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Lay Abstract 
 

Acute myeloid leukemia (AML) is a fatal blood cancer that blocks the differentiation of 

stem cells into functional blood cells. Thus, many patients typically die from infections due to 

the lack of immune cells. Despite the overwhelming rate of relapse and resultant deaths, the 

treatment method of AML has remained unchanged for decades. With the goal of identifying the 

causative genes in AML relapse post-chemotherapy, a novel technology called CRISPR-

activation was utilized to develop a genome screening method where each human gene is 

interrogated for potential relapse-conducive characteristics. The developed screening involves 

upregulating one unique gene per AML cell, transplanting this pool of cells into mice, treating 

with chemotherapy, and analysing the surviving cells to identify the upregulated genes that 

allowed cell survival. All parameters to run the screening were tested and optimized, and the 

workflow of the screening have been reported. 
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Abstract 
 

 Acute myeloid leukemia (AML) is a highly fatal blood cancer that is characterized by 

disruption of healthy differentiation of stem cells into functional blood cells in the bone marrow. 

Most patients with AML consequently die from infections due to the lack of immune cells. For 

decades, the standard method of remission induction for AML has been chemotherapy using an 

antineoplastic drug known as AraC. However, even after successful remission induction, 

aggressive, refractory relapse occurs in the majority of patients within 3 years with dismal 

survival rates. Here, we sought to develop a genome-wide screening approach to determine the 

causative genes in AML relapse. In the developed procedure, protein-coding genes of the human 

genome are screened using a leading-edge technology known as CRISPR (clustered regularly 

interspaced short palindromic repeats) activation screening. This involves usage of a pooled 

guide RNA library that upregulates a unique gene for each individual AML cell. By treating 

these cells with AraC in a mouse xenograft model, the bone marrow will gradually be enriched 

with cells that carry a guide RNA for a relapse-conducive gene. By harvesting and sequencing all 

enriched guide RNAs at relapse, the causative genes in AML relapse can be determined. All 

parameters of the in vivo CRISPR-activation screen have been optimized, and the workflow from 

preparation to the end of screening has been detailed. Follow-up studies that will validate the 

results of the screen have also been described. The long-term goal of this developed screen is to 

elucidate the mechanisms of AML relapse and find ways to clinically target these pathways in 

conjunction with standard the AraC-based chemotherapy.  
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1.0 Introduction 
 

 The information detailed in this thesis describe the optimized procedures for an in vivo 

genome-wide screen for causative post-chemotherapy relapse genes in acute myeloid leukemia 

(AML). The biological background of the disease is first described, followed by standard clinical 

treatment methods for AML, and technology to be utilized for the screen. 

 

1.1 Hematopoiesis 
 

 Hematopoiesis is the formation of cellular components of the blood. Hematopoiesis is 

structured in the form of a hierarchy in which hematopoietic stem cells (HSCs) form the apex. 

These cells are clonogenic and characterized by their abilities of self-renewal, which is the ability 

to divide into additional copies to perpetuate themselves, and multilineage differentiation into 

mature, functional cells (Bryder et al., 2006). Hence, HSCs give rise to all blood cells throughout 

an organism’s life. This ability of HSCs to differentiate into many different specialized cells, 

termed multipotency, and self renewal become less adept as cells move down the hierarchy. 

Directly under HSCs in the order of hematopoietic hierarchy are progenitors which are more 

limited in their self-renewal capability and differentiate into a few types of mature cells. Eventually, 

cells differentiate into maturity and become specialized in a specific function. Thus, as cells 

progress further down the hematopoietic hierarchy, their self-renewal capability and cell potency 

are reduced (Jagannathan-Bogdan & Zon, 2013). Largely, hematopoiesis is divided into two 

lineages, myeloid and lymphoid, as the HSC differentiates into either a common myeloid 

progenitor or a common lymphoid progenitor. The myeloid lineage gives rise to erythrocytes (red 

blood cells), which carry oxygen throughout the body; megakaryocytes, which produce platelets; 

and granulocytes and monocytes that function as critical immune cells (Jagannathan-Bogdan & 

Zon, 2013). On the other hand, the lymphoid lineage gives rise to other immune cells such as T 

cells, B cells, and natural killer cells (Jagannathan-Bogdan & Zon, 2013).  

HSCs first arise during embryonic development in a region of the mesoderm called the 

aorta-gonad-mesonephros (AGM), and gradually migrate to the placenta, spleen, and liver (Wang 

& Wagers, 2011). Around the time of birth, HSCs colonize in the bone marrow where they are 

maintained for the rest of the adult life (Wang & Wagers, 2011). Interestingly, HSCs that are 

intravenously (IV) injected into a lethally irradiated isogenic host rescues the hematopoietic 

deficiency by clonally reconstituting the hematopoietic hierarchy in the bone marrow (Till & 

McCulloch, 1961). Similarly, in irradiated immune-compromised mouse models, human HSCs are 

able to engraft in the bone marrow via intravenous injection (L.D. et al., 2012). The irradiation 

induces myeloablation, a process by which the bone marrow activity is decreased and the number 

of cells within is decreased (Duran-Struuck & Dysko, 2009). In both human and mouse model 

hosts, the intravenously injected HSCs are said to “home” to the bone marrow, a phenomenon that 

refers to these cells’ ability to migrate to the organ of their origin (Caocci et al., 2017).  

  

1.2 Acute myeloid leukemia (AML) 
 

Acute myeloid leukemia (AML) is a highly fatal blood cancer that is characterized by 

disruption of healthy differentiation of HSCs into functional blood cells, and accumulation of 

immature, proliferative hematopoietic cells in the bone marrow and peripheral blood (Khwaja et 

al., 2016; Saultz & Garzon, 2016). It afflicts 3-4 individuals per 100,000 annually in the United 
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States, resulting in over 10,000 deaths in 2015 alone (De Kouchkovsky & Abdul-Hay, 2016). The 

hematopoietic differentiation in AML can occur anywhere along the myeloid lineage. For example, 

a differentiation blockage occurring at the promonocytic stage of the myeloid lineage would lead 

to a lack of monocytes, ultimately leading to a lack of macrophages. Similarly, a differentiation 

blockage at the myeloid progenitor stage, which is more upstream in hierarchy, would lead to a 

lack of red blood cells and platelets. Because of the hematopoietic differentiation blockage, causes 

of death in AML patients primarily include infections (75%), due to the lack of immune cells, and 

hemorrhage (24%), due to the lack of platelets (Chang et al., 1976). Today, AML is cured in 35-

40% of patients who are 60 years of age or younger, and 5-15% in those who are older (Döhner et 

al., 2017). The lower cure rate in the older patients is largely attributed to comorbidities and their 

inability to tolerate intensive chemotherapy (Mohammadi et al., 2015). The poor cure rate in the 

elderly combined with the fact that they present over 10 times the incidence rate of younger 

individuals makes AML a particularly devastating disease for the elderly (Almeida & Ramos, 

2016).  

 

1.2.1 Treatment of AML  
 

Since the early 1970s, the gold standard in the treatment of AML has been induction 

chemotherapy based on a drug known as cytarabine, also known as arabinosyl cytosine (AraC) 

(Döhner et al., 2015). The AraC-based chemotherapy regimen is conventionally called “7+3,” 

which refers to 7 days of continuous infusion of AraC with the first 3 concurrent days of 

anthracycline administration, typically daunorubicin (Saultz & Garzon, 2016). Arabinosyl 

cytosine enters the cell by facilitated diffusion and gets phosphorylated into its active form, 

arabinosyl cytosine triphosphate (araCTP) (Cohen, 1977; Damaraju et al., 2003). The araCTP 

competes with deoxycytidine triphosphate (dCTP) during DNA replication (Cohen, 1977). If 

incorporated into the DNA during its synthesis, AraC serves as an inefficient substrate for 

polymerization and simulates a stalled replication fork (Sampath et al., 2003). If DNA polymerase 

continues the synthesis, the incorporated AraC molecule acts as a preferred binding site for 

topoisomerase II, which induces a double strand breakage (Cline & Osheroff, 1999). In both cases, 

DNA damage sensors ATM, ATR, and DNA-PK recognize these events and activate checkpoint 

pathways that arrest cell cycle progression, leading to apoptosis (Sampath et al., 2003). Thus, AraC 

preferentially targets rapidly dividing cells, such as leukemia cells, by arresting the cell cycle in 

the S phase of mitosis. Complete remission (CR) is generally said to have occurred if the blast 

(immature cell) count is 5% or less in the bone marrow (De Greef et al., 2005).  

The challenge to the treatment of AML is in its relapse rate and the refractory nature of the 

relapsed disease. Although complete remission is achieved in 58.2% of patients using induction 

chemotherapy, 79% of these patients experience relapse, and less than 10% of relapse patients 

survive for 5 years (Bose et al., 2017; Verma et al., 2010). In fit patients up to the age of 65, 

intensive chemotherapy is used to treat relapsed AML, where higher doses of the same drugs used 

in induction chemotherapy are used (Robak & Wierzbowska, 2009). Intensive chemotherapy is 

often followed by consideration of the patient for allogeneic hematopoietic stem cell 

transplantation (HSCT), where stem cells from a healthy donor are transplanted into the bone 

marrow of the patient (Bose et al., 2017). However, many factors limit the effectiveness of HSCT 

as a treatment method for AML, such as availability of donors and comorbidities (Bose et al., 

2017).  
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1.2.2 In vivo model of AML 
 

 In vivo models of AML consist primarily of mouse models. Leukemia in these mouse 

models can be induced with various methods, including carcinogen-induced tumours, transgenic 

animals expressing proto-oncogenes/mutations associated with AML (ex. PML-RARA, RUNX1-

ETO), and xenograft models that are transplanted with primary patient cells or a leukemia cell line 

(Almosailleakh & Schwaller, 2019). Of these, the xenograft model is the most widely used. Similar 

to the ability of donor HSCs to engraft in the bone marrow of a recipient, AML cells can engraft 

and recapitulate the disease in the bone marrow of mouse models. These mice are commonly 

irradiated before transplant to partially clear out the bone marrow (Duran-Struuck & Dysko, 2009). 

In the case of patient derived xenograft mouse models (PDX), immune compromised mice are 

used to eliminate host versus graft disease (Almosailleakh & Schwaller, 2019). Several 

immunodeficient mouse strains have been developed for xenograft purposes, including nude (nu), 

severe combine immunodeficient (SCID), non-obese diabetic (NOD), NOD-SCID, and NOD-

SCID-IL2rγnull (NSG) strains (L.D. et al., 2012; Theocharides et al., 2016). 

