitial deletion on chromosome 4q12 

that generates an in-frame gene fusion between the Fip1 like protein 1 and Platelet derived 

growth factor receptor alpha genes and is responsible for a subset of hypereosinophilic 

syndromes and chronic eosinophilic leukemias (Cools et al., 2003).  

Chromosomal Inversions 

In chromosomal inversions, a segment of a chromosome is excised and re-

inserted with inverted orientation. As for all chromosomal rearrangements, generation of 

a productive gene fusion requires that the reading frame is maintained in the chimeric 

transcript. In contrast to deletions, however, with inversions the two genes involved must 

be transcribed from opposite strands in the wild-type chromosome (Figure 2). The 

echinoderm microtubule associated protein like 4–ALK (EML4-ALK) fusion oncogene– 

found in approximately 5% of lung adenocarcinomas–is a classic example of a gene fusion 

resulting from a chromosomal inversion (Soda et al., 2007). 
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Figure 1. Number of fusions detected over time 

In the last century, the number of reported gene fusions remained less then 1000 cases. In recent years, the number of gene 
fusions reported has vastly increased over time. This has coincided with the growth of high-throughput sequencing of patient 
tumor samples and detection of novel gene fusions.  
Source: Mitelman database 2018 (https://cgap.nci.nih.gov/Chromosomes/Mitelman) 
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Figure 2. Types of chromosomal rearrangements  

Chromosomal breakpoints can result in deletions, inversions, and gene duplications. With inter-chromosomal rearrangements such 
as balanced reciprocal translocations. When coding regions are joined together, and their transcriptional orientation is maintained, 
this results in expression of the gene fusion.     
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Tandem duplications 

 Tandem duplications are the third major type of intra-chromosomal 

rearrangements resulting in gene fusions and are characterized by the local duplication of 

a chromosomal segment (Figure 2). Mechanistically, they often result from mitotic 

recombination between two sister or homolog chromosomes, especially when the 

breakpoints are in areas of extensive repeats, but they can also be generated by NHEJ 

initiated by DSBs (Reams and Roth, 2015; Weckselblatt and Rudd, 2015) 

 Typical examples of tandem duplications resulting in oncogenic gene fusions are 

the fibroblast growth factor receptor 3 and transforming acidic coiled-coil containing 

protein 3 (FGFR3-TACC3) gene fusion, initially reported in glioblastoma multiforme (GBM) 

(Singh et al., 2012) and subsequently identified in a wide range of other solid tumors 

(Costa et al., 2016) and the KIAA1549-BRAF gene fusion found in the majority of pilocytic 

astrocytomas and diffuse leptomeningeal neuroglial tumors (Faulkner et al., 2015; Jones 

et al., 2008). 

Chromosomal Translocations 

Chromosomal translocations are the last group of common chromosomal 

rearrangements and are characterized by the fusion of fragments derived from two non-

homologous chromosomes. Examples include reciprocal, non-reciprocal and 

Robertsonian translocations. 

Reciprocal translocations involve the breakage and exchange of non-homologous 

chromosomes. They are considered balanced because the number of chromosomes and 

the amount of genetic material are preserved (Figure 2). As the most prevalent form of 

translocation found in cancers, this class is the most extensively characterized in terms of 

mouse models, with examples including the translocations resulting in the formation of the 

BCR-ABL1 and NPM1-ALK gene fusions in CML and anaplastic large cell lymphomas, 

respectively.  
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Non-reciprocal translocations involve a one-way transfer of genetic material from 

one non-homologous chromosome to another. This is a destabilizing even, as it can affect 

chromosome segregation and trigger mitotic checkpoints due to mismatching 

chromosome pairs. In the presence of telomere dysfunction, fusion and breakage of 

chromosomes has been suggested to generate complex non-reciprocal translocations 

and promote tumorigenesis (Artandi et al., 2000).  

Robertsonian translocations are characterized by the fusion of the long arms of 

telocentric or acrocentric chromosomes, generating a metacentric chromosome. As a 

consequence, the total number of chromosomes is reduced, but not the total number of 

chromosome arms. Robertsonian translocations are relatively rare in cancers but are 

occasionally associated with lymphomas and leukemias (Welborn, 2004), and no 

oncogenic gene fusion caused by a specific Robertsonian translocation has been reported 

to date. 

Biological sources of DSBs and rearrangements 

The molecular mechanisms responsible for the generation of chromosomal 

rearrangements have been extensively studied (Ghosh et al., 2018; Gothe et al., 2018; 

McCord and Balajee, 2018; Willis et al., 2015). There are several triggers for genomic 

rearrangements, and it has been observed that certain fusions are more prevalent 

depending on cancer type (Mitelman et al., 2007). Translocations are especially prevalent 

in hematological disorders due to the presence of DSBs generated in lymphocytes during 

V(D)J recombination and class switch mediated by the RAG and AID enzymes, 

respectively (Aplan, 2006; Iarovaia et al., 2014). Accordingly, many hematological fusion 

breakpoints involve the immunoglobulin locus (Figure 3). 

For most chromosomal rearrangements, the initiating event is thought to be the 

generation of a pair of double-strand breaks (DSBs), although for gene duplication and 

deletions, mitotic recombination between sister chromatids or homolog chromosomes also 
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plays a role (Reams and Roth, 2015). DSBs activates the DNA repair process, which can 

be categorized broadly as non-homologous end joining (NHEJ), or homology directed 

repair (HDR). In NHEJ, DSBs are repaired by directly religating the free DNA ends in an 

error prone manner which often results in insertions and deletions (indels) (Li et al., 

2016b), but can also result in chromosomal rearrangements when the ‘wrong’ ends are 

ligated. In the S and G2 phase of the cell cycle, when sister chromatids are available as 

repair templates, the cell can use HDR for error free repair through a process of end 

resection, strand invasion, and DNA repair synthesis. A third mechanism through which 

DSBs can be repaired is known as Single Strand Annealing (SSA) and occurs when there 

is extensive sequence homology between the two resected ends. In contrast to HDR, SSA 

does not involve strand invasion. 

Factors involved in chromosomal rearrangements 

As mentioned earlier, a large body of evidence indicates that DSBs plays an 

important role in promoting chromosomal rearrangements. For example, ionizing 

radiations, a powerful source of DNA breaks, have been extensively used in Drosophila 

melanogaster to generate random chromosomal inversions, deletions, and translocations 

for balancing lethal mutations, mapping recessive mutations, and analyze chromosome 

segregation, respectively (Lindsley et al., 1992). Furthermore, pioneering work from the 

Jasin group using the I-SceI endonuclease has demonstrated that the introduction of a 

pair of DSBs in two non-homologous chromosomes is sufficient to induce reciprocal 

chromosomal translocations with high efficiency (Elliott et al., 2005; Richardson and Jasin, 

2000; Rouet et al., 1994a, b; Weinstock et al., 2006). Although these studies demonstrate 

the essential role played by DSBs in causing chromosomal rearrangements—

translocations in particular—dissecting the molecular mechanisms through which the two 

breakpoints are erroneously joined by the repair machinery proved more challenging and 

required the development of more flexible programmable nucleases (reviewed in (Brunet 



9 

 

and Jasin, 2018; Willis et al., 2015). The picture that has emerged from these studies is 

that chromosomal rearrangements occurring in somatic cells are usually mediated by the 

NHEJ machinery, with the exception of translocations involving conserved repeats, which 

are mediated by SSA (Elliott et al., 2005). Interestingly, these studies revealed a striking 

species-specific difference between mouse and humans; while in human cells 

translocations are generally mediated by the “canonical” NHEJ (cNHEJ) pathway, 

characterized by little or no end processing and near perfect joining of the two ends 

(Ghezraoui et al., 2014), in murine cells the “alternative” NHEJ (alt-NHEJ) pathway seems 

to be the predominant mechanism. This pathway is dependent on Ligase 3 (while the 

cNHEJ uses LIG4), is characterized by more extensive end resection, and frequently 

involves regions of microhomology (Simsek et al., 2011). 

Topologic constraints and their role in chromosomal rearrangements 

To be successfully joined by the NHEJ pathway, the two breakpoint need to 

physically interact and therefore it is not surprising that topologic constrains greatly affect 

the frequency and nature of chromosomal rearrangements. The ability of chromatin to 

move about the nucleus influences DSBs clustering, partner search, and synapsis during 

translocations. Two alternative models have been proposed: in the “breakage first” model, 

DSBs ends are thought to undergo extensive partner search (Aten et al., 2004), while in 

the “contact first” model DSBs remain positionally stable and can only join to other ends 

that are already in close proximity at the time they are generated (Soutoglou et al., 2007). 

This model is supported by elegant in vivo imaging studies by Misteli and colleagues who 

successfully tracked DSBs induced by the I-SceI endonuclease (Roukos et al., 2013).  

Consistent with this model are also early imaging studies showing that the fusion partners 

of BCR-ABL1 (Lukasova et al., 1997) and PML-RARa (Neves et al., 1999) are normally 

found near each other in the nucleus healthy bone marrow cells prior to formation of the 

translocation. Strikingly, one report suggests that where the DSBs are positioned in the 
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nuclear compartment can result in a change in mobility and repair pathway choice 

(Lemaitre et al., 2014). One interesting related idea is that transcriptional factories can 

bring DSBs together (clustering) where partner search can occur in a more permissive 

environment (McCord and Balajee, 2018).  

The advent of high throughput sequencing and chromosome conformation capture 

technique (Hi-C) has allowed the systematic identification of long-range DNA interactions 

and the study of their effect on chromosomal rearrangements. In an elegant study in 

mouse pro-B cells, Dekker and colleagues showed that intra-chromosomal and inter-

chromosomal long-range interactions detected by Hi-C correlate with increased frequency 

of intra- and interchromosomal rearrangements, respectively (Zhang et al., 2012).  
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Figure 3. Tissue distribution of gene fusions identified as of 2018 

The distribution of chromosomal rearrangements is spread throughout various tissues. Before high 
throughput sequencing, most were described in hematological disorders due to the limitations of 
detection. In recent years, many more fusions have been found in non-hematological tissues such as 
the breast due to the increasing amount of patient tumor sequencing (Source: (Mitelman, 2018)). 
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Consequences of chromosomal rearrangements 

 Chromosomal rearrangements can have profound biological consequences and 

contribute to tumor development through several mechanisms. Among them, the 

generation of in frame gene fusions with oncogenic properties is arguably the best 

characterized and a major focus of this thesis.  

A variety of molecular mechanisms through which fusion proteins promote 

tumorigenesis have been identified (Figure 4). For example, in oncogenic gene fusions 

involving kinases, kinase activity is commonly increased due to constitutive 

dimerization/oligomerization mediated by the fusion partner (EML4-ALK and BCR-ABL1 

are classic examples). Increased expression levels of the of the fusion protein mediated 

by regulatory elements provided by one of the fusion partner can also play an important 

role as exemplified by gene fusions involving the ALK kinase, that is normally expressed 

at undetectable levels in most adult tissues (Lin et al., 2017). Fusion events can also result 

in constitutive activation if they lead to loss or disruption of an inhibitory domain. This 

alteration is typified by many fusions involving the BRAF oncogene, in which the fusion 

event typically results in deletion of its N-terminal autoregulatory domain (Ross et al., 

2016). Fusion proteins often disrupt normal signaling pathways promoting proliferation, 

blocking differentiation, or suppressing apoptosis (Turner and Alexander, 2006). An 

example of this is NPM1-ALK in ALCL which drives STAT3 signaling as well other pro-

survival and proliferation pathways (Zhang et al., 2002). Another major class of oncogenic 

gene fusions involves chromatin modifiers or transcription factors. In this case, altered 

gene regulation directly at the transcriptional level is the main mechanism through which 

these oncoprotein drive tumorigenesis (Faber et al., 2009; Krivtsov et al., 2006). 
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Figure 4. Types and consequences of chromosomal rearrangements  

Deletions, inversions, and translocations can result in gene fusions. The two main molecular consequences are 
deregulated expression of coding genes due to control of different regulatory elements or generation of novel gene 
fusion protein with different properties then the wild type fusion partners (Reproduced with permission from: 
(Roukos and Misteli, 2014)). 
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An often-overlooked side effect of chromosomal rearrangements resulting the 

generation of a gene fusion is that they also result in the loss of one wild type allele of 

each of the genes involved in the rearrangement. This can be important if one the two 

genes is an haploinsufficient tumor suppressor. For example, reduced levels of wild type 

NPM1 in NPM1-ALK-positive lymphomas has been proposed to contribute to 

tumorigenesis, synergizing with constitutive signaling by the ALK (Mduff et al., 2011; 

Sportoletti et al., 2008). Similarly, in acute promyelocytic leukemias driven by the PML-

RARa gene fusions, reduced dosage of PML (a tumor suppressor gene) seems to 

contribute to transformation independently from the transcriptional effects mediated by 

RARa (de The et al., 2017; Melnick and Licht, 1999).  

In some cases, fusion oncogenes may promote tumorigenesis by acting as 

dominant negative alleles. For example, the AML1/ETO fusion results in downregulation 

of Acute myeloid leukemia 1 (AML1) target genes due to ETO recruiting corepressors to 

AML1 binding sites (Melnick et al., 2000). It has also been reported that the NPM1-ALK 

fusion protein heterodimerizes with wild type NPM1, leading to an additional reduction of 

the total NPM1 levels (Ceccon et al., 2016). 

In the previous examples, fusion proteins mostly exert their function through a gain 

or loss of function mechanism, in some cases the fusion protein may have acquired 

neomorphic properties. For example, in acute megakaryoblastic leukemia (AMKL), the 

ETO2-GLIS2 fusion results in an altered DNA binding pattern which results in a unique 

transcriptional pattern that helps drive tumorigenesis (Wheat and Steidl, 2017).  

Finally, some rearrangements drive tumorigenesis by causing aberrant expression 

of an otherwise wild-type proto-oncogene. A classic example is the Eµ-Myc translocation 

found in Burkitt’s lymphoma where the IgH immunoglobulin enhancer drives oncogenic 

levels of Myc expression. Another example involves BCL2 translocations in follicular 
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lymphomas where overexpression of BCL2 suppresses apoptosis (Lackraj et al., 2018; 

Rowley, 2008). In addition, recent work has shown that rearrangements disrupting 

topologically associating domains (TADs) can have profound effects on gene expression 

(Lupianez et al., 2015). Whether such events can act as drivers in human cancers remains 

to be demonstrated.  

Experimental approaches to modeling gene fusions 

The identification of the first oncogenic gene fusion spurred intense research 

aimed at understanding how these genetic abnormalities promote tumorigenesis. Earlier 

studies took advantage of available patient-derived cancer cell lines harboring the 

chromosomal rearrangement of interest or were based on the ectopic expression of 

complementary DNAs (cDNAs) encoding for the gene fusion. 

While these approaches provided fundamental insights into gene fusion biology 

(Cox and Der, 1994; Lu et al., 2017), the need for more sophisticated and genetically clean 

in vivo approaches quickly became apparent. Here I will briefly discuss the various 

methods that have been used to model and study cancer associated gene fusions. These 

approaches include ex-vivo manipulation, generation of transgenic mice, knock in 

strategies, and the use of recombinases to engineer the underlying chromosomal 

rearrangement. 

Modeling gene fusions with transgenes  

The generation of transgenic mice by injecting fertilized oocytes with exogenous 

DNA containing the gene of interest has been an established protocol since the early 

1980s (Hofker and Breuer, 1998). Using this method, several copies of the transgene 

integrate randomly into the host genome and multiple ‘founders’ need to be screened to 

select the ones with the desired transgene expression pattern. To impart expression 

specificity, tissue specific promoters can be used to limit expression of the transgene to 

the cell or tissue of interest.  
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The earliest studies of transgenic mouse models provided fundamental insights 

into tumor biology. The Eµ-Myc strain, in which a MYC transgene was placed under the 

control of the Immunoglobulin heavy chain enhancer (Eµ) to drive its expression in B cell 

progenitors, was the first transgenic model of a chromosomal rearrangement (Adams et 

al., 1985). In another study, Huettner and colleagues showed that transgenic 

overexpression of BCR-ABL1 fusion was critical for tumor initiation. Using a tetracycline 

inducible promoter of BCR-ABL1, sustained expression of BCR-ABL1 was required for 

tumor maintenance as loss of expression results in tumor regression (Huettner et al., 

2000; Ruggero and Rabbitts, 2015). Some patients with T cell acute lymphoblastic 

leukemia (ALL) have overexpression of LIM-domain-only proteins 2 (LMO2), a master 

regulator in hematopoiesis (Chambers and Rabbitts, 2015), due to aberrant transcriptional 

expression caused by LMO2 – T cell receptor (TCR) rearrangements. To identify the cell 

of origin, McCormack and colleagues showed in a mouse model that thymus specific 

transgene overexpression of LMO2 resulted in a block in differentiation and increased self-

renewal in immature thymocytes, suggesting a potential cell of origin (McCormack et al., 

2010).  

Though these transgenic mouse models have provided better understanding of 

fusion biology, they are not without limitations. For example, mice that were generated to 

mimic the t(8;14) rearrangement found in Burkitt’s lymphomas, develop pro-pre-B cell 

lymphomas that are histologically and biologically quite different from the human 

counterpart (Adams et al., 1985). On a practical note, the process of generating a 

transgenic mouse to model individual gene fusions is a costly and laborious process. 

Hematopoietic Stem Cell Transplantation Models 

Bone marrow ex vivo transplantation models 

To overcome the limitations of transgenic mouse, ex vivo approaches were 

developed where hematopoietic stem cells can be experimentally manipulated with viral 
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vectors to deliver transgenes. These modified cells can then be transplanted back into 

lethally irradiated mice to allow for engraftment and long-term reconstitution of the bone 

marrow (Hemann, 2015). This non-germline approach has greatly facilitated dissecting 

the roles of gene fusions in hematologic malignancies. 

Bone marrow transplantation strategies were first used to ectopically express the 

BCR-ABL1 gene fusion and accurately model the progression of chronic myelogenous 

leukemia (Daley et al., 1990; Kelliher et al., 1990). However, such a strategy is not always 

successful, as exemplified by attempts to model B cell precursor acute lymphoblastic 

leukemias driven by ETV6-RUNX1, in which only some features of the disease were 

observed (Bernardin et al., 2002). 

Gene targeting strategies 

The two strategies discussed so far are based on the ectopic expression of a cDNA 

encoding for the gene fusion product. As such, they share specific limitations that reduce 

their usefulness. First, since the cDNA is rarely expressed at levels comparable to what is 

observed in human tumors, unwanted consequences may be observed. For example, 

most of the data used to implicate oncogenic fusions are the result of overexpression of 

fusion cDNA. One possible interpretation is that the phenotypes observed with protein 

overexpression are potential artifacts. An equally important limitation is that neither 

approach models the underlying chromosomal rearrangement, thus failing to account for 

the contribution of reciprocal gene fusions, loss of one copy of the wild type alleles, and 

modifications of the local chromatin landscape.  

The development of gene targeting by homologous recombination (Thomas and 

Capecchi, 1987) provided a series of novel strategies to more faithfully model gene fusion 

events and overcome some of these limitations. These can be grouped into two broad 

strategies: knock-in approaches, and Cre-lox based chromosomal engineering.  
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Knock-in strategies 

The knock in approach can be used to model cDNA gene fusion expression in a 

ubiquitously expressed locus. For example, in a mouse model of synovial sarcoma, a 

SS18-SSX2 fusion transgene was integrated into the ROSA26 locus that contained a lox-

STOP-lox cassette and allowed spatial induction of the gene fusion. When coupled with a 

tissue specific Cre, transgene induction caused mice to develop synovial-type sarcoma 

(Haldar et al., 2007). This conditional approach is especially useful for gene fusions whose 

expression may be embryonically lethal.  

To recapitulate gene fusion expression in the native locus, one can knock-in the 

fusion cDNA of the 3' partner into the 5' partner gene locus. This keeps the gene fusion 

expression under the control of the endogenous promoter and models the loss of the wild 

type allele of the 5' partner. The first publication outlining this approach inserted the fusion 

specific portion of the mixed-lineage leukemia (MLL) gene into the AF9 intron locus in 

mouse embryonic stem cells (ESCs) (Corral et al., 1996) and formed acute leukemias. 

Building upon the fusion partner knock-in approach and Cre-lox system, one can create a 

conditional mouse translocation mimic. The cDNA, flanked by loxP sites, is inverted upon 

knock-in to the 5' partner gene to prevent transcription, but can be activated by Cre 

mediated inversion. This approach was used to model the EWS-ERG gene fusion in 

hematopoietic cells (Forster et al., 2005). 

