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Abstract

Acute myeloid leukemia (AML) is a disease characterized by overproduction of
abnormally differentiated, hyper-proliferative myeloid cells known as blasts in bone-marrow and
blood. Our laboratory has previously demonstrated that loss of epigenetic repression by the
polycomb repressive complex 2 (PRC2), which is mediated by complex member metal response
element binding transcription factor 2 (MTF2), drives chemo-resistance resulting in refractory
AML. In this study, to identify MTF2-specific synthetic lethal interactions, a genome-scale
CRISPR Knock-out (GeCKO) synthetic lethal screen was performed in matched MTF2-deficient
and rescued THP-1 cells both in the absence and presence of the induction chemotherapeutic
cytarabine. Following careful analysis of screening data using specialized software, 104 highly
significant MTF2-specific synthetic lethal interactions as well as 15 cytarabine-specific synthetic
lethal interactions were identified. Reduced stringency upon analysis helped to identify an
additional seven MTF2-specific synthetic lethal interactions that could be targeted with
commercially available small-molecule inhibitors. Among eight small molecule inhibitors, two
DNA Polymerase A/Ribonucleotide Reductase Catalytic Subunit M1 (POLA/RRM1) dual
inhibitors (clofarabine and fludarabine) were shown to induce toxicity with specificity for
MTF2-deficient THP-1 cells at low concentrations only in the absence of cytarabine.

In the future, further testing of the therapeutic potential of clofarabine and fludarabine in
treating MTF2-deficient AML will be conducted in patient derived bone-marrow aspirates which
better represent the true clonal and hierarchical nature of this life-threatening malignancy.
Furthermore, lentiviral delivery of short-hairpin RNAs (shRNAs) targeting highly significant,
non-enzymatic MTF2 and cytarabine-specific synthetic lethal interactions will be performed in

both THP-1 cells as well as in patient derived bone-marrow aspirates. Eventually, in vitro

il



validated targets will be validated under in vivo conditions using a patient derived xenograft
(PDX) preclinical animal model of AML using immunocompromised NOD scid gamma (NSG)

mice.
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Chapter 1: Introduction

1.1 Mammalian Hematopoiesis

Mammalian Hematopoiesis is a hierarchical process that evolves clonally across ontogeny to
produce and maintain a sufficient quantity of blood cells throughout life.!> At the top of the
hierarchy is a heterogenous population of long-term and short-term multipotent hematopoietic
stem cells (HSCs) that can both self-renew and differentiate into evermore lineage restricted
oligopotent progenitors and eventually into the mature cells of the blood lineage which undertake
roles in oxygen transport, adaptive and innate immunity as well as anti-cancer immuno-
surveillance (Figure 1).>*° Although much remains to be discovered concerning the exact
mechanisms governing how HSCs achieve a balance between self-renewal and differentiation,
both internal cues including tight regulation of transcription as well as external autocrine and
paracrine niche effects are known to contribute to this dynamic process.®’ Despite efforts, further
elucidation of these mechanisms is required to better understand not only how HSCs function,
but how and why hematopoiesis goes awry to result in life-threatening malignant states including
anemias, leukemias and lymphomas and how more targeted, less toxic therapies can be

harnessed to increase patient survival.
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1.2 Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a disease characterized by expansion into the bone
marrow and blood by abnormally differentiated, and often poorly differentiated, hyper-
proliferative myeloid cells called blasts. AML is the most common form of adult leukemia in
Canada with a disappointing 5-year overall survival rate below 40%, ranking it among the most
life-threatening hematological malignancies.® The current frontline therapy regimen for AML
patients under the age of 65 is induction chemotherapy, which includes treatment with the
cytotoxic agent cytarabine along with an anthracycline such as daunorubicin or idarubicin.
Unfortunately, as many as 20% of patients fail to respond and are thus classified as refractory,
while an additional 40% initially respond yet relapse shortly thereafter. For patients over 65,
intensive induction is usually not an option with alternative maintenance therapies only
achieving a 5-year overall survival in approximately 5% of cases. Dismal outlook among patients
is the result of vast heterogeneity in the molecular etiology of AML; including abnormal
cytogenetics, gain and loss of function mutations, and altered epigenetic landscapes rendering a
single treatment regimen unlikely to suit all those affected.

While frontline therapy has remained relatively unchanged for almost 40 years, recent
advances in DNA sequencing technologies have resulted in dramatic progress in the study of
AML genetics. This enhanced understanding has resulted in the establishment of the ELN risk
stratification of AML that was last updated in 2017 and divides patients into favourable,
intermediate and adverse risk categories based on commonly observed mutations and cytogenetic
abnormalities.” Although this advancement has been useful for risk management, a major
shortcoming includes the inability to prospectively identify refractory or relapse patients which

reside among all three risk categories prompting an urgent need for robust biomarkers of



cytarabine resistance as well as the development of alternative and more precision medicine
therapeutic strategies. Interestingly, genetic studies have also shown that among the most
commonly observed mutations in AML are epigenetic modifiers including but not limited to
DNMT3A, IDH1/2 and TET2 which are highly indicative of poor prognosis.!®!!

1.3 Epigenetics in Acute Myeloid Leukemia

Epigenetics refers to any changes in gene expression that are heritable by cell division, yet
not caused by changes to the DNA sequence itself.!? This can be achieved through covalent
modifications to either DNA or histone proteins as well as through RNA mediated gene-
silencing in many cases affecting the 3-dimensional chromatin structure as well as transcription
factor access to DNA.!® Stem cells including HSCs are defined by their unique ability to both
self-renew and differentiate into specialized cell types. Terminal differentiation involves
substantial changes to cell function and morphology which is accomplished in great part through
modification of gene expression by epigenetic mechanisms; specifically, genes involved in self-
renewal are repressed while genes involved in cell-specific functions are activated.!*

As previously mentioned, altered expression programs, particularly caused by recurrent
somatic mutations in epigenetic modifiers, are common among AML patients with poor
prognosis.!>!%17 Epigenetic dysregulation has also been reported for AML in the form of
perturbed genome-wide DNA methylation signatures which hold useful prognostic value.!'®
Furthermore, clinical and experimental observations report that epigenetic dysregulation is not
only present in pre-leukemic HSCs, but also accumulates with age in healthy individuals.'
Taken together along with the consideration that unlike genetic changes, epigenetic changes are
frequently reversible, treatment strategies either targeting aberrantly expressed epigenetic

regulators or reversing disrupted epigenetic landscapes could be used to target more



ontologically antecedent clones. Ultimately, this could result in complete eradication of blasts
while simultaneously preventing future relapse caused by underlying quiescent populations of
leukemic stem cells (LSCs).

1.4 Polycomb Group Proteins

One notable class of critical epigenetic regulators are the polycomb group (PcG) proteins
which are responsible for dynamically establishing and maintaining transcriptional programs
governing cell fate decisions in both embryonic and adult stem cells. Originally discovered in D.
melanogaster, the Polycomb (Pc) gene was identified as an important negative regulator of
homeotic gene expression.?’ Subsequent discoveries cataloguing a variety of other genes with
similar knock-out phenotypes led to the classification of the PcG while antagonistic positive
regulators were grouped together under the trithorax group (trxG).2!*? The highly coordinated
temporal and spatial expression patterns of both PcG and trxG complex members during
development ensures appropriate limb growth and axial development, while their ability to
maintain altered genome-wide expression landscapes facilitates epigenetic memory across
ontogeny.??

Mammalian PcG proteins are divided into 2 major polycomb repressive complexes; PRC1
and PRC2. PRC2 includes core members SUZ12, EED and the mutually exclusive EZH1 and
EZH2 which both contain catalytic histone methyl transferase (HMTase) activity and play
complementary roles throughout development.?* This complex controls gene expression by
establishing and maintaining the repressive epigenetic mark, histone H3 lysine 27 trimethylation
(H3K27me3) that is recognized by CBX, a core component of PRC1. CBX is then recruited
along with the catalytic RING subunit to establish histone H2A lysine 119 monoubiquitination

(H2AK119ubl), which in combination with H3K27me3 further compacts chromatin to inhibit



transcription (Figure 2).2>26272 Even though the PRC2 complex is generally thought to precede
PRC1 mediated gene silencing, in the presence of the PRC1 accessory proteins Rybp/Yap2 and
absence of CBX, PRC1 can catalyze H2AK119ubl outside of H3K27me3 recognition which
subsequently recruits PRC2 to establish H3K27me3 deposition.?” 3° Interestingly, sub-
stoichiometric accessory proteins, such as the polycomblike (PCL) proteins, are also very
important for the function of the PRC2 complex since neither EED, SUZ12 nor EZH1/2 are

capable of binding chromatin.?!

EED (1-4)

EZH1/2

RING1/2

RBBP4/7

H3K27me3 H2AK119ub1

AI Transcription Off

Figure 2: Schematic of PRC1 and PRC2 mediated histone modification. PRC2, including core
members; SUZ12, EED and EZH1/2 along with sub-stoichiometric accessory members;
RBBP4/7 and PCL group initially establish and maintain H3K27me3. PRC1 subsequently
catalyzes H2AK119ub1 further compacting chromatin.



1.5 PRC2 Accessory Proteins

The HMTase activity of the PRC2 complex requires the activity of the three core
complex members; SUZ12, EZH1/2 and EED while deletion of any of these factors leads to
embryonic lethality in mice at early gastrulation.?? 3% 3% In contrast, deletion of sub-
stoichiometric accessory proteins including AEBP2, RBBP4/7, JARID2 and PCL only leads to
varying levels and distribution of H3K27me3 deposition. It is thought that modulation of PRC2
activity by differential expression of accessory proteins can finetune complex activity across
different species and cell types.

1.5.1 AEBP2

Adipocyte Enhancer binding protein 2 (AEBP2) is an accessory protein of the PRC2
complex that was originally identified by mass-spectrometry in purified HMTase activity.
Although not much about this factor is understood, it is known to contain a zinc-finger domain
that could facilitate DNA binding while its presence significantly increases the HMTase activity
of the PRC2 complex.?’

1.5.2 RBBP Subunits

Human Retinoblastoma Binding Proteins (RBBP) are accessory proteins of the PRC2
complex that were originally identified as factors binding to retinoblastoma protein suggesting an
effect on cell proliferation. Since then, many more potential binding partners to RBBP class
proteins have been identified including AEBP2.%¢ Although the function of RBBP proteins in the
PRC2 complex thus far remains elusive, loss of this factor has been associated with age-related

diseases including Alzheimer’s.?’



1.5.3 JARID?2

Jumonji And AT-Rich Interaction Domain Containing 2 (JARID2) is a well-studied
accessory protein of the PRC2 complex that was originally discovered as a component required
for both neural and cardiac development in mice.*® Subsequent discoveries not only found
JARID?2 to be required for Embryonic Stem Cell (ESC) differentiation, but also necessary for
epidermal cell differentiation.®®- 4% 4! Although JARID2 is a member of the jumonyji class of
histone demethylases, it is not enzymatically active while containing a DNA binding domain
suggesting a role in PRC2 recruitment to a subset of genomic loci.*>#* Interestingly, JARID2 has
yet to be found bound to a complex also containing PCL proteins. This mutual exclusivity further
suggests the possibility of alternate modulation of the PRC2 complex by accessory proteins.**

1.5.4 Polycomblike

Polycomblike (PCL) was originally identified during a screen for polycomb mutations in
Drosophila melanogaster as a separate mutant with a similar phenotype to Pc.* Although this
factor was initially only classified as a transcriptional repressor, it was eventually determined to
be essential for the recruitment of Enhancer of zeste to target loci for enhanced H3K27me3
deposition.*>4” In mammals, there are three homologs of PCL; PCL1/PHF1, PCL2/MTF2 and
PCL3/PHF19 all containing both a TUDOR domain for chromatin recognition as well as
multiple PHD-fingers for DNA binding suggesting a role in PRC2 recruitment to target loci
which has been demonstrated for PCL2/MTF2.4

Unlike PCL2/MTF2 and PCL3/PHF19 which generally confer a proliferative advantage,
PCL1/PHF1 evolved a divergent role as a p53 stabilizing protein promoting cellular quiescence
in murine embryonic fibroblasts.*” Aside from this PRC2-independent role, PCL1/PHF1 also

acts as a PRC2 accessory protein modulating HMTase activity at hox gene loci.>® PCL3/PHF19



is an accessory protein to the PRC2 complex that is both mutually exclusive with JARID2 and a
known oncogene.>! 32 Not only is PCL3/PHF19 involved in modulation of PRC2 HMTase
activity, it is also involved in recruitment of this complex to sites of trxG mediated
H3K36me3.%*>* Another mammalian homologue of PCL is PCL2/MTF2, henceforth referred to
as MTF2, which is expressed as 3 alternatively spliced isoforms; MTF2A, MTF2B, and MTF2C
all containing C-terminal PHD fingers involved in the recruitment and binding of the PRC2
complex to target loci while only MTF2A and MTF2B contain an N-terminal tudor domain
involved in chromatin recognition and binding (Figure 3).>% %37 MTF2 has not only been
implicated in the regulation of chick left-right asymmetry through repression of sonic hedgehog,
loss of this factor has been shown to increase self-renewal at the expense of differentiation
capacity in murine ESCs while loss of MTF2 in murine hematopoietic progenitors impairs
erythropoiesis.’® > % Considering the highly tissue and species specific roles of MTF2, more
experimentation is required to better understand how aberrant expression of this increasingly
investigated tumour suppressor can lead to malignancies including breast cancer and AML,
particularly through its recurring role as an indirect regulator of p53 stability.6!: 62
1.6 PRC2 members in Acute Myeloid Leukemia