The SCID strain carries inactivating mutations in the protein kinase DNA-activated 

catalytic polypeptide (PRKDC) gene, which codes for a protein that is involved in DNA repair 

pathways (Almosailleakh & Schwaller, 2019). This interrupts a process called immunoglobulin 

V(D)J gene recombination that must occur in developing lymphocytes to produce mature T and B 

cells (Roth, 2014). Engraftment rates were further improved by combining the SCID strain with 

the NOD background to produce NOD SCID mice. This strain is unable to produce B or T cells, 

and has less natural killer cells and macrophages (Cao et al., 1995).  Notably, the NOD SCID strain 

was found to be able to allow engraftment using fewer primary AML cells, and also preserve the 

phenotypic and genetic characteristics of the transplanted primary AML cells (Bonnet & Dick, 

1997). One step further in the creation of immune compromised strain was the NOD/LtSz-

scid with IL2γc
null (NSG) strain (Ito et al., 2002). The NSG strain carries deletions in the 

interleukin-2 receptor gamma chain (IL2γc), which is critical in the production of functional natural 

killer cells(Shultz et al., 2005). Thus, the NSG strain is unable to produce T cells, B cells, 

macrophages, and natural killer cells, and substantially improves engraftment rates by almost 

eliminating the host immune system (Mambet et al., 2018). 

 Although the preferred method of transplant for AML cells is the IV injection due to its 

ability to engraft cells in the bone marrow, the subcutaneous injection method is an alternative 

transplant method. Subcutaneous injections introduce substances just under the skin and not 

directly into the bloodstream. When rapidly dividing cells, such as AML cells, are transplanted 

using a substance called Matrigel as an injection vehicle, the injected cells can form an isolated 

tumor at the injection site (Almosailleakh & Schwaller, 2019). Because Matrigel remains as a 

liquid at sub-zero temperatures but turns into a solid at higher temperatures, it can serve as a 

transplant vehicle when kept cold to allow formation of a solid tumor when cells are incubated 

inside the mouse at body temperature. The solid tumor then grows by forming vascularization 

(Almosailleakh & Schwaller, 2019).  

In the IV transplant method, chimerism is commonly determined by harvesting cells from 

the leg bone marrow by mechanical dissociation followed by flow cytometry for the human 

hematopoietic cell surface marker, hCD45 (except erythrocytes and platelets) (Sanchez et al., 

2009). In the subcutaneous transplant method, the solid tumor is isolated and chimerism is 

measured using the same procedure. 
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1.3 Tools of genetic perturbation 
 

 Studies of the genetic origins of disease and mechanisms of disease progression 

conventionally employ a method of genetic perturbation, followed by phenotypic analysis. As the 

most common method of identifying gene function is to disrupt its expression and study the 

resulting phenotypes (Boettcher & McManus, 2015), loss-of-function genetic perturbation tools 

have been utilized heavily in research. These tools include zinc finger nuclease (ZFN), 

transcription activator-like effector nuclease (TALEN), RNA interference (RNAi), and clustered 

regularly interspaced short palindromic repeats (CRISPR)/Cas9. Of these, the CRISPR/Cas9 

technology is most recent and has been rapidly adopted by researchers all over the world due to its 

precision, cost-efficiency, ease of use, and versatility.  

 

1.3.1 CRISPR/Cas9 
 

 In 1987, a group of Japanese scientists discovered a series of interspaced palindromic 

repeats in the genome of Escherichia coli with unknown function (Ishino et al., 1987), which were 

later also discovered in several other bacteria and archaea (Francisco J. M. Mojica et al., 2000). 

Discoverers of the latter coined the term, short regularly spaced repeats (SRSR) (Mojica et al., 

2000), which was more recently renamed as CRISPR (Jansen et al., 2002). The CRISPR loci 

always accompanied a certain protein-coding genes which were termed the CRISPR associated 

proteins (Cas) (Jansen et al., 2002). In 2005, it was discovered that this pair of CRISPR and Cas 

are a part of the prokaryotic adaptive immune system against viruses, suggested by the fact that 

the sequences present between the palindromic repeats, termed spacers, matched parts of phage 

genomes (Mojica et al., 2005). The Cas proteins were also found to carry an endonuclease function, 

causing double stranded breakages (DSB) at precise locations in DNA (Garneau et al., 2010). 

Presently, the most characterized and widely used Cas protein is that of the Streptococcus pyogenes, 

called Cas9, due to its simplicity of requiring only one Cas protein (Rodríguez-Rodríguez et al., 

2019).  

 The adaptive immunity conferred by the CRISPR/Cas9 system occurs over multiple steps. 

In the first step, the host cell attains memory of the invading virus. This occurs by integrating a 

portion of the viral genome into the CRISPR locus of the bacterial genome as spacer sequences 

(Garneau et al., 2010). After acquiring spacers, the CRISPR locus is transcribed to produce an 

RNA strand, called pre-CRISPR RNA (pre-crRNA), with sequences that are homologous to past 

invading viruses (Garneau et al., 2010). A second RNA strand, called transactivating RNA 

(tracrRNA), is transcribed from a locus that is upstream of the CRISPR locus (Rodríguez-

Rodríguez et al., 2019). The tracrRNA contains a region that is complementary to the repeating 

sequence of the CRISPR locus, allowing it to bind to the pre-crRNA and form a double stranded 

RNA molecule (Box et al., 2016). The double stranded RNA gets cleaved by RNaseIII into 

multiple, individual pieces such that each crRNA-tracrRNA duplex contains only one spacer 

sequence (Rodríguez-Rodríguez et al., 2019). Each RNA duplex then associates with one Cas9 

protein to create an active crRNA-tracrRNA-Cas9 complex (Rodríguez-Rodríguez et al., 2019). 

Upon invasion by a bacteriophage that has had a part of its genome previously incorporated into 

the cell as a spacer sequence, the corresponding crRNA-tracrRNA-Cas9 complex binds to the 

invading viral genome by complementary sequence with the crRNA portion of the complex. The 

endonuclease activity of Cas9 then induces a double stranded breakage in the viral genome, 

neutralizing the invasion. However, binding of the complex with the invading viral genome and 
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the actual endonuclease activity are also conditional upon the viral genome carrying a sequence 

called the protospacer adjacent motif (PAM) (Mojica et al., 2009). The purpose of the PAM is to 

distinguish the host’s CRISPR locus from the viral genome (Jinek et al., 2012). It is a few 

nucleotides long (the canonical sequence is 5'-NGG-3', where “N” is any base) and is usually near 

the site of endonuclease activity (Anders et al., 2014). 

 

1.4 Genome-wide screen 
 

 Because of the sheer size of mammalian genomes such as that of humans, interrogating 

each individual gene at a time to study diseases is impractical. Thus, a method of perturbing sets 

of genes to study those involved in a particular phenotype have become popular. Of these, studies 

of genes at a scale that span the entire genome are termed genome-wide screens. Genome-wide 

screens can also be further classified as either loss-of-function (LOF) or gain-of-function (GOF) 

based on the mode of perturbation. The GOF screens involve conferring new or enhanced activity 

of the gene products, applying a selection pressure, followed by sequencing of the enriched genetic 

perturbations to determine the genes associated with resistance to the selection pressure. A 

commonly used GOF screening method was cDNA overexpression libraries, but this method led 

to gene overexpression beyond physiological levels, disruption by endogenous regulation, and 

high cost of construction, limiting its capability as a genome-wide screening tool (Joung et al., 

2017). The LOF screens, on the other hand, involve reducing or eliminating the activity of gene 

products. The earliest screens were LOF screens that utilized chemical DNA mutagens to perturb 

genes, but this approach was inefficient and too costly to validate induced mutations (Joung et al., 

2017). Succeeding this approach was another LOF screening method known as RNA interference 

(RNAi), which used RNA molecules to inhibit gene expression or translation. Specifically, the 

short hairpin RNA (shRNA) was a type of RNAi technology that had revolutionized genome-wide 

screens with its ease of use (Berns et al., 2004; Boutros et al., 2004; Moffat & Sabatini, 2006; 

Paddison et al., 2004; Root et al., 2006). In the recent decade, new GOF and LOF genome-wide 

screening platforms derived from the CRISPR/Cas9 technology have replaced pre-existing 

screening tools due to their superior efficiency, precision, and cost.  

  

1.5 CRISPR-activation technology (using SAMv2 system) 
  

 The CRISPR-activation (CRISPRa) technology is a GOF genetic perturbance method 

derived from the CRISPR/Cas9 system. It utilizes the ability of the crRNA-tracrRNA-Cas9 

complex to home to the target locus by complimentary binding using the spacer sequence 

(Konermann et al., 2015). In CRISPRa, the Cas9 protein is disabled in its endonuclease activity, 

which is then termed dCas9, leaving only its function of binding to the target locus as guided by 

the spacer sequence (Konermann et al., 2015). Activating domains can then be recruited to the 

target gene locus when made to bind with the dCas9 protein, allowing transcriptional upregulation 

(Konermann et al., 2015) of the gene.  

 

1.5.1 The SAMv2 system: mechanism and workflow 
 

 Developed by a group at the Broad Institute, the two-vector synergistic activation mediator 

(SAMv2) system is a type of CRISPRa genome-wide screening platform (Figure 1.1A) 

(Konermann et al., 2015). It involves one vector (“SAMv2 vector”) that codes for the spacer 
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sequence and the dCas9 protein, and another “helper” vector that codes for the activating domains 

(Konermann et al., 2015). In the SAMv2 system, the crRNA and tracrRNA are fused together for 

simplicity to form a single guide RNA (sgRNA), which binds with the dCas9 (Konermann et al., 

2015). The sgRNA is modified to have a hairpin aptamer that binds to a protein dimer called MS2 

(Konermann et al., 2015). The helper vector codes for a complex comprised of MS2, P65, and 

HSF1 (thus also called the “MPH vector”), where the former allows binding with the sgRNA-

dCas9 complex while the latter two are activating domains (Konermann et al., 2015). The dCas9 

protein in the SAMv2 system is also inherently bound to an activating domain called VP64 

(Konermann et al., 2015). When the “MPH” complex binds to the dCas9 protein via MS2, the P65, 

HSF1, and VP64 activating domains act synergistically to induce transcriptional upregulation of 

the target gene (Konermann et al., 2015). The SAMv2 system has a library of 70,290 sgRNAs that 

target 23,430 human coding genes (4 sgRNA isoforms that target each gene) (Joung et al., 2017).  

 Both the SAMv2 and MPH vectors carry their own antibiotic resistance selectable marker. 

The SAMv2 vector carries the blasticidin-S deaminase gene (BSD) that confers resistance to the 

antibiotic, blasticidin (Figure 1.1B, top) (Joung et al., 2017). The product of this gene breaks down 

the antibiotic using water as a substrate (Yamaguchi et al., 1975). The BSD gene is driven by the 

constitutive promoter, human elongation factor 1α (EF-1α), which also drives the sgRNA and 

dCas9 sequences (Joung et al., 2017; Qin et al., 2010). The MPH vector carries the hygromycin  

phosphotransferase gene (HygR, or Hph) (Figure 1.1B, bottom) (Joung et al., 2017). The product 

of this gene is a kinase that neutralizes the antibiotic by phosphorylation (Rao et al., 1983). The 

HygR gene is also driven by the constitutive promoter, EF-1α, together with the sequences for 

MS2, P65, and HSF1 (Joung et al., 2017).  