Compared to ectopic expression, these gene targeting approaches consider the 

contribution of wild type allele loss and gene fusion expression regulation by the 5' fusion 

partner in tumorigenesis. Expression of these gene fusions could be spatially controlled 

with lox-STOP-lox cassettes. However, these knock-in models do not address the 

contribution of the reciprocal fusion product or address changes in the chromatin structure. 

For example, recent work showed that the BCR-ABL1 cDNA fusion, when knocked into 

the native locus of BCR, fails to induce neoplasia (Foley et al., 2013).  
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Cre-lox-based methods 

The Cre/loxP system has been extensively used to generate conditional knockout 

and knock in alleles, but it has proven useful also as a tool to engineer chromosomal 

rearrangements (Zheng et al., 2000). The basic idea, pioneered by Allan Bradley and 

colleagues, is to place individual loxP sites at the desired breakpoints and then let the Cre 

recombinase drive the formation of the rearrangement (Figure 5). For example, by placing 

two loxP sites on the same chromosome, it is possible to induce the deletion of the 

intervening sequence—if the loxP sites are in the same orientation—or its inversion, if the 

two sites are inserted with opposite orientation. Analogously, loxP sites located on two 

different chromosomes can be used to generate reciprocal translocations.  

This strategy was initially applied in vitro in murine ESCs (Ramirez-Solis et al., 

1995; Smith et al., 1995; Van Deursen et al., 1995), and later adapted to an in vivo setting. 

The first "translocator" mouse generated using this approach was designed to model the 

t(9;11) chromosomal translocation which produces the MLL-AF9 gene fusion and is 

frequently observed in human mixed lineage leukemias (MLL) (Collins et al., 2000). 

Interestingly, although the authors were able to demonstrate generation of the 

rearrangement and expression of the fusion transcript in the brain, the mice did not 

develop leukemias as Cre expression could not be induced in the hematopoietic 

compartment. The same group later used a similar approach to generate the Mll-Enl gene 

fusion, and this time the mice developed myeloid leukemias at high penetrance and with 

short latency (Forster et al., 2003). By driving Cre-expression in different hematopoietic 

lineages, this model was later used to show that leukemias only arise if the translocation 

occurs in the stem cells or early progenitors, but not in more differentiated cells (Cano et 

al., 2008). 
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Figure 5. The use of Cre Recombinase to model chromosomal rearrangements 

LoxP sites can be placed on specific genomic loci to model different types of rearrangements. Placing LoxP 
sites in the opposite orientation will result in an inversion of the gene locus while LoxP sites in the same 
orientation will result in a deletion upon Cre recombination. For modeling translocations, LoxP sites placed 
on nonhomologous chromosomes that face the same relative orientation will cause reciprocal 
translocations. This can also be used to cause loss of chromosomes by generating acentric/dicentric if 
LoxP sites are placed in the opposite orientation. 
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In principle, this approach is the one that most faithfully recapitulates the genetics 

of cancers driven by chromosomal rearrangements, as the gene fusion is expressed at 

appropriate levels and the reciprocal product is also modeled. However, several limitations 

have prevented its widespread use. First, the generation of these mice is technically 

challenging and time consuming, requiring multiple gene targeting events and complex 

breeding schemes to introduce the desired Cre transgene. Second, because the efficiency 

with which the rearrangement is produced upon Cre expression decreases as the distance 

between the loxP sites increases (Zheng et al., 2000), mice might fail to develop the 

desired tumors. Finally, not every gene fusion found in humans can be engineered using 

this strategy because the two genes involved in the rearrangement—or their relative 

orientation—may not be conserved in mice. A typical example is represented by the 

t(15;17) translocation that in humans generates the PML-RARa fusion and causes acute 

promyelocytic leukemia (Alcalay et al., 1991; Borrow et al., 1990; de The et al., 1990). The 

two genes are conserved in mice, but because of their relative orientation modeling the 

translocation would result in the generation of a dicentric chromosome (Figure 6). 

However, one group was able to overcome this in a model of the Pax3-Foxo1 translocation 

in mouse myoblasts by inverting the Foxo1 locus with Cre recombination followed by 

CRISPR mediated translocation (Lagutina et al., 2015). 
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Figure 6. Transcriptional orientation and formation of chromosomal rearrangements 

(Left) Shown here are the human chromosomes 15 and 17 containing PML and RARa genes respectively, and the reciprocal 
translocation products. Note the transcriptional orientation is preserved in the gene fusion. (Right) In the mouse, the 
homologous genes have opposite transcriptional orientations. To generate the correct gene fusion would result in an unstable 
structures such as acentric and dicentric chromosomes. 
(Source: sommesault182) 
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The genome editing revolution 

Natural or directed processes that produce DSBs are known to be able to generate 

a spectrum of mutations. DSBs are considered ‘editogenic’ as the DNA repair pathway 

can result in the change of genetic information (Jasin and Haber, 2016). In addition, the 

presence of two DSBs can results in inversions, deletions, and translocations though the 

ability to model this was hampered by lack of the appropriate tools. Ideally, a quick somatic 

de novo generation of gene fusions approach would address some of the shortcomings of 

previous translocation models. 

Restriction enzymes 

The first site-specific enzymes discovered that caused DSBs were restriction 

enzymes. Though used for molecular in vitro applications, the short recognition motif of 

most restriction enzymes precluded single site editing of the genome. The first tool for 

editing a specific locus were a subset of restriction enzymes called meganucleases. The 

I-SceI meganuclease, with its longer DNA recognition motif, cut site could be placed into 

the genome for site specific editing without the risk of off targets. This pioneering gene 

editing study showed that I-SceI could induce a site specific DSB in a cell and be used to 

repair a mutated green fluorescent protein (GFP) template (Rouet et al., 1994a, b). This 

was the first evidence that creating an exogenous DSB was able to modify a native 

genomic locus though the inability to modify the recognition site limited its application.  

Zinc finger nucleases 

Zinc fingers (ZFs) are naturally occurring motifs for DNA binding often found in 

transcription factors (Beerli et al., 1998), which could be rationally designed to bind a 

specific DNA sequence. To achieve this, Urnov and colleagues used an iterative selection 

process, to screen for sequence motifs that bind a sequence (Urnov et al., 2010). To adapt 

this for genome editing the non-specific Fok1 endonuclease was attached to ZFs (ZFNs) 

(Kim et al., 2009; Kim et al., 1996). However, as sequence binding had to be validated, 
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this process still requires laborious generation and screening of DNA binding motifs. 

Though labs were able to take advantage of ZFNs to edit several human genes such as 

CCR5, this was not widely adopted in research labs (Holt et al., 2010). On the clinical side 

though, this has several advantages as it has been shown to have no or minimal off targets 

and a long track record of safety in humans (Ando and Meyer, 2017).  

Transcription activator-like effectors 

Transcription activator-like effectors (TALEs) were discovered as secreted 

proteins from pathogenic plant bacteria (Cuculis and Schroeder, 2017), which were able 

to bind dsDNA and modulate host gene expression. The sequence binding is mediated by 

tandem repeats with each repeat's single nucleotide (nt) specificity determined by two 

amino acids motifs. Unlike ZFs, TALES provided set rules for design (Mussolino et al., 

2011) and could be assembled with specific binding patterns (Bedell et al., 2012). By 

adding the Fok1 nuclease to TALEs (TALENs), this allowed site specific recruitment of 

nucleases. Besides cutting, one could attach proteins that alter DNA features, such as 

epigenetic marks (Maeder et al., 2013). Given the ability to design TALENs based on 

sequence alone, they were used more frequently to edit the genome (Bedell et al., 2012; 

Ding et al., 2012), despite the limitations of this method. For example, designing TALENs 

requires cloning multiple subunits, so generating a large library of TALENs is a labor-

intensive task (Li et al., 2016b), even with the Golden Gate Cloning process (Cermak et 

al., 2015). To avoid the process of assemblying a modular protein for each target, would 

require the development of a gene editing tool that directly recruited effector proteins with 

sequence information alone.  
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Clustered Regularly Interspaced Short Palindromic Repeats  

Brief History of CRISPR 

 The discovery of Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) systems in bacteria and adaptation of CRISPR to use in mammals that made 

gene editing technology readily available to every lab equipped to do basic molecular 

biology (Barrangou and Doudna, 2016; Hsu et al., 2014; Wright et al., 2016).  

The first encounter with CRISPR actually dates to the late ‘80s, when a region 

containing 5 direct nearly palindromic repeats of 29 nucleotides separated by 32 

nucleotides non-repetitive spacers was identified downstream of the iap gene in 

Escherichia coli (Ishino et al., 1987; Nakata et al., 1989). The functions of this repeat array 

were to remain unknown until advances in sequencing and computational methods in the 

90’s led to the identification of similar short direct near palindromic repeats separated by 

constant-length non-repetitive spacers in many different species of bacteria and archaea 

(Bult et al., 1996; Groenen et al., 1993; Hoe et al., 1999; Masepohl et al., 1996; Mojica et 

al., 1995; Mojica et al., 1993). At the dawn of the 21st century, this large class of repeat 

was given the name ‘CRISPR’ and recognized as a single-family present in bacteria and 

archaea, but not in eukaryotes (Jansen et al., 2002a; Mojica et al., 2000).  

These pioneering studies also revealed some peculiar features of CRISPR loci. 

First, most CRISPR loci were found to be flanked on one side by a several hundred base 

pairs long ‘leader’ sequence rich in single nucleotide repeats and with high AT content 

(Jansen et al., 2002b). Interesting, within a single CRISPR locus, the more distal a repeat 

was from the leader sequence, the more likely it was to harbor mutations (Jansen et al., 

2002b). Second, a comparison of genes flanking CRISPR loci from different organisms 

led to the identification of several “CRISPR-associated genes” (cas) and to the hypothesis 

that they could be functionally linked to the formation and function of CRISPR loci (Jansen 

et al., 2002b; Mojica and Rodriguez-Valera, 2016). 
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The first indication of what such a function could be came when it was realized that 

some spacer sequences are derived from foreign genetic elements such as viruses, 

plasmids, or chromosomes from closely related species (Bolotin et al., 2005; Mojica et al., 

2005). Crucially, Mojica also pointed out that: “Although our current knowledge remains 

limited, multiple observations suggest that CRISPR could be involved in conferring specific 

immunity against foreign DNA…”(Mojica et al., 2005), noticing in a given species presence 

of a spacer derived from a phage correlated with resistance to infection from the same 

phage, even when there was evidence that the phage could penetrate the cell (Mojica et 

al., 2005). 

This correlative evidence was soon proven to underlie causality by Barrangou and 

colleagues, who showed that the development of resistance of Sulfobolus solfataricus to 

infection by the SIRV phage associated with the integration of spacers from the virus into 

a pre-existing CRISPR locus and that deletion of such spacers would restore sensitivity 

(Barrangou et al., 2007). Shortly thereafter, Marraffini and Sontheimer showed that 

CRISPR systems play an analogous role in protecting against the horizontal transfer of 

other mobile genetic elements, such as plasmids (Marraffini and Sontheimer, 2008).  

Mechanistically, it was quickly discovered that the CRISPR array is transcribed 

and processed into short CRISPR related RNAs (called crRNAs) that are then used as 

‘guides’ for cas proteins to cleave the DNA of the invading mobile DNA element (Brouns 

et al., 2008; Garneau et al., 2010). Evidence of how CRISPR was able to recognize targets 

for interference while avoiding self-targeting was first provided by the discovery of short 

conserved sequences named protospacer adjacent motifs (PAM) in CRISPR targets of 

Streptococcus thermophilus, and then found to be common to all CRISPR based systems 

(Mojica et al., 2009).
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Stages of CRISPR-mediated adaptive immunity 

The process of CRISPR-based immunity can be divided into three main stages: 

adaptation, maturation, and interference. In general terms, adaptation begins with 

identifying and processing foreign nucleic acids into spacer sequences followed by 

integration into a CRISPR array (Hille et al., 2018). These arrays provide the memory of 

prior infections which can then be recalled when specific CRISPR arrays are transcribed 

to produce long precursor crRNA (pre-crRNA). In the maturation phase, this is then 

processed to form mature crRNA which is then assembled into the interference machinery. 

During the interference phase, if there is a subsequent infection, then mature crRNA can 

be guided by an effector protein to cleave protospacer sequences found in foreign nucleic 

acids via complementary sequence binding (Figure 7). 

Survey of CRISPR systems 

Briefly, CRISPR-Cas systems can be currently classified into two classes and 

divided into six types with additional subtypes. While all active CRISPR systems contain 

Cas1-2, which are involved in spacer integration into the CRISPR array, Class, Type, and 

Subtype are determined by the effector and accessory proteins under a unified system of 

classification. Class 1 CRISPR-Cas systems (types I, III, and IV) employ a multi-protein 

complex for interference, while Class 2 systems (type II, V, and VI) have a single unit as 

the effector, which is exemplified by Cas9 (Makarova et al., 2017a, b). 
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Figure 7. Diagram of CRISPR-Cas system 

The Cas protein and the guide RNA act as an immunity system to defend against invading phage DNA. Foreign 

DNA is acquired and integrated as spacer regions into the CRISPR loci (Step 1). Pre-crRNA is transcribed from 

the CRISPR locus and is processed in mature crRNA (Step 2). Expression of cas effector genes results in the 

formation of the functional interference effector and crRNA complex for target interference. This can then be 

used to target invading DNA (Step 3). 

(Reproduced with permission from Doudna Lab website: http://doudnalab.org/research_areas/crispr-systems/) 
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Spacer Acquisition 

Cas1 and Cas2 are critical for spacer acquisition as it can act as an integrase of 

protospacer sequence into the CRISPR array (Koonin et al., 2017). Upon fragmentation 

of the DNA, the choice of spacer sequence for integration is influenced by the presence 

of a compatible PAM sequence. Spacer integration in type I-E systems, the best 

characterized occurs at the leader end of the CRISPR array where integrated host factor 

(IHF) bends the DNA. This allows the Cas1-2 bound protospacer sequence to nick and 

ligate to opposite ends of the repeat strand which results in the regeneration of the repeat 

for subsequent spacer acquisition. While in type I-A, spacer integration instead of using 

IHF, requires accessory proteins and leader-anchoring site motif on the CRISPR array 

(Heler et al., 2015). 

crRNA biogenesis and maturation 

Upon integration of spacer regions, transcription of pre-crRNA begins in the leader 

region and is subsequently processed into mature crRNA, which contain the spacer 

portion along with repeat elements, depending on the subtype, that are recognized by Cas 

proteins for target interference. In Class 1, the majority of type I and III systems typically 

use Cas6/Cas5 or homologous proteins, depending on the subtype, for cleavage of pre-

crRNA into mature crRNA that typically remain bound to form part of the effector complex. 

With type IV, it has been postulated to have a similar mechanism though it still awaits 

experimental confirmation (Hille et al., 2018). 

Class 2 systems differs significantly from Class 1 as the effector complex along 

with non-Cas proteins are directly involved in crRNA maturation. Type II and type V-B 

systems utilize trans-activating crRNA (tracrRNA) to form a duplex with pre-crRNA. This 

duplex is then recognized by an effector protein (Cas9 for type II-A) which is then 

processed by RNAse III into an intermediate step crRNA that is further processed to 

remove 5’ repeat sequences. This functional interference complex can then be used 
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CRISPR immunity. In type II-C, crRNA processing can proceed without RNAse III activity.  

In type V and type VI systems, the effector proteins contain enzymatic activity for 

both crRNA processing and target interference without the need for a tracrRNA. In type 

V-A, Cas12a recognizes the pre-crRNA hairpin structure followed by cleavage of repeat 

to generate crRNA that is processed further by a yet identified RNAse to generate a 

functional complex. For type VI-A, Cas13a recognizes repeat sequence of the pre-crRNA 

for processing though this is not an absolute requirement for CRIPSR interference (East-

Seletsky et al., 2017; Hille et al., 2018). 

CRISPR Interference pathways 

CRISPR interference involves guiding crRNAs to cleave foreign nucleic acids, 

though to avoid self-cleavage most CRISPR types have evolved a way to discriminate self 

and non-self through the presence of PAM sequences on their targets (Mojica et al., 2009; 

Shah et al., 2013).  

With Class I systems, type I uses the CRISPR-associated complex for antiviral 

defense (Cascade) for target DNA recognition and by having the Cas3 gene for DNase 

activity. This multi-subunit Cascade complex can contain the Cas 5,7,8 and 11 gene 

families, which determines their subtypes (A-F, U) (Makarova et al., 2015). In type I-E, the 

best characterized, the Cascade binds to Cas6 bound crRNA where recognition of the 

PAM sequence results in DNA unwinding and crRNA binding. This allows Cas3 to be 

recruited for DNA target cleavage. For type III systems, there is a multi-subunit complex 

called Csm for III-A and Cmr for III-B which resembles the Cascade complex though in 

contrast to type I, they can target both DNA and RNA. In brief and with each subtype 

composed of different subunits, the complex assembles with Cas7, Cas5, Cas10, and 

Cas11 proteins along with mature crRNA where it binds to nascent target RNA transcript 

in a crRNA dependent manner. RNA and DNA cleavage then occur with Cas7 and Cas10 

respectively. Cas10 can also trigger Csm6 RNAse to promote non-specific RNA 
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degradation. Type IV CRISPR mediated interference has not been fully characterized to 

date. 

With Class 2 CRISPR-Cas systems, in contrast to Class 1 systems, a single 

effector protein accomplishes interference. The best characterized ones are type II, type 

V-A, and type VI with Cas9, Cas12a, and Cas13. In type II systems, the prototypical 

member is Cas9 which uses a crRNA-tracrRNA duplex for target interference. In brief, 

Cas9 with a mature duplex searches for compatible PAM sequences followed by crRNA 

binding to target DNA through sequence complementarity. Cas9 then generates a blunt 

double-strand break 3 bp upstream of the PAM (Garneau et al., 2010). For type V systems, 

Cas12a of type V-A requires only crRNA which upon PAM recognition and crRNA-DNA 

base pairing results in staggered double-strand breaks with 5 to 7 nucleotide overhangs 

upstream from the PAM. With type VI, Cas13 (C2c2) cleaves specific ssRNA upon crRNA 

complementary target binding without the need for tracrRNA (Abudayyeh et al., 2016), 

followed by non-specific RNA cleavage as well.
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Use of CRISPR in gene editing 

Even though CRISPR immunity evolved in Eubacteria and Archaea, the principles 

could be applied widely. This ability of a simple Watson-Crick pairing to mediate site-

specific nuclease activity provided a simpler and programmable method of gene editing 

(Ventura and Dow, 2018). Needing only a ribonucleic protein complex that can be readily 

and economically synthesized, this was a game changer in genome editing. 

The utility of type II systems 

Given the diversity of CRISPR-Cas systems, why the research community 

coalesced onto the type II CRISPR-Cas system could be attributed to the fact that a single 

effector protein was responsible for targeted DNA cleavage (Lander, 2016). This made it 

ideal as a site-specific nuclease which could be expressed as a single transcriptional unit. 

Despite this knowledge, it wasn’t until the discovery of tracrRNA transcripts in high 

throughput sequencing of Streptococcus pyogenes and its role in crRNA processing did 

the mechanism of CRISPR immunity become clear (Deltcheva et al., 2011). With this final 

piece, all the pieces were in place to adapt Cas9 for genome engineering.  

 Type II-A Cas9 is the most recognizable and studied Cas protein, derived from 

Streptococcus pyogenes (SpCas9), which is a single bilobal protein that contains two 

nuclease domains: RuvC near the amino terminus, and HNH near the middle of the protein 

(Gasiunas et al., 2012). The guide RNA consists of a tracrRNA, which is a scaffold of 

defined sequence, along with the mature crRNA containing the unique spacer. There are 

also other Cas9 alternatives, such as type II-C Cas9 found in Staphylococcus aureus 

(SaCas9), which is a smaller bilobal protein with DNA cleavage activity with different PAM 

recognition conditions (Jiang and Doudna, 2017; Ran et al., 2015) and no need for RNAse 

III processing step. Meanwhile, type II-B uses Cas9 for DNA targeting that leaves 

staggered DNA overhangs (Chen et al., 2017a). 
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Cas9 as a molecular tool 

That system was adapted to work in other cell types and simplified the system from 

the original tracrRNA and crRNA to a single continuous guide RNA (Jinek et al., 2013). 

