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Glioblastoma (GBM) is the most common and aggressive form of brain cancer. It remains one of
the deadliest cancers, with 90% of adult patients dying within two years of diagnosis with standard-
of-care treatments. Although directly targeting oncogenic driver mutations is a popular strategy in
developing new therapeutics, it has been met with limited success. Thus, we take the alternative,
unbiased approach of using functional genomic screens to identify molecular vulnerabilities that
arise in cancer cells due to the oncogenic state. In order to identify genes required for the
proliferation and survival of GBM cells, the Paddison Lab previously performed lentiviral
genome-scale pooled RNAi and CRISPR-Cas9 outgrowth screens in patient-derived GBM stem-

like cells (GSCs) and human nontransformed neural stem cells (NSCs).



Retesting screen hits using single CRISPR sgRNAs can prove challenging with lentivirus
due to protracted windows of indel formation (editing over the course of ~5-12 days), resulting in
phenotypically mixed populations. Here, to address this challenge, I optimized a method for direct
nucleofection of ribonucleoprotein complexes (RNPs) composed of chemically synthesized 2'-O-
methyl 3’phosphorothioate-modified sgRNA and purified Cas9 protein. With this technique, we
can routinely achieve >90% indel formation as well as targeted genomic deletions in only 3 days,
even in hyperdiploid cells (such as GSCs), with no need to create clonal lines for simple loss-of-
function experiments.

Additionally in this body of work, to further characterize candidate hits specific to GSCs
(and not NSCs), we performed comprehensive pooled outgrowth retests of all putative screen hits
that scored preferentially in GSC isolates in our whole-genome CRISPR-Cas9 screens. We then
used these results to identify both GBM gene dependency groups and context-specific
vulnerabilities, which was facilitated by incorporating published functional genomic screening
data (DepMap database) into the analyses. By creating co-dependency networks, we identified
GSC-specific gene vulnerability groups related to mitochondrial protein processing and turnover
and membrane trafficking as well as metabolic enzymes and regulators. Furthermore, we also
identified predicted context-specific vulnerabilities and further investigated the dsRNA-editing
enzyme ADAR, which is required in cancer cells that have an interferon-stimulated gene
expression signature, and the adapter protein EFR3A, which is required in cancer cells that have
low expression of its paralog EFR3B. In addition, we investigated the particularly strongly GSC-
specific screen hit FBX042. We found this F-box protein to be essential in a subset of GSCs in
vitro and in vivo but nonessential in NSCs in vitro, in addition to being required in subsets of cells

of various other cancer types, suggesting the potential for both a large therapeutic window and



broad applicability. Furthermore, we demonstrated that the ubiquitin ligase role of FBX042 is
responsible for the viability phenotype, but likely not through p53 as a previous study might
suggest. In searching for possible interactors, we determined that FBX042 and the gene CCDC6
(Coiled-Coil Domain Containing 6, a common translocation partner for receptor kinase
oncogenes) are both necessary to promote viability in FBXO42 loss-sensitive cells, likely working
together rather than redundantly. Lastly, we demonstrated that the GSC-specific viability loss is
due to an extended metaphase arrest upon FBX042 knockout due to prolonged spindle assembly
checkpoint activation. Altogether, this body of work both improves upon existing CRISPR-Cas9
technologies and uses this technology as part of an effort to identify potential novel therapeutic

opportunities in GBM and other cancers.
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Chapter 1. INTRODUCTION

1.1  GLIOBLASTOMA OVERVIEW

1.1.1 Disease Features and Glioblastoma Stem-like Cells

Gliomas, named for the glial cell type that they most closely resemble histologically, account for
approximately 30% of all central nervous system tumors!. They are classified into four grades of
increasing aggressiveness, with the highest grade being glioblastoma (GBM)?. GBM is overall the
most aggressive and common form of brain cancer®*, and there are currently no highly effective
therapies against GBM. With standard-of-care treatments, ~90% of adult patients die within 2
years of diagnosis™¢. The median survival for GBM patients overall ranges from 14-17 months,
with rare exceptions of long-term survival*’.

GBM is characterized by a complex vasculature and diffuse infiltration of tumor cells into
the surrounding brain tissue. Current standard-of-care is surgery, radiation, and the alkylating

)*7:8, While effective at debulking the tumor mass, this regimen only

agent temozolomide (TMZ
provides a modest survival benefit, as tumors essentially always recur’. The prevailing rationale is
that tumors harbor invasive, slow-dividing GBM stem-like cells (GSCs) that are missed by surgery
and which are resistant to standard-of-care. This concept was elegantly demonstrated in a mouse
model of glioma where a quiescent subset of endogenous glioma cells were shown to be
responsible for tumor regrowth after TMZ treatment’.