The general workflow of the genome-wide CRISPRa screen using the SAMv2 system is as 

follows:  

1. The MPH vector is transduced into the cells of interest, followed by hygromycin selection 

2. The SAMv2 vector is transduced into MPH-expressing cells at a low enough multiplicity 

of infection (MOI) to ensure 1 or no sgRNA is introduced into each cell, followed by 

blasticidin selection 

3. Cells are transplanted into the model host (for in vivo screen) 

4. Selection pressure is applied to enrich for cells that have upregulated expression of 

interested genes  

5. Enriched cells are harvested and their genomic DNA (gDNA) is harvested 

6. Polymerase chain reaction (PCR) is done on the harvested gDNA to amplify the region of 

the spacer sequence and prepare the library for next generation sequencing (NGS)  

7. Amplified library is sequenced via NGS 

8. In silico analysis to determine the genes of interest (“candidate genes”) 

 

The candidate genes of the screen are those that are enriched in the experimental group relative 

to the control group.  
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Figure 1.1: Transcriptional activation by the SAMv2 system  

(A) The SAMv2 vector codes for the dCas9 and sgRNA that has a MS2-binding stem-loop aptamer. 

The MPH vector codes for the activating domains HSF1 and P65, and the protein dimer MS2 that 

allows binding to the sgRNA. The activating domains and sgRNA-dCas9 form a complex via the 

MS2 and sgRNA stem-loop aptamer. The activating domain on the dCas9, VP64, act 

synergistically with the activating domains P65 and HSF1 to induce transcriptional upregulation 

of the gene targeted by the sgRNA spacer sequence. This figure is a modification of an illustration 

in Konermann et al., 2015. (B) Plasmid map of the SAMv2 vector (top) and MPH helper vector 

(bottom). The SAMv2 vector contains the blasticidin resistance gene (BSD) as a selectable marker, 

which is driven by the constitutive EF-1α promoter together with the sequences for dCas9 and the 

sgRNA (indicated in red). The MPH helper vector contains the hygromycin resistance gene (HygR) 

as a selectable marker, which is driven by the EF-1α promoter together with sequences for MS2, 

P65, and HSF1 (indicated in red). 
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1.5.2 Library amplification for NGS 
 

 As previously mentioned, the purpose of the PCR-amplification of gDNA harvested from 

enriched cells is to prepare the DNA (library) for NGS. In the SAMv2 system, the primers for 

the PCR are designed to amplify the spacer sequence to produce an amplicon of 270-280 base 

pairs (bp) in length (Joung et al., 2017). These primers also contain adapters that allow binding 

of the amplicons to the flow cell (the physical surface on which sequencing occurs) for 

Illumina’s NGS. In addition, the reverse primers have unique barcodes that allow distinction 

between different samples during in silico analysis of sequencing results (Joung et al., 2017). 

There is a total of 8 different such barcodes, which means that the library from up to 8 different 

samples (or treatment groups) can be pooled together for a single sequencing run (Joung et al., 

2017). Pooling samples is much more cost-efficient than sequencing each sample in individual 

runs. 
 

1.5.3 Considerations for library sequencing 
 

 For the NGS, it is recommended by the developers of the SAMv2 system to have a 

minimum of 100 reads per each unique sgRNA in the library, which equates to about 7.0 x 106 

reads (Joung et al., 2017). This means that during the NGS, each nucleotide is read 7 x 106 times 

to mitigate the occasional misreads caused by instrument error. There are many Illumina NGS 

instruments that can achieve this number of reads, including NextSeq, MiSeq, and HiSeq 

instruments (Joung et al., 2017). Any one of these instruments can be chosen according to 

availability, but the maximum number of reads available is ideal – due to the heavy use of time 

and resources involved in the CRISPRa screen, the costs of sequencing should be considered 

negligible. Another parameter to consider for NGS is the number of cycles, also known as read 

length. This refers to the length of the amplicon that is sequenced. Because only a part of the 

amplicon needs to be sequenced to recognize which sgRNA it corresponds to, the sequencing of 

its entire length is unnecessary. Longer read lengths allow more overlap with the reference 

sequence and thus lead to higher confidence, making it preferable for applications such as whole 

genome or whole exome sequencing. While a minimum read length of 80 bp is required for the 

purpose of determining library distribution in the SAMv2 system (Joung et al., 2017), higher 

read lengths are favorable to increase confidence in the sequenced data. Some instruments, like 

the HiSeq instrument, also have the option of paired-end sequencing. In this method, after the 

DNA is read from one end, it is read again in the opposite direction. In effect, this doubles the 

number of reads and improves confidence in the sequencing output.  
 

1.5.4  Candidate gene analysis 
 

 The results of the NGS can be read using a computer language called Python (Joung et al., 

2017). A script for determining library distribution is provided by the developers of the SAMv2 

system (Supplementary Data 3 of Joung et al., 2017). This script gives read counts of each sgRNA 

in the library using the NGS output files. Using the read count information, statistical analysis 

must be done to determine the significance of the enrichment of candidate genes. A common 

analysis method is to use RNAi gene enrichment ranking (RIGER), which ranks sgRNAs 

according to the level of enrichment (or depletion in the case of LOF screens), and determines 

whether the sgRNAs that target each gene is biased towards the top of the ranked list using the 
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Kolmogorov-Smirnov statistic (Joung et al., 2017; König et al., 2007). Then, RIGER gives an 

enrichment score and relative ranking for each gene. In GOF screens such as those using the 

SAMv2 system, the genes that are ranked consistently high in RIGER analysis across biological 

replicates represent candidate genes.  
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2.0 Materials and Methods 
 

2.1 Culture of OCI-AML3 and its derived cell lines 
 

 The OCI-AML3 cell line was purchased from Leibniz Institute DSMZ, German Collection 

of Microorganisms and Cell Cultures GmbH. Cells were cultured in minimum essential medium 

(MEM) α with 20% heat-inactivated (h.i.; 30 min at 50°C) fetal bovine serum (FBS). The ultra 

low attachment 6-well plate (Corning) was used for culture. Cells were passaged every 2-3 days 

to a density of approximately 5.0 x 105 cells/ml, 5 ml/well. The cell density was not allowed to 

exceed 2.0 x 106 cells/ml. Cell counting was done using Countess™ II Automated Cell Counter 

(ThermoFisher SCIENTIFIC). 

 The OCI-AML3 cell line expressing the MPH helper vector (single-resistant cells) was 

cultured using the same procedures, but the media contained 500 µg/ml of Hygromycin B (Santa 

Cruz Biotechnology). The OCI-AML3 cell line expressing both the MPH helper vector and the 

SAMv2 empty or library vector was cultured using the same procedures, but the media contained 

both 500 µg/ml of Hygromycin B and 5 µg/ml of Blasticidin S HCl (ThermoFisher SCIENTIFIC). 

For both variant cell lines, the antibiotic was always added during the passage and not during the 

making of the media. 

 Cells transduced with the MPH helper vector, or both the MPH helper vector and the 

SAMv2 empty vector, were selected with antibiotics and cryopreserved in -150°C. The freezing 

media was composed of 70% culture media, 20% FBS, and 10% dimethyl sulfoxide (DMSO). 

Cells expressing both the MPH helper vector and SAMv2 library were never cryopreserved or 

cultured for more than 2 days post-selection to avoid introducing bias in library distribution. 

 

2.2 Amplification of the pooled SAMv2 library and MPH helper vector 
 

 The Human CRISPR 2-plasmid activation pooled library (SAMv2) was developed by Feng 

Zhang (Addgene #1000000078) and distributed by Addgene. The procedures for amplifying this 

library followed the instructions detailed in the corresponding publication (Joung et al., 2017). The 

library was delivered via electroporation at 50–100 ng/μl into Endura™ ElectroCompetent cells 

(Sigma-Aldrich) using the Gene Pulser Xcell™ Electroporation System (BioRad). Cells were 

diluted 10,000-fold and plated onto 5 large lysogeny broth (LB) agar plates (235-mm square 

bioassay dish) containing 100 µg/ml ampicillin. Plates were then incubated at 37°C for 12-14 hours. 

All colonies were harvested using two washes of 10 ml of LB medium per plate. Gathered cells 

were pooled and divided into a total of 3 pellets, and the plasmid library was extracted using 

HiSpeed® Plasmid Maxi Kit (Qiagen) on each pellet. Purity of the extracted library was measured 

using NanoDrop One Microvolume UV-Vis Spectrophotometer (ThermoFisher SCIENTIFIC). 

 The MPH helper vector (Addgene #89308) was amplified using One Shot™ Stbl3™ 

Chemically Competent E. coli cells (Thermofisher SCIENTIFIC), following the manufacturer’s 

guidelines. After transformation, cells were plated onto LB agar ampicillin (100 µg/ml) plates and 

incubated for 12 hours in 37°C. A single colony was isolated and inoculated in 3 ml of LB broth 

containing ampicillin (100 µg/ml). About 6 hours later, 500 µl of this culture was mixed with 150 

ml LB broth containing ampicillin (100 µg/ml) and cultured for 16-18 hours in 37°C. The cells 

were then pelleted and HiSpeed® Plasmid Midi Kit (Qiagen) was used to extract the plasmid. 
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2.3 Lentivirus production and titration 
 

 The human embryonic kidney (HEK) 293FT cell line was cultured until 100% confluency 

before transfection. For transfection, 13 µg of psPAX2, 9 µg of pMD2.G, 23 µg of vector DNA, 

and 250 µl of OptiMEM (ThermoFisher SCIENTIFIC) was mixed first for each T150 flask of 

HEK293FT. Separately, 3 ml of OptiMEM and 92 µl of Lipofectamine LTX (ThermoFisher 

SCIENTIFIC) were mixed and incubated for 4 min at room temperature. The first and second 

solutions were mixed dropwise and incubated for 20 min at room temperature. For each T150 flask 

of HEK293FT culture, the media was aspirated and replaced by 10 ml of the prepared solution. 

Approximately 12-18 hours later, 14 ml of additional media was added on top. The produced 

lentivirus was harvested in 60-66 hours via ultracentrifugation, and stored in -80°C.  

Titration of the purified lentiviruses involved transduction at virus volumes ranging from 

2.5 to 100 µl per 2.5 x 106 OCI-AML3 cells (wildtype), along with a non-transduced control 

condition. Cells transduced with the MPH helper vector were purified by selection with 400 µg/ml 

hygromycin (Santa Cruz Biotechnology) over 5 days, and cells transduced with the SAMv2 empty 

or library were purified by selection with 10 µg/ml blasticidin (ThermoFisher SCIENTIFIC) over 

5 days (see the results section for optimization data). Note that these latter cells are wildtype OCI-

AML3 transduced with only the SAMv2 vector solely for virus titration purposes and are not 

double-resistant cells (MPH+SAMv2). Selection for double resistant cells have different treatment 

conditions (refer to subsection 2.6). 