Although increased EZH2 expression has been observed in many adult cancers, it in
contrast remains among the most commonly mutated tumour suppressor genes in AML and
Myelodysplastic Syndromes (MDS) affecting approximately 2% of patients.®* ¢ It has been
proposed that loss of this methyltransferase drives resistance to both standard chemotherapy as
well as TKI treatment in AML as a result of HOXA9 and HOXB?7 derepression while sensitivity
can be restored through proteasomal inhibition.%> Strikingly, small molecule inhibitors of

EZH1/2 have also been shown to be highly efficacious in cases where MLL rearrangements have



Tudor PHD PHD C- Extended
Domain Homology

Figure 3: Schematic of MTF2 protein isoforms. MTF2 is produced as three separate isoforms
with MTF2A containing all 15 exons, MTF2B lacking exon 11 and MTF2C lacking exons 1-3
which contain the tudor domain. N to C termini are displayed from left to right.

occurred further highlighting the importance of personalizing therapeutics when treating AML.%¢
Not only is H3K27me3 deposition associated with CpG island hypermethylation at sites of
transcriptional repression in adult cancers, both hypo and hyper-methylation have also been
observed in AML particularly at sites that are transcriptionally regulated by the PRC2 complex
across ontogeny.®” One such target for promoter region hypermethylation is the PRC2 accessory
protein, MTF2. MTF2-deficiency has been shown to serve as a robust biomarker and driver of
resistance to standard chemotherapy in AML through loss of PRC2-mediated repression of
MDM2.%? Although, chemosensitivity can be restored both in vitro as well as in vivo through
MDM?2 inhibition, this strategy likely will not work for AML patients harboring bi-allelic TP53
mutations which make up approximately 10% of the affected population at diagnosis. In
addition, loss of p53 as a result of treatment with cytotoxic drugs is a common cause of therapy

acquired resistance indicating an immediate need to identify both MTF2-specific synthetic lethal



interactions that do not rely on p53 restoration as well as modalities of sensitizing p53-null
leukemic blasts to standard and novel therapeutics.®® Moreover, since the predictive potential of
MTF2-deficiency resides within the CD34", CD38" compartment of patient-derived bone-
marrow blasts, strategies focussing on MTF2-deficiency could better target rare disease
maintaining LSCs, further limiting the potential for future relapse.
1.7 Synthetic Lethality

As a result of recent advances in DNA sequencing technology, numerous driver
mutations have been identified among several human cancer types which fall into two main
categories; gain of function mutations in oncogenes and loss of function mutations in tumour
suppressors. Although the former can be directly targeted using small molecule inhibitors or
antibodies, the latter requires either genetic correction or vector-mediated rescue which still
remains therapeutically challenging.®® Synthetic lethality can be described as an interaction
between two non-essential genes where simultaneous inhibition of both results in cell death.”®
The first published example of this phenomenon appeared in 1922 when two sex-linked
mutations in Drosophila were found to result in the premature death of larvae.”! Targeting the
synthetic lethal interactions corresponding to loss of tumour suppressor function represents a
useful solution and since it exploits a genotype-specific cancer liability, it is unlikely to affect
healthy cells. While this has already been achieved in breast cancer, non-small cell lung cancer
and AML among many others, robust identification of synthetic lethal interactions remains
exceedingly difficult.”? 7% 7 This difficulty is not only due to the rareness of such genetic
interactions, they are also highly conditional and result in loss of cell viability rendering mutant
recovery and cataloguing extremely challenging. Initial attempts at high throughput screening

therefore took advantage of model organisms including Saccharomyces cerevisiae, Drosophila
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melanogaster and Caenorhabditis elegans. While numerous useful synthetic lethal interactions
were identified using this strategy, not only was whole-genome interrogation not achieved, but
relevance to human disease remained limited.” 7% 77787 Fortunately, recent advances in both
RNAIi and CRISPR editing technology have made it possible to carry out genome-scale,
unbiased and multi-conditional lethality screening in human cell-lines.

1.8 CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR
associated (Cas) effector proteins facilitate adaptive immune response against exogenic infection
in most archaea and some eubacteria.®% 8!

CRISPR loci contain 21-72bp spacer sequences flanked by 23-55bp repeats that can span
over 500 iterations in multiple locations across prokaryotic genomes. Even though CRISPR loci
were initially discovered as far back as 1987, Cas effector proteins were only first identified in
2002.82:3% In 2005, the foreign origin of spacer sequences was formally proven using both
molecular and bioinformatic approaches.?* 8> 8 Subsequently, experiments involving the
strategic addition and removal of spacer sequences in S. thermophilus provided the first evidence
of CRISPR/Cas-mediated adaptive immunity against bacteriophage insult.®” Specifically, Cas
effector proteins which both contain endonuclease activity and can interact with DNA and RNA,
cleave foreign genetic material into small pieces that are subsequently inserted into CRISPR loci
as spacer sequences. Afterwards, different Cas effector proteins process both spacer sequences
along with palindromic and thus hairpin prone repeats to form a crRNA. Following repeat
infection from the same pathogen, crRNAs can recruit Cas effector proteins to the familiar
foreign genetic material for sequence specific cleavage of double stranded DNA achieving

attenuation and thus immunity.3® Evidently, a hallmark feature of CRISPR/Cas systems is a
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diverse set of Cas effector proteins that execute diverse yet highly coordinated functions to
achieve immunization. Cataloguing studies based on the presence or absence of different Cas
effector proteins have identified 3 major CRISPR/Cas systems; type 1, 2 and 3.3 While Cas]
and Cas?2 are ubiquitous among all three types and carry out spacer sequence acquisition, certain
Cas proteins such as Cas3, Cas9 and Cas10 are specific to type 1, type 2 and type 3 systems
respectively. Furthermore, phylogenetic studies have also shown that while type 2 CRISPR/Cas
systems are exclusive to eubacteria, type 1 and 3 systems are biased towards archaea and
hyperthermophiles.”®

The discovery and systematic interrogation of CRISPR/Cas function and mechanisms led
to an eruption of industrial and agricultural applications including the enhancement of biofuel
production pathways in industrially relevant organisms as well as the improved engineering of
infection resistant crops.’! In 2012, it was also demonstrated that the type 2 effector protein Cas9
could be programmed to achieve sequence-specific double-stranded DNA lesions in the presence
of a newly designed and easily modifiable sgRNA which combined the spacer and repeat
sequences from naturally occurring crRNAs.?? Shortly thereafter, this discovery was leveraged to
perform efficient genome editing in mammalian cells eventually leading to unprecedented
frontiers in experimental medicine and drug discovery.”® The ability to insert, delete or modify
DNA with a high degree of precision in complex genomes not only permitted the efficient
production of genetic knock-outs, knock-ins and SNPs for disease modelling, these strategies
could also be used to correct rare somatic mutations from patient autologous cell sources
reducing the incidence of graft rejection.”* 93?697 Finally, the resulting generation of whole-
genome knock-out libraries based on the CRISPR/Cas9 gene editing system rather than RNA1

has helped in the struggle to identify genome-wide synthetic lethal interactions corresponding to
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loss of tumour suppressor activity in cancer since both a lower incidence of off-target effects is
observed reducing false positive detection while complete knock-out compared to partial knock-
down reduces false-negative detection.”®
1.9 Genome-scale CRISPR Knock-out

Genome-scale CRISPR Knock-out (GeCKO) is the process of using CRISPR technology
to perform genetic knock-out of every gene in the genome concurrently. To achieve this, cells of
interest are initially engineered to express codon optimized Streptococcus pyogenes Cas9
endonuclease followed by transduction with a pooled lentiviral library of sgRNA sequences
targeting every known protein coding and miRNA gene in the genome. Transduction conditions
are optimized to ensure that each sgRNA sequence in the library is delivered to hundreds of
individual cells to achieve adequate coverage while also avoiding dual transduction. Since vector
delivery is facilitated by lentivirus, sgRNA sequences are integrated into the genome of both
dividing and non-dividing cells and can therefore serve as a barcode for which specific gene was
targeted in any given cell. Deep sequencing of PCR amplified sgRNA genomic integrations can
be used to determine the representation of individual sgRNA sequences in the library at different
timepoints, such as directly following transduction as well as at an endpoint. Comparison of
individual sgRNA representation between timepoints can be used to determine which sgRNA
genomic integrations affect cell fitness. sgRNA sequences that are depleted at the endpoint
compared to the baseline implicate genes that when inhibited reduce cell fitness while the
opposite is true for sgRNA sequences that are enriched. Performing GeCKO experiments in
parallel using cells with differential expression of a key gene of interest or in both the presence

and absence of a key drug of interest is therefore a powerful and unbiased method of probing the
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entire genome for synthetic lethal interactions or pathways leading to drug
resistance, 100:101,102,103,104,105

The human dual vector GeCKOv?2 library includes two component lentivectors; the
LentiCas9-Blast which is used to generate stable Cas9-expressing clones following transduction
and prolonged blasticidin selection, and the LentiGuide-Puro which comes as a pooled library of
123,411 different sgRNA sequences targeting 19,050 protein-coding genes with six unique
sequences per gene, 1864 miRNA genes with four unique sequences per gene and 1000 non-
targeting controls.!%® Although this library remains among the most comprehensive available, it
along with its equivalents fail to probe the vast number of recently discovered non-coding
elements including IncRNA molecules. In the future, genome-scale CRISPR knock-out strategies
must be adapted to address this gap in understanding.
1.10 Model-based Analysis of Genome-wide CRISPR/Cas9 Knock-out

The vast quantity of data generated from GeCKO experiments pose several challenges for
computational analysis. Firstly, due to the large time commitment and cost involved in assay
optimization and deep sequencing, experiments are often carried out with few to no replicates
necessitating an appropriate statistical model for estimating read count variance. Secondly, it is
often challenging to account for the variable differences in knock-out efficiency among
redundant sgRNA sequences targeting the same gene creating the need for a robust method for
aggregation of data from multiple sgRNA sequences. Thirdly, robust read count normalization is
required when comparing samples from different conditions since baseline library representation
can vary greatly even among technical replicates.!”” Although, algorithms designed for the
analysis of differential gene expression from RNAseq microarray data such as EdgeR, DESeq

and BaySeq have been used in the past, analysis was limited to the level of the individual sgRNA
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sequence while gene level data was difficult to generate often requiring advanced knowledge of
computational strategies.!% 19%- 110 More recently, software commonly used to analyze data from
RNAI based genome-scale knock-down experiments such as RSA and RIGER have been
successfully used to generate weighted ranks at the level of the gene while also providing a
detailed pathway analysis which is essential for translating genetic knock-out data into tangible
therapeutic options.!'!: 1'2 Unfortunately, these options were designed for siRNA based assays
while there still remained a need for tools better tailored to sgRNA identification. Model-based
Analysis of Genome-wide CRISPR/Cas9 knock-out (MAGeCK) is specialized software designed
for the analysis of sequencing data from GeCKO experiments. The first software package is
called Robust Ranking Algorithm (RRA) and solves the aforementioned dilemmas through a 4-
step workflow:

1. Median normalization of read counts: The read count median for each sample is
normalized and scaled to the median of the sample with the lowest total read count.

2. Mean-variance modelling of read counts: Since few to no replicates are performed,
MAGeCK-RRA assumes that the read count variance is a smooth function of the read
count mean while also borrowing information about the read count variance from
individual sgRNA sequences from sequencing data.

3. Identification of negatively and positively selected sgRNA sequences: MAGeCK-RRA
assumes the sgRNA sequences follow a negative binomial distribution and uses this
model to assign both negative and positive selection p-values to each individual sgRNA
sequence in the library.

4. Identification of negatively and positively selected genes: MAGeCK-RRA aggregates the

statistical information from redundant sgRNA sequences targeting the same gene and
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produces a negative and positive selection RRA score for each gene that can then be used

for gene ranking.
As previously mentioned, MAGeCK-RRA produces separate depletion and enrichment RRA
scores for every gene targeted by the GeCKOv2 library making it difficult to compare data
between conditions to isolate treatment related synthetic lethal interactions. As a solution, a more
advanced software package has been developed called Maximum Likelihood Estimation (MLE)
which combines both enrichment and depletion RRA scores into single Beta scores for each
gene. A negative beta score indicates depletion of associated redundant sgRNA sequences
compared to respective baselines while a positive score indicates enrichment. Eventually, the
development of MAGeCK-VISPR helped to further overcome computational challenges by
employing the MLE framework to not only define a set of quality control measurements but to
also extend analysis to a web-based data visualization framework.!!® Finally, MAGeCK-Flute
packages have enabled the comparisons of beta-scores between treatments for the easy
separation of treatment related changes in sgRNA sequence abundance effectively producing a
list of synthetic lethal gene targets. Furthermore, Fisher exact p-values are applied to genes from
the resulting list to identify highly significant synthetic lethal pathways.
1.11 Rational

AML is a disease characterized by a vastly heterogenous etiology severely limiting the
efficacy of a single treatment modality. Recently, our lab has discovered that deficiency in MTF2
destabilizes the PRC2 complex and drives resistance to standard induction therapy in AML while
sensitization can only be achieved through p53 rescue as a result of MDM?2 inhibition.
Unfortunately, MDM?2 inhibition would likely fail in the absence of wildtype p53, which is the

case for approximately 8% of de novo AML cases while the frequency is even greater in MTF2-
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deficient patients who have previously undergone standard chemotherapy and failed to achieve
complete remission. Therefore, identifying both MTF2 as well as cytarabine-specific synthetic
lethal interactions that do not rely on p53 activity will greatly benefit such poor-prognosis
patients.