GBM tumors exhibit a remarkable degree of intratumoral heterogeneity, which may also
contribute to their resistance to standard-of-care. In the tumor milieu, GSCs have been

10-16

hypothesized to be responsible for giving rise to this cellular heterogeneity'*-'°, exhibiting some



aspects of neurogenic developmental programs!®-!2!1417 GCSs may also promote resistance to
chemoradiotherapy by engendering a higher capacity for DNA damage repair'®!!,

There is strong evidence to support the notion that adult neural stem cells (NSCs) can serve
as the cell-of-origin for GBMs, particularly since various mouse models that inactivate the tumor
suppressors PTEN, TP53, and/or NFI or express GBM oncogenic drivers specifically in NSCs
cause aggressive GBMs!824, However, it is also possible that GBMs are derived from neural
progenitor cells, or relatively mature astrocytes that dedifferentiate into a more stem-like state as
they become transformed. A number of approaches have provided experimental evidence to

support this?>-3!

, and it is clear that some but not all mutations are capable of initiating gliomas in
mature astrocytes. The cell-of-origin of GBM may not have a clear answer and it is possible that
different glioma tumors have multiple origins. Regardless, the important point is that GBM-
initiating cells are functionally stem cell-like and have similar expression profiles and

developmental potential as NSCs!7-32,

1.1.2 Common Genomic Alterations and Glioblastoma Subtypes

Mathematical modeling to predict the temporal sequence of driver events during tumorigenesis
has shown that loss of chromosome 10 and gain of one or more copies of chromosome 7 occur
very early in all primary GBMs'®. PTEN is most likely the gene that provides the strongest
selective advantage to losing a copy of chromosome 10, while PDGFA is most likely the gene that
provides the strongest selective advantage to gaining extra copies of chromosome 7'8. Therefore,
hemizygosity of PTEN and increased PDGFA levels could represent important early drivers of
primary GBM tumorigenesis.

Furthermore, analysis of hundreds of GBM patient samples in The Cancer Genome Atlas

(TCGA) has revealed that the PI3K/MAPK pathway, the p53 pathway, and the Rb pathway are



altered in the vast majority of cases®*. Considering RTK genes, PI3-kinase genes, and PTEN,
89.6% of GBMs have at least one alteration in the PI3K/MAPK pathway. The p53 pathway is
dysregulated in 85.3% of tumors, through mutation/deletion of 7P53 (27.9%), amplification of
MDM1/2/4 (15.1%), and/or deletion of CDKN24 (57.8%). Lastly, 78.9% of tumors have one or
more alteration affecting Rb function: 7.6% by direct RBI/ mutation/deletion, 15.5% by
amplification of CDK4/6, and the remainder via CDKN2A deletion®®. Additionally, a transgenic
mouse model of deletion of PTEN, TP53, and RBI in GFAP-expressing cells created highly
penetrant, high-grade gliomas®*. These observations indicate that alterations in these three
pathways are required events in the tumorigenesis of GBM.

Gene expression profiling of primary GBMs has divided them into four molecular
signatures/subtypes: proneural, mesenchymal, classical, and neural®>-¥’. Interestingly, recent work
suggests that primary GBMs of all subtypes actually evolve from a common proneural-like
precursor glioma'®. Moreover, GBM tumors also display intratumoral heterogeneity, with multiple
developmental subtypes co-existing in the same tumor®3-#!. Single cell RNA-seq studies have
yielded critical insight into this intratumoral heterogeneity and developmental gene expression
patterns for primary gliomas*®4%4244_One key conclusion is that each tumor represents a complex
neuro-developmental ecosystem, harboring diverse cell types, which presumably contribute to
tumor growth and homeostasis in specific ways (e.g. vascular mimicry, immune evasion,
recreating neural stem cell niches, neural injury responses, etc.).

Of note, a number of studies have sought to define responses to chemoradiation (e.g. NFkB,
p53, STAT3, YAP/TAZ)*-2. Radiation treatment in particular induces or accentuates a proneural
to mesenchymal transition via upregulation of signaling pathways (e.g. Jak/Stat) and mesenchymal

transcription factors (e.g. CEBPB), which in turn may impart radiation resistance*®4853,



Importantly, it has been shown that the proneural to mesenchymal transition is a cell-intrinsic
property of tumor cells that occurs within 6 hours of radiation*®. However, it remains unclear from

these and other studies which subpopulations of tumor cells mount these responses.

1.2 GLIOBLASTOMA RESEARCH MODELS

1.2.1 Mouse Models of Glioma

Animal models have the advantage of incorporating complex processes such as angiogenesis and
metastasis and the tumor microenvironment into the study of cancer. Mice share extensive
molecular and physiological similarities to humans, and they allow for studying tumorigenesis in
a temporally and genetically controlled system. They can also be used to measure response to
treatments, making them a powerful tool. The three main types of GBM mouse models are patient-
derived xenograft (PDX) models, genetically engineered mouse models (GEMMs), and viral
systems such as the replication-competent avian sarcoma-leukosis virus long terminal repeat with
splice acceptor/tumor virus a (RCAS/tv-a) system.

PDX models in immune-compromised mice have the advantage that they represent actual
human GBM cells with all of their many genomic alterations and complex biology, which immune-
competent models cannot do. PDX models show an invasive growth pattern and can recapitulate
the histology and gene expression profiles of their primary tumors, as well as display cellular
hierarchies'>!74, It is preferable to inject patient cells into mice as soon as possible after tumor
biopsy or to use low-passage GSC cultures, and to transplant them orthotopically into the brain.
However, tumor biopsies have also first been transplanted into and expanded in mouse flanks
before subsequently being harvested and then injected into the brain, and this can also give rise to

tumors that resemble human GBM?>°. Of course, since mice must be immune-compromised in order



for human cells to engraft, PDX models do not recapitulate the complete microenvironment with
all types of immune cells.