The single Cas9 protein is complexed with a single guide RNA (sgRNA) based on an 18-

26 base pair (bp) recognition sequence (Fu et al., 2014), with nuclease activity only 

occurring when a sequence is adjacent to a broad protospacer motif (PAM) of NGG, 

(Figure 8) which is mediated by the HNH and RuvC domains. The seed sequence, defined 

as the first 10-20 bps adjacent to the PAM, is critical for efficient gene editing as alterations 

to the sequence results in loss of activity. The sgRNA structure contains several stem 

loops for Cas9 binding and allow the formation of a functional effector complex. that will 

survey DNA for the target sequence. Based on biophysical and crystallography studies 

with in vitro DNA templates, the key steps appear to be: (1) sgRNA binding switches Cas9 

to an active form, (2) PAM identification and partial DNA unwinding, (3) RNA strand 

invasion and unwinding of the DNA, and (4) formation of the RNA-DNA hetero duplex 

followed by Cas9 conformational changes to allow DNA cleavage (Jiang and Doudna, 

2017; Jinek et al., 2014; Raper et al., 2018; Singh et al., 2016). This ease of designing 

targets based on gene sequence alone made it readily adaptable for gene editing (Hsu et 

al., 2013). 
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Figure 8. Cas9 mediated double 
strand break formation   

An sgRNA bound to Cas9 will 
recognize a target sequence adjacent 
to a PAM motif through its 20 nt 
recognition site. Upon sgRNA 
binding, the DNA is unraveled and the 
HNH and RuvC nuclease domains of 
Cas9 mediate double strand cut of the 
DNA. 
(Reproduced with permission from 
(Jiang and Doudna, 2017)) 
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Delivery of CRISPR components for gene editing  

Successful gene editing has two main components: (1) targeting of nucleases and 

(2) robust on-target delivery. CRISPR technology represents the latest innovation in 

targeted nucleases, yet delivery of CRISPR remains problematic.  

CRISPR was first used for modeling indels, similar to previous work with site-

specific nucleases. Instead of indels caused by NHEJ, specific mutations could be 

modeled via HDR by providing a repair template with the desired mutation along with a 

silent mutation of the target site to prevent re-cleaving (Yang et al., 2013). However, useful 

this tool has proven to be, delivery of CRISPR-Cas9 to the right cell remains a challenging 

issue.  

CRISPR components (Cas9 & sgRNA) can be delivered through non-viral methods 

such as nanoparticles or cell penetrating peptides. Additionally, physical approaches such 

as electroporation have been effective for delivery for certain cell types. For viral delivery, 

several classes of viruses have been used, including adenoviruses, adeno-associated 

virus, and retroviruses (Wang et al., 2017). 

In vitro Delivery Methods 

Transfection 

CRISPR-Cas9 was first delivered as plasmid DNA through lipid-based transfection 

reagents into tissue culture cell lines (Mali et al., 2013). This is often the simplest and most 

cost-effective method of delivery. Though sufficient for in vitro cell lines, delivery of plasmid 

DNA is thought to be less efficient due to potential toxicity and off-target effects (Liang et 

al., 2015; Peng et al., 2016). To address this, one can work directly with Cas9 and sgRNA, 

which involves a protein and RNA component (Kim et al., 2014; Kouranova et al., 2016). 

Cas9 can be delivered as an in vitro RNA transcript or a recombinant protein bound to the 

RNA portion of a ribonucleoprotein (RNP) complex. This has the benefit of transient 

expression when only the initial editing event is needed while minimizing the chances of 
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off target effects. However, approach is not scalable or cost effective when compared to 

DNA-based methods.  

Nucleofection 

Delivery methods based on cell deformation and electroporation utilizing the 

Amaxa Nucleofector or Neon Transfection machine are an attractive alternative 

(Kurosawa et al., 2012). Many cell types, including hematopoietic cells and human pre-B 

cells, are resistant to transfection-based reagents making electroporation-based 

transfection methods ideal (Han et al., 2015). Using this approach, CRISPR-Cas9 was 

readily delivered in vitro as DNA into human embryonic cell lines (Hsu et al., 2013). More 

recently, Cas9 RNPs were delivered to primary hematopoietic human CD4+ T cells 

(Hultquist et al., 2016). Though many cell types are amenable to this form of delivery, 

some cells such as primary stem cells have remained stubbornly resistant. 

Viral Vector Delivery 

Viral vectors have traditionally been used to deliver gene cargo to wide variety of 

cell types in a highly efficient manner. Depending on the application, viral vectors can 

provide transient or stable expression depending on whether the vector integrates into the 

genome. Though non-integrating viruses such as Adenoviruses (AV) and adeno 

associated viruses (AAV) can be used to delivery CRISPR-Cas9, they are primarily used 

in tissue where cells rarely divide to avoid diluting out CRISPR-Cas9. Meanwhile, viral 

vectors can be utilized to mark individual cells (i.e. cellular barcodes) in a genome-scale 

screening by integrating lentiviral CRISPR vectors (Sanjana et al., 2014; Shalem et al., 

2014). Sequencing of transduced cells can be used to track sgRNAs in the starting 

population and to look for enrichment or depletion during the screen process. For in vitro 

applications, such as working with cell lines, integrating viral vectors are often used due 

to the ease of preparation of virus and transduction of target cells.
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In vivo delivery Methods  

Direct delivery of CRISPR payload into primary tissues 

In cell lines, delivery of cargo is relatively straightforward, but this is not feasible or 

effective in the context of in vivo manipulation (Glass et al., 2018). One approach involves 

directly delivering CRISPR-Cas9 into cells of interest. For example, researchers were able 

to deliver Cas9 RNPs encapsulated in lipid particles directly into the ear of mice correcting 

genetic model of hearing loss (Gao et al., 2018a). Another approach is the hydrodynamic 

delivery of CRISPR plasmids into the liver (Yin et al., 2014). Recent work has shown that 

local delivery of Cas9 RNPs can also be achieved by injection into the muscle or brain of 

mice (Lee et al., 2017; Staahl et al., 2017) though this is not possible for all cell types. 

Ex vivo manipulation of target cells 

Though certain tissues preclude direct delivery of CRISPR due to their location, 

some cell types can be extracted, modified, and transplanted back into recipient 

organisms. For example, ex vivo delivery of CRISPR was achieved through 

electroporation using plasmid DNA in hematopoietic system (Song, 2017). One recent 

report showed successful ablation of the CCR5 gene, important in Human 

Immunodeficiency Virus (HIV) infection in human stem and progenitor cells (HSPCs) using 

the electroporation method. The report also showed that tandem guide delivery resulted 

in more consistent ablation, suggesting that simultaneous delivery of all the components 

is more efficient (Mandal et al., 2014).  

Over the past few years, there have been improvements to delivery of CRISPR 

components, including the use of Cas9 RNP complexes (Gundry et al., 2016; Schumann 

et al., 2015), which have achieved similar or superior results to previous plasmid-based 

ex vivo manipulation (Song, 2017). However, each RNP must be manually prepared, 

which leads to restrictions in relation to large-scale screening where targets may number 

in the thousands. Despite these recent advances, delivery of the CRISPR-Cas9 complex 
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remains one of the greatest challenges to widespread adoption of CRISPR in mouse 

models. 

Direct viral delivery into primary cells 

Viral packages have been used to deliver genes of interest into cells for decades 

(Miller et al., 1984). With successful transduction, these modified cells have robust long-

term expression of the delivered construct, either for therapeutic or research purposes. A 

key advantage of using viral delivery is in the ability of these constructs to cross the blood 

brain barrier, which precludes other lipid-based delivery methods. For gene editing in the 

brain, viral vectors remain the most reliable method of delivering CRISPR-Cas9 (Lentz et 

al., 2012).  

Though viral integration may be desirable in some applications, long term 

expression of Cas9 may result in off target effects (Pattanayak et al., 2013). To avoid this, 

one group was able to construct an integrase deficient Cas9 lentivirus (Ortinski et al., 

2017). Alternatively, non-integrating AAVs are one class of viruses that have been 

extensively used to deliver CRISPR to target cells while maintaining a high safety profile. 

A recent publication showed AAV could bring Cas9 to target the Duchene Muscular 

Dystrophy (DMD) gene mutation through excision of DMD exon 23 in muscle stem cells 

(Tabebordbar et al., 2016). Though AAVs can carry the least payload compared to other 

viruses, smaller Cas9 orthologues have been identified and adapted for AAV delivery for 

genome editing (Lau and Suh, 2017). 

Applications of CRISPR  

With CRISPR’s ability to induce DSBs, this can be used to rapidly model known 

gene alterations (Cong et al., 2013; Ding et al., 2013; Li et al., 2013a). Cas9’s ability to 

induce mutations stems from the fact that Cas9 can continue to cut or recut the region 

until the recognition sequence is no longer present. Hence, Cas9 promotes gene editing 

as this can only occur if the repair by the endogenous repair system disrupts the 
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recognition site (van Overbeek et al., 2016) (Figure 9). This results in indels generated by 

the error-prone NHEJ. The locations of these indels can result in protein loss of function if 

it generates a truncated protein or disrupts key functional domains. If provided a repair 

template with nonsynonymous mutation in the recognition site to prevent re-cutting, then 

HDR (Yang et al., 2013) can be used for modeling specific mutations.  

The initial CRISPR experiments were performed in vitro (Cho et al., 2013) and 

could be used to engineer specific mutations. To model mutations in an in vivo setting, it 

could be done in two ways: — germline, which is inherited, or somatic, where alterations 

cannot be passed down to future progeny. Owing to ethical concerns regarding human 

experimentation with CRISPR in the germline, most of the work has been done in model 

organisms (Ma and Liu, 2015). 
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Figure 9. Use of Cas9 genome editing 

Cas9 can induce site specific DSBs, but the 
mechanisms for repair remain largely the 
same. Double strand breaks can be repaired 
by mutagenic NHEJ repair that can result in 
loss of function and genomic rearrangements 
through illegitimate DNA repair. With HDR, 
one can get more precise alterations, which is 
ideal for introduction of genetic material such 
as markers. With dead Cas9, one can use it for 
specific gene targeting of protein effectors 
such as transcriptional regulators of gene 
expression. (Reproduced with permission 
from (Jiang and Doudna, 2017)) 



 

 

 

41 

Germline modifications with CRISPR  

Previously, the preferred method to generate mouse models was through template 

mediated homologous recombination (Capecchi, 1989). This was laborious with a slow 

throughput, making experiments quite costly. Recently, groups have shown that direct 

injection of mouse zygotes with CRISPR plasmids or Cas9 ribonucleoprotein (RNP) 

complexes caused inactivating mutations in target genes that were propagated through 

the progeny (Yang et al., 2013). In fact, groups have shown in mice and rats that multiple 

genes can be edited at once in ESCs (Li et al., 2013b).  

The use of CRISPR has enabled efficient germline knock-in of specific mutations 

in the mouse. As these mutations are generated in vivo in the native locus, this could lead 

to a physiological model of gene alterations that was not feasible before. For example, 

groups were able to model single point mutants in Tet1 and Tet2 through HDR with a 

repair template in the mouse germline (Mou et al., 2015; Singh et al., 2015; Wang et al., 

2013). Others were able to repair a point mutation in a mouse model of Duchene Muscular 

Dystrophy (DMD), demonstrating its potential in therapeutic gene editing (Long et al., 

2014). CRISPR has also been used to tag genes with markers, which can be used to track 

proteins in live cells or used in downstream applications (Wang et al., 2013). Using HDR, 

one can insert a tag such as GFP or FLAG into the gene of interest (Lackner et al., 2015).  

Somatic gene editing in cancer modeling  

Though germline editing of cells (i.e. sperm or eggs) is useful for studying 

processes such as early development, there are ethical boundaries associated with 

germline modification. Given that most cell types do not propagate, genome editing could 

be used without the risk of germline transmission. One attractive target is the somatic stem 

cell, if modified, would be a self-renewing source of differentiated cell progeny with the 

same alteration. Currently, researchers have been able to edit in vivo a variety of cell types 

such as muscle, liver, lung, and many more (Song, 2017). For blood, ex vivo approaches 
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of modifying hematopoietic stem cells and transplanting them back into recipients have 

also been developed.  

Using CRISPR-Cas to disrupt gene function in the mouse models of cancer takes 

advantage of NHEJ mediated repair and positive selection for mutated cells. For example, 

one group modeled the loss of p53 tumor suppressor in a transplantation model (Malina 

et al., 2013). Another group was able to model additional cooperating mutations with 

CRISPR-Cas9 editing and induction of mutant K-ras in lung adenocarcinoma (Sanchez-

Rivera et al., 2014). Heckl and colleagues modeled several mutations found in myeloid 

leukemia through viral delivery of CRISPR-Cas9 (Heckl et al., 2014).  

For modeling specific point mutations found in human cancer patient samples, 

CRISPR is invaluable in modeling these alterations. In the liver, point mutations in Beta-

catenin were successfully modeled using a hydrodynamic delivery of Cas9 plasmid and 

repair template (Xue et al., 2014). In another case, oncogenic K-ras point mutations were 

successfully modeled in the lung by delivering adeno associated virus with Cas9 (Platt et 

al., 2014). Besides modeling oncogenic mutations, for many disease indications, CRISPR 

could provide a potential long-term treatment option by correcting mutations as well. 

CRISPR-Cas9 variants 

One of the early adaptations of CRISPR-Cas9 was conditional expression of 

CRISPR components using Cre recombinase for conditional, irreversible, expression of 

Cas9 in a transgenic mouse (Chu et al., 2016; Platt et al., 2014). For temporal flexibility, 

researchers have also created doxycycline inducible Cas9 in transgenic mouse models 

(Dow et al., 2015; Katigbak et al., 2018) or inducible sgRNA in lentiviral vectors (Aubrey 

et al., 2015), as constitutive expression of Cas9 may be detrimental to the organism and 

could increase the chance for off targets (Pattanayak et al., 2013). Acute editing would be 

beneficial for analyzing phenotypic output when chronic deletion is not desired. Combined 

with Cre-Lox recombination, CRISPR-Cas9 offers a chance for in vivo, temporal multistep 
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modeling of diseases.   

Due to its large size which can impede efficient delivery, Cas9 has been split into 

multiple expression cassettes, which can be then reassembled in the cell through peptide, 

sgRNA recruitment, or rapamycin treatment (Truong et al., 2015; Wright et al., 2015; 

Zetsche et al., 2015b). Segmenting Cas9 has the added benefit of inducible expression 

and while each component can fit into AAV vectors which has one of the smallest carrying 

sizes (~4.5 kb). To bypass Cas9 delivery into cells altogether, several groups have made 

Cas9-expressing mice, which require only sgRNA expression (Chu et al., 2016; Dow et 

al., 2015; Katigbak et al., 2018; Platt et al., 2014). SgRNAs can be delivered, due to their 

small size, more efficiently. 

Cas9 add-ons 

As Cas9 target recognition and DNA cleavage are decoupled, it would be useful 

to attach additional proteins with specialized functions besides gene editing. This can be 

done by mutating the nuclease regions HNH and RuvC to create a catalytically non-

functional or “dead” Cas9 (i.e. dCas9) that retains target recognition activity. Adding a 

fluorescent protein, such as GFP or mCherry, to Cas9 allowed targeting and imaging of 

specific regions of DNA such as the repetitive sequences of telomeres (Chen et al., 2013). 

Recently, researchers were able to modify sgRNA with MS2 binding sites to recruit 

fluorescent proteins, resulting in higher fluorescent signal and image resolution (Fu et al., 

2016). Additionally, by adding a HALO tag to Cas9, various fluorescent ligands can be 

covalently linked for in situ labeling (Deng et al., 2015). 

CRISPR-Cas9 can be repurposed as a DNA-binding protein to regulate gene 

expression. By adding a transcriptional activator, VP64, or repressor, KRAB, domain to 

dCas9, allows for tunable activation or repression of target genes (Gilbert et al., 2014; 

Gilbert et al., 2013; Konermann et al., 2015). The ability to turn on/off genes is useful in 

scenarios where genome editing is not desirable, such as expressing repressed genes. 
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Another area of intense interest is the role of epigenetic marks on DNA in transcriptional 

regulation. For example, adding the lysine-specific demethylase (LSD) to dCas9 allows 

the targeting of enhancer regions of pluripotency genes and repress their expression in 

response to histone H3 lysine 4 demethylation (Kearns et al., 2015). Recent research 

revealed that adding the catalytic core, acetyltransferase p300, resulted in acetylation of 

histone H3 lysine 27 and transcriptional activation (Hilton et al., 2015). Further, fusion of 

Tet1 demethylase or Dnmt3a methylase to dCas9 allows for activation or repression of 

target genes (Liu et al., 2016).  

A recent appealing alternative to HDR and DSBs is the use of base editing with 

CRISPR-Cas9. For example, cytidine deaminases such as AID and APOBEC induce 

transitions by converting a cytidine to uridine (C -> T). A modified Cas9 capable of single 

stranded nicks (nickase), coupled with such cytidine deaminases, could be used as a 

programmable base editor. This can be used to model point mutations in vivo that would 

otherwise prove challenging with traditional nuclease-based methods (Komor et al., 2016). 

Meanwhile other base editors have been engineered to deaminate adenine to convert (A-

T) to (G-C) base pairing (Gaudelli et al., 2017). Issues concerning specificity and activity 

have been recently addressed with improved base editors (Zafra et al., 2018).  

Utility of using multiple sgRNAs at once 

Single guide RNAs are sufficient for NHEJ mediated repair that creates small 

insertions and deletions. To model loss-of-function of coding genes, a single gRNA can 

be designed to target exons near the start site or critical protein domains (Shi et al., 2015). 

Due to indels and frame shift mutations, targeting exons often results in a non-productive 

protein product (Shi et al., 2015). For point mutations, a specific cut in the DNA by a single 

sgRNA is still sufficient for HDR with an appropriate repair template. 

There are situations where the use of more than one sgRNA would be ideal. One 

such situation is when modeling two or more mutations as this requires simultaneous 
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expression of multiple sgRNAs as in the case of cancers with combinatorial genetic lesions 

(Heckl et al., 2014). Multiple sgRNAs would also be useful in dissecting the role of 

chromosomal topology in the function and pathogenicity associated with disruption of 

enhancer elements, CCCTC-binding factor (CTCF) sites, or topological associating 

domains (TADs) (Guo et al., 2015; Korkmaz et al., 2016; Lupianez et al., 2015). For some 

genes, such as non-coding RNAs, that are less sensitive to targeted disruption, 

assessment of loss-of-function requires whole gene deletion or poly A destabilization (Liu 

et al., 2017; Zhu et al., 2016). Finally, modeling of chromosomal rearrangements requires 

two DSBs to occur and with CRISPR, it is possible to induce intra or inter-chromosomal 

rearrangements by expressing tandem sgRNAs to fusion partner genes (Maddalo and 

Ventura, 2016). 

Delivery of multiple sgRNAs into a single cell 

Delivery of sgRNAs can be achieved through DNA, preassembled RNP complexes 

or viral transduction. However, each approach has varying levels of efficiency, dependent 

upon on the delivery vehicle and approach (Liang et al., 2015). For example, delivery with 

Cas9 mRNA results in quick and transient gene editing compared to plasmid-based 

delivery, as the need to transcribe the mRNA is circumvented. Even faster would be 

directly delivering functional Cas9 RNPs in the cell itself. However, these approaches 

require manual preparation of each complex for each unique target and delivery into the 

cell. In contrast, viral delivery is able to express multiple sgRNAs from the vector cassette, 

though need for provirus integration and transcription makes this the slowest process for 

assembling the Cas9 complex. In addition, co-delivery of single gRNAs in separate viral 

vectors unevenly distributes sgRNA among different cells, essentially diluting the pool 

making it less likely that each cells will contain each sgRNA. 
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CRISPR models of rearrangements 

Several groups have been successfully modeled human cancers with in vivo 

mouse models using CRISPR (Heckl et al., 2014; Platt et al., 2014; Sanchez-Rivera et al., 

2014). However, these studies focused on single locus mutations which could be modeled 

with a single sgRNA. Given the relative simplicity of the CRISPR approach, could CRISPR 

be used for more complex genetic alterations? 

In vitro CRISPR modeling of rearrangements  

While ZFNs and TALENs were used to model complex alterations including 

translocations (Brunet et al., 2009; Ghezraoui et al., 2014; Piganeau et al., 2013) and 

duplications (Lee et al., 2012), the use of gene editing to induce rearrangements remained 

limited to labs with the technical expertise. With the rise of CRISPR (Gaj et al., 2013), 

several groups were able to model deletion or inversion fusions in cancer cell lines (Blasco 

et al., 2014; Kannan and Ventura, 2015; Xiao et al., 2013). One group recently induced 

deletions, inversions, and duplications in mouse embryonic stem cells (ESCs), but not 

inter-chromosomal translocations (Kraft et al., 2015). 