The THP-1 acute myelomonocytic leukemia cell line is not only MTF2-deficient
compared to bone-marrow mononuclear cells derived from healthy individuals, it also contains
biallelic 26 bp p53 frameshift mutations rendering the protein completely inactive.!!* !5 As a
result, THP-1 cells are highly resistant to treatment with standard therapeutics such as
cytarabine. Additionally, since THP-1 cells are sufficiently durable to sustain serial lentiviral
transduction and antibiotic selection, they are an ideal model for performing matched MTF2-
deficient and rescued genome-scale CRISPR knock-out in both the absence and presence of
cytarabine (Figure 4). Such a screen would not only identify MTF2-specific synthetic lethal
interactions that are potentially efficacious both alone or in combination with cytarabine, it
would also identify cytarabine-specific synthetic lethal interactions tailored to both MTF2-
deficient and MTF2-basal, p53 mutant genetic backgrounds. Following synthetic lethal
screening, highly significant targets and pathways can be isolated through the use of MAGeCK
software while further validation could be performed in both matched MTF2-deficient and
rescued THP-1 cells as well as in MTF2-deficient patient derived bone-marrow aspirates.
Subsequently, in vitro validated targets will be validated under in vivo conditions using a patient
derived xenograft (PDX) preclinical animal model of AML using immunocompromised NOD

scid gamma (NSG) mice.
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Figure 4: Schematic for GeCKO in matched MTF2-deficient and rescued THP-1 cells.

Overarching Hypothesis

A GeCKO screen in matched MTF2-deficient and rescued THP-1 cells in both the absence and
presence of cytarabine will identify MTF2 and cytarabine-specific synthetic lethal interactions

that can be harnessed to target p53-mutant, chemoresistant AML cells.

Research Aims

1. Optimize and carry out a GeCKO screen in matched MTF2-deficient and rescued THP-1

cells both in the absence and presence of the standard induction chemotherapeutic

cytarabine.

2. Optimize a flow cytometric apoptosis assay to validate druggable targets identified from

GeCKO screening to identify new candidate therapeutics for in vivo testing.
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Chapter 2: Materials and Methods

2.1 Reagents

Blasticidin, puromycin and zeocin antibiotics were used to select transduced cells.
(Invivogen, ant-bl-05, ant-pr-1 and ant-zn-05 respectively). All PCR and RT-qPCR primers were
purchased from Integrated DNA Technologies. Annexin V — BUV395 flow cytometry stain was
purchased from BD Biosciences (569871). SYTOX Green and 7-AAD DNA dyes were both
purchased from ThermoFisher Scientific (S7020 and 00-6993-50 respectively). The a-Cas9
monoclonal antibody was purchased from ThermoFisher Scientific (7A9 3A3) while the o-
MTF?2 polyclonal antibody was purchased from Genway (GWB-FA7207). Alexafluor647 goat
a-rabbit IgG and Alexafluor488 goat a-mouse IgG secondary antibodies were also purchased
from ThermoFisher Scientific (A21244 and A11001 respectively). Both formalin and methanol
for fixing cells was purchased from Fisher Chemical (BP531-500 and A412-4 respectively).
Triton X-100 for cell permeabilization was purchased from Bioshop (TRX506). Bovine serum
albumin was purchased from Multicell (800-095-EG) while fetal bovine serum was purchased
from ThermoFisher Scientific (Gibco —10082147). Lentiviral packaging plasmids psPAX2 and
pMD2.G were purchased from Addgene (#12259 and #12260 respectively). MTF2 rescue and
matching empty vector control lentiviral vectors, pLenti-GIII-CMV-RFP-2A-Puro were
purchased from Abmgood (LV229463). pXPR 011 Cas9-reporter lentiviral vector was
purchased from Addgene (#59702). Human dual vector GeCKOV?2 library was purchased from
Addgene (#1000000049). PEI transfection reagent was purchased from Polysciences Inc.
(24765) while polybrene and lentiblast transduction reagents were purchased from Sigma

Aldrich (TR-1003-6) and OZBiosciences (9LB00500) respectively.
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2.2 Cell lines

The HEK293T cell line used for lentivirus production was purchased from ATCC (CRL-
11268) and cultured in DMEM (ThermoFisher Scientific — 11885-084) with 4.5 g/L. D-Glucose,
1.5 g/L L-Glutamine and 110 mg/L Sodium Pyruvate supplemented with 10% v/v Bovine
Growth Serum (Hyclone — SH30541.03). The KG-1 acute myelogenous leukemia cell-line was
purchased from ATCC (CCL-246) and cultured in IMDM (ThermoFisher Scientific — 12440-
053) with L-Glutamine and 25 mM HEPES Buffer supplemented with supplemented with 20%
v/v Bovine Growth Serum, and 1% v/v PenStrep (Gibco — 14140-122). The THP-1
myelomonocytic leukemia cell-line used for screening was kindly provided by Dr. Marceline
Cot¢ at the University of Ottawa and cultured in RPMI Media 1640 (ThermoFisher Scientific —
A10491-01) with 4.5 g/L D-Glucose, 2.383 g/L HEPES Buffer, L-Glutamine, 1.5 g/L Sodium
Bicarbonate and 110 mg/L Sodium Pyruvate supplemented with 10% v/v Bovine Growth Serum,
1% v/v PenStrep and 0.1% v/v 2-mercaptoethanol (Gibco — 21985-023). The HL-60 acute
promyelocytic leukemia cell-line was purchased from ATCC (CCL-240) and cultured in RPMI
Media 1640 with 4.5 g/L. D-Glucose, 2.383 g/L. HEPES Buffer, L-Glutamine, 1.5 g/L. Sodium
Bicarbonate and 110 mg/L Sodium Pyruvate supplemented with 10% v/v Bovine Growth Serum,
and 1% v/v PenStrep. Patient derived samples were cultured in IMDM with L-Glutamine and 25
mM HEPES Buffer supplemented with 15% v/v BIT9500 (Stem Cell Technologies —09500), 1%
v/v PenStrep, 0.1% v/v 2-mercaptoethanol, 100 ng/mL Recombinant Human SCF (PeproTech —
300-07), 50 ng/mL Recombinant Human FLT3-Ligand (PeproTech —300-19), 20 ng/mL
Recombinant Human IL-3 (PeproTech — 200-03) and 20 ng/mL Recombinant Human G-CSF
(PeproTech — 300-23). Human umbilical cord-blood cells were cultured in IMDM with L-

Glutamine and 25 mM HEPES Buffer supplemented with 20% v/v BIT9500, 1% v/v PenStrep,
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100 ng/mL Recombinant Human SCF, 50 ng/mL Recombinant Human FIt3-Ligand, 20 ng/mL
Recombinant Human TPO (PeproTech — 300-18) and 0.01% v/v LDL (Stem Cell Technologies —
02698). CD34 enrichment was achieved using the EasySep Human CD34 Positive Selection Kit
(17856) and “The Big Easy" EasySep Magnet (18001) from Stem Cell Technologies according

to manufacturer’s protocol.

2.3 Lentivirus production and transduction

2.5 million HEK293T cells were seeded in 15 mL of defined media in 150 mm tissue
culture dishes (Falcon — 353025). Cells were left to expand at 37°C for 72 hours or until 70%
confluent followed by media replacement 2 hours prior to transfection. For each dish, two
separate transfection mixtures were generated; the first contained 19.83 pg psPAX2, 10.79 ug
pMD2.G, equimolar transfer vector, 0.15 mL of 1.5 M NaCl and unsupplemented DMEM to 1.5
mL while the second contained 0.8 mL unsupplemented DMEM, 0.55 mL PEI and 0.15 mL 1.5
M NacCl. The second mixture was then added to the first mixture drop wise and left to incubate at
RT for 30 minutes followed by dropwise addition of the combined 3 mL to the pre-incubated
HEK293T cells. 18 hours following addition of the transfection mixture, transfection efficiency
was estimated by fluorescence microscopy using the Zeiss Axio Observer.Al and media was
replaced if transfection efficiency was satisfactory (>50%). 24 hours following transfection
assessment, dilute viral supernatant was stored at -80°C (Lentiguide-Puro) or concentrated by
ultracentrifugation at approxametely 112,000 x g for 90 minutes at 4°C (all other transfer
vectors). Upon lentiviral transduction, 1.0 million cells were seeded in 2 mL of defined media
and kept in 6 well tissue culture plate wells (Falcon — 353846) with 8 pg/mL polybrene.

Lentivirus was added in pre-titrated quantities and the mixture was centrifugated at 1000 x g for
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60 minutes at 37°C. Lentiviral transduced cells were then left to incubate for 18 hours followed
by media replacement. Cells were then subjected to either antibiotic selection or FACS 48 hours

later.

2.4 Antibiotic selection curves

To determine the threshold Blasticidin, Zeocin and Puromycin antibiotic concentrations
required for enrichment of successfully transduced THP-1 cells, THP-1 cells were incubated
with increasing concentrations of each compound for 96 hours. Every 24 hours, cells were
collected by centrifugation at 400 x g for 5 minutes at RT, washed with PBS with 2% FBS and
100 uM EDTA and 1puL of 7-AAD viability dye was added. Cells were then filtered through a
70 um filter into a polypropylene tube (Falcon —352063) and left to incubate at RT for 15
minutes in the dark prior to analysis using the BD LSR Fortessa flow cytometer. Antibiotic
concentrations that resulted in over 95% positive 7-AAD signal after 72 hours of incubation were

used for all subsequent enrichments following lentiviral transduction.

2.5 Cell sorting

Lentiviral transduced THP-1 cells were collected by centrifugation at 400 x g for 5
minutes at RT followed by resuspension in PBS with 2% FBS and 100 uM EDTA at a density of
less than 107 cells/mL. Cells were then filtered through a 70 pum filter into a polypropylene tube
before the addition of 5 puL. of 7-AAD viability dye or 1 pl of 30 uM SYTOX Green. Prepped
cells were left to incubate at RT for 15 minutes in the dark prior to cell sorting with the MoFlo

XDP Cell Sorter into defined media.
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2.6 Generation of Cas9 expressing THP-1 cells

THP-1 cells were transduced with ultracentrifuge concentrated LentiCas9-Blast lentivirus
as described above followed by blasticidin selection at 20 pg/mL for 2 weeks beginning 48 hours

after media replacement.

2.7 Cas9 reporter assay

Untransduced and LentiCas9-Blast transduced THP-1 cells were both transduced with
lentivirus delivering pXPR-011. 72 hours following transduction, all pXPR 011 transduced cells
were left to incubate for 72 hours in the presence of 2 ng/mL puromycin. Directly following
antibiotic selection as well as 6 days after antibiotic selection, cells were collected by
centrifugation at 400 x g for 5 minutes at RT followed by resuspension in PBS with 2% FBS and
100 uM EDTA, filtered through a 70 pum filter into a polypropylene tube and percent GFP

expression was quantified in all samples using the BD LSR Fortessa flow cytometer.

2.8 Generating matched MTF2-deficient and rescued THP-1 cells

MTF2 Rescue and corresponding Empty Vector control lentivectors (pLenti-GIII-CMV-
RFP-2A-Puro®) were modified to replace the SV40-RFP-2A-Puro® moiety with an EF 1a-GFP-
E2A-Zeo® for compatibility with the Human Dual-vector GecKOv2 library which requires
puromycin selection for enrichment of successfully transduced cells. Cas9 expressing THP-1
cells were transduced with ultracentrifuge concentrated pLenti-GIII-CMV-GFP-2A-Zeo (both
MTF2 Rescue and Empty Vector separately) lentivirus as previously described. Cells were left to
incubate for 48 hours after media replacement before FACS was used to isolate the GFP (+) and

7-AAD (-) compartment of cells. Sorted cells were then left to incubate for an additional 72
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hours and expanded to numbers suitable for screening in the presence of 300 pg/mL zeocin.
MTF?2 expression was measured at both the transcript and protein levels upon transduction with
the dual vector GeCKOV2 library. For all validation experiments using THP-1 cells, this same
protocol was followed except the original pLenti-GIII-CMV-RFP-2A-Puro matched lentivectors
were used while sorting isolated the RFP (+) SYTOX Green (-) compartment of cells. 2 pg/mL

puromycin was used to enrich for successfully transduced cells upon expansion.

2.9 MTF2 transcript quantification

RNA was extracted from 2.5 x 10* untransduced, Empty Vector transduced and MTF2
Rescue transduced cells using the PicoPure RNA Isolation Kit (ThermoFisher Scientific —
KIT0204) according to the manufacturer’s protocol. RNA was then converted to cDNA using
SuperScript II Reverse Transcriptase (ThermoFisher Scientific — 18064014) according to the
manufacturer’s protocol. For all RT-qPCR reactions, Lightcycler 480 SYBR Green I Master Mix

(Roche - 4887352001) was used along with between 2-10 ng of converted cDNA/well ina 10 pL
total volume and run in the Roche Lightcycler 480. A pre-incubation step at 95°C for 300
seconds was followed by 45 cycles of denaturation, annealing and elongation at 95°C for 10
seconds, 60°C for 10 seconds and 72°C for 10 seconds respectively. The reaction was completed
following continuous melting at 95°C. Relative MTF2 transcript levels were determined by
normalization to GAPDH transcript levels using the following formula where AC; is the

difference in C; values between treatments for a given primer.