In order to model a complete microenvironment, GEMMs can be used. GEMMs for GBM
were initially rather unsuccessful until it became clear that all three main pathways that are
commonly altered in GBM — the PI3K/MAPK pathway, the p53 pathway, and the Rb pathway —
had to be altered in the mouse models as well*. There are now various GEMMs that can be used
for gain-of-function, loss-of-function, and chromosome engineering studies’’. Remarkably,
tumors in these models can undergo additional gene copy number changes that have an astonishing
similarity to the molecular subtypes found in human GBMs*°. As in human gliomas, additional
loss of the tumor suppressor PTEN causes higher-grade malignancy and reduced survival in mouse
glioma models?’.

A disadvantage of GEMMs of glioma is that most achieve their effects through the
widespread expression of or knockout of a gene across the entire brain, meaning alterations in
these models are not restricted geographically. Therefore, multifocal lesions are often
observed®®*, which is more consistent with a cancer predisposition syndrome rather than a
sporadic brain tumor. An alternative approach that allows for more localized delivery of
tumorigenic genetic events is the use of viruses. This method can also be much faster since various
combinations of alterations of interest can be induced simultaneously postnatally, without the need
to both create new transgenic lines and then cross multiple transgenic lines in order to create
combinations of genetic events®®. One highly successful viral system that allows for localized,
postnatal cell type-specific gene transfer in mice is the RCAS/tv-a system. In this system, virus-
producing packaging cells transfected using an RCAS vector containing an oncogenic driver

and/or tumor suppressor knockdown construct are injected into the brains of mice engineered to



express the RCAS receptor (tv-a) in Nestin+ or GFAP+ cells®!-%. This allows for the targeting of
glioneuronal progenitor cells or astrocytes, respectively. RCAS-mediated tumors are replete with
expression patterns and also histological features common to human GBMs, including

pseudopalisading necrosis, hypervascularity, and microvascular formation throughout the tumor®!-

66

1.2.2 In Vitro Models

While in vitro serum-cultured cell lines have yielded valuable insights into GBM cell biology, they
are not ideal for faithfully representing the primary tumor from which they were derived. Principal
component analysis of gene expression profiles of patient-derived GBM cells grown in defined
serum-free media, the same cells grown in serum culture, and the primary tumors from which they
were derived revealed that GBM cells grown in serum-free media cluster much more closely with
their primary tumors!’. Over time, serum-cultured GBM lines tend to adopt a more mesenchymal-
like gene expression profile, regardless of the subtype(s) of their primary tumor'>!7. Thus, patient-
derived isolates are far preferable to serum-cultured lines for recapitulating GBM biology.

The tumor-initiating GSCs that have been isolated from patients and cultured under serum-
free monolayer conditions retain the developmental potential and specific genetic alterations found
in the original tumor'2!7-6768  They can also retain tumor-initiating potential and tumor-specific
genetic and epigenetic signatures over extended outgrowth periods'>!”. In addition, they have been
shown to recreate tumor cellular hierarchies when implanted into the cortex of immune-
compromised mice!>!7. Furthermore, GSC isolates also retain expression of neural progenitor
molecular networks, which may contribute to the aggressive behavior of GBM tumors through
enhancing self-renewal or developmental programs'#'®, DNA repair pathways'!, angiogenesis®®,

and/or invasiveness’!. GSC isolates and GSC-derived xenograft tumor models cannot recreate the



complete cellular heterogeneity of the original patient tumor, since they likely represent a tumor
GSC subpopulation which responds well to the defined in vitro outgrowth conditions. However,
they represent useful models for studying subsets of GSCs with specific genetic and molecular
profiles.

GBM biology can also be studied in vitro by creating transformation models. One recent
paradigm achieves this by genetically engineering human induced pluripotent stem cells (hiPSCs)
to reflect tumor-associated genetic driver mutations’?. Interestingly, these models are shown to
harbor intratumoral heterogeneity and extrachromosomal DNA amplifications seen in GBM’2,
Another option besides using hiPSCs is to similarly transform NSCs. We have created such models
with fetal-derived NSCs by using a variety of combinations of GBM driver alterations, such as
expression of EGFRvIII and constitutively active AKT"3, or CRISPR knockout of CDKN2A4, TP53,
PTEN, and NF'I (see Chapter 2).

Other in vitro GBM models include GBM 3D organoids. These can be created by

genetically manipulating brain organoids to develop oncogenic properties’+”>

or by co-culturing
tumor spheres with brain organoids to model tumor cell invasion’®’”. Alternatively, patient-
derived GBM cells can be cultured in organoid format using Matrigel and exogenous EGF/bFGF.
In this system, the cells can maintain stem cell heterogeneity and a hypoxic gradient for several
weeks’®. Furthermore, patient-derived organoids have recently also been cultured without cell
dissociation (i.e. as “tumor chunks”) under defined media conditions, without added extracellular
matrix or EGF/bFGF”. These organoids can recapitulate the histological features, cellular

diversity, gene expression, and mutational profiles of their corresponding parental tumors”.