In vivo CRISPR modeling of rearrangements 

The first in vivo evidence that CRISPR could model complex genetic alterations 

came from separate labs modeling the EML4-ALK inversion in lung adenocarcinoma 

(Blasco et al., 2014; Maddalo et al., 2014). Another study modeling interstitial deletion 

fusion of Brevican and Neurotrophic Receptor Tyrosine Kinase 1 (BCAN-NTRK1) in a 

mouse model of primary gliomas. They showed that ex vivo manipulation and delivery of 

adult neural stem cells or direct adenoviral transduction in the brain could recapitulate 

glioblastoma (Cook et al., 2017). Elegant work using an inducible transgenic Cas9 mouse 

was able to model R-Spondin rearrangements and demonstrate their role in colorectal 

cancer (Han et al., 2017). However, there has not been a de novo endogenous mouse 

model (autochthonous) for inter-chromosomal translocations involved in hematological 
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malignancies such as BCR-ABL1.  

Why murine primary cells such as hematopoietic stem cells seem resistant to 

CRISPR mediated induction of certain rearrangements remains unclear. Experimental 

evidence suggests that primary murine leukocytes, such as non-activated murine T cells, 

are resistant to short interfering RNA (siRNA) mediated knockdown and viral delivery of 

CRISPR-Cas9 components (Seki and Rutz, 2018). Human cells appear to be more 

amenable to CRISPR induction/reversion of complex rearrangements based on several 

studies using xenograft mouse models (Breese et al., 2015; Choi and Meyerson, 2014; 

Lekomtsev et al., 2016; Reimer et al., 2017).  

The need for models of Inter-chromosomal translocations 

The only inter-chromosomal translocation linked to hematological malignancies 

and modeled with CRISPR in vivo is the MLL-ENL translocation, by modifying human 

CD34+ primary cells and transplanting back into immunodeficient mice (Reimer et al., 

2017). Even so, this xenograft model does not recapitulate the endogenous fusion in the 

mouse and given the lack of an oncogenic phenotype, may not be the ideal experimental 

setup. Given the paucity of published data and need for better models, I aimed to model 

inter-chromosomal rearrangements in hematological malignancies in a murine setting. 

The lack of published tools motivated me to develop the toolbox needed to model 

chromosomal rearrangements in mice and would allow rapid screening of gene fusions 

found in human patients. 

Limitations of CRISPR-Cas9 

Although CRISPR-Cas9 technology has revolutionized cancer research by 

facilitating in vitro and in vivo models, its limitations should be considered during the design 

of CRISPR-based experiments. A crucial concern is the specificity of Cas9 and avoiding 

the possible introduction of undesired mutations.  
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Detecting/Reducing off-target effects 

Off-target effects may be mitigated but not eliminated through multiple strategies. 

Using dual Cas9 ‘nickases’ can reduce off-target effects as both single strand cuts must 

be close enough to generate a DSB (Ran et al., 2013a). Other techniques involve 

optimizing sgRNA selection/length to increase on-target activity (Dang et al., 2015; 

Doench et al., 2016) and de novo protein optimization of the Cas9 protein (eSpCas9) 

(Slaymaker et al., 2016). Ultimately, the only sure way to reduce off-targets in an 

experimental setting remains empirical validation after extensive screening to eliminate 

undesirable sgRNAs.  

Identifying and mitigating potential off target DNA cuts is critical when this 

technology is used in a clinical setting (Tsai et al., 2015). The Joung lab has developed 

experimental methods to identify genome wide off-target effects in an unbiased manner. 

This group developed GUIDE-seq to identify the location of Cas9-mediated DSBs by 

inserting a DNA linker into cut sites that can be sequenced. They were able to identify 

highly promiscuous sgRNAs designed against the human Vascular endothelial growth 

factor A (VEGFA) locus, where off targets arose from mismatches near the distal part of 

the recognition sequence. This illustrates the need for better understanding of how 

CRISPR-Cas9 off targets occur and how best to mitigate them.   

Improving Cas9 gene editing efficiency 

The rules for optimizing efficiency of CRISPR-mediated gene editing remains 

largely uncharacterized. This is problematic as poor sgRNA design can or limit/prevent 

gene editing (Yuen et al., 2017). Several tools have identified sequence determinants of 

sgRNA efficiency though these models were on limited data sets (Moreno-Mateos et al., 

2015; Xu et al., 2015). This is particularly significant when endeavoring to introduce 

specific mutations or repair mutated genes as the efficiency of HDR in most cells is low 

(often below 5%), making a more efficient process desirable (Liang et al., 2017). Some 
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progress has been made using temporally restricted Cas9 enzymes engineered to be 

expressed only during the S and G2 phases of the cell cycle, when HDR is a major repair 

pathway (Gutschner et al., 2016). Other strategies to improve HDR include blocking NHEJ 

DNA repair with small molecules, synchronizing the cell cycle to S and G2 phase (Lin et 

al., 2014; Maruyama et al., 2015), and localizing the donor template at the cleavage sites 

(Aird et al., 2017). However, these strategies have not been tested in primary tissues.   

Biological challenges to using CRISPR to model rearrangements 

The generation of chromosomal rearrangements using CRISPR-Cas9 poses 

unique challenges. Based on the published literature and mechanism of chromosomal 

rearrangements, deletion and inversion events are simpler to model. This is in part 

because the two breakpoints are within the same chromosome and therefore are more 

likely to interact. Consistent with this hypothesis, the shorter the distance between the two 

breakpoints, the more likely the rearrangement is to occur (Lieber et al., 2010). Strategies 

that enrich for modified cells use reporters to detect high nuclease activity (Ren et al., 

2018). However, this approach is better suited for single site alterations instead of 

chromosomal rearrangements where nuclease activity does not correlate with 

translocation formation.  

Chromosomal translocations are more challenging to model as the efficiency is 

lower than other types of rearrangements. In one study, the calculated inversion rate for 

EML4-ALK was a mere 4% in a cell line (Maddalo et al., 2014). Although precise rules 

have not emerged, it is likely that genome topology, micro-homology, and chromatin status 

play major roles in determining the probability that a translocation occurs in a given cell 

(Burman et al., 2015; Hogenbirk et al., 2016; Mathas et al., 2009). It has been suggested 

that delivering all the CRISPR components in single delivery vehicle may increase 

efficiency (Kannan and Ventura, 2015). However, the stochastic nature of the 

translocation process still results in unwanted indels, inversions or non-viable alterations 
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such as di/acentric chromosomes (Frock et al., 2015a; Frock et al., 2015b), which reduce 

overall efficiency. In fact, using two or more guides can induce off-target translocations 

and confound the true driver mutations (Perez et al., 2017). 

Improving the efficiency of chromosomal rearrangements    

 Chromosomal rearrangements are rare and selected against, due to the 

detrimental effect of large genomic alteration on organisms. This is also due to the kinetics 

of fusion partner joining and DSB repair pathways account for this low efficiency 

(Lekomtsev et al., 2016), because it is far more likely to be resolved without a 

rearrangement (Maddalo and Ventura, 2016). The low efficiency of rearrangement 

generation may not be a major limitation if it provides a strong selective advantage and 

clonal outgrowth in humans over a long period, but this is not practical if the goal is to 

generate the desired rearrangement in a large fraction of cells in an experimental system. 

The inability to predictably direct DNA repair pathways to favor rearrangements is another 

roadblock to modeling rearrangements.    

 To address this, some groups incorporated selection markers which enrich for 

these rare genetic events (Spraggon et al., 2017; Vanoli and Jasin, 2017; Vanoli et al., 

2017). However, these require the insertion of exogenous markers instead of exploiting 

the phenotypic output of certain gene fusions. For example, the well-established murine 

pro-B Ba/F3 line, has been used to screen oncogenic fusion kinases through withdrawal 

of the cytokine interleukin 3 (IL3). The Ba/F3 depends on IL3 cytokine for survival, but this 

can be replaced by kinase expression upon IL3 withdrawal. Only cells with successful 

expression of the fusion kinase will promote survival and IL3 independent growth. One 

downside is that this form of expression does not reflect the physiological rearrangement 

(Lu et al., 2017).  

 If selection methods are not possible or ideal, alternative approaches include 

single cell sorting and clonal analysis to identifying clones with rearrangements 
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(Lekomtsev et al., 2016). One promising technique uses digital droplet polymerase chain 

reaction (PCR) (BioRad) to screen large populations for edited cells (Findlay et al., 2016). 

Unfortunately, the presence of a marker or edited locus is only indicative of delivery of 

CRISPR components, while determining if a cell contains the desired rearrangement 

requires direct sequencing and detection of the breakpoint. 

Functional significance of fusions modeled by CRISPR 

Even if a gene fusion can be generated through CRISPR, it may be possible that 

some fusions are not the drivers of tumorigenesis (Reimer et al., 2017). Gene fusions may 

simply be passenger events or modulators of tumorigenesis. For example, one group 

elegantly modeled the Pax3-Foxo1 reciprocal translocation found in human alveolar 

Rhabdomyosarcoma despite the opposite orientation of the fusion partners in mice. This 

was achieved through irreversible inversion of Foxo1 followed by CRISPR meditated 

DSBs and translocation. Even with gene fusion expression and recapitulation of the 

chromosomal context, they were not able to see any oncogenic phenotype in the mice 

suggesting the need for secondary alterations (Lagutina et al., 2015).  

It is also possible that some gene fusions caused by rearrangements contribute to 

a spectrum of chromosomal instability found in cancer. For example, in glioblastoma 

multiforme (GBM), EGFR rearrangements are often found in the context of EGFR gene 

amplification (Ozawa et al., 2010). In PDGFRa amplified gliomas, it was found that 

PDGFRa fusion is often present in samples. Given the vast number of identified fusions, 

developing a system for quickly identifying clinically promising candidates for further 

characterization is of utmost importance. 
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Goal of this thesis 

The goal of this work is to develop approaches to model chromosomal 

rearrangements in the hematopoietic system using CRISPR-based genome editing. This 

was motivated, in part, by the current models of rearrangements that often present 

incomplete or conflicting observations, perhaps due to generation of gene fusion that does 

not recapitulate the endogenous genomic locus. Given that there are now thousands of 

uncharacterized gene fusions, the need for faster approaches for modeling is becoming 

urgent. To accomplish this, I developed a CRISPR-Cas9 g-retroviral vector to facilitate 

delivery of CRISPR-Cas components. This work shows that CRISPR modeling can be 

used to recapitulate known gene fusions in vitro. In addition, I developed a simple cell-

based platform with the murine pro-B Ba/F3 cell line that can be used to rapidly model and 

test fusions of relevance for hematologic malignancies. Although major technical 

challenges remain to be addressed, this work facilitates efforts to investigate the biology 

of gene fusions driving human cancers. 
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MATERIALS AND METHODS 

Cloning of viral vectors 

All viral vectors were maintained in Stbl3 or Stbl4 (Thermo Fisher Scientific) 

bacterial cell lines to minimize recombination. I used New England Biolabs (NEB) reagents 

for restriction digestion, Gibson Assembly, and Quick Ligase for cloning unless otherwise 

noted. For chemical transformation, I used standard heat shock and recovery with 

antibiotic selection. For bacterial electroporation, cells were electroporated by Gene 

Pulser (BioRad) according to manufacturer’s protocol. Positive clones were screened by 

restriction digestion and sent for Sanger sequencing confirmation. Primers, sequences, 

and plasmids are available on request. Oligos were designed with Primer3 or Integrated 

DNA technologies (IDT). Sequences for single guide RNA (sgRNA) were determined with 

MIT CRISPR design site (Ran et al., 2013b).  

Sequencing of cloning products 

To confirm sequence identity of cloning products, I used primers upstream and 

downstream of target insert. Plasmids, PCR, or TOPO-TA cloning products were analyzed 

by Sanger DNA Sequencing with the MSKCC Integrated Genomic Operation Core Facility.  

MSCV tandem sgRNA Cas9  

Murine stem cell virus (MSCV) backbone was digested with XhoI and BamHI with 

intact long terminal repeat (LTR) promoter. The tandem hU6 Pol III promoters driving 

sgRNA expression and with a chicken beta hybrid promoter (CBh) driving expression of 

Cas9, internal ribosomal entry sequence (IRES) and enhanced green fluorescent protein 

(EGFP) was PCR cloned into the MSCV vector in the 5' to 3' orientation from the 5' LTR.  

MSCV (cDNA overexpression constructs) 

A generous gift of MSCV IRES EGFP with cDNA of human NPM1-ALK was 

provided by Dr. Cornelius Miething (Miething et al., 2003). This insert was driven by the 

viral LTR promoter and transcripts in the sense orientation.   
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pSUPER.Retro vector (Divergent/Convergent) 

The pSUPER gammaretroviral MSCV vector backbone (Brummelkamp et al., 

2002b) was used to add single or dual sgRNAs driven by hU6 or sU6 Pol III promoters by 

Gibson Assembly reaction that is divergent and upstream from the PGK promoter. Then 

Cas9 with a porcine teschovirus-1 2A self-cleaving peptide (P2A) EGFP or IRES EGFP 

DNA fragment was assembled by Gibson reaction (digestion method) downstream and in 

the sense orientation of the PGK promoter in the viral vector (pSRD). For the 

pSUPER.Retro vector with convergent cassettes (pSRC), sgRNAs to Npm1-Alk, placed 

downstream of Cas9 and in the convergent orientation. A similar strategy was used to 

generate a pSRC with sgRNA and mCherry only. Cells were cloned and transformed into 

Stbl4 via electroporation due to the difficult nature of the cloning.   

pX viral vector cloning (Convergent) 

PXZ201 was a generously gifted by the lab of Dr. Harvey Lodish with assistance 

from Dr. Hojun Li. Single guides were oligo cloned with Bbs1 into the convergent 

orientation in relation to the Cas9 gene but with different overhangs compared to PX330 

and LentiCRISPR v2 plasmids. The dual cloning method described in by work in our lab 

and (Vidigal and Ventura, 2015) was adapted for this vector (Li et al., 2016a). A similar 

strategy was used to generate pX vectors with sgRNA and the mCherry marker. Plasmid 

DNA was extracted in Stbl3 transformed cells. 

Viral Transduction and concentration 

Supernatant Based Transduction  

For non-concentrated virus, prior to transfection, packaging cells were changed to 

media of transduced cells. Platinum-Eco packaging cells (Cell BioLabs) were transfected 

with 2ug per well of a 6-well plate of plasmid DNA prepared by QIAGEN EndoFree Plasmid 

Maxiprep kits. Virus supernatant was collected 48 and/or 72 hours post transfection 

without prior media change and filtered through 0.45 μM filter (EMD Millipore). Virus 
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supernatant was applied to cells then subject to 1-2 rounds of spinoculation was done 

(689*g for 90 minutes at 25°C) with 4-8 mg/mL polybrene (Sigma-Aldrich). For 

hematopoietic cells, additional rounds of transduction with viral supernatant were 

performed as necessary. 

For Retro-X concentration of viral supernatant 

For our two-plasmid virus generation, GP2-293 (Clontech) cells were seeded on 

4x15 cm tissue culture plates. Prior to transfection, packaging cells were changed to 

media of transduced cells. Packaging cells were transfected with MD2 (VSVG) and 

gammaretroviral vector with JetPrime transfection reagent (Polyplus+). Viral supernatant 

was then collected 48 and/or 72 hours post transfection without prior media change and 

filtered through 0.45 μM filter. Then supernatant was concentrated according to 

manufacturer’s protocol of Retro-X solution (Clontech). The viral prep was then tested on 

NIH-3T3 by cell sorting. Concentrated virus was aliquoted and stored in phosphate 

buffered saline (PBS) at -80°C.   

Mammalian cell culture 

NIH-3T3 were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 

Fetal Bovine Serum (FBS) (Sigma), 10 mM L-glutamine, 10 nM Penicillin-Streptomycin 

(PS). GP2-293 cells were maintained under non-confluent densities and low passage 

number in DMEM media supplemented as mentioned above. Ba/F3 cells were maintained 

in B cell medium (BCM) (45% DMEM, 45% Roswell Memorial Institute Medium (RPMI), 

with 10% FBS (Hyclone), 20nM L-glutamine, 10nM P-S, and 50uM beta-mercaptoethanol 

(βMe) and split regularly to avoid the emergence of IL3 independent clones. WEHI cells 

were maintained in RPMI media supplemented with 10% FBS, 10mM L-glutamine, and 10 

nM PS. WEHI supernatant containing secreted interleukin 3 (IL3) cytokine was collected 

and filtered through 0.45 μM filter and stored at -20°C. Viral packaging cells were 

maintained in DMEM media until virus production. 
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IL3 cytokine withdrawal 

Ba/F3 cells were maintained in BCM supplemented with 5% WEHI filtered 

supernatant containing IL3 cytokine. To remove IL3 from media, cells were spun and 

washed three times with PBS at 0.2 Relative Centrifugal Force (RCF) for 5 minutes each. 

Ba/F3 cells were then resuspended in BCM without WEHI supplement. Cell number and 

viability were monitored by the Countess II automated cell counter (Thermo Scientific). 

Delivery of CRISPR-Cas9 components and assessing CRISPR gene editing 

Amaxa Nucleofection Protocol (Lonza) 

For Ba/F3, I used Buffer SG with the suggested manufacturer’s protocol in a 24 

well format. Cells were allowed to recover for 24 hours post nucleofection. Nucleofection 

efficiency was tracked by cell sorting and Countess II Trypan Blue staining.  

Polymerase chain reaction genotyping 

To detect the Npm1-Alk translocation at the genomic level, I performed Phusion 

(Thermo Scientific) polymerase chain reaction (PCR) (Maddalo et al., 2014). PCR was 

TOPO (Invitrogen) cloned and sequenced by Sanger sequencing.  

Assessing on target efficiency  

Upon PCR amplification of the target locus, PCR band was either gel or PCR 

purified. The DNA was either directly sequenced or cloned into TOPO vector. 

Chromatograms of sequencing data were analyzed by Seqman Pro (DNASTAR).  

Reverse transcription of complementary DNA  

One microgram of total RNA which was quantified by Nanodrop (Thermo Scientific) 

was treated with DNase I (Thermo Scientific) according to manufacturer’s protocol. Then 

the reaction was directly used in Superscript III reverse transcriptase (RT) kit (Thermo 

Scientific) using oligo DT primers using the standard protocol. For No RT controls, only 

buffer components were added. The reaction was then diluted with nuclease free double 

distilled water (ddH20) and stored at - 20 °C. I used primers to detect the breakpoint and 
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full length Npm1-Alk cDNA using Phusion polymerase (Maddalo et al., 2014).  

Protein extraction and Western Blot analysis 

Cells were harvested by spin down and washed 3 times with PBS. Pellets were 

lysed with Radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with 

protease inhibitor (Roche) cocktail and PhosSTOP tablets (Roche). Protein was quantified 

using the Bradford Assay (Biorad) using a Bovine Serum Albumin (BSA) standard and 

read on a 96 well plate using 595 nM absorbance. 4X Lamenilli buffer with βMe were 

added to samples and heat denatured followed by loading onto 4-12% Bis-Tris gels 

(Invitrogen). Samples were transferred overnight (4°C) at 15 volts and then blocked with 

either 5% TBS-T with non-fat milk or BSA. Antibodies were incubated according to 

manufacturer’s protocols. Secondary Horseradish peroxidase (HRP) antibodies were 

used to detect primary antibodies and ECL prime (General Electric - GE) was used for 

imaging on photographic films (GE).  

Antibodies used  

I used manufacturer’s suggested protocol for Western Blot. (AbCam) Anti-ALK  

Cell Signaling Technologies (CST) Anti–human ALK, (Sigma) Anti-FLAG, Anti-b-actin 

Flow cytometry analysis and fluorescence assisted cell sorting (FACS) 

Cells were spun down and resuspended in FACS buffer (supplemented with FBS 

and EDTA). I used Fluorescein isothiocyanate (FITC) and Texas Red channels for 

analysis. Flow cytometry sorting of GFP+ cells was performed using FACSAria (BD 

Biosciences) flow cytometer using a DAPI stain. FACS data was analyzed using the 

FlowJo (v9) software.  