Fold change = 2~ (ACt(MTF2)-ACt(GAPDH))
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2.10 Protein quantification by flow cytometry

In each case, 1 million THP-1 cells were washed in ice cold unsupplemented PBS and
fixed by resuspension in 500 pL of 10% formalin and incubation at RT for 15 minutes. Fixed
cells were again washed in ice cold unsupplemented PBS and permeabilized by resuspension in
ice cold 100% methanol to a final concentration of 90% methanol in unsupplemented PBS (450
puL methanol to 50 uL PBS). After 30 minutes incubation on ice, permeabilized cells were
washed in ice cold unsupplemented PBS, resuspended in 100 uL of PBS with 5% BSA and 2 pl
(1/50) primary antibody and left to incubate on ice for 1 hour. Cells were then washed in ice cold
PBS with 5% BSA, resuspended in 100 pL of PBS with 5% BSA and 0.1 pL 1/1000 secondary
antibody before being left to incubate on ice for 1 hour in the dark. Antibody labelled cells were
then washed with PBS with 5% BSA, resuspended in unsupplemented PBS and run on the BD
LSR Fortessa flow cytometer where the ratio of geometric mean fluorescent intensity between
samples was used to determine relative protein levels as normalized to an isotype or secondary

control.

2.11 Immunofluorescence Imaging of Cas9

1 million untransduced or LentiCas9-Blast transduced THP-1 cells were washed in ice
cold unsupplemented PBS and fixed by resuspension in 500 pL of 10% formalin and incubation
at RT for 15 minutes. Fixed cells were again washed in ice cold unsupplemented PBS and
permeabilized by resuspension in ice cold 100% methanol to a final concentration of 90%
methanol in unsupplemented PBS (450 uL methanol to 50 uLL PBS). After 30 minutes incubation
on ice, permeabilized cells were washed in ice cold unsupplemented PBS, resuspended in 100

pL of PBS with 5% BSA and 2 pL (1/50) of mouse a-Cas9 monoclonal antibody and left to
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incubate on ice for 1 hour. Cells were then washed in ice cold PBS with 5% BSA, resuspended in
100 puL of PBS with 5% BSA and 0.1 pL (1/1000) of Alexafluor488 goat a-mouse IgG
secondary antibody before being left to incubate on ice for 1 hour in the dark. Antibody labelled
cells were then washed with PBS with 5% BSA and resuspended in unsupplemented PBS before

1.0 x 10° cells were fixed to a glass slide and imaged using the Zeiss — Axio Obsrver.Al.

2.12 Genome-scale CRISPR knock-out

From each cohort — Empty Vector and MTF2 Rescue Cas9 expressing THP-1 cells — 2.05
x 10% cells were separately transduced with thawed LentiGuide-Puro supernatant pre-titrated to
30% transduction efficiency to achieve 500-fold coverage of the GeCKOv?2 library as described

in section 2.3.

123411 sgRNA  100%
500X cells/sgRNA X - X = 205 685 000 cells
library 30%

In each case, lentiviral transduced cells were left to incubate at 37°C for 18 hours followed by
media replacement and further incubation for an additional 48 hours. To enrich for successfully
transduced cells, incubation with 2 pg/mL puromycin was then carried out for 72 hours at 37°C.
Directly following puromycin selection, 6.0 x 107 (500X average coverage) cells from each
cohort were flash frozen and stored at -80 °C to serve as a baseline for library representation. All
remaining cells from each cohort were then split and left to incubate in two competing
maintenance conditions; 0.1% DMSO vehicle and 0.25uM Cytarabine for 14 days with media
replacement every 72 hours and 1.0 x 108 cells (>800X coverage) carried forward each time.
Upon the end point, 1.2 x 10® cells (2 x 500X coverage) from each of the 4 conditions were flash

frozen and stored at -80 °C.
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2.13 Library preparation and deep sequencing

For each of the 6 samples, 6.0 x 107 cells (500X coverage) were thawed and genomic
DNA (gDNA) was extracted. An initial PCR step was performed on each gDNA sample using
primers designed to amplify LentiGuide-Puro genomic integrations out of the gDNA. For this
reaction, a pre-incubation step at 98°C for 30 seconds was followed by 12 cycles of denaturation
and annealing/elongation at 98°C for 10 seconds and 65°C for 75 seconds respectively. The
reaction was completed following a final elongation at 65°C for 300 seconds. For each sample,
82 reactions were performed using 5 pg of gDNA in a 50 pL final volume to maintain 500X

library coverage.

123411 sgRNA o 6.6 ug gDNA1  5ug gDNA

500X cells/sgRNA x library 106 cells " reaction

= 81.45 reactions

After pooling the product from the first PCR step, 5 pL was carried forward to a second PCR
step that used a single forward primer and 6 unique reverse primers designed to attach 8 bp
demultiplexing barcodes to the initial amplicon as well as Illumina sequencing adapters for use
with the [llumina HiSeq 2500 platform. A pre-incubation step at 98°C for 30 seconds was
followed by 12 cycles of denaturation, annealing and elongation at 98°C for 1 seconds, 70°C for
5 seconds and 72°C for 35 seconds respectively. The reaction was completed following a final
elongation at 72°C for 60 seconds. This PCR step was performed in 13 replicates to maintain
library diversity while both PCR step 1 and PCR step 2 were performed using Phusion High-
Fidelity DNA Polymerase in GC Buffer (ThermoFisher Scientific — F530L). PCR step 2 products
were then pooled and run on 13 lanes of a 1% agarose gel in TAE buffer at a constant 125 V for

30 minutes at 2 amperes. The 375 bp expected products were isolated from the gel using the
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Purelink Quick Gel Extraction Kit (Invitrogen — K210012) and shipped for sequencing at

Donnelly Sequencing Centre at the University of Toronto.

2.14 MAGeCK

MAGeCK analysis software was downloaded from sourceforge.net and installed using the
following commands:

tar xvzf mageck-0.5.4.tar.gz

cd mageck-0.5.4

python setup.py install --prefix=8 HOME

Read counting was carried out using the following commands:

mageck count -1 library name -n escneg --sample-label sample label --fastq fastq _filenames
MAGeCK mle for all comparisons was carried out using the following command:

mageck mle -k escneg.count.txt -d designmatrix_filename -n EmptyVector vs MTF2OFE

MAGeCK-VISPR and MAGeCK-Flute software were used for all subsequent data visualizations

where a loess normalization was included.

2.15 Bone-marrow processing
Bone marrow aspirate samples from AML patients were acquired from a clinical

collaborator at the Ottawa Hospital according to protocols approved by The Ottawa Hospital
Research Ethics Board. Samples were diluted in an equal volume of unsupplemented PBS, added
to 15 mL conical centrifuge tubes containing 2 mL of ficoll-Paque Premium (GE Life Sciences —
17544202) and centrifuged at 400 x g for 20 minutes with rotor brakes deactivated. The leukemic
blast layer was then isolated, diluted in PBS with 2% FBS and 100 uM EDTA and re-centrifuged
at 400 x g for 10 minutes. The resulting cell pellet was resuspended in 1 mL of red blood cell

lysis buffer (9.98 mM Potassium bicarbonate, 160 mM Ammonium chloride, 0.4 mM EDTA)

28



and incubated under gentile agitation for 5 minutes at RT. Cells were then diluted in 2 mL of
PBS with 2% FBS and 100 uM EDTA, centrifuged at 400 x g for 10 minutes and resuspended in
PBS with 2% FBS and 100 uM EDTA. For long term culture, cells were resuspended in defined
media at 2.0 x 10 cells/mL. Patient derived leukemic blasts were expanded by tail-vein injection
of 1.0 x 10° cells into sublethally irradiated 8-12-week-old female NSG mice. Engrafted
leukemia cells were collected from the injected mice by flushing the bone marrow from each rear

femur and tibia upon loss of approximately 20% total body mass or signs of severely declining

health.

2.16 Human Umbilical Cord Blood Processing

Human umbilical cord blood samples were acquired from Canadian Blood Services.
Samples were diluted 4:1 in Hespan (Cardinal Health Canada — BBL6511), in 50 mL conical
centrifuge tubes and centrifuged at 50 x g for 10 minutes at RT with rotor brakes deactivated.
The upper mononuclear cells were then isolated, and again centrifuged at 400 x g for 10 minutes
at RT. The resulting cell pellet was resuspended in 40 mL of red blood cell lysis buffer and
incubated under gentile agitation for 5 minutes at RT. Cells were then centrifuged at 400 x g for
10 minutes at RT before moving onto counting and CD34 enrichment.
2.17 Apoptosis assay

Inhibitor treated THP-1 cells or PDX expanded patient derived samples were washed
with unsupplemented PBS, centrifuged at 400 x g for 10 minutes at RT, resuspended in 100 uL
Annexin V binding buffer and filtered through a 70 um filter into a polypropylene tube. 1 pL of
Annexin V - BUV395 and 1 pL of either SYTOX green dead cell stain (THP-1 cells) or 7-AAD

dead cell stain (PDX expanded patient derived samples) was added to cells before being left to
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incubate in the dark for 15 minutes at RT. Stained cells were then diluted with an additional 100

puL Annexin V binding buffer and analyzed using the BD LSR Fortessa flow cytometer.
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Chapter 3: Results

3.1 Preparation of matched cell-lines for GeCKO
3.1.1 Selection of model cell-line

To identify a functional cell line for matched GeCKO screening and to determine suitable
conditions for lentiviral transduction, three p53-mutant and chemorefractory AML cell-lines with
low MTF2 protein expression compared to healthy bone-marrow and CD34" umbilical cord
blood controls were transduced with dilute pXPR 011 lentiviral supernatant both in the presence
and absence of two small-molecule transduction enhancers: polybrene and lentiblast. Relative to
the mean of 2 bone-marrow samples from healthy individuals (1.00 + 0.33), CD34" UBC cells
express 1.25 + 0.21-fold more MTF2 protein while KG-1, THP-1 and HL-60 cell-lines express
0.42 +£0.01,0.43 £ 0.01 and 0.59 + 0.04-fold as much, respectively (Figure 54). Flow
cytometric analysis of percent GFP expression in the pXPR 011 transduced cells compared to
untransduced controls were used to determine transduction efficiency. Unlike the KG-1 and HL-
60 cell-lines, a significant percentage of THP-1 cells expressed GFP 72 hours following
lentiviral transduction from the dilute source of lentivirus with an efficiency of 9.5%, 63.4% and
56.6% in the virus alone, polybrene and lentiblast conditions respectively; for all other cell lines
in every condition, transduction efficiency was below 4% (Figure 5B). Since polybrene out-
performed lentiblast, THP-1 cells transduced with pXPR 011 both alone and with polybrene
were selected for further optimization and for use in GeCKO experiments.
3.1.2 Optimization of lentiviral transduction of THP-1 cells

To avoid dual transduction of targeted sgRNA sequences during GeCKO experiments, a

transduction efficiency of between 20% and 50% is recommended. To achieve a transduction
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efficiency within the recommended range, THP-1 cells were transduced with dilute pXPR 011
lentiviral supernatant that had either been ultracentrifuge concentrated 20-fold, 2-fold or diluted
5-fold both in the presence and absence of polybrene. For the virus alone condition, an average
transduction efficiency of 73.93% + 19.17%, 21.33% + 6.09% and 2.58% + 1.40% was observed
for the 20-fold concentrate, the 2-fold concentrate and the 5-fold dilution respectively.
Furthermore, over 95% viability (negative signal for 7-AAD DNA dye) was observed in all cases
excepted for when the 20-fold concentrated supernatant was used where an average viability of
52.57% £ 11.55% was observed (Figure 5C-D). For the replicates where polybrene was used to
enhance transduction efficiency, an average efficiency of 83.40% + 14.55%, 68.80% = 9.04%
and 29.57% =+ 28.11% was achieved for the 20-fold concentrate, the 2-fold concentrate and the 5-
fold dilution respectively while viability dropped below 95% in all cases except the untransduced
control at an average of 2.65% =+ 1.14%, 53.03% = 20.15% and 84.03% =+ 16.68% respectively.
One representative replicate of the flow cytometric data summarized in figure 5C is shown in
Figure SE.
3.1.3 Antibiotic selection curves

To determine optimal antibiotic concentrations for enrichment of clones successfully
transduced with the LentiCas9-Blast, LentiGuide-Puro, pXPR 011, pLenti-GIII-CMV-RFP-2A-
Puro and pLenti-GIII-CMV-GFP-2A-Zeo lentivectors, THP-1 cells were incubated in the
presence of increasing amounts of blasticidin, puromycin and zeocin. Following addition of
antibiotics to cells, cell death by percent of cells positive for 7-AAD DNA dye compared to
untreated and unstained controls was measured by flow cytometry at 0, 24, 48, 72 and 96 hours
while an antibiotic concentration that resulted in approximately 90% cell death by 72 hours was

chosen for all subsequent selections with corresponding lentivectors. After 72 hours,
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concentrations of 20 pg/mL blasticidin, 2 pg/mL puromycin and 300 pg/mL zeocin resulted in
88.9%, 94.7% and 96.0% positive signal for 7-AAD respectively and were used for all
subsequent long-term antibiotic selections (Figure 6).
3.1.4 Generation of stable Cas9 expressing THP-1 cells