1.3  FUNCTIONAL GENOMIC APPROACHES IN CANCER RESEARCH

1.3.1 Functional Genomic Screening

Even though large-scale genomic studies have given us extensive knowledge of the tumor
suppressors and oncogenes that are commonly altered in various cancers, directly targeting such
genomic alterations therapeutically has often been met with limited success. For instance, in GBM
recent attempts to improve standard-of-care using targeted therapeutics for BRAF (sorafenib®-82),
c-MET (onartuzumab®), EGFR (erlotinib® and lapatinib®®), mTOR (everolimus®® and
temsirolimus®’), and PI3K (PX-866%) have failed to produce significant survival benefits for GBM
patients. An alternative approach is to identify vulnerabilities in cancer cells that arise due to the
oncogenic state.

Cancer cells must tolerate various stresses on cellular processes, such as increased mitotic
stress, which further promotes aneuploidy, which leads to proteotoxic stress. As another example,
cancer cells often contain elevated levels of reactive oxygen species, which results in increased
levels of DNA damage®. Additionally, the genomic instability that accompanies cancer causes
passenger mutations, which can still contribute to the cell’s phenotype, even if they are not
oncogenic drivers®. Altogether, this oncogenic state leads to genetic vulnerabilities unique to
tumor cells, which we may be able to exploit in order to selectively kill tumor cells compared to
non-transformed cells, a concept first proposed by Hartwell et al. in 1997°. Since then, functional
genomic screens have emerged as the top tool of choice for unbiased and high-throughput
identification of such cancer vulnerabilities’>%-1%,

Functional genomic screens in cells of interest can be performed in either an arrayed or

pooled format. Arrayed screens are performed by eliciting one perturbation at a time in individual

wells or plates, which has the advantages of allowing for complex phenotypic readouts and



eliminating noise that can be seen when assaying multiple perturbations simultaneously in a pool.
However, arrayed screens are constrained by the number of perturbations that can be performed at
once due to time, lab infrastructure, and cost. Pooled functional genomic screens, on the other
hand, allow for simultaneous assaying of tens to hundreds of thousands of perturbations, even
genome-scale analyses. These screens are usually performed by infecting target cells with a
lentiviral library where individual viral particles represent the desired perturbations, which most
often utilize RNAi via short-hairpin RNAs (shRNAs) or the CRISPR-Cas9 system. ShRNAs
function through the Dicer/Argonaute system to decrease levels of messenger RNA (mRNA)
transcripts of interest, promoting a decrease in their corresponding protein products. In the case of
CRISPR-Cas9, a single guide RNA (sgRNA) confers target recognition to the DNA endonuclease
Cas9, which creates a double-strand break at the genomic target locus. This often results in protein
knockout due to repair scars left behind when the break is repaired by the error-prone non-

106,107~ After cells are transduced with a library for a

homologous end joining (NHEJ) pathway
pooled screen and the desired selection (e.g. outgrowth, reporter activity, enrichment for a cell
surface marker or some other phenotype) is allowed to occur, the genomically integrated
shRNAs/sgRNAs are sequenced using next-generation sequencing. The change in shRNA/sgRNA
abundance before and after the applied selection pressure can then be evaluated to determine the
effect that these individual perturbations had on the phenotype being investigated.

The Paddison Lab previously performed multiple pooled functional genomic outgrowth
screens using RNAi1 or CRISPR-Cas9 libraries in multiple GSC isolates. Here the phenotype being
investigated is the degree of requirement of various genes for cell proliferation, survival, or growth.

As screening controls, we have employed fetal neural stem cells (NSCs), which have similar

expression profiles and developmental potential but are not transformed'>!7-!%8, This paradigm has



allowed us to identify genes that when inhibited show differential lethality in GSCs. Hits from
these screens have revealed GSC-specific dependency on: BUB1B/BUBRI to suppress lethal
consequences of altered kinetochore function’®; PHF5A to maintain proper exon recognition®’;
BuGZ to facilitate Bub3 activity and chromosome congression'”; PKMYT1 to block premature
entry into mitosis’?; and ZNF131 to promote expression of HAUSS to maintain the integrity of

centrosome function and viability!'°.

1.3.2 Precision Medicine

The goal of precision medicine is the idea that when a patient presents with cancer, a biopsy of his
or her tumor is genomically profiled and compared to adjacent normal tissue, and this information
is then used to make informed decisions about the best possible treatment regimen. Sometimes
genetic mutations in oncogenic drivers represent cancer dependencies that can be targeted, such as

113 and mutant KRAS in non-small cell

the BCR-ABL fusion in chronic myelogenous leukemia
lung cancer''*. However, as discussed in the previous section, this is often not the case. The
enormous advancements in high-throughput next-generation sequencing technologies have
ushered in an exciting increase in cancer omics characterization. Combining such tumor
characterization with functional genomic screening allows for the identification of cancer synthetic
lethal interactions, which brings us closer to the promise of precision medicine.