 

2.5 Lentiviral transduction 
 

 The OCI-AML3 cells were passaged to 2.5 x 106 cells in 2 ml per well in a 6-well ULA 

plate. The media was supplemented with 8 µl/ml of polybrene (Sigma-Aldrich) and the virus was 

added (titrated volume). For lentiviral delivery of the MPH helper vector, a multiplicity of 

infection (MOI) of 70-100% was targeted, while lentiviral delivery of the SAMv2 empty or library 

targeted an MOI of 0.3 or less to prevent multiple vectors entering each cell. The titrated volumes 

to achieve the above MOIs were dependent on the batch of virus. After adding the virus, cells were 

centrifuged in the same 6-well ULA plate at 1200 rcf for 60 min. After centrifuging, cells were 

seen to form clumps on the outer areas of each well. These clumps of cells were dissociated by 

pipetting and cells were incubated in 37°C for 24 hours. Then, the cells were passaged to 5.0 x 105 

cells/ml in culture media containing the appropriate selection antibiotic(s) (refer to next 

subsection).  

 

2.6 Antibiotic selection for cells carrying the MPH helper vector or both the MPH 

and SAMv2 library/empty-control vectors 
 

 To select for cells carrying the MPH helper vector (single-resistant cells), cells were treated 

with hygromycin at a concentration of 400 µg/ml over 5 days (drug refreshed every 2 days during 

passage). To select for cells carrying both the MPH and SAMv2 library/empty-control vectors 

(double-resistant cells), cells were treated with blasticidin at a concentration of 5 µg/ml over 7 

days, accompanied by hygromycin at a concentration of 400 µg/ml (both drugs refreshed every 2-

3 days during passage).  Cells were maintained at the same density as the wildtype’s standard 

culture density (5.0 x 105 cells/ml to 2.0 x 106 cells/ml), for no longer than 2 days before transplant. 
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2.7 Transplant of OCI-AML3 and its derivative cell lines into mice 
 

 Mice of the NSG strain (Jackson Laboratory) were irradiated at 250 or 125 rad using a 

cesium-137 irradiator the day before transplant. Cells were resuspended in injection media (0.5% 

FBS in phosphate buffered saline (PBS)) at a density of 1.67 x 106 cells/ml. Cells were 

intravenously injected into the tail of each mouse, at a volume of 300 µl to achieve 5.0 x 105 cells.  

 In the subcutaneous injection method, cells were suspended in an ice-cold Matrigel 

(Corning)/PBS (1:1 ratio) mixture at a density of 2.5 x 107 cells/ml. The cell suspension was kept 

in ice until it was subcutaneously injected into the hind flak of mice, at a volume of 200 µl to 

achieve 5.0 x 106 cells per mouse. Mice were not irradiated in this transplant method. 

 

2.8 Bone marrow aspirates 
 

 Mice were anesthetized with Isoflurane and 0.05 mg/kg of body weight of Buprenorphine 

was administered subcutaneously as a long-term analgesic. Hair from the knee area of each mouse 

was removed and disinfected using Proviodine detergent followed by 70% ethanol. An initial 

opening was created with a 27G ½” needle, followed by a 28G ½” needle to draw up approximately 

5-10 µl of cells. Cells were dispensed into harvest media composed of 3% FBS and 1mM 

ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) in Iscove Modified Dulbecco Media 

(IMDM) (Gibco). The cell suspension was stored in 4°C for no longer than 2 hours. The cells were 

centrifuged and resuspended in ammonium chloride for about 10 min to lyse red blood cells before 

flow cytometry analysis for chimerism. Buprenorphine was administered again to each mouse in 

24 hours. 

 

2.9 Administration of AraC in vivo 
 

 Crystallized cytosine β-D-arabinofuranoside (Sigma-Aldrich) was dissolved in sterile PBS 

by sonication. The solution was administered to each mouse subcutaneously at a dose of 50 mg/kg 

of body weight. Supplementary saline solution was administered daily if mice showed any signs 

of deteriorating physical health (weight loss exceeding 10% or visual signs of poor condition). 

 

2.10 Harvest of cells from mice  
 

 All bone marrow harvests that occurred at the mouse’s endpoint came from the femur, tibia, 

and the iliac bone and crest of each mouse after euthanasia. Each bone was dislodged carefully 

and ground using a mortar and pestle into harvest media (described in subsection 2.8). The solution 

was strained and stored in 4°C for no longer than 2 hours. The cells were centrifuged and 

resuspended in ammonium chloride for about 10 min to lyse red blood cells before flow cytometry 

analysis for chimerism. Identical procedures were used for the cells harvested from the 

subcutaneous solid tumor, spleen, liver, and lungs, except they were ground directly on the strainer 

as opposed to the mortar. 

 

2.11 Flow cytometry 
 

 To determine chimerism, cells were resuspended in 5% FBS + 2mM EDTA + PBS solution 

(PEF) and incubated for 15 min in 4°C with the conjugated antibody, hCD45-FITC (BD 
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Pharminogen), at a dilution of 1:100. UltraComp eBeads (Affymetrix eBioscience) were stained 

at the same dilution to be used for compensation analysis. Cells were then washed with PEF by 

centrifugation and resuspension. Live/dead staining was done using 7-aminoactinomycin D (7-

AAD) (Beckman Coulter). Flow cytometry was performed with the BD™ LSR II flow cytometer 

and the BD FACS Diva software. Analysis of gathered data was done using FlowJo v10.6.1 

(FlowJo, LLC). 

 To determine cell viability after antibiotic selection of OCI-AML3 and its derivative cell 

lines, cells were only stained with 7AAD. 
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3.0 Results 
 

3.1 OCI-AML3 cell line was chosen for the CRISPRa screen 
 

 Primary tumor samples are ideal in screening studies for cancers because they approximate 

clinical conditions (Miller et al., 2017). However, because primary AML samples are vastly 

heterogenous, using them for a genome-wide screening has the drawback of introducing a 

significant variable; if primary AML samples are used, it would not be clear whether the candidate 

genes obtained from the screening are applicable only to the cell types in which they were 

expressed (Corces et al., 2016; Kumar, 2011; S. Li et al., 2016). The use of an AML cell line 

instead of a primary sample in the CRISPRa screening is therefore preferable because cell lines 

offer homogeneity, which eliminates the variable of cell type in the screening. Thus, an appropriate 

AML cell line was sought for use in the CRISPRa screening. Academic publications were searched 

based on three criteria: transducibility, to allow transduction of the lentivirus-based SAMv2 

CRISPRa library and MPH helper vector; engraftability in mice, for the CRISPRa screening to be 

done in vivo; and susceptibility to AraC treatment, such that the cells not rescued by the library 

can be depleted.  

 A total of six cell lines that are widely used in AML research were considered, which were: 

OCI-AML3, HL-60, MOLM-14, MV4-11, U937 and KG1a. Pertinent information on each cell 

line are described below. For a condensed summary, please refer to Table 3.1. 

• The HL-60 cell line was reported to be transducible (Jian et al., 2011; Pikman et al., 2016; 

Roddie et al., 2000), engraftable (Y.-L. Chen et al., 2015; Farge et al., 2017a; Saland et al., 

2015), but not susceptible to AraC treatment in vivo (Farge et al., 2017a).  

• The MOLM14 cell line was reported to be transducible with a lentiviral vector (Heydt et al., 

2018; Wan et al., 2017), engraftable in NSG mice (Farge et al., 2017a; Green et al., 2015; 

Saland et al., 2015) but not susceptible to AraC treatment in vivo (Farge et al., 2017a).  

• The MV4-11 cel line was reported to be transducible with a lentiviral vector (Caldarelli et al., 

2013), engraftable in NSG mice (Farge et al., 2017a; Saland et al., 2015), but not susceptible 

to AraC treatment in vivo (Farge et al., 2017a).  

• The U937 cell line was also reported to be transducible with high efficiency using a retroviral 

vector (He et al., 2018; Pikman et al., 2016; Roddie et al., 2000), engraftable in NSG and 

BALB/c (Bald Albino) mice (Farge et al., 2017a; He et al., 2018; Saland et al., 2015), and 

susceptible to AraC treatment in vivo (Farge et al., 2017a). However, although the U937 cell 

line is used in AML research and satisfies all the above requirements to be used in the CRISPRa 

screening, it was isolated from a patient with histiocytic lymphoma instead of AML despite its 

myeloma like features and was disregarded (Sundström & Nilsson, 1976). 

• The OCI-AML3 cell line was reported to be transducible using a lentiviral vector (Balusu et 

al., 2011; Borthakur et al., 2015; Omsland et al., 2017; Xu et al., 2016), engraftble in in NSG 

and NOD/SCID mice (Balusu et al., 2011; Cho et al., 2015), and susceptible to AraC treatment 

in vivo (Balusu et al., 2011; Borthakur et al., 2015; Omsland et al., 2017; Xu et al., 2016). 

However, the OCI-AML3 cell line previously showed inconsistency in its engraftability in our 

lab.  

• The KG1a cell line was reported to be transducible with high efficiency using a retroviral 

vector (Bierhuizen et al., 1999; Roddie et al., 2000; van Buul et al., 2003), engraftable in NSG 

mice (Farge et al., 2017a; Saland et al., 2015), and susceptible to AraC treatment in vivo (Farge 

et al., 2017a). 
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Based on the above information, the KG1a cell line was initially decided to be used for the 

CRISPRa screen. However, this cell line produced impractically low lentivirus transduction 

efficiency (Figure 3.1) and another cell line was sought. Note that in the case of KG1a, puromycin 

(optimized concentration of 2 µg/ml) was used instead of hygromycin because KG1a had 

resistance to hygromycin. A variant of the MPH vector that had a selectable marker for puromycin 

resistance was used. The other option for the cell line was to use the OCI-AML3 cell line, but this 

cell line had previously shown inconsistent chimerism and survival when transplanted in mice by 

our lab (unpublished). Upon resolving this issue in an engraftment experiment (discussed in next 

subsection), the OCI-AML3 cell line was chosen for the CRISPRa screen. 

 

Table 3.1: Cell lines considered for the CRISPRa screen  

AML cell line Transducibility Engraftability Responsive to 

AraC 

KG1a Yielded poor 

transduction 

efficiency when 

tested with the 

SAMv2 library and 

empty vectors 

Yes Yes 

U937 (lymphoblast cell line “with 

AML markers”) 

Yes Yes Yes 

 

OCI-AML3 Yes Yes  Yes 

HL60  Yes Yes No 

MOLM14 Yes Yes No 

MV4-11  Yes Yes No 
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Figure 3.1: Attempts to transduce KG1a with the MPH vector yielded low efficiency. 