THP-1 cells were transduced with 2-fold concentrated LentiCas9-Blast lentiviral
supernatant in the presence of polybrene followed by 2 weeks of blasticidin selection at 20
pg/mL beginning 48 hours after initial transduction. Both LentiCas9-Blast transduced and
untransduced THP-1 cells were stained with a mouse anti-Cas9 mAb and corresponding IgG
isotype control. Compared to isotype controls, 0.1% of untransduced cells produced a positive
signal for Cas9 while LentiCas9-Blast transduced cells were 36.3% positive 48 hours following
transduction and 77.0% positive following 2 weeks of blasticidin selection as measured by flow
cytometry (Figure 74). Relative to untransduced controls, the average ratio of geometric mean
fluorescent intensity (MFT) of cells stained with the antiCas9 mAB compared to cells stained
with the IgG isotype was 1.41 £ 0.082 directly following lentiviral transduction and 5.58 £+ 0.24
following 2 weeks of blasticidin selection (Figure 7B). Since the observed signal for Cas9
protein expression from both flow cytometric as well as immunofluorescence imaging analysis
(shown in Figure 7C) was dim, Cas9 activity was tested by transduction of both untransduced
and blasticidin selected LentiCas9-Blast transduced cells with lentivirus delivering pXPR 011
which delivers both GFP as well as a sgRNA sequence targeting GFP. 6 days following
puromycin selection at 2 pg/mL for 72 hours, over 95% of blasticidin selected LentiCas9-Blast
transduced cells had lost GFP expression while untransduced controls remained over 99%

positive for GFP demonstrating that although Cas9 expression levels were low, Cas9 activity was

33



sufficient for achieving the efficient genetic knock-out required for GeCKO experiments (Figure
7D).
3.1.5 Generation of matched MTF2-deficient and rescued Cas9 expressing THP-1 cells

Cas9 expressing THP-1 cells were expanded in the presence of 20 pg/mL blasticidin and
transduced with the pLenti-GIII-CMV-GFP-2A-Zeo lentivector rescuing MTF2 or corresponding
empty vector control, followed by FACS and expansion in the presence of 300 pg/mL zeocin
(Figure 84). By qRT-PCR, untransduced cells expressed 0.98 times as much MTF2 transcript as
empty vector transduced cells while MTF2-rescued cells expressed 2.18-fold more when
normalized to GAPDH expression. (Figure 8B). MTF2 protein levels were measured by flow
cytometric analysis that detected increased MTF2 intracellular staining in MTF2-rescued cells
compared to both untransduced and empty vector transduced cells (Figure 8C). The geometric
MFI of untransduced and MTF2-rescue transduced cells relative to empty vector transduced cells
was 0.948 and 1.865 respectively (Figure 8D). As expected, both empty vector and MTF2-
rescue transduced cells initially expanded slowly when compared to untransduced controls.
Consistent with the tumour suppressive role of MTF2, empty vector transduced cells eventually
achieved an average growth rate of 2.25-fold expansion per day similar to that of untransduced
cells (2.23-fold) whereas MTF2-rescue transduced cells only achieved an average growth rate of
1.52-fold expansion per day (Figure 8E). Following prolonged expansion of dual transduced
THP-1 cells in the presence of both blasticidin and zeocin, Cas9 protein expression was
remeasured by flow cytometry. In both empty vector and MTF2-rescued cohorts, over 95% of

cells were positive for Cas9 protein expression compared to IgG isotype controls (Figure 8F).
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Figure 5: Selection of model cell-line and optimization of lentiviral transduction. 4) Relative
total geometric MFI of MTF2 protein expression relative to healthy bone-marrow aspirates
normalized to secondary controls. Error bars represent standard deviation about the mean of n=2
replicates. B) Percent GFP expression in AML model cell-lines following transduction with
dilute pXPR 011 lentiviral supernatant incubated in either the presence or absence of the
transduction enhancers polybrene (8 pg/mL) or lentiblast (1%). Gates are set to untransduced
controls at 0.1% GFP positive. C) Percent GFP expression in THP-1 cells following transduction
with either concentrated or diluted pXPR 011 lentiviral supernatant in either the presence or
absence of polybrene (8 pg/mL). Gates are set to untransduced controls at 0.1% GFP positive.
Error bars represent standard deviation about the mean of n=3 replicates. D) Cell viability as
percent positive for 7-AAD DNA dye following transduction with either concentrated or diluted
pXPR 011 lentiviral supernatant in either the presence or absence of polybrene (8 pg/mL). Gates
are set to untransduced and unstained controls at 0.1% 7-AAD positive. Error bars represent
standard deviation about the mean of n=3 replicates. E) One representative replicate of the flow
cytometric data summarized in Figure 5C is shown. Cells transduced without polybrene are on
top with cells transduced with 8 pg/mL polybrene below. Untransduced controls are in pink
while test transductions are in blue. All data was collected on the BD LSR Fortessa flow
cytometer and analyzed using FlowJo software.
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Figure 6: Titration of selection antibiotics in THP-1 cells. 4) Blasticidin titration in THP-1 cells.
B) Puromycin titration in THP-1 cells. C) Zeocin titration in THP-1 cells. All gates are set to
untreated and unstained controls at 0.1% 7-AAD positive using DMSO as a vehicle control. Data
was collected on the BD LSR Fortessa flow cytometer and analyzed using FlowJo software.
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Figure 7: Generation and validation of Cas9 expressing THP-1 cells. 4) Reactivity to an anti-
Cas9 mouse monoclonal antibody (blue) and mouse IgG isotype (pink) in untransduced THP-1
cells, LentiCas9-Blast transduced THP-1 cells, and LentiCas9-Blast transduced THP-1 cells
following 2 weeks of blasticidin selection at 20 ng/mL. Gates are set to isotype controls at 0.1%
positive for Alexafluor647 secondary antibody. B) MFI fold change for reactivity to an anti-Cas9
mouse monoclonal antibody relative to untransduced THP-1 cells in each case normalized to the
mouse IgG isotype. Error bars represent standard deviation about the mean of n=2 replicates. C)
Immunofluorescence imaging of untransduced and LentiCas9-Blast transduced THP-1 cells
stained with an anti-Cas9 mouse monoclonal primary antibody and alexafluor488 secondary
antibody. Images were taken using the Zeiss Axio Observer.Al. D) GFP expression in
untransduced and blasticidin selected LentiCas9-Blast transduced THP-1 cells following
transduction with pXPR 011 (untransduced: pink, pXPR 011 transduced: blue), puromycin
selection for 72 hours at 2 pg/mL and incubation for 6 days. All flow cytometric data was
collected on the BD LSR Fortessa flow cytometer and analyzed using FlowJo software.
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Figure 8: Generation of matched MTF2-deficient and rescued Cas9 expressing THP-1 cells. 4)
FACS plots for THP-1 cells following transduction with pLenti-GIII-CMV-GFP-2A-Zeo and
corresponding empty vector lentivirus. 7-AAD DNA dye was added to isolate exclusively viable
cells. B) Relative quantification of MTF2 transcript in either untransduced or sorted THP-1 cells
following transduction with pLenti-GIII-CMV-GFP-2A-Zeo or corresponding empty vector
lentivirus. Transcript quantities are normalized to GAPDH expression and presented as fold
changes relative to empty vector transduced THP-1 cells. C) Reactivity to an anti-MTF2 rabbit
polyclonal antibody in either untransduced or sorted THP-1 cells following transduction with
pLenti-GIII-CMV-GFP-2A-Zeo and corresponding empty vector lentivirus. D) Relative total
geometric MFI of MTF2 protein expression in either untransduced or sorted THP-1 cells
following transduction with pLenti-GIII-CMV-GFP-2A-Zeo or corresponding empty vector
lentivirus. Protein expression is normalized to a secondary control and presented as fold changes
relative to empty vector transduced THP-1 cells. E) Comparative growth curve for both
untransduced THP-1 cells and THP-1 cells following transduction with pLenti-GIII-CMV-GFP-
2A-Zeo and corresponding empty vector lentivirus. Cells were originally seeded at 3.0 x 10*
cells in 100 pL defined media. F) Reactivity to an anti-Cas9 mouse monoclonal antibody (blue)
and mouse IgG isotype (pink) in THP-1 cells following transduction with pLenti-GIII-CMV-
GFP-2A-Zeo and corresponding empty vector lentivirus. Gates are set to isotype controls at
0.1% Alexafluor647 positive. All flow cytometric data was collected on the BD LSR Fortessa
flow cytometer and analyzed using FlowJo software.
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3.2 Genome-scale CRISPR knock-out
3.2.1 Pilot GeCKO quality control

To test out the GeCKO platform, 2.05 x 108 stable Cas9 expressing THP-1 cells were
transduced with sufficient pooled GeCKOv?2 library to achieve 30% transduction efficiency.
Following 72 hours of puromycin selection at 2 pg/mL, the resulting LentiGuide-Puro genomic
integrations from 6.0 x 107 cells (487X) were PCR amplified and sequenced to establish the
baseline representation of sgRNA sequences. Amplification and sequencing of remaining
LentiGuide-Puro genomic integrations was repeated after 14 days of incubation in maintenance
conditions to identify both depleted and enriched sgRNA sequences compared to the baseline
(Figure 94). From MAGeCK-RRA analysis of sequencing data, the median representation for
each sgRNA sequence in the library was approxametely 500 for both the baseline and endpoint.
The inter-quartile range (IQR), which is a robust measurement of the dispersion of the middle
50% of the read counts, increased at the endpoint compared to the baseline which is also evident
from the change in total read count distribution (Figure 9B-C). MAGeCK-RRA software was
then used to generate RRA scores based on a weighted rank of the depletion data for all
redundant sgRNA sequences targeting a given gene for the entire GeCKOV2 library to identify
the most highly depleted and enriched sets of sgRNA sequences (Figure 9D). PFN1, a member
of the profilin family of small actin binding proteins, was among the top ten genes with the most
depleted sets of sgRNA sequences with each individual sgRNA sequence decreasing at least 2-
fold at the endpoint compared to the baseline (Figure 9E). The set of guide sequences targeting
the mTORCI1 regulator, TSC2 were among the most enriched sets with 5 out of 6 sgRNA

sequences being highly enriched between baseline and endpoint.

43



3.2.2 Matched MTF2-deficient and rescued GeCKO quality control

The GeCKO platform was repeated in matched MTF2-deficient and rescued Cas9
expressing THP-1 cells in both the absence and presence of 0.25 uM cytarabine. Following deep
sequencing of PCR amplified LentiGuide-Puro genomic integrations, library coverage for the
baseline, endpoint and endpoint with cytarabine (AraC) for both the empty vector and MTF2
rescue cohorts was 81.7, 70.6, 62.2, 50.4, 74.0 and 68.7 million reads respectively while the
mean quality score was approxametely 34.4 for every timepoint and condition (Figure 10A-B).
MAGeCK-VISPR analysis determined the normalized median sgRNA representation to be
approxametely 408 (10%°") for all samples while IQR increased for both endpoints compared to
baselines whether or not cytarabine was added to maintenance conditions (Figure 10C).
Furthermore, total missed sgRNA sequences as well as Gini coefficients which are a measure of
divergent read count distribution increased for all endpoints compared to baseline samples.
(Figure 10D-E).
3.2.3 MTF2-specific synthetic lethal interactions

MAGeCK-Flute software was used to generate and plot normalized beta scores for every
gene targeted by the GeCKOv2 library for both empty vector and MTF2-rescue THP-1 cells
under both maintenance conditions. Group 1 genes represent potential MTF2-specific synthetic
lethal interactions since beta scores of less than -0.1 are observed for the empty vector cohort
while beta scores of between -0.1 and 0.1 are observed for the MTF2-rescue cohort suggesting
that cells transduced with sgRNA sequences targeting those genes were depleted in empty vector
transduced cells while being relatively unchanged upon MTF2 rescue. When maintenance
conditions contained a DMSO vehicle control, 1358 genes had a synthetic lethal interaction with

MTF?2 belonging mainly to the KEGG pathways; Spliceosome, Ribosome, transcriptional
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misregulation in cancer and RNA transport while the trial that included 0.25 pM cytarabine in
maintenance conditions resulted in 1484 MTF2-specific synthetic lethal interactions mainly
belonging to similar pathways such as Spliceosome, RNA transport, Ribosome, Proteosome,
Ribosome biogenesis in eukaryotes and thermogenesis (Figure 114-B). To identify the most
significant MTF2-specific synthetic lethal interactions, a strict FDR cut-off of 0.05 was applied,
narrowing down the list of potential validation targets to 100 when a DMSO vehicle control was
added to maintenance conditions and 168 when 0.25 uM cytarabine was added to maintenance
conditions. To further isolate targets that had reduced toxicity to tissues outside of the
hematopoietic system, all 1580 pan-essential fitness genes identified by the Hart ef al. 2015 daisy
model were removed to produce final lists of 48 and 74 respectively, 18 of which were
conserved among both maintenance conditions, while a small subset of 4 were previously
identified by RNAseq to be upregulated upon MTF2 knock-down by shRNA in lineage depleted
UBCs (Figure 11C).%* To isolate MTF2-specific synthetic lethal interactions that could be
targeted by commercially available small molecule inhibitors, a less-stringent FDR cut-off of 0.2
was applied isolating 7 targets, 2 of which are conserved among the two maintenance conditions
and 4 that have been previously identified by RNAseq to be upregulated upon MTF2 knock-
down by shRNA in lineage depleted UBCs. (Figure 11D).%
3.2.4 Cytarabine-specific synthetic lethal interactions