RNA extraction and single guide RNA Northern Blot 

Total RNA was extracted using Trizol (Life Technologies) according to 

manufacturer’s protocol and kept in diethylpyrocarbonate (DEPC) treated double distilled 

water. Ten µg of total RNA was mixed with 2X RNA loading dye (Ambion). Samples were 



 

 

 

58 

loaded onto a 15% Urea polyacrylamide gel and separated at 20mA by gel 

electrophoresis. Gels were run until the lower marker (~10 bp) runs toward the end of the 

gel, to avoid missing premature termination transcription products. Gel was stained with 

Ethidium bromide and imaged to check loading consistency via ribosomal RNA signal. Gel 

was transferred to an Amersham Hybond membrane (GE) using a Bio-Rad transfer 

cassette. After transfer, membranes dried and are then cross-linked with 1100 volts for 

two 1-minute cycles. Membranes could also be stored at 4°C until ready for subsequent 

analysis. Then the membrane was pre-hybridized with Clontech hybridization buffer at 

37°C shaking for one hour. DNA probes were designed by IDT as the reverse complement 

of the N20 specific sequence of each sgRNA. To end label DNA probes, I used gamma 

ATP and T4 DNA PNK (NEB) and labeled for 30 minutes at 37°C. Probes were cleaned 

with T25 spin columns (GE). Probe was incubated with the membrane in a rotating 

hybridization oven ON at 37°C. Membranes are washed first with 2X SSC (Saline-sodium 

citrate) buffer and then with 0.2X SSC buffer. Membranes were exposed with film from 1-

72 hours (GE) in a cassette and kept at 4°C. To reprobe a membrane, it was stripped with 

boiling 0.1% Sodium Dodecyl Sulfate (SDS) and washed with 0.2X SSC until residual 

signal is removed. The membrane gets reblocked with prehybridization buffer and 

reprobed ON at 37°C. For RNA loading control, I used the murine small nuclear U6 (snU6) 

probe (Murchison et al., 2005). 

In vitro cell line characterization 

Cell Titer Glo Assay (Promega) 

Cells were added to each well of a 96 well plate with flat bottom white colored 

plates at a density of 1x10^4/mL or 10,000 cells per well. For samples undergoing IL3 

withdrawal, cells were maintained in non-IL3 media prior to adding reagent to the well. 

Crizotinib were prepared at 5X final concentration and then added to cells in the well at 

the appropriate concentration. Samples were read 3 days with Cell Titer Glo Assay 
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(Promega) and read on a Promega Glomax 96 well plate machine after drug treatment 

per manufacturer’s instructions. For all assays, Crizotinib (CST) was prepared as a 10 mM 

stock solution in DMSO.  

Mouse Husbandry/Experiments 

Animal studies and procedures were reviewed by MSKCC Institutional Animal 

Care and Use Committee under protocol number 14-08-009. Athymic nude mice were 

ordered from Jackson Laboratories (JAX) in the (nu/nu) background. BALB/c mice for 

allograft studies were ordered from JAX. All mice were maintained in a Research Animal 

Resource Center facility under veterinary supervision.  

Allograft transplantation of Ba/F3 cells via flank injection in nude mice  

Protocol was partially adapted from a published report (Cuesta-Dominguez et al., 

2012). One million live Ba/F3 cells were counted as determined by Countess II using 

Trypan Blue staining and resuspended into 1X Hank’s Balanced Salt Solution (HBSS). 

Cells were put in a 1:1 mix with Matrigel (Corning) and kept on ice until ready for injection. 

Aythmic mice (JAX) were then injected on the on the right flank and monitored for tumor 

growth and overall survival. Tumors were measured with a digital caliper (Fowler) and 

volume calculated based on V = (W(2) × L)/2. Mice were sacrificed once tumors were 

above 600 mm^3. After mice were sacrificed, tumors were extracted and saved for 

genomic DNA, RNA, and protein extraction and downstream analysis. 

Allograft transplantation of Ba/F3 cells via tail vein injection in BALB/c mice  

Allograft protocol was partially adapted from a previous report (Ma et al., 2014a). 

Six to eight-week-old BALB/c male mice were sub-lethally irradiated with 4.5 Grays (Gy) 

of radiation from a Gammacell 40 irradiator with a Cesium source and allowed to recover 

for 24 hrs. Then one million live Ba/F3 cells, as measured by Trypan Blue and Countess 

II quantification, were resuspended in PBS and injected in the tail vein of mice with a 28-

gauge insulin syringe (Corning). Mice were then tracked for overall survival and were 
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sacrificed and processed when determined by a veterinarian to be morbid. 

Statistical Analysis 

For Ba/F3 cells treated with Crizotinib in Cell Glo Titer assays, unpaired T-test was 

calculated on GraphPad Prism 7 compared to parental Ba/F3 cell line. IC50 was 

calculated on GraphPad Prism 7 using a three parameter Inhibitor/Response non-linear 

regression analysis. For calculating overall survival, the Mantel Cox log rank test was used 

to compared between wild type mice and those injected with Ba/F3 mNPM1-ALK.  

Tissue collection 

Primary mouse embryonic fibroblasts (MEFs) 

Head, arms, mid torso (with fetal liver and heart removed), legs, and tails were 

dissected from E14.5 post inception. embryos from timed mated females. The tissues 

were mechanically dissociated into smaller pieces and then incubated in Trypsin overnight 

with shaking at 4°C. Then suspension was placed in DMEM media supplemented as 

mentioned above. Cells were passaged at a low number (< 2) before being stored in 

DMEM media with 10% DMSO for long term storage.    

Complete necroscopy and blood counts  

Mice were dissected, and organs were viewed by trained pathologists for signs of 

overt disease. Blood was collected from mice before sacrifice and subjected to automatic 

and manual complete Blood quantification. The sample collection was performed by the 

Lab of Comparative Pathology Core.  

Histology and Cytogenetics 

Immunohistochemistry  

Immunohistochemical staining was performed on 5 μM sections of formalin-

fixed/paraffin embedded tissues with an automated staining processor (Discovery XT, 

Ventana Medical Systems) on positively charged glass slides. Staining was done by the 

Laboratory of Comparative Pathology (LCP) core facility (Maddalo et al., 2014). Antibodies 
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used for staining: GFP, anti ALK (AbCam), anti AKT, anti STAT3 

Hematoxylin and Eosin Staining (H&E) 

Samples were prepared as described previously and done by the LCP core 

(Maddalo et al., 2014). Images from each tumor were acquired with a Zeiss AxioCam 

Color camera at 10 - 40X magnification.  

Fluorescence in situ hybridization (FISH) to detect translocations  

FISH protocol was performed by the Molecular Cytogenetic Core Facility. Samples 

were grown and maintained to ensure robust cell division. Cell lines were harvested 

according to standard procedures and FISH analysis performed on the fixed cells using 

an in-house 2-color probe mix designed to detect Npm1-Alk fusion. The probe mix 

consisted of mouse BAC clones flanking the breakpoint on Npm1 (11qA4) (RP23-96P14, 

RP23-413O19; labeled with Red dUTP) and Alk (17qE1.3) (RP23-397M18, RP23-12H17, 

labeled with Green dUTP). Probe labeling, hybridization, post-hybridization washing, and 

fluorescence detection were performed according to standard procedures. Slides were 

scanned using a Zeiss Axioplan 2i epifluorescence microscope equipped with CoolCube 

1 CCD camera controlled by Isis 5.5.10 imaging software (MetaSystems Group Inc, 

Waltham, MA). The entire hybridized area was scanned under 63x objective and 

representative cells imaged. A minimum of 100 interphase nuclei and 25 metaphases 

were analyzed to assess the Npm1-Alk fusion status. A normal diploid cell is expected to 

show two Red (Npm1) and two Green (Alk) signals. A cell positive for Npm1-Alk fusion is 

expected to show at least one Fusion/Yellow signal (overlapping of Alk and Npm1), along 

with Red (normal Npm1) and Green (normal Alk) signal(s). Tissue FISH was performed 

by the Molecular Cytogenetic Core Facility. Samples (Splenic sections) were prepared on 

positively charged slides of 5 μM sections of formalin-fixed/paraffin embedded (FFPE) 

tissues. FISH analysis performed on the FFPE using an in-house 2-color probe mix 

designed to detect Npm1-Alk fusion as described above. 
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CHAPTER 1: Generation of Npm1-Alk fusion by CRISPR 

Nucleophosmin 1 

Nucleophosmin1 (NPM1) is a highly expressed protein that is typically located in 

the nucleolus, but it can also shuttle between the cytoplasm. NPM1 is involved in 

processes such as ribosome biogenesis, centrosome duplication, and protein 

chaperoning (Grisendi et al., 2005). Mutations within NPM1 are associated with leukemia 

and (Grisendi et al., 2006; La Starza et al., 2010) was identified as a haploinsufficient 

tumor suppressor (Sportoletti et al., 2008) that acts by interacting with ARF tumor 

suppressor and regulating p53 stability (Colombo et al., 2002; Itahana et al., 2003; 

Korgaonkar et al., 2005). 

Anaplastic lymphoma kinase  

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase that is expressed 

and functions predominantly in the brain during development, with knockout mice 

exhibiting mild behavioral defects (Bilsland et al., 2008; Iwahara et al., 1997). However, 

ALK is often found to be the fusion partner in a variety of cancers. For example, in lung 

adenocarcinoma the kinase portion of the ALK gene is fused with the echinoderm 

microtubule associated protein like 4 (EML4), forming the EML4-ALK fusion. Due to the 

loss of ALK regulatory regions, ALK ectopic expression occurs in the lung where it drives 

tumorigenesis (Soda et al., 2007; Soda et al., 2008). This mechanism involves 

dimerization followed by constitutive phosphorylation and activation which is similar for the 

other ALK fusion proteins (Hallberg and Palmer, 2013, 2016).  
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Anaplastic large cell lymphoma 

Anaplastic large cell lymphoma (ALCL) is a rare form (1%) of non-Hodgkin 

lymphoma (NHL) that can be found on the skin or lymph nodes. The disease usually 

strikes younger patients as aggressive lymphomas and include ALK+ and ALK- groups. 

NPM1-ALK is a fusion protein found in a majority (> 70%) of patients diagnosed with ALK+ 

ALCL. Morphological features of ALK+ tumors include hallmark cells with enlarged 

nucleus and express CD30 and ALK (Drexler et al., 2000; Hapgood and Savage, 2015; 

Inghirami et al., 1994; Le Beau et al., 1989). The cell of origin is not currently well 

characterized, because they express either B, T, or null cell markers, though data 

suggests a majority are T cell lymphomas (Malcolm et al., 2016). It has been suggested 

that abnormal expression pattern of T cell markers in T cell lymphomas may be due to 

NPM1-ALK fusion itself (Ambrogio et al., 2009). Mutational profiling of ALK+ ALCL shows 

that few possess p53 mutations, suggesting that NPM1-ALK is the oncogenic driver 

(Rassidakis et al., 2005) and ALK would be an attractive therapeutic target.  

Crizotinib  

Current treatments for ALK+ ALCL involve using ALK inhibitors such as Crizotinib 

(Gambacorti-Passerini et al., 2011; Sahu et al., 2013). Crizotinib is a c-Met/ALK inhibitor 

that was first approved for the treatment of ALK+ non-small cell lung cancer (NSCLC). 

However, it has also been shown to be effective against ROS1 kinase fusions found in 

NSCLC (Davies and Doebele, 2013). Crizotinib prevents the activation of the ALK kinase 

by binding to the adenosine triphosphate (ATP) binding pocket. Common resistance 

mechanisms involve gatekeeper mutations that block Crizotinib binding at the ATP pocket 

via steric hinderance (Crescenzo and Inghirami, 2015).  
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NPM1-ALK translocation 

NPM1-ALK is a reciprocal translocation that occurs between chromosomes 2 

(ALK) and 5 (NPM1) in humans (Morris et al., 1994) while in mice, the syntenic regions 

are in chromosomes 11 (Npm1) and 17 (Alk) (Mathew et al., 1997). This fusion results in 

the joining of the dimerization domain of NPM1 and the kinase domain of ALK. As the 

NPM1 promoter now drives the ALK gene, this results in constitutive activation of the 

kinase and drives proliferation and anti-apoptosis (Kutok and Aster, 2002; Pearson et al., 

2012) (Figure 10).  

Previous models of NPM1-ALK fusion do not recapitulate disease  

Groups previously modeled NPM1-ALK in mice to understand how it drives 

tumorigenesis. One study used retroviral vectors expressing cDNA of human NPM1-ALK 

to transduce bone marrow and transplant back into irradiated mice. This resulted in B cell 

lymphomas; something not seen in patients (Kuefer et al., 1997). Later work using 

modified fetal liver HSCs with retroviral expression of human NPM1-ALK cDNA resulted 

in myeloid or B cell neoplasia, but not the T cell lymphomas seen in patients (Miething et 

al., 2003). A mouse model combining IL9 transgenic mouse with NPM1-ALK cDNA 

overexpression also failed to recapitulate the disease (Lange et al., 2003).  

Other groups worked to more accurately model using transgenic mouse models. 

One group generated a T cell specific expression of NPM1-ALK transgenic mouse, 

resulting in a mixed population of B and immature non-recombined T cell lymphomas, in 

contrast with patients that have T cell lymphomas with TCR recombination (Chiarle et al., 

2003). A transgenic mouse model using the Vav hematopoietic promoter to express 

NPM1-ALK in hematopoietic stem cells resulted in lymphomas with B cell characteristics 

(Turner et al., 2003) while using T cell specific promoters resulted in lymphoblastic 

lymphomas (Jager et al., 2005). Though informative, these results do not faithfully 

recapitulate the human disease which was already noted (Turner and Alexander, 2005). 
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The need for faithful recapitulation of the endogenous gene fusion was not addressed until 

the advent of gene editing technology that could model those complex rearrangements.  

Expression of Npm1-Alk sgRNAs and Cas9 can induce Npm1-Alk translocation  

Previous work shows that tandem expression of Cas9 and sgRNAs could model 

the Eml4-Alk inversion event in mice. In that same paper, the Npm1-Alk fusion could be 

modeled as well, indicating CRISPR could be used to model inter-chromosomal 

translocation (Maddalo et al., 2014). Using the MIT CRISPR site (Hsu et al., 2013), several 

pairs of sgRNAs were initially designed against the intronic regions of murine 

Nucleophosmin (Npm1) and Anaplastic Lymphoma Kinase (Alk) and cloned into the 

pX330 vector to recapitulate a known tyrosine kinase fusion found in anaplastic large cell 

lymphoma (Morris et al., 1994), by inducing the Npm1-Alk inter-chromosomal 

rearrangement in murine cells. PX330 plasmids expressed a FLAG tagged Cas9 with a 

3X nuclear localization sequence (3X NLS) along with a chicken beta hybrid promoter 

(CBh) (Cong et al., 2013). PX330 plasmids expressing these Npm1-Alk guides can induce 

Npm1-Alk translocations in transfected NIH-3T3 as it was detected at level of genomic 

DNA (gDNA) and cDNA (Maddalo et al., 2014) (Figure 11).  
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(Left) Schematic of NPM1 and ALK human genes located on 

chromosomes 5 and 2 respectively. The 5' partner NPM1 contains the 

oligomerization, histone binding, and nucleic acid binding domains. The 3' 

fusion partner ALK contains the extracellular domain which regulates 

activation followed by the transmembrane (Tm) and kinase domain. Upon 

t(2;5)(p23;q25) reciprocal translocation where the NPM1 promoter drives 

expression of the fusion product that contains the oligomerization domain 

and the tyrosine kinase domain of ALK. This allows for constitutive 

dimerization and activation of the tyrosine kinase and signaling. (Right) 

Shown here is the human chromosomes 2 and 5 containing the Npm1 and 

Alk gene respectively. Upon reciprocal translocation, the NPM1-ALK and 

ALK-NPM1 gene fusions are created. Note that the transcriptional 

orientation of the fusion is preserved.  

(Source: sommersault1824.com)  

 

Figure 10. Schematic of the NPM1-ALK genomic translocation  
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(Top) Here the human U6 Pol III promoter drives sgRNA expression targeting Npm1 and Alk while chicken 

beta hybrid Pol II promoter drives Cas9 in pX330. (Top and Left) Using primer pairs that span the Npm1-

Alk genomic fusion breakpoint, only co-transfection of Npm1 and Alk sgRNA plasmids results in 

induction of Npm1-Alk genomic fusion that was confirmed by Sanger sequencing. (Right) Npm1-Alk 

fusion transcript was confirmed by PCR of cDNA and was confirmed by Sanger sequencing. (Reproduced 

with permission from (Maddalo et al., 2014)) 

Figure 11. Tandem expression of Npm1-Alk sgRNAs and Cas9 
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Modeling chromosomal rearrangements with CRISPR-Cas9 

Npm1-Alk induction in Ba/F3 cells 

Using our Ba/F3 cell line, a versatile cell that depends on the cytokine interleukin 

3 (IL3) for survival, I tried to take advantage of this property to enrich for Npm1-Alk 

expressing cells. This cell line has been widely used to screen for kinase activity of gene 

fusions by withdrawing IL3 (Warmuth et al., 2007). Ba/F3 cells will die upon IL3 withdrawal, 

but if another kinase can provide pro-survival signaling, the cell can survive without IL3. 

As oncogenic kinase fusions provide strong pro-survival and anti-apoptotic signaling, this 

is an ideal system to screen for novel gene fusions for kinase activity. To increase my 

chance of generating Npm1-Alk in Ba/F3, I used the Amaxa nucleofector to deliver Npm1-

Alk with Cas9 plasmid DNA. A longer recovery period was required before selection due 

to increased cell death associated with plasmid delivery but IL3 independent clones were 

visible within 2-3 weeks.  

Detection of Npm1-Alk rearrangement 

As shown by PCR, I observed that both Ba/F3 cell IL3 independent outgrowth 

contained the Npm1-Alk translocation at the genomic level. However, the PCR amplicon 

size of the nucleofected Ba/F3 (n-N-A) does not match the predicted in silico size and 

shows more variability in the edited locus with a range of gaps near the breakpoint. 

Considering that our guides target the intron, there is no selective pressure to maintain 

the sequence, because the cDNA transcript will splice out this region. I then confirmed the 

predicted fusion transcript breakpoint of Npm1-Alk in both cell lines by PCR. I also 

detected the whole length cDNA that matched the predicted sequence, which shows that 

CRISPR editing did not alter the exons (Figure 12).  
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A) Shown here is the murine pro-B hematopoietic cell line Ba/F3 which depends on interleukin 3 for continued survival and 
proliferation. To select for cells with the Npm1-Alk rearrangement, I removed IL3 so only cells with Npm1-Alk gene fusion and 
become IL3 independent and oncogene addicted for growth. B) In IL3 independent Ba/F3 population, I could detect the Npm1-Alk 
fusion partners in genomic DNA with PCR though there are large gaps near the breakpoint. C) With PCR primers specific for the 
fusion transcript breakpoint, I could detect the predicted cDNA transcript which is not affected by the gaps in the intronic region of 
the gDNA.     

Figure 12. Delivery of Npm1-Alk sgRNAs and Cas9 into Ba/F3 cells  

A 

B C 
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Cytogenetic characterization of Npm1-Alk Ba/F3 cell lines 

I observed the cytogenetic changes in our Npm1-Alk Ba/F3 cell line (N-A) to 

confirm CRISPR mediated inter-chromosomal translocation. I performed Fluorescence in 

situ hybridization (FISH) to detect murine Npm1 and Alk genes. A two-probe break apart 

FISH was used to detect the Npm1-Alk translocation (Mathew et al., 1997) and 

karyotyping was performed in parallel to check the ploidy of our cell line. Unfortunately, 

the Ba/F3 parental line used for modeling our rearrangement is tetraploid, possessing 4 

copies of Alk and Npm1. In addition, two of the chromosomes containing Alk fused as a 

Robertsonian translocation (Figure 13). It should be noted that gross chromosomal 

changes are known to happen in cell lines grown in culture (Mamaeva, 1998). For the N-

A line, I could detect the Npm1-Alk and Alk-Npm1 reciprocal translocation partner (Figure 

14). However, the Alk fusion partner is the Robertsonian translocation with two Alk signals. 

Though it would be ideal for the Ba/F3 line to be diploid, I conducted a karyotype 

and FISH analysis of individual cells to determine if there was any gross chromosome 

difference and heterogeneity between the parental and N-A lines. Based on the analysis 

of 20-25 cells per line, there is no significant change in karyotype between our Npm1-Alk 

and parental line (APPENDIX 1.1: Karyotypes of Ba/F3 Cells). For our n-Npm1-Alk line, 

nearly every cell analyzed had the same cytogenetic alteration suggesting clonal 

outgrowth (APPENDIX 1: FISH quantification of Npm1-Alk Ba/F3 line). This data 

supports that the fusion is selected for, rather than a non-specific effect, accounting for 

the phenotypic effect observed in our assays.  
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(Top) Shown here is the FISH strategy for detecting Alk and Npm1 in Ba/F3. Green fluorescent probes were designed flanking the Alk target 
site (dotted line). Red fluorescent probes were designed flanking the Npm1 gene and the target site. In the cells, you can see Alk and Npm1 
signals on chromosome 17 and 11 respectively, with FISH showing that our parental line is mostly tetraploid with four copies of Npm1 (red) 
and Alk (green) (White arrows). Of note, two chromosome 17 have formed a Robertsonian translocation which has two Alk signals. (Left) 
Here the karyotype of chromosome 11 and 17 along with the Robertsonian translocation 17 in Ba/F3 is shown and a schematic showing the 
location of the Npm1 and Alk gene.    