Wildtype KG1a cells were transduced with the MPH helper vector that carries a selectable marker 

for resistance to puromycin (right). This variant of the MPH vector was used instead of the standard 

version that carries hygromycin resistance because KG1a had resistance to hygromycin. As 

controls, cells that were transduced but not treated with puromycin (left) and cells that were not 

transduced but treated with puromycin (middle) were included. After transduction, puromycin 

(lowest lethal dose, 2 µg/ml) was administered every 2 days over 4 days, followed by cell count 

and viability assessment using flow cytometry 24 hours after the last administration of the 

antibiotic. 
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3.2 Optimization of transplant route and cell dose for OCI-AML3 engraftment 
 

Despite inconsistencies in chimerism previously found by our lab, the OCI-AML3 cell line 

was tested for engraftment in mice, but using conditions found in a publication that used the same 

cell line (Cho et al., 2015). The major difference in the method of transplant was the dose of 

irradiation preconditioning, which was 250 rad as opposed to our lab’s standard practice of 315 

rad. A total of 10 mice (NSG) were irradiated with 250 rad. Six mice were transplanted with 5.0 x 

105 cells/mouse and four mice were transplanted with 1 x 106 cells/mouse, using IV injection 

through the tail. Mice were kept until ethical endpoint, euthanized, and cells were harvested from 

leg bone marrow to measure chimerism via flow cytometry. In parallel with the IV transplants, the 

subcutaneous transplant method using Matrigel was tested as backup in case the IV transplants 

yielded unfavorable results. Two mice were injected with 5.0 x 106 OCI-AML3 cells each, a dose 

that was decided based on literature sources that used the same cell line (Andresen et al., 2016; 

Floc’h et al., 2017). After becoming palpably large, the tumor size was measured every 2-3 days 

using a caliper. The mice were euthanized at ethical endpoint, and the tumors were extracted to 

determine chimerism by flow cytometry. 

In the subcutaneous transplant method, both mice showed high chimerism (98.7 and 97.6%) 

(Figure 3.2A). In one mouse the tumor became palpably large around day 18 post-transplant, and 

day 26 post-transplant in the other (Figure 3.2B). Both mice survived until day 26 post-transplant 

(Figure 3.2C). In the IV transplant method, the two cell doses showed similar chimerism at 

endpoint: mice injected with 5.0 x 105 cells showed an average of about 50%, and mice injected 

with 1 x 106 cells showed an average of about 48% (Figure 3.3A). The two cell doses also showed 

similar survival periods: mice injected with 5.0 x 105 cells survived for an average of 25 days, and 

mice injected with 1 x 106 cells showed an average of 24 days (Figure 3.3B). Based on these data, 

IV injection of 5.0 x 105 cells per NSG mouse was determined to be suitable for the CRISPRa 

screen. The subcutaneous transplant method was deemed unfavorable because the IV transplant 

method is more clinically relevant and also showed reasonably high chimerism with consistent 

survival. 

In the IV transplant method, In addition to harvesting from the leg bone marrow, cells were 

also harvested from other organs (ie. liver, lungs, and pancreas) in a mouse transplanted with 1 x 

106 cells to determine if AML engraftment also occurs in these organs. Engraftment was found in 

each of these organs, with highest chimerism in the spleen, followed by liver, then lungs (Figure 

3.4). 
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Figure 3.2: Matrigel-mediated subcutaneous transplant of OCI-AML3 in mice led to high-

chimerism tumors. 

Two mice (NSG) were subcutaneously transplanted with OCI-AML3 (5 x 106 cells/mouse) using 

Matrigel as the vehicle. (A) Flow cytometry plots depicting chimerism (% hCD45+) in the solid 

tumors formed. (B) Tumor sizes, as measured by a caliper every 2-3 days after becoming palpably 

large. (C) Kaplan Meier curves showing survival of the transplanted mice. 
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Figure 3.3: Intravenous injection of 5.0 x 105 OCI-AML3 cells/mouse is suitable for the 

CRISPRa screen. 

Ten mice (NSG strain) were irradiated with 250 rad. Six mice were transplanted with 5.0 x 105 

cells/mouse and four mice were transplanted with 1 x 106 cells/mouse, via intravenous injection. 

Mice were euthanized at ethical endpoint and chimerism was measured via flow cytometry. (A) 

Chimerism measured by % hCD45, and (B) Kaplan-Meier curves of mice injected with the two 

cell doses. 
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Figure 3.4: OCI-AML3 also engrafts in the spleen, liver, and lungs 

An NSG mouse was irradiated with 250 rad and transplanted with 1 x 106 cells via intravenous 

injection. The mouse was euthanized at ethical endpoint and cells were harvested from the leg 

and spine bone marrow, spleen, liver, and lungs. Chimerism was measured via flow cytometry.  
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3.3 Optimization of post-transduction antibiotic selection conditions 
 

 To determine whether the selectable markers present in the MPH (hygromycin resistance, 

HygR) and SAMv2 library (blasticidin resistance, BSD) vectors can be used to select for 

transduced OCI-AML3 cells, various concentrations of the selection antibiotics were tested on 

OCI-AML3. The antibiotic, hygromycin or blasticidin, was administered every two days over 5 

days, with viability assessment using 7AAD staining and flow cytometry on the fifth day. 

Concentrations of 100 μg/ml, 200 μg/ml, 400 μg/ml, and 800 μg/ml of hygromycin were tested. 

These treatments yielded 30.7%, 6.13%, 0.29%, and 0.23% surviving cells, respectively, relative 

to the untreated control (Figure 3.5A). The concentration of 400 μg/ml was thus found to be the 

ideal concentration to select for cells transduced with the MPH helper vector. For blasticidin, the 

selection antibiotic for the SAMv2 library and empty-control, concentrations of 2.5 μg/ml, 5 μg/ml, 

10 μg/ml, and 20 μg/ml were tested. The treatments yielded 62.7%, 14.9%, 0.21%, and 1.56% 

surviving cells, respectively, relative to the untreated control (Figure 3.5B). The concentration of 

10 μg/ml was therefore found to be ideal in selecting for cells transduced with the SAMv2 library 

or empty-control vector. Note, however, that this blasticidin selection condition cannot be used to 

select for cells carrying both the MPH helper vector and the SAMv2 library/empty-control 

(“double resistant cells), because this would have required the use of single resistant cells, not 

wildtype, for the kill curve. The optimized 10 μg/ml of blasticidin over 5 days was used only to 

titer the lentivirus carrying SAMv2 library/empty-control, using wildtype OCI-AML3.  
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A               B 

 
Figure 3.5: Optimized antibiotic concentration and treatment duration used to select for 

wildtype OCI-AML3 transduced with either MPH or SAMv2 library/empty-control vector. 

Wildtype OCI-AML3 cells were transduced with either the MPH helper vector or the SAMv2 

empty-control vector. Cells transduced with the former were treated with hygromycin, and cells 

transduced with the latter were treated with blasticidin. The respective antibiotic was administered 

every 2 days over 4 days, followed by viability assessment using flow cytometry 24 hours after 

the last administration of the antibiotic. (A) Cells treated with hygromycin at concentrations of 

100 μg/ml, 200 μg/ml, 400 μg/ml, and 800 μg/ml. (B) Cells treated with blasticidin at 

concentrations of 2.5 μg/ml, 5 μg/ml, 10 μg/ml, and 20 μg/ml. 
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To determine blasticidin selection conditions that can be used to select for double-resistant 

OCI-AML3 carrying both MPH and SAMv2 empty-control vectors (HygR+BSD), single resistant 

OCI-AML3 cells (HygR) were administered blasticidin concentrations of 2.5 μg/ml, 5 μg/ml, 7.5 

μg/ml, and 10 μg/ml, with an untreated control on the side (Figure 3.6A). Double resistant OCI-

AML3 cells were treated in parallel to confirm that these cells survive the optimized selection 

concentration (Figure 3.6B). Both the treatments of single-resistant and double-resistant cells 

included 400 μg/ml of hygromycin. The antibiotics were refreshed at every passage (every 2-3 

days). Total cells were counted, and viability was assessed by 7AAD staining followed by flow 

cytometry. Single-resistant cells were found to be depleted when treated with blasticidin at a 

concentration of 5 μg/ml over 7 days. Double-resistant cells were confirmed to survive these 

selection conditions. In parallel with the above kill curves, supplemental controls were added. 

Wildtype OCI-AML3 was also treated with blasticidin as a positive control to ensure that the 

antibiotic batch in use was effective (Figure 3.6C). Also, single-resistant cells transduced with 

another vector with the same blasticidin resistance gene (DMAP1-BSD, Addgene) was also treated 

with blasticidin to ensure that any potential lack of resistance in double-resistant cells is not due 

to the SAMv2 plasmid backbone (Figure 3.6D).  
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        A                  B 

 

 
         C                                                                       D 
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Figure 3.6: Optimized blasticidin concentration and treatment duration to select for double-

resistant OCI-AML3 (carrying both MPH and SAMv2 library/empty-control vectors) 

Single resistant and double resistant OCI-AML3 cells were treated with hygromycin and varying 

concentrations of blasticidin. Wildtype and a variant double-resistant OCI-AML3 (HygR + BSD-

DAMP1) cells were treated with blasticidin as supplemental controls. Antibiotics were refreshed 

every 2-3 days up to 16 days. Cells were counted and viability was assessed via flow cytometry 

every two days. (A) Single-resistant cells treated with hygromycin (400 μg/ml) and blasticidin (2.5 

μg/ml, 5 μg/ml, 7.5 μg/ml, and 10 μg/ml). (B) Double-resistant cells carrying MPH and SAMv2 

treated with hygromycin (400 μg/ml) and blasticidin (2.5 μg/ml, 5 μg/ml, 7.5 μg/ml, and 10 μg/ml). 

(C) Wildtype OCI-AML3 was treated with blasticidin to ensure that the antibiotic batch in use was 

effective. Identifical concentrations of blasticidin were tested (2.5 μg/ml, 5 μg/ml, 7.5 μg/ml, and 

10 μg/ml) over 16 days. No hygromycin was added. (D) A variant double-resistant OCI-AML3 

cell line was produced by transducing single-resistant cells with DMAP1-BSD. These cells were 

then treated with hygromycin (400 μg/ml) and blasticidin (2.5 μg/ml, 5 μg/ml, 7.5 μg/ml, and 10 

μg/ml) over 16 days. 
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3.4 Optimization of pre-conditioning irradiation dose, and kinetic profiling of 

double-resistant OCI-AML3 cells in vivo  
 

In subsection 3.2, mice were irradiated at a dose of 250 rad to test engraftment of OCI-

AML3. This dose was based on a literature source (Cho et al., 2015) that used the same strain of 

mouse (NSG) and cell line. However, when combined with in vivo AraC treatment, all mice died 

2-3 days after the end of treatment (Figure 3.7). The goal of this experiment was to observe the 

change in chimerism when AraC is administered in vivo. A total of 10 NSGs were irradiated at 

250 rad and transplanted with 5 x 105 cells/mouse the next day, as per optimization in subsection 

3.2. The cells were double-resistant cells carrying MPH and SAMv2 empty-control vectors. 

Engraftment was confirmed by bone marrow aspirates a week later. Following a literature source 

(Boyd et al., 2018) that involved in vivo AraC treatment of AML patient derived xenografts (PDX), 

mice (5 of 10) were treated with AraC 8 days post-transplant at a dose of 50 mg/kg of body weight, 

5 shots interspaced by 24 hours. About 2-3 days after the last shot, all 5 mice either died 

unexpectedly or reached the ethical endpoint. This result was consistent over two attempts of the 

experiment. It was hypothesized that the combined harsh insults of irradiation and chemotherapy 

led to the death of mice, and a lower irradiation dose was sought. 
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    Experiment 1   Experiment 2 

 

 
Figure 3.7: Combination of 250 rad and in vivo AraC treatment consistently led to early 

death of mice transplanted with double-resistant OCI-AML3. 