It is also possible to use MAGeCK-Flute to compare beta scores between cells that were
either treated with 0.25 uM cytarabine or the DMSO vehicle control to identify cytarabine-
specific synthetic lethal interactions for both the empty vector and MTF2-rescue THP-1 cells
(Figure 12A4). For empty vector transduced THP-1 cells, 773 genes were represented by sets of

sgRNA sequences that were depleted only when cytarabine was included in maintenance
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conditions while 1251 genes were identified as synthetic lethal with cytarabine when MTF2 was
rescued. An FDR cut-off of 0.2 was applied to identify the most significant targets isolating 10
hits for empty vector transduced cells and 6 upon MTF2 rescue; only SAMHD1 was conserved
among the two while only STYX had been previously identified by RNAseq to have been

upregulated upon MTF2 knock-down by shRNA in lineage depleted UBCs (Figure 12B).%
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Figure 9: Pilot GeCKO quality control. 4) Schematic for pilot GeCKO in Cas9 expressing THP-
1 cells. B) MAGeCK-RRA generated box plot for log> read counts for both baseline and
endpoint sgRNA sequences. Horizontal bars represent 1.5 IQR. C) MAGeCK-RRA generated
distribution of log> read counts across sgRNA frequency for both baseline and endpoint sgRNA
sequences. D) MAGeCK-RRA generated distribution of normalized RRA scores and list of top
ten most depleted (left) and enriched (right) sets of sgRNA sequences. E) MAGeCK-RRA
generated normalized read count for representative top 10 depleted (PFN1) and enriched (TSC2)
sets of sgRNA sequences.
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Figure 10: Matched MTF2-deficient and rescued GeCKO quality control. A) Total read count
and GeCKOV?2 library coverage for PCR amplified LentiGuide-Puro genomic integrations
following deep sequencing for each timepoint (baseline, endpoint and cytarabine endpoint) and
condition (empty vector and MTF2 rescue). B) Mean quality score for PCR amplified
LentiGuide-Puro genomic integrations following deep sequencing for each timepoint and
condition. C) MAGeCK-VISPR generated box plot for logio read counts for each timepoint and
condition. Horizontal bars represent 1.5 IQR. D) MAGeCK-VISPR generated logio missed
sgRNA sequences from sequencing data for each timepoint and condition. £) MAGECK-VISPR
generated gini index from sequencing data for each timepoint and condition.
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Figure 11: MTF2-specific synthetic lethal interactions. A) 4-square scatter plots of beta-scores
in MTF2-deficient (x-axis) and rescued (y-axis) THP-1 cells treated with either DMSO (top) or
0.25 uM cytarabine (bottom). MAGeCK-Flute software was used to generate analysis using a 4-
square boundary cut-off of beta scores between -0.1 and 0.1. B) KEGG pathway analysis of
group 1 hits in THP-1 cells under both the absence (left) and presence (right) of 0.25 uM
cytarabine. A Fisher Exact p-value is applied to test for significance. C) Venn diagram of 4-
square scatter plot group 1 hits that fall below an FDR cut-off of 0.05 and are not included in the
Hart et al. 2015 daisy model of core fitness genes. Only genes conserved despite addition of 0.25
UM cytarabine to maintenance conditions are listed. D) Venn diagram of 4-square scatter plot
group 1 hits that fall below an FDR cut-off of 0.2 that can be targeted by commercially available
small molecule inhibitors. Genes in yellow have been previously validated by RNAseq analysis
in lineage depleted UBCs to be upregulated upon MTF2 knock-down.
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Figure 12: Cytarabine-specific synthetic lethal interactions. 4) 4-square scatter plots of beta-
scores in DMSO treated (x-axis) and 0.25 pM cytarabine treated (y-axis) THP-1 cells transduced
with either the empty vector control (top) or the MTF2-rescue (bottom) lentivirus. MAGeCK-
Flute software was used to generate analysis using a 4-square boundary cut-off of beta scores
between -0.1 and 0.1. B) Venn diagram of 4-square scatter plot group 4 hits that fall below an
FDR cut-off of 0.02. Genes in yellow have been previously validated by RNAseq analysis in
lineage depleted UBCs to be upregulated upon MTF2 knock-down.
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3.3 Validation of druggable targets

To validate the MTF2-specific synthetic lethal interactions identified from GeCKO
screening that have commercially available small molecule inhibitors, matched MTF2-deficient
and rescued THP-1 cells were generated by lentiviral transduction with the pLenti-GIII-CMV-
RFP-2A-Puro and corresponding empty vector followed by FACS purification and expansion in
the presence of 2 pg/mL puromycin (Figure 13A4). Following expansion, RT-qPCR was used to
validate an approximate 2-fold average increase in MTF2 mRNA expression in the MTF2-rescue
cells compared to the untransduced and empty vector transduced cells (1.86x and 2.05x,
respectively), normalized to GAPDH expression (Figure 13B). The resulting matched MTF2-
deficient and rescued THP-1 cells were then incubated for 48 hours in the presence of either 2
UM cytarabine or a DMSO vehicle control followed by flow cytometric analysis of Annexin
V/SYTOX Green penetration. When DMSO was included in maintenance conditions, the
average cell viability (negative signal for both dyes) was 95.8% + 1.93% for the empty vector
transduced cohort and 96.6% £ 1.95% for the MTF2-rescue cohort suggesting little to no toxicity
associated with the culturing method or vehicle control used. Upon addition of 2 uM cytarabine
to maintenance conditions, viability in the empty vector cohort dropped to an average of 91.6% =+
7.1% while viability in the MTF2-rescue cohort dropped to an average of 39.5% =+ 29.7%
(p=0.0010***_0.0021**) (Figure 13C). One representative replicate of the flow cytometric data
from figure 13C is shown in Figure 13D. Identical assays were repeated in matched THP-1 cells
along with the addition of small molecule inhibitors targeting genes listed in figure 11D at
concentrations pre-titrated to induce 90% cell death in untransduced THP-1 cells (Figure 14).
Only in the case of dual POLA1/RRM1 inhibition in the absence of 2 uM cytarabine was a

selective advantage observed for MTF2-rescue THP-1 cells. For clofarabine, which was included
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at 1 pg/mL, the average viability following 48 hours of incubation in the absence of 2 uM
cytarabine, was 9.5% + 6.7% for the empty vector transduced cohort and 56.5% + 25.2% for the
MTEF2-rescue cohort (p=0.0148%). For fludarabine, which was included at 3 pg/mL, the average
viability following 48 hours of incubation in the absence of 2 pM cytarabine, was 9.9% * 12.2%
for the empty vector transduced cohort and 58.4% =+ 13.5% for the MTF2-rescue cohort

(p=0.0321%).
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Figure 13: Generation of matched MTF2-deficient and rescued THP-1 cells for target validation.
A) FACS plots for THP-1 cells following transduction with pLenti-GIII-CMV-RFP-2A-Puro and
corresponding empty vector lentivirus. SYTOX Green DNA dye was added to isolate
exclusively viable cells. B) Relative quantification of MTF2 transcript in either untransduced or
sorted THP-1 cells following transduction with pLenti-GIII-CMV-RFP-2A-Puro or
corresponding empty vector lentivirus. Transcript quantities are normalized to GAPDH
expression and presented as fold changes relative to empty vector transduced THP-1 cells. Error
bars represent standard deviation about the mean of n=3 replicates. C) Cell viability by percent
Annexin V(-)/SYTOX Green(-) following treatment of sorted empty vector or MTF2-rescue
transduced THP-1 cells with either DMSO or 2 pM cytarabine. Gates are set to untreated and
unstained empty vector transduced controls. Data was collected on the BD LSR Fortessa flow
cytometer and analyzed using FlowJo software. Error bars represent standard deviation about the
mean of n=3 replicates while a two-way ANOVA with multiple comparisons was used to test the
significance of results. D) One representative replicate of the flow cytometric data summarized
in Figure 13C is shown.
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Figure 14: Validation of druggable targets. Cell viability by percent Annexin V(-)/SYTOX
Green(-) following treatment of sorted empty vector or MTF2-rescue transduced THP-1 cells
with small molecule inhibitors corresponding to targets specified in Figure 11D in either the
absence or presence 2 uM cytarabine (AraC). Concentrations for clofarabine, fludarabine,
nelarabine, pemetrexed, raltitrexed, gemcitabine, abemaciclib and palbociclib are 1pug/mL, 3
pg/mL, 500 pg/mL, 15 pg/mL, 15 pg/mL, 1 pg/mL, 100 pg/mL and 100 pg/mL respectively.
Gates are set to untreated and unstained empty vector transduced controls. Cells were incubated
with the inhibitors for 48 hours before data was collected on the BD LSR Fortessa flow
cytometer and analyzed using FlowJo software. Error bars represent standard deviation about the
mean of n=3 replicates while a two-way ANOVA with multiple comparisons was used to test the
significance of results.
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Chapter 4: Discussion

4.1 Preparation of matched cell-lines for GeCKO
4.1.1 Selection of model cell-line

The goal of this project was to perform a CRISPR/Cas9 synthetic lethal screen in
matched MTF2-deficient and rescued, pS3-mutant AML cells. A model cell line should therefore
be representative of this patient cohort; p53-mutant and MTF2-deficient. In Maganti ef al. 2018,
the cut-off for MTF2 mRNA expression that correlates with p53-mediated chemoresistance in
AML patient-derived bone-marrow aspirates was a Logs fold change of -1 or less when
normalized to the average MTF2 mRNA expression in bone-marrow samples from seven healthy
individuals.5? Similarly, values between -1 and +1 where termed MTF2-basal. In contrast, this
study quantified relative MTF2 protein expression normalized to the average of 2 bone marrow
aspirates from health individuals (Figure 54). CD34" UBCs which rely on MTF2 expression to
achieve balanced self-renewal and differentiation expressed 1.25 + 0.21-fold more MTF2 protein
while all three p53-mutant AML cell-lines expressed decreased amounts. Since HL-60 cells
expressed 0.59 + 0.04-fold as much MTF2 protein as bone marrow aspirates from healthy
individuals, they are considered MTF2-basal. This along with their status as an M3 acute
promyelocytic leukemia cell line renders them the least representative among the three.!' THP-1
M4 acute myelomonocytic leukemia cell line would be considered MTF2-deficient (0.43 £ 0.01);
however, since it was originally derived from a 1-year-old male, it is representative of both rare
and highly aggressive pediatric AML which may not be representative of the majority of AML
patients who are adults. Finally, KG-1 M2 acute myelogenous leukemia cell line which is also

MTF2-deficient (0.42 +/- 0.01), derives from a 59-year-old male suggesting that it is the most
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representative among the three.!!” However, as discussed in more detail below, THP-1 cells are
also highly durable and conducive to serial lentiviral transduction and are therefore better suited
for assays that include multiple rounds of lentiviral transduction and antibiotic selection.
4.1.2 Optimization of lentiviral transduction of THP-1 cells

Robustness is exceptionally important since the selected cell line will be subject to 3
stages of lentiviral transduction and antibiotic selection to initially establish stable Cas9
expressing clones (LentiCas9-Blast and blasticidin selection), to then generate matched MTF2-
deficient and rescued Cas9 expressing clones (MTF2-rescue/empty vector and zeocin selection)
and to finally achieve transduction with the GeCKOv2 library (LentiGuide-Puro and puromycin
selection). To identify which cell line among the three was most conducive to lentiviral
transduction and therefore most functional, cells were transduced with dilute pXPR 011
lentiviral supernatant in both the presence and absence of the transduction enhancers; polybrene
and lentiblast. THP-1 cells were the most conducive to lentiviral transduction regardless of the
presence of a transduction enhancer which could be the effect of high LDL receptor expression
on the surface of THP-1 cells which is used by the VSV-g envelope to achieve efficient
transduction (Figure 5B). This finding prompted further lentiviral titration to determine specific
transduction conditions sufficient for achieving between 20%-50% transduction efficiency to
avoid dual transduction of sgRNA sequences upon screening while also maintaining high cell
viability. Dilute pXPR 011 lentiviral supernatant was concentrated 2-fold, 20-fold and diluted 5-
fold by ultracentrifugation before transducing THP-1 cells in both the presence and absence of
polybrene. In the case of the 2-fold concentrated supernatant without polybrene, an average
transduction efficiency of 21.33% £ 6.09% with over 95% viability was observed (Figure 5C-

D). Although this strategy is appropriate for GeCKO experiments, further titration is required
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before using the high titre LentiGuide-Puro as transduction dynamics will likely change. Upon
addition of polybrene, an average transduction efficiency of 68.80% =+ 9.04% was observed
while cell viability was only 53.03% =+ 20.15%. Although this strategy results in greater cell
death, it remains an appropriate strategy for generation of stable cell lines since a higher
transgene delivery rate will better facilitate successful antibiotic selection.