Two genes are considered to be synthetic lethal if inactivation of one alone is tolerable but
their combined inactivation leads to cell death!!>!'®, Likely one of the most famous synthetic lethal
relationships in cancer is that between BRCA1/2 deficiency and PARP inhibition!'!7!'3, Other
examples include PTEN loss combined with mTOR inhibition!!”; ARIDIA loss (the most

frequently mutated subunit of SWI/SNF chromatin remodeling complexes) combined with

ARIDI1B inhibition'?%!?!; and SMARCA4 loss combined with SMARCA?2 inhibition'??-1%4,
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Furthermore, cancer patient-specific vulnerabilities may be identified not only in tumor cells that
carry inactivation of a gene, but also in cells that display a particular pathway activation, gene or
protein expression profile, gene copy number change, gain-of-function mutation, metabolic
profile, etc. Therefore, any genes that are required due to such a unique cancer cellular context can
be more aptly termed “context-specific vulnerabilities”. For instance, in previous CRISPR-Cas9
genome-scale screens, we identified the Weel-like kinase PKMYT1/Mytl as being required in the
context of combined hyperactivation of the RTK/Ras and PI3K/AKT signaling pathways’>.
Interestingly, context-specific vulnerabilities are sometimes also the result of the copy
number “passenger loss” of a gene that is proximal to a tumor suppressor gene that is the
tumorigenic “driver loss”. When such a passenger loss is an essential gene (often in the ribosome,
proteasome, or spliceosome), its hemizygosity can create a preferential vulnerability for further
depletion of that same gene or related pathway members®. An intriguing example is that the
metabolic enzyme MTAP is frequently co-deleted with CDKN2A due to its genomic proximity to
this tumor suppressor, conferring dependency on the arginine methyltransferase PRMTS because
of the accumulation of an inhibiting metabolite!?. Clearly, we as a scientific community are
making enormous advancements in the identification of cancer-specific vulnerabilities, and we

must continue this pursuit in order to develop improved therapies for cancer patients.

1.4 RESEARCH AIMS

In order to identify genes required for the proliferation and survival of GBM cells, we previously
performed genome-scale pooled outgrowth screens in human GSCs and NSCs using both RNAi
and CRISPR-Cas9 platforms’697:10%110 Partia] retests of these screens led to the identification of
genetic vulnerabilities associated with the oncogenic activity of RTK/Ras and PI3K/Akt pathways

or MYC. In order to further characterize candidate GSC-specific hits from our CRISPR-Cas9
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whole genome screens, here we performed comprehensive pooled retests of all putative screen hits
that scored preferentially in any of three GSC isolates over two NSCs isolates.

While using lentiviral pooled libraries to perform these screens is immensely valuable,
retesting screen hits using single sgRNAs can prove challenging when using lentivirus. In GSCs
and NSCs, we have observed that the timeline of CRISPR editing is not very uniform with
lentivirus and occurs over the course of ~5-12 days post infection in individual cells. This is
problematic when studying essential genes since protracted indel formation results in mixtures of
wild-type and knockout cells and thereby mixtures of live and dead cells. This represents a critical
experimental limitation of the use of CRISPR-Cas9 platforms in primary cells. Therefore, I sought
to create an optimized protocol that would allow maximal targeted indel formation over the
shortest possible experimental window.

In chapter 2, I describe a method I optimized that employs direct nucleofection of
ribonucleoprotein complexes (RNPs) composed of chemically synthesized 2'-O-methyl
3’phosphorothioate-modified sgRNA and purified Cas9 protein. With this optimized technique,
we can routinely achieve >90% indel formation in only 3 days, even in hyperdiploid cells (such as
GSCs). There is no need to create clonal lines for simple loss-of-function experiments, as I
observed near-total protein loss of target genes in cell pools. Additionally, we found that this
approach allows for the creation of targeted genomic deletions. This represents an extremely useful
tool for the research community as a whole when wishing to inactivate not only coding genes, but
also non-coding RNAs, UTRs, enhancers, and promoters. I extensively employed this technique
in chapter 3 for high-efficiency gene knockout of GSC-specific functional screen hits.

In chapter 3, I describe the comprehensive pooled retest screens that we performed for all

potential whole-genome CRISPR-Cas9 screen hits. Here the main aims were to identify GBM
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gene dependency groups and to identify context-specific vulnerabilities. We observed that a subset
of top GSC-specific retest hits display a strong and consistent increased dependency in GSCs
compared to NSCs. To identify groups of such genes, particularly related genetic vulnerabilities
that can be expected to be shared in the same GBM tumor, we integrated our results with data from
the Broad Institute’s DepMap!92-1%% which contains functional genomic screening data for over
500 serum-cultured cell lines from various tumor types. By creating co-dependency networks
using CRISPR gene dependency correlations, we identified GSC-specific gene vulnerability
groups related to mitochondrial protein processing and turnover and membrane trafficking as well
as metabolic enzymes and regulators.