This experiment was performed two times. A total of 10 NSG mice (8 in experiment 2) were 

irradiated with 250 rad and transplanted with 5 x 105 cells/mouse the next day. The cells were 

double-resistant cells carrying the MPH and SAMv2 empty-control vectors. Seven days post-

transplant, engraftment was confirmed using bone marrow aspirates. The following day, 5 of the 

mice were treated with AraC (50 mg/kg of body weight), administered 5 times in 24 hr intervals. 

Time period shaded in purple represent AraC treatment, with arrows above representing the 5 

individual AraC administrations. In some cases, cells had to be harvested from mice that were 

already dead, which shows falsely elevated chimerism. 
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Previous work from our lab (unpublished) suggested that irradiation at the “half dose” 

markedly reduces radiation-associated mortality. This experiment involved irradiation of newborn 

NOD/SCID mice at 100 rad, which is standard practice for this age (Risueño et al., 2011), followed 

by transplantation with primary AML cells. At about 6 weeks after the first irradiation, mice were 

given various irradiation doses ranging from 150 to 350, where 350 rad was the standard dose at 

that age (Burger et al., 2007). The mice irradiated with 150 and 200 rad were found to have no 

mortalities following the second irradiation, suggesting that reducing the irradiation dose by half 

may be a good starting point in optimizing the working irradiation dose for the CRISPRa screen. 

Based on this previous finding, the half irradiation dose was tested in combination with AraC to 

determine if it improves mouse survival post-chemotherapy. A total of 9 NSGs were irradiated 

with 125 rad and transplanted with 5 x 105 cells/mouse the next day. Again, these were double-

resistant cells carrying the MPH and SAMv2 empty-control vectors. Engraftment was confirmed 

by bone marrow aspirates a week later (~1% chimerism), and AraC was administered at the same 

dose and schedule as before to 5 out of the 9 mice. Out of the 5 treated mice, 2 mice survived for 

as long as the control mice, while the rest died a few days following chemotherapy (Figure 3.8A). 

Chimerism of each mouse was tracked by bone marrow aspirates, or, if the mouse was at its 

endpoint, euthanasia. On average, the chimerism of AraC-treated mice were generally lower than 

that of the untreated control group at endpoint (approximately 42% and 65%, respectively) (Figure 

3.8B and C). While 2 out of 5 treated mice surviving the AraC-treatment may seem like an 

impractically low survival rate, several measures can be taken to improve the survival rate during 

the CRISPRa screen: the bone marrow aspirate 1 day prior to AraC treatment can be omitted, as 

this is unnecessary during the actual screen; mice can be placed on the heat pad since the start of 

AraC treatment (this is usually done only when the mice start to appear sick); and lastly, the mice 

can be given daily supplemental saline injections after AraC treatment to improve general health. 

In both the treated and untreated control groups, mice survived for about 28 days post-

transplant before reaching ethical endpoint. This ethical endpoint at 28 days was often 

characterized by hind-limb paralysis, as is common in xenografts of this cell line (Xu et al., 2016). 

To capture the dominant clones that contribute to AML relapse with minimal noise, the harvest 

should take place at the latest timepoint possible, which would be 28 days post-transplant.  
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Figure 3.8: Use of 125 rad pre-conditioning allowed survival of transplanted mice following 

AraC treatment  

A total of 9 NSG mice were irradiated with the “half dose,” 125 rad, and transplanted with 5 x 105 

cells/mouse the next day. The cells were double-resistant cells carrying the MPH and SAMv2 

empty-control vectors. Seven days post-transplant, engraftment was confirmed using bone marrow 

aspirates. The following day, 5 of the mice were treated with AraC (50 mg/kg of body weight), 

administered 5 times in 24 hr intervals. Time period shaded in purple represent AraC treatment, 

with arrows above representing the 5 individual AraC administrations. (A) Kaplan-Meier curves 

of mice in the experimental (purple) and control (green) groups. (B) Compiled chimerism in each 

of the two groups. (C) Chimerism in individual mice shown separately. 
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To summarize, the results of this experiment showed that:  

• chimerism of mice just before AraC-treatment is ~1% 

• the 125 rad dose of irradiation allow survival of mice after AraC treatment  

• chimerism of AraC-treated mice are lower on average than that of untreated mice 

• mice survive for about 28 days before reaching ethical endpoint. 

These findings, along with optimized parameters reported in previous subsections, were used to 

determine the number of mice required for a single replicate of the CRISPRa (described in the next 

subsection). 

 

3.5 Determination of the total number of mice required for one replicate of CRISPRa 

screen 
 

 The number of mice required for each replicate of the CRISPRa screen depends on the 

decided coverage. The coverage refers to the number of cells per each unique sgRNA in the library. 

Note that the term, “coverage,” is also often used to describe the number of unique reads for a 

given nucleotide in the amplicon. To avoid confusion, the latter meaning of this term is written as 

“number of reads” in this thesis. The coverage (number of cells per unique sgRNA) must be met 

at the point of applying the selection pressure and at the point of harvest for sequencing (Joung et 

al., 2017). A library of 100 unique sgRNAs with 10x coverage, for example, would mean a total 

of 1000 cells at the points of selection and harvest for sequencing. Theoretically, the higher the 

coverage the higher the statistic confidence in the results, but the maximum coverage is always 

limited by practicality. For the purpose of this CRISPRa screen, a coverage of 100x was decided 

because a higher coverage would lead to an impractical number of mice in terms of costs. 

 For a summary of the required number of mice for 1 replicate of the CRISPRa screen, 

please refer to Table 3.2 below. For the SAMv2 library, which has a total of 70,290 unique sgRNAs, 

100x coverage corresponds to about 7.0 x 106 cells that must be present at both the time of AraC 

treatment (8 days post-transplant) and at harvest (endpoint, 28 days post-transplant). However, 

because the chimerism is always much higher at the endpoint, the time of AraC treatment was the 

focus when calculating the required number of mice. Previous work from our lab showed that after 

irradiation (315 rad) of NSGs, the bone marrow cellularity stays constant for a few weeks while 

the chimerism increases. Combining this information with the average cell count from the leg bone 

marrow obtained at the endpoint of the kinetic profiling experiment (1.5 x 107 cells per mouse), it 

was estimated that the cell count at the time of AraC treatment was approximately the same. Note, 

however, that because this is an approximation, a parallel or preliminary experiment should be run 

in addition to the CRISPRa screen where one or more mice are euthanized at this timepoint to 

determine the accurate total bone marrow cellularity. Next, to determine the number of engrafted 

cells present in each mouse at this time, the chimerism determined by bone marrow aspirate 

(subsection 3.4) was used. The bone marrow aspirate, taken 1 day before AraC treatment, showed 

~1% chimerism. Combining this information with the bone marrow cellularity at this time, gives 

1.5 x 105 engrafted cells per mouse. The cellularity in the leg bone marrow is about 20% of the 

mouse’s total bone marrow (Colvin et al., 2004). If, during the CRISPRa screen, bone marrow is 

also harvested from the rest of the mouse (ie. spine, skull, ribs, etc.), a total of 7.5 x 105 engrafted 

cells would be present the day before AraC treatment. To determine the required number of mice 

screening, the required number of cells for 100x coverage of the library (7.0 x 106) was divided by 

the number of engrafted cells per mouse the day before AraC treatment (7.5 x 105). From this 

calculation, approximately 10 mice were found to be required for each group in the screen. This 
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number must be doubled to account for an untreated control group and a treated experimental 

group. In addition, 3 mice will be added to the experimental group and 2 mice will be added to the 

untreated control group for a total of 25 mice for 1 replicate of the CRISPRa screen.  

 

Table 3.2: Calculation of the total number of mice required for 1 replicate of screening 

Approximate leg bone marrow cell count at AraC treatment (~20% of whole BM)      = 1.5 x 107 cells/mouse 

Estimated total bone marrow cell count at AraC treatment (7.5 x 107 x 5)      = 7.5 x 107 cells/mouse 

Chimerism prior to AraC is ~1%             = 7.5 x 105 cells/mouse 

Complete library of sgRNAs in the SAMv2 system            = 7.0 x 104 sgRNAs  

100x coverage per sgRNA (7.2x104 x 100)              = 7.0 x 106 cells required 

7.0 x 106 cells required / 7.5 x 105 cells per mouse            ≈ 10 mice 

(10 mice for experimental group + 3 extra) + (10 mice for control group + 2 extra)      = 25 mice total 

 

 

3.6 Summary of optimized in vitro and in vivo parameters for the CRISPRa screen 
 

Figure 3.9 and Figure 3.10 in the following pages summarize the in vitro and in vivo 

procedures for the CRISPRa screen, respectively. These summarized procedures include the 

optimized parameters reported in subsections 3.1 to 3.5.  
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Figure 3.9: Workflow of in vitro preparation of double resistant cells for the CRISPRa screen. 

To produce single-resistant cells, wildtype OCI-AML3 is transduced with lenti-MPH and selected 

with hygromycin (400 µg/ml) over 5 days, passaged every 2 days. Single-resistant cells are then 

transduced with the SAMv2 library (MOI ≤ 0.3) and selected with blasticidin (5 µg/ml) and 

hygromycin (400 µg/ml) over 7 days, passaged every 2-3 days (a frozen stock of single-resistant 

cells can also be used). The double-resistant cells are then ready for transplant into mice.  
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Figure 3.10. Summary of in vivo procedures for CRISPRa screen. 

A total of 25 NSG mice will be preconditioned with 125 rad of irradiation. The next day, these 

mice will be transplanted with 5 x 105 double-resistant OCI-AML3 cells per mouse by IV injection. 