Figure 13. Cytogenetic analysis of the Ba/F3 parental line 
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(Top) Here the delivery of sgRNA targeting Npm1 and Alk along with Cas9 can induce the Npm1-Alk and Alk-Npm1 t(11;17) reciprocal 
translocation. This results in the juxtaposition of the Npm1 and Alk probes which can be then detected as a yellow fusion signal. 
(Right) On the FISH, there is a fusion signal seen for both the Alk-Npm1 and Npm1-Alk translocation (white arrows). (Left) The Alk-
Npm1 translocation has the expected karyotype as illustrated by the diagram. For Npm1-Alk, the Robertsonian translocation involving 
two chromosomes 17 is present and has fused with the edited chromosome 11 containing Npm1, hence the wild type Alk and fusion 
signals in the FISH. This is illustrated by the karyotype with the black arrow showing the breakpoint. The region below the centromere 
(black dot) corresponds to the expected gene fusion as shown by the diagram.   

Figure 14. Cytogenetic Analysis of Ba/F3 Npm1-Alk cell line 
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NPM1-ALK fusion protein 

Once the presence of Npm1-Alk was confirmed at the genomic level, I wanted 

confirm gene fusion protein expression. I screened several ALK and NPM1 antibodies 

because most are specific for the human ALK (hALK) but not murine ALK (mALK) 

(Bonzheim et al., 2015). I identified a polyclonal anti-ALK antibody (Abcam) that 

recognizes a common motif on the C terminus of the ALK. I detected the predicted fusion 

protein size of mNPM1-ALK (mN-A) as well as our control hNPM1-ALK cDNA (hN-A). I 

also treated the cells to see if Alk inhibitor Crizotinib treatment leads to degradation of the 

fusion protein which has been documented before (Pearson et al., 2012) (Figure 15).  

ALK inhibition results in reduced cell viability of NPM1-ALK fusions 

To quantify the sensitivity of our Ba/F3 fusion cell lines to drug treatment, I 

performed a titration of Crizotinib treatment to our mNPM1-ALK Ba/F3 lines. This was 

conducted using a commercial Cell Titer Glo Assay that measures cell survival (George 

et al., 2008). To rule out nonspecific effects of Crizotinib treatment, IL3 independent 

NPM1-ALK cell lines were also grown in IL3 during treatment. Because IL3 promotes 

survival, Crizotinib treated cell lines should be more viable with the presence of IL3 

compared to drug alone. This would show that mNPM1-ALK generated by CRISPR-Cas9 

is the driving oncogene for survival, which would be partially compensated by IL3 add 

back. 

For the CRISPR generated mN-A cell line, treatment with Crizotinib caused 

specific reduction in growth compared to WT. This effect is most pronounced at lower 

concentrations while at higher concentrations of Crizotinib there is a non-specific toxic 

effect. This effect was partially ameliorated with add back of IL3 suggesting that NPM1-

ALK fusion is the driver oncogene in these cell lines. These results indicate that NPM1-

ALK can drive transformation of Ba/F3 cells in agreement with previous results with cDNA 

overexpression (Figure 15).  
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(Left) Parental Ba/F3 cells along with those with human cDNA overexpression of 

Npm1-Alk and CRISPR mNPM1-ALK were collected for protein lysates and probed for 

NPM1-ALK fusion protein. ALK is not normally expressed in Ba/F3 cells while our 

cDNA and CRISPR Ba/F3 had detectable and predicted size of the NPM1-ALK fusion 

protein. Treatment with ALK inhibitor Crizotinib did not affect fusion protein stability. 

(Center/Right) To determine if our CRISPR generated mNPM1-ALK caused oncogene 

dependence on IL3 independent Ba/F3 cells, I performed an IL3 addback experiment 

upon specific inhibition of NPM1-ALK with the ALK inhibitor Crizotinib. NPM1-ALK 

cell lines were kept in either +IL3 (green) or -IL3 (red) and cell viability measured with 

Promega Cell Titer Glo Assay after three days post drug treatment. Parental Ba/F3 

with IL3 grow in the presence of drug though there are concentration dependent 

nonspecific toxic effects. NPM1-ALK cell lines grown without IL3 have a dose 

dependent sensitivity to ALK inhibition. Addback of IL3 partially ameliorates the 

effect of Crizotinib treatment in both the cDNA and CRISPR forms of NPM1-ALK.  

 

Ba/F3 mNPM1-ALK (-IL3) IC50 = 30.15nM 

Ba/F3 hNPM1-ALK cDNA (-IL3) IC50 = 66.85 nM 

 

Figure 15. Detection of the NPM1-ALK fusion protein and oncogene dependence  
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Allograft flank injection of Ba/F3 mNPM1-ALK into nude mice 

Because our in vitro data showed that CRISPR induced N-A fusion transformed 

Ba/F3 cells, I characterized our cell line in mice to test its ability to support in vivo tumor 

growth. Nude athymic mice that have a depleted immune system were used, so that tumor 

growth could be measured and tracked in an allograft model. One million mN-A or parental 

Ba/F3 cells were each prepared in Matrigel and injected into the flanks of nude mice 

(Cuesta-Dominguez et al., 2012). Rapid tumor growth was observed in mice injected with 

N-A compared to parental Ba/F3 where there was no measurable tumor growth. N-A 

injected mice had similar levels of growth and overall survival. None of the mice injected 

with WT Ba/F3 showed any tumor growth or died during the duration of the experiment. 

Upon collection of tumor masses, the Npm1-Alk fusion transcript was detected, indicating 

that our Ba/F3 mN-A line could support tumor growth (Figure 16).  

Allograft tail vein injection of Ba/F3 mNPM1-ALK into BALB/c mice 

To test the effect of our Ba/F3 cell lines in vivo, I employed the BALB/c mouse 

strain which was previously used to assess the tumorigenicity of Ba/F3 lines in syngeneic 

engraftment tumor models (Ilaria and Van Etten, 1995). Compared to the nude mouse, 

this mouse model still has an intact immune system. To accomplish this, I intravenously 

injected Ba/F3 resuspended in PBS into the tail vein of young adult BALB/c mice (~6 

weeks). This would allow us to track tumor engraftment in the blood, marrow, and spleen 

and assess the tumorigenicity of our cell lines (Figure 17).  
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(Upper Left) To assess the transformation of our Ba/F3 cells containing the mN-A fusion, I used the immunocompromised nude mice 
as a mouse model of tumor growth. I prepared a PBS/Matrigel mix of 1 million parental or mN-A Ba/F3 cells and subcutaneously 
injected into the flank of nude mice. (Upper Right) I saw a rapid tumor growth which was not evident in those injected with parental 
cell line. (Lower Left) I also saw a rapid onset of disease and which required euthanasia compared to parental Ba/F3 cells. I was able 
to collect RNA and detect the presence of the Npm1-Alk fusion transcript.  

Figure 16. NPM1-ALK Ba/F3 cells support tumor growth in nude mice 
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Upon sub lethal irradiation of mice (4.5 grays), one million parental, hNPM1-ALK 

cDNA or mN-A Ba/F3 cells were injected through the tail vein of BALB/c mice and tracked 

for overall survival. Compared to earlier studies using cDNA overexpression of hNPM1-

ALK, the mNPM1-ALK injected cell line resulted in a more rapid onset of disease 

(Slupianek et al., 2001) (Figure 17). Our mN-A cell line progressed faster than the hN-A 

cDNA overexpression positive control used (Miething et al., 2003), which may suggest a 

more aggressive phenotype with the murine translocation. However, there are still three 

copies of Npm1 and Alk in our N-A lines compared to four in the parental Ba/F3 line. Mice 

injected with our parental Ba/F3 line showed no symptoms during the experiment. This 

data suggests that expression of the NPM1-ALK gene fusion has transformed Ba/F3 cells.  

After mice were sacrificed, a complete necroscopy was conducted by a trained 

pathologist. Blood counts indicated a large increase in levels of nucleated lymphocytes 

and presentation of frank leukemia (APPENDIX 1.2: Pathologist Reports). After 

harvesting the spleen of a mouse injected with Ba/F3 expressing mN-A, I detected the 

Npm1-Alk fusion transcript (Figure 17). To analyze the effect of Ba/F3 allograft on the 

tissue level, splenic sections were placed on slides for immunohistochemistry (IHC) and 

cytogenetic analysis. I saw mALK staining on splenic sections which is not normally seen 

in wild type mice. There was also indication of widespread infiltration in the spleen by 

nucleated lymphocytes as determined by Hematoxylin & Eosin (H&E) staining (Figure 

18).  
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(Upper Left and Right) To assess the transformation of our 
Ba/F3 expressing NPM1-ALK in a syngeneic allograft tumor 
model with an intact immune system. WT BALB/c mice 
were sub lethally irradiated and injected with parental 
Ba/F3, cDNA overexpression of human N-A or CRISPR 
murine N-A. I then tracked overall survival and organ 
infiltration. Strikingly, CRISPR generated NPM1-ALK 
caused a faster acceleration of disease compared to the 
cDNA Ba/F3 cell line. It should be noted that this line has 
one less wild type copy of NPM1 and ALK due to CRISPR 
mediated translocation along with the reciprocal product. 
(Lower Left) I was able to extract RNA from the spleen and 
see the presence of the Npm1-Alk fusion transcript 
breakpoint. 

Figure 17. NPM1-ALK Ba/F3 cells cause accelerated 
disease onset 
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Detection of Npm1-Alk fusion in organ infiltration 

To confirm that these infiltrating cells were positive for the Npm1-Alk translocation, 

I conducted a tissue FISH for murine Npm1 and Alk on splenic sections. I delineated the 

diploid tissue and the infiltrating lymphocytes, which are tetraploid and contain the Npm1-

Alk translocation. These results suggest that Ba/F3 cells containing the mN-A fusion can 

infiltrate in the tissue and cause frank leukemia (Figure 18). 

Conclusions 

Through a series of experiments conducted in vitro and in vivo, I demonstrated 

that CRISPR can induce chromosomal rearrangements in a hematopoietic cell line. In vitro 

characterization showed that murine rearrangements generated by CRISPR recapitulates 

previous overexpression studies modeling the Npm1-Alk gene fusion. I demonstrated 

tumorigenicity with our transformed NPM1-ALK Ba/F3 cell line in an allograft mouse 

model. I should note that the polyclonal and hyperploid nature of my Ba/F3 mNPM1-ALK 

cell line do not reflect the underlying genetic context of the chromosomal rearrangement 

and should be optimized. Though informative, Ba/F3 cells do not reflect the cell of origin 

for ALCL and new models will be needed to better understand the biology of Npm1-Alk 

mediated transformation. This spurred me to develop a CRISPR viral vector that could be 

used for ex vivo modification of hematopoietic cells, where I could generate autochthonous 

mouse tumor models with the Npm1-Alk rearrangement.    
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(Upper Section) Splenic sections show that 
there is ALK+ staining of nucleated cells 
suggesting infiltration. In addition, the H&E 
stain, shows that the normal splenic 
structure is no longer present in mice 
injected with Ba/F3 cells containing the 
fusion, but shows signs of massive 
infiltration by lymphocytic cells.  
(Lower Section) Tissue FISH of splenic 
section for Npm1 and Alk confirm the 
presence of cells with the Npm1-Alk gene 
fusion (white arrows). The corresponding 
H&E is shown for reference.   

Figure 18. BALB/c splenic sections of mice 
injected with Ba/F3 NPM1-ALK  
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CHAPTER 2: Optimizing CRISPR-Cas9 expression in viral vectors 

Through evolutionary selection, viruses can efficiently deliver their genome by 

infecting cells and using the cellular machinery of the infected cells to produce the 

components needed for replication (Hu and Pathak, 2000). The discovery that viruses can 

carry host DNA and uptake of cellular oncogenes resulted in transformation upon 

transduction was efficient means of gene transfer between mammalian cells (Oppermann 

et al., 1979). This led to the idea of using viruses as vectors to deliver exogenous genes 

to study gene function (Bouard et al., 2009). The first viral vectors were derived from the 

simple retroviruses, dsRNA viruses from the genus Gammaretroviruses (g-retroviruses). 

Later on, retroviruses derived from the Human Immunodeficiency virus called lentiviruses 

were developed as viral vectors as well.   

Reverse transcription and integration 

As the RNA retroviral genome enters the cell, reverse transcriptase generates the 

dsDNA template. This process was elucidated in the 1970’s by Temin and colleagues 

(Temin and Mizutani, 1970). They discovered that tRNA from the host cell binds to the 

primer binding site on the RNA genome and acts as a primer for reverse transcription. 

Reverse transcriptase then produces a ssDNA template resulting in RNA/DNA hybrid 

intermediate step. Then the newly formed 3’ LTR DNA acts as the template for dsDNA 

template formation through a series of jumps that results in the degradation of the initial 

RNA template and formation of the double stranded DNA viral genome. This dsDNA 

template is then integrated in the genome through viral integrase as a provirus (Ryu, 2017) 

Transcriptional units of the g-retroviral genome 

Once integrated, the provirus becomes a transcriptional unit for viral mRNA 

production. The basic construction of a simple retrovirus consists of flanking 5’ and 3’ 

identical long terminal repeats (LTRs) that each contain the U3, R and U5 regions. The 
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U3 region contains enhancer and regulatory signals that mediate Pol II driven transcription 

of the viral genes gag, pol, and env. Though identical, the virus strictly uses the 5’ LTR 

and 3’ LTR for transcriptional initiation and termination respectively. This is achieved 

through the use of the TATA box and polyadenylation site, which is used by the 5’ LTR 

and 3’ LTR respectively. The U5 region contains elements involved in reverse transcription 

of the RNA viral genome. During the retroviral viral life cycle, the U3 and U5 regions of 5' 

LTR in the viral RNA genome is regenerated from the 3' LTR during reverse transcription 

(Delviks-Frankenberry et al., 2011). 

Retroviruses are a versatile tool 

The g-retroviruses present a robust delivery system in mouse models owing to 

several factors. As they were also the first to be adapted as experimental tools with 

established protocols for design and production at low cost. As the viruses also integrate 

into transduced cells, there is strong long-term expression that can be propagated and 

tracked in dividing cells. Viral vectors can also hold multiple transgenes that can range 

from proteins, small RNAs, and selectable markers. Given these traits, the g-retrovirus 

was quickly adapted for gene transfer by researchers. Following this, the first clinical trials 

used g-retroviruses, though that method has waned more recently due to the propensity 

of the provirus to cause insertional mutagenesis near oncogenes such LMO2 (Baum et 

al., 2004).    

Viral vectors offer a facile method of interrogating gene function that can be used 

in most laboratory settings. The versatility of viruses as a tool can be attributed to the ease 

of engineering the viral vector genome (Heinz et al., 2011). Viral vectors can be 

propagated as a plasmid in bacterial stocks, which allows for molecular cloning and long-

term storage. This allows for scalable design and production of viral vector libraries with 

cloning protocols such as Gibson Assembly (Gibson et al., 2009). There are now 
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established protocols for preparing genetic screens using short hairpin (shRNA) and 

CRISPR retroviral libraries (Sanjana et al., 2014; Sims et al., 2011).   

Viral vectors are a robust and cost-effective method of transducing cells in vitro 

and in vivo. Preparing virus involves supplying packaging cells like human embryonic 

kidney 293 SV40 Large T-antigen (HEK293T) with the necessary replication factors in 

trans, followed by viral supernatant collection for direct transduction or further processing. 

Protocols were established where viral vectors can be used to modify challenging primary 

tissue such as hematopoietic stem cells ex vivo followed by adoptive transfer into 

irradiated hosts (Haviernik et al., 2008). For example, researchers can alter the tropism 

and functional properties of the virus through pseudotyping, in which a different viral 

envelope is supplied during viral production and allows for expanded target cell 

transduction and virus concentration (Walther and Stein, 2000). Retroviral transduced 

cells retain long term expression of the viral transgene and can be used to track cells over 

time (Persons et al., 1997). Viral transduction remains one of the most cost effective to 

delivery genes into cells. 

Though there are reports that simple and lentiviruses have equal transduction 

efficiencies, the g-retrovirus system was predominantly used to study the murine 

hematopoietic system (Hawley et al., 1992). Anecdotal and personal experiences indicate 

that the lentivirus is less efficient at transducing murine hematopoietic stem cells 

(Simmons and Alberola-Ila, 2016). On the contrary, it has been shown that lentivirus can 

transduce human CD34+ stem cells efficiently (Ramezani et al., 2000) though no 

mechanism has been proposed to explain this difference. Many of the steps in producing 

lentivirus, such as envelope pseudotyping, can also be adapted for simple retroviruses. 
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Adapting gammaretroviruses for CRISPR-Cas9 delivery and gene editing 

The most suitable delivery system of nucleases for modeling chromosomal 

rearrangements would, ideally, be easy to prepare on a large scale to model the gene 

fusion using tandem sgRNAs. The vector needs to be highly efficient in targeting cells and 

once inside would express the CRISPR components to induce chromosomal 

rearrangements. I wanted to target the murine hematopoietic system, so I focused on g-

retroviruses because most of the viral transduction protocols of murine HSCs used g-

retroviruses. As g-retroviral vectors are adapted to infect a variety of cell types and robustly 

express their transgenes, they are preferred for applications where the cell type is not 

amenable to other means of gene delivery. Though Cas9 DNA transfection and Cas9 

ribonucleic proteins (RNPs) were successfully used in a variety of cell types, primary 

hematopoietic stem cells remain resistant to these methods (Aubrey et al., 2015; Modarai 

et al., 2018). To adapt g-retroviruses as tools for CRISPR genetic dissection, I searched 

for existing retroviral vectors. 

In the Retroviridae family, one gammaretrovirus, the Murine stem cell virus 

(MSCV) was extensively used in transducing murine hematopoietic stem cells (Cherry et 

al., 2000; Hawley et al., 1992) which was derived from the Murine embryonic stem cell 

virus (MESV)(Grez et al., 1990). It was found to transduce and express in the stem cell 

population more efficiently than other g-retroviral vectors such as MLV. The MSCV 

expression cassette maintains expression in hematopoietic stem cells and in differentiated 

progeny while other retroviral vectors are more prone to transcriptional silencing (Ellis, 

2005). This is critical when modeling hematological malignancies as it allows for continued 

transgene expression and long-term tracking of modified cells. 
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All in one Cas9 g-retroviral vectors 

 With the advent of CRISPR libraries (Chen et al., 2015) and sgRNA design 

software (Perez et al., 2017), I sought to develop an all-in-one viral vector suitable for the 

hematopoietic system and amenable to large scale vector library production. Instead of 

targeting just one gene, I wanted to target two sites simultaneously to generate genomic 

rearrangements. In addition, though my previous worked showed that nucleofection of 

CRIPSR plasmids into Ba/F3 could induce the Npm1-Alk translocation, this may not be 

applicable to primary cell types. Viral vectors have been shown to transduce many cell 

types and successfully deliver gene cargo. Work in our lab showed that adenovirus 

expressing tandem sgRNAs and Cas9 could induce chromosomal rearrangements, 

though it has not been widely reported that adenoviruses can transduce murine 

hematopoietic stem cells efficiently. Taking all these factors into consideration, I 

endeavored to make a MSCV vector with tandem sgRNA and Cas9 expression.  

In generating a MSCV Cas9 vector, I noticed that the total size of Cas9, sgRNAs 

and GFP marker made it larger than the typical genome size of MSCV (~8kb) which is 

known to affect titer (Kumar et al., 2001). In addition, optimization of CRISPR expression 

would be crucial if I were to use my vector to model rearrangements. Conceptually, the 

ability to induce gene fusions will depend heavily on the kinetics of CRISPR gene editing 

and DNA repair, which is largely beyond my control. Despite these limitations, I felt that 

an all-in-one viral vector, once optimized would be a much simpler method for modeling 

gene fusions (Maddalo and Ventura, 2016). 
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Cloning of gammaretroviral CRISPR Cas9 vector 

To express multiples sgRNAs in an all in one vector, members from our lab 

modified the pX330 by adding a second hU6 promoter and sgRNA structure with a 

different target sequence cloning site, BsaI, instead of Bbs1, which was called pX333 

(Maddalo et al., 2014). SgRNAs to Npm1 and Alk were then sequentially cloned into our 

pX333 vector in the tandem orientation. In theory, expressing two sgRNAs in a single 

vector would be easier and provide a more consistent payload when delivered into cells. 

Because the goal was to induce rearrangements, having the desired guides in one vector 

with equimolar expression would be more efficient for one step generation of fusions. 