In addition to identifying gene vulnerability groups that may be applied to GBM as a whole,
we also wanted to use our retest screen results to identify context-specific vulnerabilities, or genes
that are required in subsets of tumor cells with a particular cellular context (e.g.
increased/decreased expression of a particular gene or group of genes). In order to generate such
hypotheses, we integrated our functional screening data with descriptive genomic data for our GSC
lines, as well as DepMap data. We specifically investigated two examples, ADAR and EFR3A.
We observed that ADAR, the primary enzyme responsible for editing dsSRNA by catalyzing the
hydrolytic deamination of adenosine to inosine'?%, is preferentially required in the context of an
interferon-stimulated gene expression signature. We found that EFR3A, an adapter protein

required to localize PI4KIIla to the plasma membrane!?7:128

, 1s differentially required in cells that
have low expression of the paralog EFR3B.
Furthermore, we investigated the particularly strongly GSC-specific screen hit FBX042, a

thus-far poorly studied F-box protein. FBXO42 is a unique screen hit that we found to be essential

in a subset of GSCs in vitro and in vivo but nonessential in NSCs in vitro. This indicates that

13



FBXO042 could be particularly promising as a therapeutic target since it may have a very large
therapeutic window. Furthermore, we determined that FBXO42 loss-sensitive tumors actually
likely occur in various cancer types of different tissue lineages. A previous study described a role
for FBX042 in the destabilization of p53'?°, and we thus wondered if 7P53 mutation status might
explain requirement for FBX042, which seemed plausible based on our highly FBXO42 loss-
sensitive GSC isolate being 7P53 wild-type. We demonstrated that the ubiquitin ligase role of
FBXOA42 is responsible for the viability phenotype, but that in fact, this does not appear to be
through p53. In searching for possible interactors, we determined that FBXO42 and the co-
dependency correlating gene CCDC6 are both necessary to promote viability in FBXO42 loss-
sensitive cells, likely working together rather than redundantly. Lastly, we demonstrated that the
GSC-specific viability loss is due to an extended metaphase arrest upon FBX042 knockout due to
prolonged spindle assembly checkpoint activation.

Altogether, this body of work both improves upon existing CRISPR-Cas9 technology and
uses this technology as part of an effort to identify potential GBM novel therapeutic opportunities,

which may represent therapeutic avenues in other cancer types as well.
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Chapter 2. A SIMPLE AND EFFICIENT METHOD FOR MULTI-
ALLELIC CRISPR-CAS9 EDITING IN GSCS/NSCS AND OTHER
PRIMARY CELL CULTURES

2.1 ABSTRACT

Background: CRISPR-Cas9-based technologies have revolutionized experimental manipulation
of mammalian genomes. None-the-less, limitations of the delivery and efficacy of these
technologies restrict their application in primary cells.

Aims: To create an optimized protocol for penetrant, reproducible, and fast targeted insertion-
deletion mutation (indel) formation in cell cultures derived from primary cells, using patient-
derived glioblastoma (GBM) stem-like cells (GSCs) and human neural stem/progenitor cells
(NSCs) for proof-of-concept experiments.

Methods: We employed transient nucleofection of Cas9:sgRNA ribonucleoprotein complexes
using chemically synthesized 2'-O-methyl 3’phosphorothioate-modified sgRNAs and purified
Cas9 protein. Indel frequency and size distribution were measured via computational
deconvolution of Sanger sequencing trace data. Western blotting was used to evaluate protein loss.
RNA-seq in edited NSCs was used to assess gene expression changes resulting from knockout of
tumor suppressors commonly altered in GBM.

Results: We found that with this optimized technique, we can routinely achieve >90% indel
formation in only 3 days, without the need to create clonal lines for simple loss-of-function
experiments. We observed near-total protein loss of target genes in cell pools. Additionally, we

found that this approach allows for the creation of targeted genomic deletions. We also
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demonstrated the utility of this method for quickly creating a series of gene knockouts that allow
for the study of oncogenic activities.

Conclusion: Our data suggest that this relatively simple method can be used for highly efficient
and fast gene knockout, as well as for targeted genomic deletions, even in hyperdiploid cells (such
as GSCs). This represents an extremely useful tool for the cancer research community when
wishing to inactivate not only coding genes, but also non-coding RNAs, UTRs, enhancers, and
promoters. This method can be readily applied to diverse cell types by varying the nucleofection

conditions.

2.2  BACKGROUND

In bacteria and archaea, the CRISPR-Cas (Clustered, Regularly Interspaced, Short Palindromic
Repeats (CRISPR)-CRISPR-associated (Cas)) pathway acts as an adaptive immune system,
conferring resistance to genetic parasites and bacteriophage!'*%!3!. CRISPR-Cas systems are able
to target and degrade DNA'3%13! "and this property has been harnessed for directed genome editing

in prokaryotes and (more recently) eukaryotes, including human cells!3?-133

, using the type II
CRISPR-Cas system from Streptococcus pyogenes. In its simplest form, this system consists of a
complex of two components, the Cas9 protein and a single guide RNA (sgRNA). Cas9 is an RNA-
guided DNA endonuclease. The sgRNA is a chimeric guide RNA composed of a ~20nt
‘protospacer’ sequence, which is used for target recognition, and a structural RNA required for
Cas9:sgRNA complex formation (i.e. tractrRNA). In addition, DNA cleavage by Cas9 occurs only
in the presence of an appropriate protospacer adjacent motif (PAM) at the 3' end of the protospacer
sequence in the target genomic locus (for Cas9 this is "NGG", where N is any nucleotide!3!).