Starting from day 8 post-transplant, 13 mice in the experimental group will be administered AraC 

(50 mg/kg of body weight) subcutaneously, 5 times in 24-hour intervals. All mice will be placed 

on the heat pad starting on the first day of AraC-treatment. Starting on the first day after AraC-

treatment, all mice will be given supplemental saline injections everyday until day 28 post-

transplant. At this day, all mice will be euthanized so that all cells in the bone marrow can be 

harvested in preparation for submission for NGS. 
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3.7 Post-in vivo: procedures for library amplification and NGS 
 

 The genomic DNA of the mice should be harvested using the Quick-gDNA MidiPrep 

(Zymo Research) (Joung et al., 2017). Before submission for NGS, the harvested DNA must be 

PCR-amplified in the region of the incorporated spacer sequence. This PCR must use a high-

fidelity DNA polymerase, such as the KAPA HiFi HotStart ReadyMix, 2× (Kapa Biosystems) 

(Joung et al., 2017). After PCR, the product must be purified using the QIAquick PCR Purification 

Kit (Qiagen, cat. no. 28104) (Joung et al., 2017). Specific primers that target the spacer sequences 

(Joung et al., 2017) are shown in Table 3.3. These primers include Illumina adapter sequences. All 

10 NGS-Lib-Fwd primers are required for amplification of the library for NGS, while the NGS-

Lib-SAM-Rev primers contain unique barcodes (indicated in bold) that can be used to distinguish 

between treatment groups within the submitted pooled sample (Joung et al., 2017). There is also 

the option of using a unique barcode for each mouse, which is discussed in more detail in the 

Discussion section. 
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Table 3.3: Primers for the amplification of the SAMv2 library before submission for NGS 

Primer label Primer sequence (5’-3’) 

NGS-Lib-Fwd-1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTTAAGTAGAGGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTATCATGCTTAGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTGATGCACATCTGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTCGATTGCTCGACGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTTCGATAGCAATTCGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTATCGATAGTTGCTTGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTGATCGATCCAGTTAGGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTCGATCGATTTGAGCCTGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTACGATCGATACACGATCGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-Fwd-10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

TCTTACGATCGATGGTCCAGAGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS-Lib-SAM-

Rev-1 

CAAGCAGAAGACGGCATACGAGATTCGCCTTGGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-2 

CAAGCAGAAGACGGCATACGAGATATAGCGTCGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-3 

CAAGCAGAAGACGGCATACGAGATGAAGAAGTGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-4 

CAAGCAGAAGACGGCATACGAGATATTCTAGGGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-5 

CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-6 

CAAGCAGAAGACGGCATACGAGATGTCTGATGGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-7 

CAAGCAGAAGACGGCATACGAGATTTACGCACGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

NGS-Lib-SAM-

Rev-8 

CAAGCAGAAGACGGCATACGAGATTTGAATAGGTGACTGGAGTTCAGACGTGT

GCTCTTCCGATCTGCCAAGTTGATAACGGACTAGCCTT 

 

 The library should be PCR-amplified using the parameters detailed in Table 3.4 below 

(Joung et al., 2017). The amplicon produced should be 270-280 bp. Before using the primers for 

the harvested library, they should be tested using the SAMv2 library DNA, extracted during the 

earlier maxiprep, in agarose gel electrophoresis to confirm the 270-280 bp amplicon size. 
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Table 3.4: Parameters for PCR-amplification of SAMv2 library in preparation for NGS 

Cycle number Denature Anneal Extend 

1 98 °C, 3 min   

2–23 98 °C, 10 s 63 °C, 10 s 72 °C, 25 s 

24   72 °C, 2 min 

 

 After PCR-amplification of the library harvested from experimental and control mice using 

different reverse primers, the pooled library sample is to be submitted for NGS. The recommended 

read length for the SAMv2 library is 80 bp or above (Joung et al., 2017). The Illumina HiSeq 2500 

sequencing platform, which is available at the McMaster Farncombe Institute, can go up to a read 

length of 250 bp. The highest read length and number of reads available should be used to minimize 

sequencing error. The NextSeq and MiSeq instruments are also able to satisfy the recommended 

read length and can be used if the HiSeq2500 is unavailable. The HiSeq2500 also has a minimum 

of 3 x 108 reads per run which satisfies the >7 x 106 reads recommended for the SAMv2 library 

(>100 reads per sgRNA) (Joung et al., 2017). Paired-end sequencing is unnecessary but will 

improve the number of reads and therefore decrease sequencing error.  

 

3.8 Bioinformatics: analysis of NGS results to obtain candidate genes  
 

After sequencing, the NGS results for the library distribution can be read using Python. 

The instructions for this analysis are provided in Joung et al., 2017, with the Python script in 

Supplementary Data 3 of the publication. The “python count spacers.py” script will output a .csv 

file containing read counts for each spacer sequence. The output of the Python script will also 

include a “statistics.txt” file with additional information about the library distribution, including 

the percentage of sequenced amplicons that are perfect matches (100% overlapping with an actual 

spacer sequence in the library) and completely depleted spacer sequences. For analyses, only the 

spacers that are perfect matches should be used (Konermann et al., 2015). As a method of quality 

control for the sequencing process, the analysis should be continued only if the library shows >70% 

perfectly matching guides and <0.5% undetected guides (Chen et al., 2015; Joung et al., 2017). 

Sequencing data that fail to satisfy these conditions should be deemed as poor quality, rendering 

in silico analysis unreliable. Also, any guide with only a single read should be filtered out (Chen 

et al., 2015). Next, determine the sgRNA fold change that resulted from the screening selection. 

To do this, add 1 to the read count for each spacer sequence, normalize it to the total number of 

read counts for that condition (read counts from all spacer sequences), divide the experimental 

normalized spacer count by the control, and take the base 2 logarithm (Joung et al., 2017). 

The next step should be statistical analysis of the fold change for each sgRNA using RIGER. 

Note that step-by-step instructions for the RIGER analysis are provided in Joung et al., 2017. 

Analysis using RIGER can be accessed through GENE-E from the Broad Institute 

(http://www.broadinstitute.org/cancer/software/GENE-E/download.html). To prepare the RIGER 

input file, create a .csv file with the following column headers (left to right): “WELL_ID,” 

“GENE_ID,” and “biorep 1,” biorep 2,” etc. The WELL_ID column is the list of sgRNA 

identification numbers, GENE_ID is the list of genes that each sgRNA targets, and the biorep 

columns show the sgRNA fold change. Start GENE-E and import this .csv file (File > Import > 

Ranked Lists). Launch RIGER by clicking on Tools, then RIGER. Adjust the settings as per the 

following recommended values (Joung et al., 2017): 

Number of permutations: 1,000,000 

http://www.broadinstitute.org/cancer/software/GENE-E/download.html
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Method to convert hairpins to genes: Kolmogorov-Smirnov 

Gene rank order: positive to negative for positive selection screens 

Select “adjust gene scores”  

Select “hairpins are pre-scored” 

Hairpin ID: “WELL_ID” 

Convert hairpins to: “GENE_ID” 

The RIGER analysis will rank genes according to their enrichment in the experimental condition 

relative to the control condition. The top candidate genes can be determined by using the average 

ranking of each gene across all the biological replicates of the screen (Joung et al., 2017). 
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4.0 Discussion and Conclusion 
 

4.1 General discussion points  
 

Some studies of AML relapse suggest that a rare fraction of cells resistant to 

chemotherapy is responsible for relapse and poor prognosis. These studies involved 

investigating subclones of AML cells before and after treatment. The findings suggest that 

certain subclones of mutated HSCs persist through AraC-treatment and likely act as the origin 

of AML relapse (Shlush et al., 2014, 2017). For example, the DNA methyl transferase 3A 

(DNMT3A)-mutated HSC subclone was found in both diagnosis and remission samples and 

had a repopulation advantage over healthy HSCs in xenografts. This HSC subclone was thus 

suggested as being able to survive through chemotherapy and serve as a pool  from which 

relapse could originate (Shlush et al., 2014). Because of such promising discoveries linking 

AML relapse to stem cells, the conventional model of AML relapse had been that leukemic 

HSCs persist through anti-neoplastic chemotherapy due to their quiescent state and serve as 

the origin of relapse (termed the leukemia stem cell (LSC) model). This proposition seemed 

plausible because, not only are HSCs pluripotent, they also have self-renewal capability to 

perpetuate themselves. However, two recent studies in AML chemotherapy resistance and 

relapse have disproven the theory that primitive cells are spared by AraC treatment (Boyd et 

al., 2018; Farge et al., 2017). Not only did these studies find that the primitive subpopulation 

(CD34+, CD38-) gets recruited into the cell cycle and depleted during AraC treatment, they 

found that certain transcriptional signatures correlated with relapse were consistently found 

after in vivo AraC treatment (Boyd et al., 2018; Farge et al., 2017). One of these studies 

reported increased transcription of genes related to oxidative phosphorylation and fatty acid 

oxidation in chemo-resistant AML cells (ex. ABCB10, CD36 gene), suggesting an elevated 

rate of respiration correlated with chemo-resistance (Farge et al., 2017). The other study 

reported increased transcription of genes involved in a wide variety of functions  that relied 

on G-protein-coupled receptor (GPCR) signalling (Boyd et al., 2018). In this second study, 

the cells exhibiting this transcriptional signature were termed leukemia regenerating cells 

(LRCs). Interestingly, this transcriptional signature was induced by AraC treatment itself, 

suggesting that AraC may, ironically, be conducive to the relapse phenomenon (Boyd et al., 

2018). 

The LRCs were reported to arise beginning at the post-chemotherapy residual disease 

state, and only in patient-derived xenografts of AML as opposed to those of healthy HSCs 

(Boyd et al., 2018). Interestingly, the LRC state was found to arise only shortly after in vivo 

AraC treatment, while being absent from AML cells treated in vitro (Boyd et al., 2018). 

Furthermore, the LRC state was observed when the AML cells in vitro were exposed to the 

serum of AraC-treated mice, suggesting that the relapse phenomenon is dependent on cell 

extrinsic factors in order to occur (Boyd et al., 2018). The idea that cancer is dependent on 

cell extrinsic factors was not new. In a study that carried out an shRNA genetic screening for 

genes responsible for the survival and maintenance of glioblastoma cells, the overlap in hits 

between the in vitro and in vivo screens were limited to only housekeeping genes and positive 

controls (Miller et al., 2017). Just as the intracranial environment exerts different physical 

conditions for glioblastoma, it seems that the same concept is applicable to AML wherein the 

bone marrow microenvironment or blood serum are a critical influence on the phenotypes that 

are enriched in relapse. This similarity between the two cancers can be observed despite the 
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fact one is a solid tumor while the other is a liquid tumor. The importance of the 

microenvironment in AML relapse justifies the choice to have designed the CRISPRa screen 

to take place in vivo as opposed to in vitro. Even if several candidate genes are found in an in 

vitro genome-wide screen, they would have negligible merit in further validation studies due 

to their irrelevance to the clinical manifestation of AML.  

Besides the genes associated with oxidative phosphorylation and fatty acid oxidation 

mentioned previously, there are many genes that have been implicated in chemotherapy-

resistance and relapse of AML. Notably, the dopamine receptor D2 (DRD2) was found to be one 

of the LRC markers, and was also shown to be targetable to decrease blast counts in 

refractory/relapsed AML patients during clinical trial of the drug, thioridazine (Aslostovar et al., 

2018; Boyd et al., 2018). Not only did thioridazine reduce blast counts, the upregulation of DRD2 

during the LRC state was found to be mitigated in vivo (Boyd et al., 2018). The DRD2 gene is not 

only implicated in AML relapse, as it is found to be upregulated in many other cancers including 

cervical (Mao et al., 2015), lung (Kanakis et al., 2015), esophageal (L. Li et al., 2006), breast 

(Pornour et al., 2015), ovarian (Moreno-Smith et al., 2011), neuroblastoma (Deslauriers et al., 

2011), and glioma (J. Li et al., 2014). In addition to DRD2, the 5-hydroxytryptamine receptor 4 

(HTR4), which is a serotonin receptor, was also found to be one of the LRC markers (Boyd et al., 

2018). The recurring implication of DRD2 in AML and many other cancers, combined with HTR4 

as an LRC marker suggests that neurotransmitter receptors, including DRD2 and HTR4, are highly 

likely to present as candidate genes in the CRISPRa screen. 