Cloning CRISPR into the MSCV backbone (MSCV Cas9) 

Having the dual sgRNA cassette in pX333 allowed us to directly subclone into our 

vector of choice. Our first generation of the MSCV Cas9 vector, derived from the MSCV 

puromycin IRES EGFP (PIG) vector backbone (Schmitt et al., 2002), contained tandem 

sgRNAs driven by human U6 Polymerase III (Pol III) promoters (Goomer and Kunkel, 

1992). This was followed by CBh promoter with N-terminal FLAG and NLS tagged Cas9 

and with internal ribosomal entry sequence (IRES) and green fluorescent protein (GFP) 

(Figure 19). The integrated provirus maintains the viral LTR Pol II promoter while Cas9 

and sgRNAs is driven by the internal promoters. This use of heterologous promoters was 

seen previously when small interfering RNAs (siRNA), were first driven by Pol III 

promoters in the MSCV backbone (Devroe and Silver, 2002; Fellmann et al., 2013). 

However, as shRNA can be expressed as a Pol II transcript, and then subsequently 

processed into siRNA, Pol II promoters are used more often (Fellmann et al., 2013). That 

supported the idea that g-retroviral vectors could support heterologous promoters, though 

this has not been systematically tested in CRISPR viral vectors.   

 

 



 

 

 

87 

MSCV Cas9 vector failed to induce Npm1-Alk translocation 

Transduction efficiency was quite low with MSCV Cas9 vector nor could Npm1-Alk 

translocation be detected, so I enriched for a GFP-positive population with fluorescence 

activated cell sorting (FACS) from transduced NIH-3T3. I could then attempt to determine 

the level of Npm1-Alk sgRNA expression as I hypothesized that expression of sgRNA may 

have been affected. To test this, a Northern blot for the Npm1 and Alk sgRNAs showed 

no expression in the sorted transduced cell population. In the packaging cells there was 

robust sgRNA signal, indicating that the Pol III promoter is functional when transfected 

into packaging cells. That suggested that the expression of sgRNA was being disrupted 

at the level of the provirus. I began to consider that the viral LTR transcribes all along the 

expression cassette and may interfere with intervening sequence if it is not also a Pol II 

transcript. In addition, using tandem homologous U6 promoters in viral vectors is not 

advisable due to sequence homology and subsequent viral recombination of expression 

cassettes (Vidigal and Ventura, 2015) (Figure 19).  
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(Upper Left) Shown here is tandem sgRNA expression with Cas9 MSCV retroviral vector. Here Pol III human U6 promoters that drives 
expression of the Alk and Npm1 sgRNA. This is followed by the CBh Pol II promoter that expresses a 3X FLAG tagged with Nuclear 
localization sequence (NLS) Cas9 bicistronic transcript with an IRES GFP. (Right) I assessed sgRNA expression through a small RNA 
Northern Blot with a DNA probe with reverse complementarity toward the unique targeting sequencing of the sgRNA. Surprisingly 
when NIH-3T3 cells are transduced with our MSCV vector with CBh driven Cas9 IRES EGFP and human U6 Pol III promoter driving 
Alk and Npm1 sgRNA (hU6 A-N), I do not see expression in a GFP sorted transduced population containing the provirus (Lane 2). 
However, in Lane 1, expression of sgRNA from the vector is confirmed as this is directly transcribed from the plasmid transfected 
into HEK293T packaging cells. (Lower Left) Shown here is the transcriptional output of the integrated provirus. Note that our Pol III 
transcripts is in the same orientation as the viral mRNA driven by the active 5' LTR Pol II promoter (in tandem). followed by the Pol II 
CBh promoter. This configuration may lead to promoter or transcriptional interference and reduce the efficiency of CRISPR mediated 
gene editing.   

Figure 19. Gammaretroviral CRISPR vector fails to express sgRNA expression  
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Retroviral vector design 

To rule out the possibility that viral promoter or downstream promoters were 

affecting sgRNA expression, I looked into vectors that inactivate the viral promoter of the 

integrated provirus. These self-inactivating gammaretroviruses (Schambach et al., 2009) 

are generated by deletion of the U3 promoter region in the 3’ LTR of the viral vector. In 

the process of replication and integration, the 3’ LTR becomes the template of the 5’ LTR 

sequence in the provirus. This results in an inactive viral promoter and requires an internal 

promoter for transgene expression. These self-inactivating retroviruses have been used 

previously, but one downside is that they have lower titers (Maetzig et al., 2011). Their 

main advantage is their improved safety profile as the viral promoter is less likely to drive 

ectopic expression of genes near the insertion site of the retrovirus (Uren et al., 2005). 

Promoter interference in viral expression cassettes 

It has been long observed in early viral vectors that the presence of the viral 

promoter disrupts the expression of downstream genes (Cullen et al., 1984; Emerman and 

Temin, 1984; Nakajima et al., 1993; Schambach et al., 2006). There remains a possibility 

that Pol II and Pol III undergo steric hindrance which results in inefficient Pol III 

transcription (Nie et al., 2010). Although there are viral vectors that express shRNA or 

other small RNAs without any reported issues, these used Pol II promoters. Furthermore, 

the effect may not have been noticeable if the reduction in expression did not affect 

phenotypic output. Many of the early vectors initially had issues with expression though 

this has improved over time (Curtin et al., 2008; Ginn et al., 2003). However, CRISPR 

expression in viral vectors has not been thoroughly studied and may require further 

optimization. A recent report mentioned that Pol III promoters such as U6 can drive Pol II 

expression of markers (Gao et al., 2018c). 
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Design of a divergent self-inactivating MSCV viral vector (pSUPER.Retro) 

To alleviate this promoter interference, I once again referred to the literature for 

designing expression cassettes that reduces promoter interference. Several designs were 

considered, including placing the expression cassette in a divergent manner. Divergent 

transcription is a common feature found in metazoans (Seila et al., 2009). I hypothesized 

that having the promoters on different strands could possibly alleviate promoter occlusion 

by RNA polymerase (Greger et al., 1998). 

Orientation of promoters 

The orientation of transcriptional units depends on how the gene and promoter is 

placed on the DNA strand. For example, promoters in the convergent orientation face 

each other with the direction of transcription converging towards each other. However, 

their transcripts do not overlap as they are transcribed on different strands of DNA. In 

tandem promoters, one gene is downstream of the other on the same DNA strand. This 

results in a transcriptional output that can lead to readthrough of downstream genes like 

our earlier vectors. In divergent promoters, there may be partial or no overlap of sequence, 

but the transcripts transcribe away from each other (Shearwin et al., 2005). These 

orientations can alter the efficiency of transcription as RNA polymerase loading and 

processivity can be affected due to transcriptional interference. I sought to find a viral 

vector that minimized these transcriptional effects to generate the highest titer and 

expression of CRISPR-Cas9.  

I surmised that expressing CRISPR-Cas9 transcripts from the same viral vector 

could look toward the early days of RNA interference (RNAi) for inspiration, where Pol III 

promoters were used to express small RNAs. One of the earliest retroviral vectors 

developed for shRNA expression is called pSUPER.Retro (pSR), which is based off the 

MSCV backbone, though modified to be a self-inactivating version (Brummelkamp et al., 

2002a, b). This vector has shRNA driven by the Pol III H1 promoter in the non-overlapping 
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divergent orientation from the Pol II human phosphoglycerate kinase (PGK) promoter that 

drives puromycin expression (Figure 20). The PGK promoter is often used for in vivo 

applications because it can be stably expressed in vivo compared to other promoters that 

can express transgenes to toxic levels (Norrman et al., 2010; Qin et al., 2010).  

I hypothesized that any transcriptional interference of our Pol III transcripts from 

the Pol II promoter would be alleviated as promoter occlusion is minimized while the LTR 

in the provirus is no longer functional to drive expression. I adapted the self-inactivating 

MSCV vector (pSRD) to include sgRNA driven by U6 promoters in the divergent 

orientation (Kabadi et al., 2014). However, I decided against using H1 promoters in the 

future as it has been reported to have variable expression of small RNAs (Ma et al., 

2014b). One study reported that murine U6 promoter is less efficient in human and murine 

progenitor cells than the human homologue for shRNA expression in a lentiviral vector 

(Roelz et al., 2010). To address viral recombination and expression concerns, I replaced 

one of the sgRNA Pol III promoters with a synthetic U6 (sU6) promoter which has robust 

expression and sequence divergence from the other U6 promoters (Vidigal and Ventura, 

2015) (Figure 20).  

Optimizing Cas9 EGFP expression 

Despite the improvements in sgRNA expression, I needed to assess expression 

of Cas9 and fluorescent marker because there are several fusion protein designs. I had 

initially used the Cas9 IRES GFP, while other labs have used the Cas9 EGFP with 2A 

self-cleaving peptide (P2A) variant. Previous work has suggested that P2A fusion proteins 

result in more stable expression then IRES sequences (Mizuguchi et al., 2000; Szymczak 

and Vignali, 2005). Maintaining Cas9 protein expression would be critical in ensuring that 

genome editing occurs by binding to all available sgRNAs and forming functional 

complexes. To address this, I replaced the puromycin gene with either FLAG-tagged 3X 

NLS Cas9 IRES GFP or FLAG tagged 3X NLS Cas9 P2A EGFP (all in one) or a mCherry 
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only that were each driven by the human PGK Pol II promoter (Figure 20).  

MSCV divergent Cas9 vectors improve sgRNA expression  

When I transduced NIH-3T3 cells with pSRD vectors containing Cas9 P2A EGFP 

or Cas9 IRES EGFP, I saw comparable transduction efficiency as my original MSCV 

tandem sgRNA Cas9 vector. This suggests that this orientation did not significantly 

improve viral titer though this is something that will need to be optimized. However, when 

I measured expression of Npm1 and Alk sgRNA by Northern Blot, I observed that sgRNA 

expression was present in only our pSRD vectors in transduced NIH-3T3 cells (Figure 

21). This suggests that our self-inactivating MSCV vectors with divergent expression 

cassettes may have partially relived transcriptional interference of our sgRNA expression. 

For simplicity, I decided to keep future iterations of our vectors to the Cas9 P2A EGFP 

version.   
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(Upper Left) Shown here is the pSUPER.Retro vector that addresses some of the shortcomings of our previous vector. Here the 
MSCV backbone has a 3’ LTR with the self-inactivating U3 deletion. When this virus integrates as a provirus the 3' LTR regenerates 
the 5' LTR and is no longer capable of Pol II transcription. Here the H1 Pol III promoter transcribes toward the 5' LTR and is divergent 
from the PGK Pol II promoter. (Upper Right) Illustrated here is the transcriptional orientation of the various expression cassettes. 
(Bottom) The key change from the earlier version is that the hU6 promoter is in the divergent transcriptional orientation in relation to 
the PGK driven Cas9 to minimize potential promoter interference. This was achieved by inverting the dual sgRNA expression 
cassette. Note that I showed a synthetic U6 (sU6) Pol III promoter as it has less homology to the hU6 promoter yet maintains robust 
Pol III expression. I also made versions containing Cas9 IRES GFP or Cas9 P2A EGFP to compare transduction efficiency.  

Figure 20. pSuper.Retro Cas9 divergent all in one vector (pSRD) 
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(Left) Our original MSCV tandem CRISPR vector transduce at comparable rates to our pSRD vectors CRISPR vectors in murine NIH-3T3 
cells and suggests that the vector size plays a large role in determining transduction efficiency. (Right) Expression of the sgRNAs 
between the vectors is comparable among transfected packaging cells via Northern Blot. Strikingly, there is a clear signal for sgRNA in 
our pSRD vector with our P2A EGFP and IRES GFP version not present in the MSCV version.  

Figure 21. pSRD vectors relieve transcriptional repression in transduced cells  
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Generation of MSCV convergent CRISPR vector 

Given that our pSRD vectors had low viral titer, I thought that it could still be 

improved. As viral mRNA is transcribed from the 5' LTR of the provirus via Pol II, having 

any expression cassette with a Pol III promoter directly downstream of the 5' LTR may still 

be disruptive to transcription. I was inspired by a publication that used a "double copy" 

MSCV vector to express a shRNA from the U3 region of the 3' LTR (Luo et al., 2004) to 

boost expression while remaining away from the 5' LTR during viral mRNA transcription. 

This same group the developed a MSCV vector with an LTR driven Cas9 P2A EGFP and 

hU6 driven sgRNA in the convergent orientation (Li et al., 2016a). This vector is called 

pXZ201 (pX), and it also contained Bbs1 cloning sites which is compatible with our lab's 

dual cloning method (Vidigal and Ventura, 2015). This also saves several hundred base 

pairs in the size of the vector, which should help with increasing viral titer (Figure 22).  

To this end, I generated a pX vector with sgRNAs targeting Npm1 and Alk with this 

orientation to maximize viral mRNA transcription and minimize potential transcriptional 

interference. I also adapted our self-inactivating pSRD vector to have Npm1 and Alk 

sgRNAs expressed in the convergent orientation (pSRC) with an internal PGK promoter 

to drive expression of Cas9 P2A EGFP (Figure 22). I was able to show that our pX and 

pSRC vectors can transduce NIH-3T3 with unconcentrated virus (Figure 23).  

 



 

 

 

96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Top Left) Shown is the design and 

transcriptional output of a MSCV convergent 

vector with Cas9 driven by the intact 5' LTR 

and hU6 driving sgRNA expression (pX). To 

maximize the distance from the viral mRNA, I 

placed the tandem sgRNA expression 

cassettes in the convergent orientation near 

the 3' LTR as this minimizes interference 

during viral mRNA transcription. (Top Right) I 

adapted this convergent design for our self-

inactivating vectors as well (pSRC). (Bottom 

half) Shown here are our MSCV convergent 

vectors with sgRNA Npm1 and Alk with PGK 

driven Cas9 P2A EGFP. 

Figure 22. MSCV Convergent all in one CRISPR 

gammaretroviral vectors  
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Concentration of pseudotyped retrovirus 

Due to the low viral titer I observed with my previous viral vector using only viral 

supernatant with spinfection, I determined that viral concentration was necessary as the 

size of the CRISPR components reduces viral titer significantly. Though many applications 

that require viral production can use packaging cell lines for fresh viral supernatant, they 

cannot be stored long term (Burns et al., 1993) or concentrated due to the fragile nature 

of the viral envelope. That is problematic for low viral titer preparations where larger 

volumes of virus are required for concentration.   

To increase the concentration of my g-retrovirus preparations, I used a method 

called viral pseudotyping. This procedure involves replacing the viral envelope involved in 

viral recognition of the cell receptor and transduction (Ichim and Wells, 2011). I used the 

Vesicular Stomatitis Virus Glycoprotein (VSVG) envelope due to its ability to withstand the 

polyethylene glycol (PEG) and ultracentrifugation steps needed to concentrate virus (Ichim 

and Wells, 2011). Though commonly used to concentrate lentiviruses, pseudotyping of 

simple retroviruses has been performed (Ichim and Wells, 2011; Reya et al., 2003). For 

producing pseudotyped virus, I used GP2-293 cells (Clontech), for viral production as it 

already has integrated gag/pol, so only the VSVG envelope and transfer plasmids are 

required (Kines et al., 2006). I then concentrated virus using the commercially available 

Retro-X concentrator (Clontech) reagent, which also allows for long term storage of viral 

titer preparations. I transduced NIH-3T3 cells with the Retro-X concentrated viruses from 

our pX and pSRC vectors, and I found most of the cells to be GFP positive (Figure 23). I 

confirmed that sgRNA expression was stable in transduced cells and detected Npm1-Alk 

cDNA fusion transcript (Figure 24).   

MSCV convergent vectors induce Npm1-Alk translocation in primary tissues 

Though our vectors could induce the Npm1-Alk translocation in the immortalized 

NIH-3T3 cell line in vitro, this may not translate to success in diploid primary cells. Previous 



 

 

 

98 

results show that NIH-3T3 is tetraploid, which may markedly ease induction of the Npm1-

Alk fusion due to the presence of additional target sites (Maddalo et al., 2014). To test 

this, I used concentrated pX and pSRC virus on low passage p53 null primary mouse 

embryonic fibroblasts from C57BL/6 mice. I was able to detect the Npm1-Alk translocation 

in genomic DNA for the first time in primary tissue (Figure 24), which I may be due to the 

fact that there is a threshold level of sgRNA expression for optimal editing to induce the 

correct rearrangement (Yuen et al., 2017).     

Conclusions 

I showed that our gammaretroviral vector can be used to induce inter-

chromosomal translocations in vitro in NIH-3T3 cells and primary p53 null MEFs. This 

suggests that our vector can be used to model chromosomal rearrangements though more 

cell types will have to be tested. I also note that having the convergent orientation for Cas9 

and sgRNA expression cassettes in MSCV based vectors minimizes interference and 

maximizes viral titer. Currently, there are no reports of transcriptional interference in 

retroviral vectors with promoters expressing sgRNAs. This suggests that current designs 

based off shRNA expressions systems may not be optimized for CRISPR expression.   
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(Top Left) Our MSCV based retroviral vector for 
CRISPR-Cas9 expression (pX) can transduce NIH-3T3. 
(Bottom Left) Our pSRC vector can transduce NIH-3T3 
as unconcentrated virus shows improved transduction 
over previous divergent versions. Adding sgRNA 
reduced titer compared to empty Cas9 MSCV vectors. 
(Bottom Right) To increase titer, I concentrated our 
virus using Retro-X commercial reagent and 
transduced NIH-3T3. I saw an increase in transduction 
efficiency which I then harvested for downstream 
analysis.  

Figure 23. MSCV Convergent all in one vectors can 
transduce NIH-3T3  
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(Top Left) By Northern Blot, I saw that NIH-3T3 transduced by 
our pX and pSRC vectors contain sgAlk and sgNpm1 
expression compared to non-transduced or with sgRNA only 
vector (pSRD Cherry). (Top Right) Total RNA extracted from 
transduced NIH-3T3 and the Npm1-Alk fusion transcript 
breakpoint could be detected. (Bottom Right) In p53-/- mouse 
embryonic fibroblasts (MEFs) transduced with pX and pSRC 
vectors can induce the Npm1-Alk translocation.    
 

Figure 24. MSCV CRISPR convergent vectors induce the 
Npm1-Alk rearrangement 
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CHAPTER 3: DISCUSSION AND FUTURE DIRECTIONS 

Generation of Npm1-Alk gene fusion in Ba/F3 cells 

Using the Amaxa nucleofection based delivery of plasmid DNA expressing tandem 

sgRNAs targeting Npm1 and Alk with Cas9, I was able to induce and select for a polyclonal 

population with the Npm1-Alk gene fusion in the Ba/F3 cell line. I was able to show that 

transplanting Ba/F3 expressing mNPM1-ALK were able to infiltrate the spleen of BALB/c 

syngeneic hosts. This suggests that Npm1-Alk expression is sufficient to transform Ba/F3 

cells. However, I should note that the hyperploidy nature of the Ba/F3 cell line does not 

recapitulate the diploid genome of where chromosomal rearrangements normally occur. 

Optimizing an CRISPR-Cas9 retroviral vector 

The growing number of novel oncogenic fusions identified from high throughput 

sequencing data underlies the need for a toolbox to elucidate their function. The 

emergence of CRISPR gene editing technology made it possible to model chromosomal 

rearrangements in a quick and cost-effective manner. To accomplish this, I worked on 

developing a viral vector system to deliver CRISPR-Cas9 into hematopoietic cells. Though 

non-viral delivery methods such as Cas9 RNPs may suffice for small-scale studies, the 

low throughput of these methods would be a hindrance in doing large scale screening 

assays from a DNA library. 

After several iterations, I generated a gammaretroviral MSCV vector that optimized 

expression and titer through a convergent orientation of the CRISPR components. I also 

adapted oligo dual sgRNA cloning into our pX viral vector. As a test case, I characterized 

the Npm1-Alk gene fusion, using our viral vector in a primary p53 null mouse embryonic 

fibroblasts. Unfortunately, the viral vector was unable to generate chromosomal 

rearrangements in Ba/F3 or primary fetal liver hematopoietic stem cells. The difference in 

the level of expression between nucleofection or viral approaches can be quite substantial 

and could play a role in how efficient the translocation is formed.
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Generation of inter-chromosomal translocations is a rare event 

Based on previous research, the formation of a translocation via CRISPR-Cas9 in 

a cell is theoretically a one-time event. For example, once the indel has formed in a cell, 

it can no longer form the translocation, as the CRISPR recognition site would be altered. 

Recent work has suggested that Cas9-induced DSBs are repaired with different kinetics 

than normal DSBs, which is another variable to consider (Brinkman et al., 2018). This may 

explain the insertions, large deletions and rearrangements reported with Cas9 (Kosicki et 

al., 2018; Shou et al., 2018). Taking this into account, chromosomal translocations would 

likely be the least probable event involving sgRNAs editing multiple sites (Figure 25).  