When Cas9 and an sgRNA are expressed together, a double-strand DNA (dsDNA) break

is created about 3 bp upstream of the PAM site!*%137, This break is then repaired by the cell either
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via the high-fidelity homology-directed repair (HDR) pathway, or much more commonly, via the
error-prone non-homologous end joining (NHEJ) pathway, which leaves behind repair scars in the
form of small insertion-deletion (indel) mutations'%®197, When these indels occur in an exon, they
can cause frameshifts and premature stop codons in the target gene, effectively ablating protein
function!33-135.138

Cas9:sgRNA targeting efficiency in human cells varies considerably depending on the
methods, reagents, and cell types used. In general, successful generation of indels using transient
DNA transfection occurs in a range of ~1-30%'3". However, it was shown that lentiviral-based
stable expression of Cas9:sgRNA greatly improves targeting efficiency to >90%!13113%140 Ag a
result, we and others have successfully performed pooled lentiviral-based sgRNA screens in
various human cell types’>!13%14°, However, retesting single sgRNAs from these screens, especially
those targeting essential genes, can prove challenging. For example, in human neural
stem/progenitor cells (NSCs) and patient-derived glioblastoma stem-like cells (GSCs), we have
observed that "all-in-one" lentiviral-based CRISPR systems can result in protracted windows of
indel formation and phenotypically mixed populations, requiring incubation of up to 12 days to
achieve complete indel formation’3. As a result, it can be difficult to set up rigorous experiments
analyzing a particular gene knockout (KO) when cell populations contain variable mixtures of
wild-type (wt) and indel-containing alleles and, if the target gene is essential, thereby contain
mixtures of alive and dead cells. This represents a critical experimental limitation of the use of
CRISPR-Cas9 platforms in primary cells. As a result, we wished to create an optimized protocol
that would allow maximal targeted indel formation over the shortest possible experimental

window.
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We found a robust method that utilizes transient nucleofection of in vitro-formed
Cas9:sgRNA ribonucleoprotein (RNP) complexes using chemically synthesized 2'-O-methyl
3’phosphorothioate-modified sgRNAs and purified Cas9 protein (Figure 3.1A). With this
optimized approach, we are able to achieve >90% indel formation in multiple human GSCs and
NSCs in only 3 days, without the need to create clonal lines for simple loss-of-function
experiments. In addition, we find that this approach allows for the creation of targeted deletions in
cell pools or cell clones, depending on the size of the desired deletion. Here we present these results

illustrating the utility of this method and a detailed step-by-step protocol.

2.3  RESULTS

23.1 Nucleofection of Cas9:5gRNA (chemically synthesized, modified) RNPs results in
highly penetrant generation of small indels in human GSCs and NSCs

Due to the previously-discussed challenges with indel formation using lentiviral-based
Cas9:sgRNA delivery, we explored alternative approaches, including the use of Cas9:sgRNA
ribonucleoprotein (RNP) complexes composed of purified Cas9 protein and purified gRNA. Such
RNPs have recently been used effectively for several applications, including gene loss-of-function

in human cell lines'#"'** and ES cells'#!, editing of CXCR4 in human T cells'*, HDR tests in

141,145 146

human cells via insertion of restriction sites , epitope tagging in mouse NSCs'*°, and studying

effects of sgRNA sequence on editing efficiency!'4’

. The efficiencies reported for in vitro editing
in these contexts are most often in the range of ~15-60%, with most studies reporting maximum
(not routine) efficiencies <80%. We wanted to further improve upon these RNP methods so we
could routinely achieve high efficiency, multi-allelic editing in GSCs and NSCs (Figure 2.1A).

Since most studies using RNPs utilize in vitro-transcribed gRNA, we instead tested

chemically synthesized sgRNAs with 2'-O-methyl 3° phosphorothioate modifications in the first
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and last 3 nucleotides, which are more nuclease resistant than unmodified sgRNAs and therefore
likely increase RNP half-life!*%14°, We formed RNPs by combining these sgRNAs with purified
sNLS-SpCas9-sNLS nuclease and then delivered them via nucleofection, a modified
electroporation technique developed by Amaxa (now Lonza) that allows direct transfer of nucleic
acids into the nucleus of mammalian cells in culture.