Although THP-1 cells are not as seemingly representative of cytogenetically normal
AML patient blasts as KG-1 cells are, they not only harbour biallelic p53 loss of function
mutations, they are both MTF2-deficient and highly conducive to serial lentiviral transduction
and antibiotic selection. Moreover, their suitability for GeCKO is further solidified after
considering their previous use in Genome-scale RNA1 knock-down experiments where synthetic
lethal interactions corresponding to gain of function mutations in IDH1/2 were identified and
validated.!'®
4.1.3 Generation of stable Cas9 expressing THP-1 cells

To produce stable Cas9 expressing THP-1 cells, lentiviral transduction with 2-fold
concentrated LentiCas9-Blast supernatant in the presence of polybrene was followed by 2 weeks
of blasticidin selection at 20 ug/mL. Prior to antibiotic selection, 36.3% of transduced cells were
reactive to an anti-Cas9 mAB while this value increased to 77.0% afterwards (Figure 7A4). Even
though the ratio of geometric MFI of the anti-Cas9 mAB compared to the isotype control was
over 5 times greater in the blasticidin selected cells compared to the untransduced cells, low
population separation from flow cytometric analysis along with dimness upon immuno-
fluorescence imaging made it unclear whether a subpopulation (~23.0%) of cells was expressing
low levels of Cas9, or whether they were negative for Cas9 yet still resistant to blasticidin

(Figure 7B-C). To address this, LentiCas9-Blast transduced THP-1 cells that had undergone
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blasticidin selection along with untransduced controls were again transduced with the pXPR 011
previously used for optimization of lentiviral transduction. While GFP expression was attenuated
early for the former cohort reaching below 5% by day 6, the latter cohort remained over 99%
GFP positive. This suggested that although Cas9 protein expression may have been low,
endonuclease activity was high in at least 95% of the population (Figure 7D). The Cas9 reporter
assay not only validated Cas9 activity, it was also informative of the time required for
CRISPR/Cas9 mediated knock-out in THP-1 cells. Since almost complete attenuation was
observed following just 6 days of incubation, a GeCKO platform that includes a 14-day
incubation period is therefore sufficient. However, in contrast to a Cas9 reporter assay in which a
single genomic integration is targeted, individual sgRNAs from the GeCKOv?2 library will need
to achieve monoploid, diploid and at times even triploid knock-out in THP-1 cells. Fortunately,
it has been shown that the CRISPR/Cas9 gene editing system can achieve efficient knock-out for
loci that appear up to 8 times across a genome but unfortunately heterozygosity has also been
reported to dramatically reduce efficiency.!!'® 120
4.1.4 Generation of matched MTF2-deficient and rescued Cas9 expressing THP-1 cells
Following the generation of stable Cas9 expressing THP-1 cells, matched MTF2-
deficient and rescued cohorts were generated by lentiviral transduction with the pLenti-GIII-
CMV-GFP-2A-Zeo and corresponding empty vector followed by FACS and zeocin selection at
300 pg/mL (Figure 8A4). Following lentiviral transduction and zeocin selection, cells must be
expanded to over 2 x 10® cells for GeCKO experiments which takes approximately 1-2 weeks.
Although MTF2-rescued transduced cells expressed 2.18-fold more MTF2 mRNA than empty
vector transduced cells, at the protein level, only a 1.865-fold rescue was observed categorizing

them as MTF2-basal, however; they likely remain below the average of bone-marrow mono-
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nuclear cells isolated from healthy individuals (Figure 8B-D). In Maganti et al. 2018, MTF2
knockdown in lineage depleted UBCs resulted in increased proliferation.5? Similarly, MTF2
rescue in THP-1 cells resulted in decrease proliferation further validating the tumour suppressive
role of MTF2 in the hematopoietic system (Figure 8E). Achieving a sustained MTF2-rescue of
at least 2-fold compared to empty vector transduced cells was extremely challenging and likely
the result of CMV promoter silencing.!?!: 122 Alternatively, the competition among the polyclonal
population following transduction with the MTF2-rescue lentiviral vector could have led to cells
with a smaller increase in MTF2 expression out-proliferating cells with a more profound change.
Finally, both MTF2-deficient and rescued cohorts were over 95% positive for Cas9 endonuclease
compared to untransduced controls which was likely the result of prolonged exposure to
blasticidin where transcription of both Cas9 and Blast® mRNA was under the control of an EFS
bicistronic promotor (Figure 8F).
4.2 Genome-scale CRISPR Knock-out
4.2.1 Pilot GeCKO quality control

To test the GeCKO screening platform prior to generating matched MTF2-deficient and
rescued stable Cas9 expressing THP-1 cells, 205 million untransduced stable Cas9 expressing
THP-1 cells were infected with sufficient GeCKOv2 lentiviral sgRNA library to achieve 30%
transduction efficiency. Following puromycin selection for enrichment of successfully
transduced cells, 60 million cells (487X) were lysed and LentiGuide-Puro genomic integrations
were PCR amplified and sequenced to establish baseline representation. To identify depleted or
enriched sgRNA sequences, this was repeated in remaining cells following 14 days of culture
allowing Cas9 and sgRNAs to achieve full knock-out (Figure 94). MAGeCK-RRA analysis

determined the median sgRNA representation to be approximately 500 for both the baseline and
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endpoint which is reflection of both the GeCKOv2 library coverage used (487X) as well as the
sequencing depth achieved on the Illumina HiSeq 2500 platform (minimum: 60 million read
counts). The increase in IQR in the endpoint compared to the baseline as well as the widening of
the read count distribution is indicative of both depletion and enrichment of subsets of sgRNA
sequences in the library from the baseline through to the endpoint (Figure 9B-C). Interestingly,
representation of the most depleted sets of redundant sgRNA sequences always dramatically
decreased from the baseline through to the endpoint whereas the most enriched sets tended to be
highly variable which is likely the result of variable targeting efficiencies. (Figure 9D-E).

Using an FDR cut-off of 0.05, 628 genes were identified as having highly depleted
redundant sets of sgRNA sequences while only 358 genes had highly enriched sets. The
increased number of negatively selected sets is consistent with what was observed by Li ef al.
2014 and is likely the result of a few positively selected sgRNAs dominating the total sequencing
reads.'"” Tzelepis et al. 2016 performed Genome-scale CRISPR knock-out in 5 AML cell-lines
and 2 non-AML cell lines to identify 5 pan-essential AML genes; IREB2, CEBPA, MYB, FPGS
and CDS2 while further studying a selected gene, KAT2A. In THP-1 cells, 4 out of the 5 pan-
essential AML genes were depleted in THP-1 cells with sgRNA sequences targeting CDS2 and
KAT6A being neither depleted nor enriched.!® Using the same list of 628 genes, among the Hart
et al. 2015 daisy model derived list of 1580 core fitness genes, only 435 genes were conserved
while the Cell Reports publication identified 1145 independent targets leaving 193 targets
independent to THP-1 cells.!°! While the data generated from pilot GeCKO in THP-1 cells is
highly consistent with the former study, it is highly inconsistent with the latter which was carried
out in exclusively non-AML or hematopoietic cancer cell-lines. Finally, all top 10 most depleted

genes from the pilot GeCKO in THP-1 cells were also depleted in the RNAi knock-down subset
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identified in Chan et al. 2015.!!8 Altogether, this data not only validates the GeCKO platform in
THP-1 cells, it also suggests that there are differences in core-fitness and essential gene sets
among cancer cell-lines deriving from diverse tissue types.
4.2.2 Matched MTF2-deficient and rescued GeCKO quality control

Following validation of the GeCKO platform in stable Cas9 expressing THP-1 cells,
matched MTF2-deficient and rescued cohorts were generated by lentiviral transduction with the
pLenti-GIII-CMV-GFP-2A-Zeo and corresponding empty vector. MTF2-matched GeCKO
experiments were carried out exactly as in the pilot GeCKO except for the addition of 0.25 pM
cytarabine to half of cells following puromycin selection and cryopreservation of 60 million
baseline cells from each cohort. Following deep sequencing of PCR amplified LentiGuide-Puro
genomic integrations, total read counts were highly variable between samples ranging between
81.9 million reads (663X) for the empty vector baseline to as low as 50.4 million reads (408X)
for the MTF2-rescue baseline (Figure 10A). As a result, the MAGeCK generated median read-
count for all samples was normalized to 408X (10*°") coverage of the GeCKOv2 library which is
slightly below the target value of 500 yet sufficient for precise identification of MTF2-specific
synthetic lethal interactions especially since the mean quality score for all samples was 34.4
corresponding to an average base miscalling of approximately 1/2750 (Figure 10B-C). Despite
lower than expected GeCKOv?2 library coverage, read count IQR values increased for all
endpoints compared to their respective baselines indicating both depletion and enrichment of
subsets of sgRNA sequences. Furthermore, both zero-counts and Gini indexes increased for all
endpoints relative to respective baselines indicating both drop-out of specific sgRNA sequences

from datasets as well as increased sgRNA sequence biases respectively (Figure 10D-E).
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4.2.3 MTF2-specific synthetic lethal interactions

Using MAGeCK-Flute, 1358 genes were identified as synthetic lethal with MTF2 in
THP-1 cells while 1484 were further identified upon addition of cytarabine to maintenance
conditions (Figure 114). KEGG analysis of the former list was used to identify many highly
enriched groups including Spliceosome, Ribosome, Transcriptional miss-regulation in cancer
and RNA transport. Such pathways correspond to gene ontology groupings previously identified
as upregulated upon MTF2 knock-down in lineage depleted UBCs described in Maganti et al.
2018, particularly cell cycle and RNA processing.5? Furthermore, upon addition of cytarabine,
the same top pathways were identified along with the addition of proteasome, ribosome
biogenesis and thermogenesis suggesting that upon addition of cytarabine, MTF2-deficient cells
rely on additional processes to achieve continued proliferation despite accumulation of DNA
damage (Figure 11B).

After applying an FDR cut off of 0.05, 100 highly significant MTF2-specific synthetic
lethal interactions remained; 168 when cytarabine was present. Since screening was only
performed in a single cell line, many of the identified targets may be highly specific to THP-1
cells. To isolate targets that would both broadly target hematopoietic tissue while inducing low
toxicity in other tissues, all 1580 core-fitness genes identified using the daisy model from Hart e?
al. 2015 were removed leaving 48 remaining targets in the absence of cytarabine and 74 in its

101 A total of 18 of targets were conserved between both conditions and listed in Figure

presence.
11C. Among the many ribosomal genes in this list, CEPBA, a gene highly implicated in AML
holding widely accepted prognostic value was consistently the highest ranked MTF2-specific

synthetic lethal interaction. Validating this interaction in primary samples is therefore an

important next step as it could explain why patients with biallelic CEBPA mutations experience
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a favourable outcome.!?* MPL, which codes for the thrombopoietin receptor CD110, is another
gene that has been highly implicated in myeloid malignancies. Recently, an antagonist has been
developed however, it is not yet commercially available.!?* Needless to say, the benefit of
genome-wide screening is the identification of several targets previously not implicated in AML.
Of these, 4 genes (RPS7, NUF2, RPL27 and ARHGAP11A) were previously identified as up-
regulated upon MTF2 shRNA knock-down in lineage depleted UBCs while the majority are
newly identified.®? Therefore, this unbiased approach enabled the identification of targets that
have not been identified through traditional forward or reverse genetics strategies.

Genome-scale genetic screens can also identify 10-fold more targets than drug screens
because less than 10% of genes are enzymatic and can be targeted using small molecule
inhibitors. Consistent with this estimation, to isolate so-called druggable targets, a less strict FDR
cut-off of 0.2 was applied isolating 7 targets of intermediate significance, 4 of which have been
previously validated by RNAseq as having been upregulated upon MTF2 knock-down in lineage
depleted UBCs (Figure 11D). Although these targets do not meet as high of a statistical
significance threshold, they can be exploited to more easily develop a robust validation strategy.
4.2.4 Cytarabine-specific synthetic lethal interactions

The highest tolerable cytarabine concentration for both MTF2-deficient and rescued
THP-1 cells for a duration of 2 weeks was 0.25 uM. Since the absence or presence of cytarabine
had a smaller effect on proliferation than the level of MTF2 expression did, the distribution of
beta scores between conditions was tighter and as a result, fewer sgRNA sequences were highly
depleted in one condition compared to the other (Figure 124). An FDR cut-off of 0.2 was used
to identify 9 cytarabine-specific synthetic lethal targets in empty vector cells, 5 entirely non-

overlapping targets in MTF2-rescue cells and SAMHDI1 as the only target to be conserved
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between both cohorts (Figure 12B). This is consistent with the role of SAMHDI as a
mammalian dNTP hydrolase which is known to convert the active antileukemic form of
cytarabine, Ara-C-triphosphate to the inactive pro-drug, Ara-C facilitating cytarabine
resistance.!?> Furthermore, it was recently demonstrated that mice injected with stable luciferase-
expressing, SAMHD1 knock-out THP-1 cells had greater survival following cytarabine
treatment compared to control luciferase-expressing THP-1 cells.!?¢ The only target to have been
previously validated by RNAseq as upregulated upon MTF2 knock-down in lineage depleted
UBCs is STYX, a pseudophosphatase that has been shown to exert oncogenic effects in
colorectal cancer despite having no enzymatic activity.'?” Curiously, ablation of EED, a core
structural member of the PRC2 complex conferred cytarabine resistance upon knock-out only
when MTF2 was rescued. This is intuitive since not only does loss of MTF2 mirror loss of the
entire PRC2 complex and act as a core member in hematopoietic tissues, the enzymatic
component EZH2 can be compensated through EZH1 activity. However, if EED is acting
through a canonical PRC2 mechanism, it would be anticipated that SUZ12 should also be a
highly significant target since it also confers structural integrity to the complex while its loss
results in loss of both genome-wide H3K27me3 deposition as well as expression of other PRC2
complex members.
4.3 Validation of druggable targets