Because there is currently no way to direct DNA repair without perturbation of the 

cell’s normal DNA damage response (DDR), delivery of CRISPR components in a cell 

does not guarantee formation of the translocation and limits the ability to model inter-

chromosomal translocations. However, one report has suggested that DSBs with 5' 

overhangs skew toward intra and inter-chromosomal translocations through alternative 

end joining (Ling et al., 2018). As a start to better understand how translocations form, 

one can use reporter tools to quantify the various repair outcomes for easy readout during 

experimental manipulation (Jayavaradhan et al., 2018; Ren et al., 2018).  

Improving chromosomal engineering  

Some of the difficulties encountered thus far are the result of adapting CRISPR-

Cas9 to viral vectors that worked well for smaller RNAi constructs. I think the most pressing 

issue is further optimization of CRISPR technology, similar to the path RNAi technology 

(Barrangou et al., 2015) went through. The challenges with target specificity (Kleinstiver 

et al., 2015), efficiency (Doench et al., 2016), and delivery (Wang et al., 2016) will have to 

be improved before CRISPR technology can be used reliably.  

One way to improve CRISPR delivery is to use different CRISPR variants. There 

is a plethora of new CRISPR proteins, such as Cpf1 and SaCas9, which are smaller than 
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the Cas9 protein (Ran et al., 2015; Zetsche et al., 2015a) or eSpCas9 with enhanced 

specificity being discovered or engineered (Slaymaker et al., 2016). Smaller Cas effectors 

would help viral packaging in my vectors while CRISPR variants with increased on target 

editing could aid in making DSBs more accessible for rearrangements.  

Besides the effector protein, the guide itself can be improved. For example, sgRNA 

structure and sequence could be optimized, which would increase sgRNA stability, 

expression and editing efficiency (Dang et al., 2015; Gao et al., 2018b; Hendel et al., 2015; 

Malina et al., 2014). Though this may not be a major issue for indel formations as Cas9 

will continue cutting until the recognition sequence is mutated, for more complex modeling, 

each factor that can be optimized will have a cumulative effect on the efficiency of 

chromosomal engineering. I envision that CRISPR will be readily adapted to model 

translocations and my attempts may have been premature due to the current technical 

limitations for gene delivery and editing.   

Even if CRISPR and guides were to be improved, the selection of optimal targets 

play a role as well. Recent work suggests that DSBs induced by Cas9 can take hours to 

resolve (Brinkman et al., 2018) and repair outcomes can be influenced by the spacer 

sequence (van Overbeek et al., 2016). It has been shown that base composition of the 

sgRNA affects editing potency, with high G+C content disfavored in highly potent sgRNAs 

(Wang et al., 2014). Mutations to the PAM or seed sequence (10-12 base pairs in the PAM 

proximal region) have a large (Wu et al., 2014) effect on target binding and editing. Several 

groups have optimized sgRNA selection criteria, which has improved targeting efficiency 

(Dang et al., 2015; Doench et al., 2016; Moreno-Mateos et al., 2015). However, the 

efficiency of the guides can be affected by multiple factors such as expression level, 

chromatin accessibility, PAM site density and target sequence, which are not addressed 

by current sgRNA selection algorithms.
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CRISPR mediated induction of translocations 

For modeling chromosomal translocations, I think the initial burst of CRISPR 

activity in the cell determines how genome-editing event will resolve itself. For example, it 

was suggested that the non-homologous end joining repair pathway is critical for 

translocation formation during DSB formation (Ghezraoui et al., 2014; Zhang and Jasin, 

2011). In addition, several repair pathways and factors such as the CtIP DNA resection 

factor, are believed to be crucial for inducing chromosomal translocations using CRISPR-

Cas9 (Brunet and Jasin, 2018; Cheong et al., 2018). Failure to induce the translocation 

after the resolution of the DDR will make the cell refractory to further gene editing attempts. 

In my Ba/F3 system, the tetraploid nature of my cell line may have increased the chance 

for formation of the Npm1-Alk translocation due to the presence of more target sites. 

Though the incidence of chromosomal translocations is quite low, are there 

approaches that can enrich for cells that have the desired rearrangement. Several groups 

have successfully altered repair outcomes through inhibiting DNA repair proteins, altering 

cell cycle or timing CRISPR delivery (Chu et al., 2015; Gutschner et al., 2016; Lin et al., 

2014). Though these approaches work, it introduces additional variables to your 

experimental system and no paper so far has shown that they can be used to enrich for 

rearrangements.  

As a way to enrich for modified cells, several groups have developed reporter 

assays to detect cells that receive a nuclease and undergo genome editing (Ren et al., 

2018). However, these approaches are limited to site alterations such as indels. The 

presence of indels is not indicative of chromosomal rearrangement but in fact that the cell 

is refractory toward rearrangement due to the loss of the cutting site. To overcome this, 

the Jasin group published a method to improve rates of modeling chromosomal 

rearrangements in vitro using a selection marker that is expressed only upon successful 

rearrangement (Vanoli and Jasin, 2017; Vanoli et al., 2017). However, those methods may 
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be difficult to implement in vivo, unless non-toxic delivery methods to primary cells are 

improved (Zuris et al., 2015). 

In vivo rearrangements present challenges 

Even with improvements to the CRISPR system, the biology of editing mammalian 

genomes presents additional obstacles. For example, it has been recently shown that 

mice have an immune response to Cas9 protein which would reduce the efficacy of 

genome editing (Chew et al., 2016). The efficiency of Cas9 to edit the genomic locus of a 

target can vary from cell type making it difficult to discern the rules for high efficiency gene 

editing (Ren et al., 2018).This may explain why gene fusions have been modeled more 

frequently in some tissues compared to other types.   

The cell and tumor surveillance response present one of the barriers to modeling 

chromosomal rearrangements. Recent reports show that CRISPR-Cas9 induces the p53 

response upon DNA damage which can induce cell death and reduce editing efficiency 

(Haapaniemi et al., 2018; Ihry et al., 2018). This would partly explain the difficulty in 

modeling with CRISPR-Cas9 in primary stem cells as DNA damage would be selected 

against, especially when inducing oncogenic chromosomal rearrangements. The selection 

for p53 mutant cells during gene editing to overcome this phenomenon could lead to 

oncogenic transformation, which can confound downstream analysis. However, transient 

knockdown of p53 may be an approach to increase the efficiency of chromosomal 

rearrangements.  

One large impediment with primary cells has been targeted delivery of cargo. 

Though efficient delivery protocols for many cell lines are available, some cell types such 

as those from the immune system have been resistant to standardization. During my 

attempts to model my chromosomal rearrangements using viral and non-viral approaches, 

I was continually frustrated by the lack of consistent protocols for delivering CRISPR into 

certain cell types such as hematopoietic stem cells. It is known that plasmid transfection 
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causes acute toxicity in target cells (Muerdter et al., 2018; Ren et al., 2018). To overcome 

this, Cas9 RNPs have been used (Brunetti et al., 2018; Gundry et al., 2016). A recent 

report reported that viral vectors are not efficient in primary murine hematopoietic cells, 

but require nucleofection-based methods (Seki and Rutz, 2018). Surprisingly, another 

group reported that all current Cas9 RNP-based delivery systems (Neon and Amaxa) fail 

to induce gene editing in human hematopoietic stem cells, due to RNPs accumulating the 

cell or nuclear membrane (Modarai et al., 2018). This suggests that the field has not 

coalesced on a standard protocol for delivering CRISPR-Cas9 to primary immune cells, 

as there are still conflicting reports.  

However, reports from other labs showed robust transduction in murine 

hematopoietic stem cells and their progenitors with minimal virus manipulation (Chen et 

al., 2014; Katigbak et al., 2016; Li et al., 2016a; Malina et al., 2013). While other groups 

using lentiviral approaches report low transduction efficiency and the need for virus 

concentration (Aubrey et al., 2015; Heckl et al., 2014)(Dr. Aubrey - Personal 

Communication). Interestingly, the Weissman group found that lentiviral vectors can 

transduce human CD34+ HSPCs with CRISPR-Cas with high efficiency (Zhu et al., 2018). 

Altogether, I might be reaching the technical limits of inducing chromosomal translocations 

with CRISPR in primary hematopoietic stem cells. This is not to say that Cas9 delivery is 

not possible, as there several reports of Cas9 or sgRNA being delivered in hematopoietic 

cells through nanoparticles and lipid vesicles (Platt et al., 2014; Zuris et al., 2015).  

Despite the rapid advances in CRISPR, there has been only one report of an inter-

chromosomal translocation in the hematological malignancy. This was a xenograft mouse 

model of the MLL-ENL where the gene fusion did not drive disease but acts as a 

cooperating mutation (Reimer et al., 2017) in contrast to an earlier study using a Cre-lox 

generated MLL-ENL mouse model (Forster et al., 2003). Though human xenografts may 

model patient alterations, studies show that modeling the murine form of the chromosomal 
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rearrangement can recapitulate the disease (Maddalo et al., 2015). The lack of studies 

demonstrating this in vivo so far may reflect the difficulty in efficiently generating 

translocations in murine HSPCs. One potential explanation is that transformation of 

murine HSPCs with gene fusion expression could be selected against. One study showed 

that murine HSCs unlike differentiated progentiors are resistant to MLL-ENL mediated 

transformation (Ugale et al., 2014). This suggests that targeting the differentiated progeny, 

instead of murine HSPCs, with CRISPR could model transformation by gene fusions.  
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As the intact DNA is broken by double stand breaks (DSBs), it can be resolved in several outcomes. The DNA can be faithfully repaired 
by homologous recombination (HR) though if the DSB was induced by a site-specific nuclease, it will be recut until it no longer contains 
the recognition site. An unresolved DSB on either locus can trigger cell death if it cannot be repaired. The most likely outcome will be 
insertions/deletions (indels) where the recognition site is no longer present. However, this means that it can no longer be recut so that 
locus will be unable to generation any other chromosomal rearrangements. For sites that are on the same chromosome, targeting two 
sites can result in a genomic inversion and then relegation. This also abolishes the original target sites and hence is irreversible. For 
sites that are on different chromosomes, there is a partner search where open ends can find each other and then re-ligate resulting in 
reciprocal exchange or translocation. This is also an irreversible process but much less likely to occur due to the need to move large 
genomic pieces in the nucleus. Another possible outcome is dicentric chromosomes where there is aberrant relegation of chromosomes 
resulting in multiple centromeres to be present in one chromosome that causes mis segregation during cell division and possible cell 
death (Brinkman et al., 2018; Zeisig and So, 2009). 

Figure 25. Potential outcomes of double-strand breaks on two genomic loci 
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Future Directions 

Databases to generate large libraries of sgRNAs for rearrangements 

On the technological front, the first CRISPR screens began by using single guides, 

which is enough for mutations to disrupt gene function. However, modeling fusions 

presents additional complications, which has slowed adaption of CRISPR to dissect these 

targets. To successfully model fusions, one needs two sgRNAs to cut simultaneously and 

induce successful chromosomal rearrangements. My viral vector attempts to provide a 

solution to this problem.  

Even with that innovation, the ability to design sgRNAs at a large scale was still 

limited. The MIT CRISPR site was initially used to design our guides but there were issues 

with designing optimal guides due to large gaps in coverage of the mouse genome. In 

addition, the score presented by the site was not correlated to the presence of off target 

effects. In fact, some guides cut multiple regions and when combined with multiple guides 

were able to create off target chromosomal translocations. This could potentially invalidate 

any study using more than one guide.  

To address this, GUIDESCAN was developed to generate a master database of 

guides that are unique up to 3 mismatches on the target site. The database was also 

designed to generate multiple pairs of guides with an output that can be readily ordered 

and cloned (Perez et al., 2017). My viral vectors can be readily adapted to this workflow 

for CRISPR library screening for potential targets. These guides would be targeted to the 

expected breakpoints and ideally be trained on sgRNAs used in several cell types.  

Testing new oncogenic gene fusions 

There is a plethora of uncharacterized candidates to look into as there have been 

numerous recent studies detailing novel fusions in sequencing data, but no attempt to 

decipher any functional significance (Andersson et al., 2015; Chen et al., 2018; Nelson et 

al., 2017). Our platform can be adapted for large scale screening experiments in 
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hematopoietic cell lines. That means being amenable to large scale cloning of synthesized 

oligos generated by a bioinformatic platform for designing libraries of sgRNAs 

(GUIDESCAN) (Perez et al., 2017). Based on work with previous gene fusion screens 

using cDNA overexpression in Ba/F3 cells, CRISPR is an ideal screening tool for gene 

fusions (Lu et al., 2017). The screening of these fusions would provide strong evidence 

for follow up characterization. One of the benefits of this approach is the rapid turnaround 

because IL3 withdrawal assays can quickly generate positive hits that can be validated 

and further characterized. 

Biological questions of interest 

With the plethora of fusions that have not been fully characterized, there is a strong 

incentive for continuing modeling fusions and discover new biological properties of cancer 

(Nelson et al., 2017). For example, how drug resistance of NPM1-ALK tumors to Crizotinib 

arises de novo is still not well characterized (Ceccon et al., 2013). One exciting possibility 

with CRISPR is targeting chromosomal rearrangements with a suicide gene as a potential 

treatment for cancer (Chen et al., 2017b). 

Fusion variants of BCR-ABL1 were identified and reported to have different 

properties (Melo, 1997). With CRISPR, it is now feasible to study these variants because 

they can be rapidly generated. Though translocations mostly generate fusion proteins, 

one report suggests a role for circRNAs in oncogenic transformation (Guarnerio et al., 

2016). In fact, a recent report showed that CRISPR generated Npm1-Alk translocations in 

Ba/F3 cells can induce de novo formation of circRNAs (Babin et al., 2018). Unfortunately, 

the most recent report of a Npm1-Alk mouse model still used a transgenic cDNA 

overexpression so it could not be used to address this question (Klingeberg et al., 2013; 

Kreutmair et al., 2017).     

As a proof of concept, I showed that our vector could model oncogenic gene 

fusions. However, our viral vectors can be adapted to screen additional targets that benefit 



 

111 

 

from tandem sgRNA expression. Examples include non-coding RNAs (Canver et al., 2017; 

Zhu et al., 2016), enhancers, and other elements that are not amenable to single site 

disruption. 

Final Thoughts 

Given the advances in gene editing, I generated a tool that I think will be useful for 

the broader research community. Though I faced setbacks in achieving an accurate in 

vivo mouse model of an oncogenic inter-chromosomal translocation, I was able to make 

some progress toward this goal. I generated a set of MSCV based gammaretroviral 

vectors, active and self-inactivating, with an optimal configuration. This work shows that 

sgRNA expression can be hindered by promoter interference in a viral vector, an 

observation which has yet to be discussed in the literature in detail. I hope others will 

improve upon the vector design, so it has improved titer and gene expression. 

I showed that testing a transformed Ba/F3 line, expressing a CRISPR generated 

Npm1-Alk gene fusion, into an allograft model can cause engraftment and disease 

presentation. To date, there are no published syngeneic allograft tumor murine models of 

cells containing the murine inter-chromosomal translocation in the hematopoietic system. 

Although the ultimate goal in the future is autochthonous induction of the rearrangement 

and tumor using ex vivo modification of murine HSCs. 

I envision that my viral vector can be used to screen potential oncogenic fusions 

based on patient sequencing data in an optimized workflow protocol with our Ba/F3 cell 

line. Once viral vectors can induce chromosomal rearrangements in primary murine 

HSPCs with high enough efficiency, I envision rapid generation of ex vivo transplantation 

models of oncogenic gene fusions. This would provide a robust platform for understanding 

the biology of gene fusions and as a discovery platform to screen for novel drug targets.   
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APPENDIXES 

APPENDIX 1: FISH quantification of Npm1-Alk Ba/F3 line 

 

Heterogenous with variable 
copy number for 

Alk/Npm1/Fusion but 
majority show two copies of 

fusion (F) signal 

    

Sample 

ID 
Ba/F3.nuc.p.IL3- Rosa26 

Lab ID 10120 Lab-Control 

Image # Through scope Through scope 

S.No 
NPM ALK Fusion NPM ALK Fusio

n 

Red Green R/G Red Gree
n R/G 

1 3 3 2 2 2 0 
2 3 3 2 2 2 0 
3 2 3 2 2 2 0 
4 3 3 2 2 2 0 
5 3 3 2 2 2 0 
6 2 3 1 2 2 0 
7 2 3 2 2 2 0 
8 2 3 2 2 2 0 
9 3 3 2 2 2 0 
10 2 3 2 2 2 0 
11 2 2 1 2 2 0 
12 3 3 2 2 2 0 
13 3 3 2 2 2 0 
14 3 3 2 2 2 0 
15 3 3 1 2 2 0 
16 3 2 2 2 2 0 
17 2 3 2 2 2 0 
18 2 3 2 2 2 0 
19 3 3 2 2 2 0 
20 1 3 2 2 2 0 
21 3 3 2 2 2 0 
22 2 1 3 2 2 0 
23 2 2 1 2 2 0 
24 2 2 2 2 2 0 
25 3 2 0 2 2 0 
26 3 3 2 2 2 0 
27 3 3 2 2 2 0 
28 3 3 2 2 2 0 
29 3 3 2 2 2 0 
30 3 3 2 2 2 0 
31 2 3 2 2 2 0 
32 2 2 2 2 2 0 
33 3 2 2 2 2 0 
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34 3 3 1 2 2 0 
35 2 3 2 2 2 0 
36 3 3 2 2 2 0 
37 2 2 2 2 2 0 
38 3 2 2 2 2 0 
39 2 3 1 2 2 0 
40 3 3 2 2 2 0 
41 3 3 2 2 2 0 
42 3 3 1 2 2 0 
43 3 3 2 2 2 0 
44 3 3 2 2 2 0 
45 2 2 2 2 2 0 
46 2 3 1 2 2 0 
47 2 3 2 2 2 0 
48 3 3 2 2 2 0 
49 2 4 1 2 2 0 
50 2 2 1 2 2 0 
51 3 3 2 2 2 0 
52 3 2 2 2 2 0 
53 2 3 2 2 2 0 
54 3 2 2 2 2 0 
55 2 2 2 2 2 0 
56 3 3 1 2 2 0 
57 3 3 2 2 2 0 
58 2 3 2 2 2 0 
59 2 2 2 2 2 0 
60 2 3 1 2 2 0 
61 1 3 2 2 2 0 
62 3 3 2 2 2 0 
63 3 3 2 2 2 0 
64 2 2 3 2 2 0 
65 3 3 2 2 2 0 
66 3 3 2 2 2 0 
67 2 3 2 4 4 0 
68 3 4 1 2 2 0 
69 3 3 0 2 2 0 
70 2 3 2 2 2 0 
71 2 3 2 2 2 0 
72 3 3 2 2 2 0 
73 3 3 1 2 2 0 
74 3 3 1 2 2 0 
75 2 2 2 2 2 0 
76 3 3 2 2 2 0 
77 4 4 0 2 2 0 
78 2 4 0 2 2 0 
79 4 2 2 2 2 0 
80 1 2 3 2 2 0 
81 3 3 2 2 2 0 
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82 3 3 1 2 2 0 
83 2 3 2 2 2 0 
84 2 3 2 2 2 0 
85 2 2 2 2 2 0 
86 2 3 2 2 2 0 
87 2 3 2 2 2 0 
88 3 3 2 2 2 0 
89 3 2 2 2 2 0 
90 3 3 1 2 2 0 
91 2 3 2 2 2 0 
92 3 3 1 2 2 0 
93 2 3 1 2 2 0 
94 3 4 1 2 2 0 
95 3 4 1 2 2 0 
96 3 2 1 2 2 0 
97 3 3 2 2 2 0 
98 3 3 2 2 2 0 
99 2 2 2 2 2 0 

100 4 4 0 2 2 0 
Total 257 282 171 202 202 0 
Mean 3 3 2 2 2 0 
Min 1 1 0 2 2 0 
Max 4 4 3 4 4 0 

% Positive 
for fusion 

  95   0 
 % positive for  

3R-3G-2F 33 
   

    
 % positive with 2F 70    
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APPENDIX 1.1: Karyotypes of Ba/F3 Cells  

Wild Type Ba/F3 
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Nucleofected Ba/F3 Npm1-Alk Cas9 Plasmid  
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APPENDIX 1.2: Pathologist Reports 

NPM1-ALK Ba/F3 (Nucleofected) 

(pSR.C9hAsNB3 =Nucleofected – mislabeled in report) 
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MSCV human NPM1-ALK cDNA overexpression 

(MSCV NPM1-ALk IRES EGFP cDNA - not translocation - mislabeled in report)  
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