Despite the clear strengths of the designed CRISPRa screen described in this thesis, its 

inherent weaknesses must also be acknowledged. Perhaps the most obvious weakness is that it 

uses a cell line, which has minimal clinical relevance. In reality, AML is a vastly heterogenous 

disease that presents multiple subclones, and the blood is composed of cells at various 

hematopoietic differentiation stages. While the decision to use a cell line in this screen is still valid 

because the homogeneity offered by a cell line eliminates the possibility that the hits may be linked 

to the subclone/cell type in which they were found, this approach is limited in clinical relevance. 

To consolidate this weakness, single-cell RNA sequencing (scRNA-seq) should be done using 

paired primary AML samples, obtained from the same patient both before and after chemotherapy, 

to determine the genes that are relatively upregulated after chemotherapy. Because scRNA-seq 

enables analysis of transcriptional signatures in each individual cell, the issue of heterogeneity can 

be resolved. If the candidate genes identified from the CRISPRa screen overlap with the 

upregulated genes identified in the scRNA-seq experiment, there would be greater confidence that 

these shortlisted candidate genes are true “hits.” By this approach, the CRISPRa screen is able to 

address causality (between genes and relapse), while the scRNA-seq is able to address AML 

heterogeneity and clinical relevance.  

There are many experiments that should be done to further validate the candidate genes 

identified from the CRISPRa screen and scRNA-seq. First, genetic intervention of these genes 

should be tested to determine if they have any influence on the frequency or aggressiveness of the 

post-chemotherapy relapse. Overexpression vectors targeting each of these genes should be tested 

individually in xenografts to confirm whether they have a proliferative advantage during relapse 

over xenografts of the empty-vector control. In parallel, knockouts or repression of these genes 

should also be tested to determine if relapse is prevented or mitigated. Similar to knockdown or 

repression of candidate genes, in vivo drug intervention of these genes can also be tested for the 

same goal. Finding drugs for the prevention of relapse would have a much higher clinical 

translation potential than genetic intervention methods because drugs are easier to test and 
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administer in patients. In the ideal case, drugs that present positive results in the prevention of 

relapse could be administered to patients in conjunction with conventional chemotherapy (7+3 

regimen) to pre-emptively avert relapse while reducing leukemic burden at the same time. 

Another technical challenge of the CRISPRa screen is that, because only a single sgRNA 

enters each cell, it is difficult to determine from the screen alone whether AML relapse is driven 

by synergistic effects of multiple genes. To resolve this issue, the top few overlapping candidate 

genes from the CRISPRa screen and scRNA-seq can be used to run multiple, smaller screens using 

various combinations of sgRNAs. If xenografts of these multi-sgRNA cells survive at a higher rate 

than those that are delivered only 1 of the sgRNAs, it would suggest synergy between the 

corresponding genes. In this case, the most practical approach would be to deliver 2 sgRNAs into 

each cell using a total of 3 vectors: MPH + 2 vectors carrying sgRNA. To alleviate the 3 potentially 

excessive antibiotic selections required for the transductions, a fluorescent marker may need to be 

incorporated into one of the vectors for purification via fluorescence activated cell sorting (FACS). 

Unlike the suggested experiments mentioned previously, this experiment serves a supplementary 

purpose rather than the validation of candidate genes.  

In the PCR-amplification of the library before NGS, there are 8 unique barcodes available 

in the reverse primers. These barcodes can be used to pool different samples together for a single 

sequencing run. For example, the library harvested from the untreated control group can be 

amplified using NGS-Lib-SAM-Rev-1, while the AraC-treated experimental group can be 

amplified using NGS-Lib-SAM-Rev-2. This way, the library from both groups can be pooled for 

a single sequencing. Alternatively, a different reverse primer can be used to amplify the library 

from each individual mouse in the experimental group. This way, the level of enrichment of 

candidate genes can be analyzed in each mouse, improving the confidence that these genes are true 

hits if they are found enriched in every experimental group mouse. However, because each mouse 

alone does not satisfy the 100x coverage at the time of AraC treatment, the library distribution 

arising from each mouse cannot be deemed a confident representation of the change in library 

distribution (discussed further in next subsection). Also, there is not enough reverse primers to 

account for all individual mice, so a few mice will have to use the same reverse primer. 

The bioinformatic analysis of the NGS results by RIGER computes gene rankings 

according to the genes’ enrichment in the experimental group relative to the control group. In other 

words, it assumes that the candidate genes are the ones that are enriched in the AraC-treated 

experimental group while being low or absent from the untreated control group. This implies that 

genes enriched in both the experimental and control groups are disregarded with the assumption 

that they represent genes that generally promote survival, engraftment, and/or proliferation in vivo, 

with no association with AML relapse causation. This approach, however, is vulnerable to the loss 

of potential true hits. Genes that promote engraftment and proliferation of AML cells in the bone 

marrow, for example, can potentially be causative for relapse while also being present in the 

untreated control group. This weakness does not stem from RIGER and would be present 

regardless of which statistical analysis tool is used. It can be mitigated, however, by taking the 

overlaps in candidate genes between the CRISPRa screen and the scRNA-seq described above. 

Any genes that are highly enriched in both the experimental and control groups can be cross 

checked with the results of the scRNA-seq data to determine if they are upregulated post-

chemotherapy. Because the scRNA-seq uses primary samples and not PDX, the genes that are 

enriched in both the experimental and control groups of the CRISPRa screen can be suspected as 

being relapse-causative and not engraftment-promoting. Note that this cross check with the 

scRNA-seq data must be done before RIGER analysis, using the library distribution output from 
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Python. This is because RIGER computes the enrichment of genes in the experimental group 

relative to the control group, while the Python output file shows the library distribution in the two 

groups separately without comparison. 

The method of normalizing the frequency of each sgRNA after sequencing as described in 

the Methods section involve linear normalization. This means that an sgRNA read 10 times in a 

total of 1000 reads is assumed to have the same read count as an sgRNA read 100 times in a total 

of 10,000 reads. This ensures that variance in total read counts is accounted for before outputting 

the ranked order of sgRNAs in each condition and replicate. This approach is simple and 

straightforward but may fail to address technical variation. Technical variation refers to variation 

caused by conditions in the experimental procedures that are difficult to control (Scherer, 2009). 

Technical variation often leads to variation in global properties, which includes the total number 

of unique sgRNAs detected and the median read count of each sgRNA (Hicks & Irizarry, 2014). 

To control for technical variation, quantile normalization is sometimes used in genetic expression 

studies and genome screens (Bachas et al., 2018; B. Li et al., 2020; Parnas et al., 2015). Originally 

developed for gene expression microarrays, this is a non-linear transformation method that, in the 

context of this CRISPRa screen, would replace the read count of each sgRNA from each mouse 

with the mean read count across all mice in that condition with the same rank, or “quantile” (Hicks 

& Irizarry, 2014). Thus, this method requires different barcodes to be used during PCR-

amplification of spacers from each mouse of each condition. The most significant risk of using 

this approach is that it assumes that the statistical distribution of the sgRNAs is the same across all 

mice for each condition. Thus, to use quantile normalization, the minimum coverage required to 

consistently output the same library distribution in each mouse of each condition would have be 

known. The method of determining this minimum coverage is discussed in the next subsection. 

 

4.2 Mitigating the limitations of cell line surrogacy 
 

 The methods of the CRISPRa screen described in this thesis are based on a cell line 

derived xenograft serving as a surrogate to the actual, clinical manifestation of AML. There are 

several points to consider in this approach. Notably, it must be acknowledged that cell lines are 

genetically unstable over time and may develop new subclones with increasing passage numbers, 

leading to heterogenous populations (Ng et al., 2017). This means that the OCI-AML3 cell line 

must be used at low passage numbers to maintain the advantage of homogeneity mentioned 

previously. However, while it is preferable to run the screen with a homogenous population, it 

may not be a critical factor in determining relapse-causative genes because the LRC and LSC 

models do not depend on AML patient genetics – studies characterizing the two models did not 

sample from patients of particular genetic subgroups (Boyd et al., 2018; Ng et al., 2016). 

Therefore, heterogeneity and homogeneity of the cells used for the screen are important to 

consider, but not critical. Furthermore, if the CRISPRa screen shows hits overlapping with the 

scRNA-seq results and LRC signature while using a cell line, it would consolidate the argument 

that the clonal heterogeneity of AML has minimal relation to relapse and that the use of a cell 

line was enough to capture the causative genes. While one could argue that the OCI-AML3 cell 

line chosen could be inherently incapable of producing the LRC signature in response to AraC 

treatment due to a rare genetic variation, with enough resources and time multiple AML cell 

lines could be transplanted simultaneously to determine which cell lines produce the LRC 

signature upon AraC treatment. 
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 It was previously stated that different barcodes on each reverse primer could be utilized 

to pool the harvested library from multiple mice and determine whether the same candidate 

genes could be identified across all mice. The biggest argument against this approach would be 

that it is unclear whether the coverage provided by each individual mouse is sufficient to 

accurately output the same library distributions and candidate genes. To address this issue, a 

limiting dilution assay can be done using decreasing numbers of transplanted OCI-AML3 cells. 

If the same candidate genes are consistently found in high frequencies down to a certain 

transplant cell dose, it would indicate that the coverage provided by this cell dose is the 

minimum at which candidate genes can be reliably determined. Validation experiments 

following the screen should then focus on candidate genes arising from multiple mice, at or 

above this minimum coverage, as these offer higher confidence as being relapse-causative. 

Furthermore, the minimum reliable coverage determined in this limiting dilution assay could also 

be used to allow quantile normalization, as described in the previous subsection, to mitigate the 

effects of technical variation. A proposed workflow of the screen incorporating the limiting 

dilution assay is shown in Figure 4.1. 

 A potential weakness in the CRISPRa screen as designed in this thesis is that it attempts 

to capture the relapse-causative genes at a single timepoint several weeks following 

chemotherapy. This is significant because one of the goals of this study is to find potential 

overlaps with the LRC transcriptional signature, which is transiently expressed shortly after 

chemotherapy (Boyd et al., 2018). If the costs of additional mice can be afforded, the CRISPRa 

screen should ideally include harvest points along the recovery kinetics following chemotherapy. 

The multiple harvest points in the CRISPRa screen should also be accompanied by multiple 

points in the scRNA-seq as well during the post-chemotherapy kinetics to allow for overlap 

comparison between the CRISPRa screen and scRNA-seq data. 
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Figure 4.1: Proposed CRISPRa screen with incorporated limiting dilution assay to allow 

quantile normalization. 

Cells are transplanted at decreasing cell doses, followed by the CRISPRa screen and Next Gen 

Sequencing. The cell dose that outputs consistent library distribution across the triplicate is 

determined. The CRISPRa screen is repeated using the determined cell dose at a higher scale to 

allow higher coverage and increased confidence. Different reverse primers used for PCR-

amplification of the library harvested from each mouse allow quantile normalization, which 

controls for technical variation.  
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4.3 Conclusion 
 

The optimized procedures for the genome-wide screening described in this thesis aim to 

better understand the genetic cause for post-chemotherapy relapse of AML. Once candidate 

genes are validated by subsequent experiments as causal and candidate drugs for relapse 

intervention are found, the results of this project could potentially adapt the current 7+3 regimen 

to address the issue of relapse before it occurs.  
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