To validate the druggable targets identified from GeCKO screening, matched MTF2-
deficient and rescued THP-1 cells were generated by lentiviral transduction with the pLenti-GIII-
RFP-2A-Puro and corresponding empty vector followed by FACS (Figure 13A). For all
validation experiments, 3 replicates were performed where a mean MTF2 mRNA rescue of

approximately 2-fold was observed compared to empty vector transduced cells (Figure 13B).
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When cultured in defined media with DMSO for 48 hours, over 95% viability was observed for
both cohorts suggesting little to no toxicity associated with the culturing method or vehicle
control used. Upon addition of 2 pM cytarabine to maintenance conditions for the same duration,
empty vector transduced cells maintained greater than 90% viability whereas MTF2-rescue THP-
1 cells were dramatically sensitized achieving an average viability of 39.5% albeit with a high
degree of variability (Figure 13C-D). This result suggests that MTF2-deficiency could lead to
cytarabine resistance in pathways that are analogous to MDM2-mediated p53 degradation, which
is contrary to the findings of Liang et al. 2018 which demonstrated that in breast cancer, MTF2-
deficiency has little to no predictive capacity in the absence of detectable p53 activity.5! It is also
possible that the cytarabine sensitizing effect of MTF2-rescue in this p53-mutant background is
the result of decades of acclimation to highly specific cell culture conditions. In the future,
analysis of survival data from both MTF2-deficient and basal, p5S3-mutant patients will serve to
validate whether MTF2-deficiency is predictive of resistance to standard therapy upon loss of
p53. Furthermore, TP53 genetic knock-out and rescue experiments in patient derived bone-
marrow blasts should be conducted to better validate this discrepancy especially since incidence
is high in relapsed patients.

Identical experiments were performed in the presence of small molecule inhibitors targeting
genes listed in Figure 11D at determined concentrations pre-titrated to achieve approximately
90% cell death in untransduced THP-1 cells in both the absence and presence of 2uM cytarabine.
Since the selected inhibitor concentrations were titrated to achieve 90% early or late apoptosis in
MTF2-deficient THP-1 cells, drugs targeting true MTF2-specific synthetic lethal genes should
induce significantly less toxicity in MTF2-rescued THP-1 cells. Only in the case of dual

POLA/RRM1 inhibition through clofarabine or fludarabine treatment in the absence of
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cytarabine was a significant sensitivity observed exclusively in MTF2-deficient cells where in
each case, between 40-50% early or late apoptosis was observed on average (Figure 14). This
result is consistent with RNA sequencing data from Maganti ef al. 2018 which show that upon
MTF2 knock-down following lentiviral delivery of shRNAs in lineage depleted UBCs,
upregulation of both POLA and RRM1 is observed whereas the molecular target of cytarabine,
POLB is not. Although, the benefit of using a single small molecule inhibitor concentration is
that it easily facilitates drug cytotoxicity validation as the list of potential small molecule
inhibitors is far greater then tested in this study, this strategy can also increase observation of
false negatives. It is therefore imperative that at least one lower concentration is tested for each
small molecule before ruling out potential therapeutic options. Most of the small molecule
inhibitors tested in this study have more than one accepted target. It is therefore unclear outside
of genetic perturbation whether POLA or RRM1 inhibition is facilitating synthetic lethality or
whether there is a combinatorial effect. Interestingly, dual inhibition of RRM1 and RRM2
facilitated by gemcitabine was unsuccessful while the same is true for POLA inhibition alone
through Nelarabine suggesting that RRM1 inhibition is causing the observed effect.
Additionally, as predicted from GeCKO screening, RRM1 inhibition should induce cell death
exclusively to MTF2-deficient THP-1 cells regardless of the absence or presence of cytarabine.
To address these inconsistencies, the previously mentioned strategies including genetic
perturbation as well as further testing of multiple drug concentrations will be performed.
Needless to say, both clofarabine and fludarabine are candidate therapeutic strategies that require
further testing in patient derived bone-marrow blasts from patients that are p53 mutant under
both deficient and basal MTF2 expression. Such experiments will serve to test whether observed

trends are THP-1 specific or whether they apply to a broader cohort of poor-prognosis AML
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patients. Furthermore, in contrast to the monoclonal nature of leukemia cell lines, patient derived
samples are representative of the true hierarchical and polyclonal characteristics of acute myeloid
leukemia.

It was not necessary to apply sophisticated genome-scale CRISPR screening techniques to
identify clofarabine and fludarabine as potential therapeutic strategies for treating pediatric
AML. This is especially true given that these options along with hematopoietic stem cell
transplantation and RHEB inactivating farnesyl-transferase inhibition are already applied as
common regimens for treating juvenile myelomonocytic leukemia (JMML).!?® The true strength
of the GeCKO platform along with the development of an Annexin V/SYTOX Green validation
workflow is the identification of a plethora of non-druggable genes. However, the fact that two
small molecule inhibitors indicated for the treatment of refractory JMML proved efficacious
validates the proposed high-content validation approach for druggable targets. Furthermore, it
will be interesting to explore the possibility of whether or not such inhibitors truly induce
selective toxicity to MTF2-deficient cells as well as if MTF2-deficiency can serve as a robust
prognostic indicator in JMML as it is in adult de novo AML. A major future direction of this
study includes testing the therapeutic potential of targeting all non-druggable MTF2 and
cytarabine-synthetic lethal interactions potentially exploiting lipid nano-particles to deliver Anti-
sense Oligonucleotides (ASO) in both matched MTF2-deficient and rescued THP-1 cells as well
as patient derived bone-marrow derived AML cells. Eventually, in vitro validated therapeutic
strategies must be validated under in vivo conditions using a patient derived xenograft (PDX)

preclinical animal model of AML using immunocompromised NOD scid gamma (NSG) mice.
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Conclusion

Acute myeloid leukemia (AML) is a disease characterized by expansion of abnormally
differentiated, hyper-proliferative myeloid cells known as blasts in bone-marrow and blood.
AML is the most common form of adult leukemia in Canada with a disappointing five-year
overall survival rate below 40%. Dismal outlook among patients is the result of vast
heterogeneity in the molecular etiology of AML; including abnormal cytogenetics, gain and loss
of function mutations, and altered epigenetic landscapes rendering a single treatment regimen
unlikely to suit all those affected. Despite recent advances in risk stratification systems including
the European Leukemia Net (ELN) 2017 stratification of AML to better manage the disease,
robust biomarkers identifying patients who would benefit from novel therapeutic options are still
lacking. Our laboratory has previously demonstrated that loss of epigenetic repression by the
polycomb repressive complex 2 (PRC2), which is mediated by complex member metal response
element binding transcription factor 2 (MTF2), drives chemo-resistance resulting in refractory
AML. Our systems biology analyses revealed that MDM2, a negative regulator of p53, is a direct
target of MTF2/PRC2. Hence, decreased MTF2 levels result in increased MDM2 levels and
decreased p53 levels. Thus, cells are unable to undergo p53-mediated apoptosis in response to
induction drugs. Furthermore, we demonstrated both in vitro as well as in vivo that MTF2-
deficient refractory AML cells treated with a MDM2 inhibitor in combination with standard
induction drugs were able to undergo p53-mediated apoptosis. Since approximately 8% of AML
patients express mutant p53, it is unlikely that this treatment strategy will work for all
chemoresistant patients. In this study, to identify alternative therapeutic options, a genome-scale

CRISPR Knock-out (GeCKO) synthetic lethal screen was performed in matched MTF2-deficient
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and rescued THP-1 cells in both the absence and presence of the standard induction
chemotherapeutic cytarabine.

Careful analysis of screening data has resulted in the identification of 104 highly
significant (FDR>0.05) putative MTF2-specific synthetic lethal interactions, 18 of which did not
depend on the presence of cytarabine in maintenance conditions. Reducing the stringency to an
FDR cut off of 0.2 resulted in the identification of seven additional MTF2-specific synthetic
lethal interactions that could be targeted by commercially available small molecule inhibitors.
An additional 15 cytarabine-specific synthetic lethal interactions were also identified with only
SAMHDI being conserved among both MTF2-deficient and rescued THP-1 cells. To begin
developing a validation strategy, commercially available small molecule inhibitors were tested
using a standard apoptosis assay in matched MTF2-deficient and rescued THP-1 cells both in the
absence and presence of cytarabine. Among eight small molecule inhibitors tested, only
Clofarabine and Fludarabine were effective.

This body of work not only provided greater evidence of the strength of the GeCKO
strategy for identifying genotype-specific cancer liabilities related to loss of tumour suppressor
function, it also generated several potential avenues for the development of novel therapeutics
for treating poor-prognosis AML. Furthermore, the establishment of a first-pass validation
strategy based on an Annexin V/DNA dye flow cytometric apoptosis assay serves as a starting
point for the continued interrogation of the many remaining potential candidate drug targets. One
of the major benefits of whole-genome genetic screening compared to drug screening is the
identification of non-druggable synthetic lethal interactions which make up the vast majority of
the results. In the near future, validation of these many targets will involve the use of lentiviral

delivery of shRNAs targeting top synthetic lethal genes and pathways. In the more distant future,
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positive hits will be further validated in patient-derived bone-marrow aspirates which are more
representative of the true clonal and hierarchical nature of AML. Eventually, in vitro validated
targets will be validated under in vivo conditions using a patient derived xenograft (PDX)

preclinical animal model of AML using immunocompromised NOD scid gamma (NSG) mice.
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Appendix

Table 1 — RT-qPCR Primers

Primer Name

5’ — 3’ Sequence

MTF2 Forward

TGCAGGTAGAATAGCATGTGGCGA

MTF?2 Reverse

GTTGCTCCTTCCCATTCCACAAGA

GAPDH Forward

AGGTCGGTGTGAACGGATTTG

GAPDH Reverse

TGTAGACCATGTAGTTGAGGTCA

Table 2 — RT-qPCR Settings

Step Temperature (°C) Time (s) Number of Cycles
Pre-incubation 95 300 1
Denaturation 95 10

Annealing 60 10 45
Elongation 72 10

Melting 95 continuous 1

Table 3 — Fluorochrome Summary

Fluorochrome Laser wavelength (nm) Filter (nm/nm)
Annexin V - BUV395 355 379/28
Green Fluorescent Protein 488 530/40
Alexafluor488 488 530/40
SYTOX Green 488 530/40
7-AAD 488 620/29
Red Fluorescent Protein 561 580/30
Alexafluor647 640 670/30
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Table 4 — GeCKO Screening Primers (Demultiplexing Barcodes — Red)

Primer Name

5’ — 3’ Sequence

PCR1 Forward

AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG

PCR1 Reverse

TCTACTATTCTTTCCCCTGACTGTTGTGGGCGATGTGCGCTCTG

PCR2 Forward

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTNNNNNNNNNTCTTGTGGAAAGGACGAAACACCG

PCR2 Reverse — EV Baseline

CAAGCAGAAGACGGCATACGAGATAAGTAGAGGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCTTTCTACTATTCTTTCCCCTGCACTGT

PCR2 Reverse — EV Day 14

CAAGCAGAAGACGGCATACGAGATACACGATCGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTATTCTACTATTCTTTCCCCTGCACTGT

PCR2 Reverse — EV Day 14 + AraC

CAAGCAGAAGACGGCATACGAGATCGCGCGGTGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTGATTCTACTATTCTTTCCCCTGCACTGT

PCR2 Reverse — MTF2 OE Baseline

CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCTCGATTCTACTATTCTTTCCCCTGCACTGT

PCR2 Reverse — MTF2 OE Day 14

CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCTTCGATTCTACTATTCTTTCCCCTGCACTGT

PCR2 Reverse — MTF2 OE Day 14 + AraC

CAAGCAGAAGACGGCATACGAGATTCCTTGGTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTATCGATTCTACTATTCTTTCCCCTGCACTGT

Table 5 — GeCKO PCR Step 1 Settings

Step Temperature (°C) Time (s) Number of Cycles
Pre-incubation 30 1
Denaturation 10 .
Annealing and Elongation 75

Final Elongation 300 1

Table 6 — GeCKO PCR Step 2 Settings

Step Temperature (°C) Time (s) Number of Cycles
Pre-incubation 98 30 1
Denaturation 98 11

Annealing 70 5 12
Elongation 72 35

Melting 72 60 1
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Table 7 — Small Molecule Inhibitor Accepted Targets

Inhibitor name Concentration used Accepted target(s)
Cytarabine 2 uM POLB

Clofarabine 1 pg/mL POLA/RRM1
Fludarabine 3 pg/mL POLA/RRM1
Nelarabine 500 pg/mL POLA

Pemetrexed 15 pg/mL TYMS/GART
Raltitrexed 15 pg/mL TYMS
Gemcitabine 1 pg/mL RRM1/RRM2
Abemaciclib 100 pg/mL CDK4/CDK6
Palbociclib 100 pg/mL CDK4/CDK6
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