To follow indel formation in cell pools, we employed a method that uses Sanger sequencing
of sgRNA target site-spanning PCR amplicons followed by computational trace decomposition of
the control and experimental traces to predict indel frequency and KO frequency!>%!3!, where KO
frequency is the percent of predicted sequences that result in a frameshift or an indel >21 bp in
length!'®! (Figure 2.1B). In order to determine the efficiency and timing of indel formation, we
measured indel and KO frequency for RNP doses ranging from ~2-60 pmol (Figure 2.1C) and at
24, 48, and 72 hours post-nucleofection (Figure 2.1D) in diploid NSC-CB660 cells, near-diploid
GSC-0131 cells, and hypertriploid GSC-0827 cells, for single sgRNAs targeting 7P53 exon 7
(sgTP53-1) and NF1 exon 2 (sgNF1-1). TP53 and NFI are both located on chromosome 17, of
which GSC-0131 have 2 copies and GSC-0827 have 3 copies. These experiments revealed that
high (>90%) multi-allelic indel efficiencies can be achieved starting at RNP doses of 7.5-15 pmol
in GSCs and NSCs (Figure 2.1C). Furthermore, we observed that 50-70% of editing has occurred

by 24 hours post-nucleofection, reaching its maximum by 72 hours (Figure 2.1D).
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Figure 2.1. Highly efficient and fast indel formation using RNPs composed of purified Cas9 and chemically
synthesized 2'-O-methyl 3’phosphorothioate-modified sgRNA. (A) Overview of CRISPR RNP targeting

strategy. (B) Sanger trace example for a pool of NSC-CB660 nucleofected with 15 pmol RNPs using either a

non-targeting control sgRNA or sgNF1-1 (72 hours post-nucleofection). Sequence was created using a reverse

sequencing primer. Blue shaded box denotes sgRNA, orange shaded box denotes PAM sequence, and dotted red

line represents sgRNA cut site. The sgNF1-1 treated cells produce a clean sequence trace that mirrors the control

up until the sgRNA cut site, at which point the trace begins to represent the compounding effect of multiple
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overlapping traces due to various indel mutations. Sanger trace data like this was used in conjunction with a
freely-available bioinformatics tool (ICE) in order to predict CRISPR editing sequence distribution in cell pools.
(C) CRISPR editing efficiency as a function of RNP dose for 2 different sgRNAs. Solid data lines denote indel
frequency while dotted lines denote predicted KO frequency (% of predicted sequences that result in a frameshift
or an indel >21 bp in length). All samples were harvested 72 hours post-nucleofection. (D) CRISPR indel
frequency and KO frequency as a function of time post-nucleofection for 2 different sgRNAs. A dose of 10 pmol

was used.

Similar indel penetrance for sgRNAs targeting other genes was also observed in multiple
GSC isolates and NSCs which had been immortalized and oncogenically transformed (Figure 2.2).
Because many of our sgRNA sequences had been prevalidated through our lentiviral screens’
(e.g. sgTP53-1; sgNF1-1; 13 of 23 sgRNAs in Figure 2.2), these experiments illustrate
representative results for active RNPs. Of note, several of the genes targeted are present at
hyperdiploid levels in GSCs; for instance, GSC-G166 contain 3 copies of SCAP, FBX042, and
GMPPB. Furthermore, targets included top scoring essential genes for both GSCs and NSCs,

which cause profound viability loss’3, indicating that the high efficiencies we observe are not

simply due to outgrowth of edited cells.
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Figure 2.2. Additional sgRNA targeting for different loci and different cell isolates. (A) Predicted indel
frequencies for 21 different sgRNAs tested in various GSC and NSC cell isolates. Gene knockout using sgRNAs
labeled with * caused reduced viability and/or reduced proliferation in the cell isolate(s) shown. +TERT means
cells were transduced with a retroviral vector expressing TERT. +PTCCEA means cells were transduced with
dominant-negative TP53DD, CCND1 + CDK4R24C (p16 binding deficient), EGFRVIII, and myristoylated
AKT. +PTCCM means cells were transduced with dominant-negative TP53DD, CCND1 + CDK4R24C (pl16
binding deficient), and c-Myec. (B) Corresponding predicted knockout frequencies for the sgRNAs shown in (A).

2.3.2  RNP nucleofection allows for deletion of several hundred bp genomic regions

In our efforts to assess RNP efficiency and dosing, we also observed that for sgTP53-1 and sgNF1-
1, the KO efficiency closely mirrored the indel efficiency (Figure 2.1C-D). In these cases, this is
due to repair bias at the target sites, where each sgRNA produced a high percentage of 1bp

insertions in GSCs and a mixture of frameshifting 1bp insertions/deletions and 2 bp deletions in
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NSCs (Figure 2.3A-B, top panels). This is consistent with a recent analysis of sgRNA targeting
repair events in human cells, which found that frameshift frequencies are higher than expected
(81% versus the expected 67% for random NHEJ-mediated repair) due to unexpectedly high 1 bp
insertion/deletion events!'3%,

Given the precise and reproducible nature of the indels created for sgNF1-1 and sgTP53-
1, we wondered if using two sgRNAs in close proximity (e.g. 50-1000 bp) would favor the
production of precise deletions using our protocol. This was indeed the case when we
simultaneously nucleofected with two sgRNAs targeting 7P53 or NF'I (Figure 2.3A-B, bottom
panels). We observed remarkably high predicted exact deletion frequencies between 44-73% for
GSCs and NSCs (Figure 2.3C). Allowing +/-2bp for the deletion size window further increased
the predicted “near-precise” deletion efficiencies to 68-86% (Figure 2.3C). It is also important to
note that in this multiple sgRNAs scenario, the bioinformatic predictions for total indel frequencies
were somewhat reduced due to adjustment for slightly lower regression fit R? values. (These R?
values are a measure of how well the prediction correlates with the actual Sanger trace data).
However, essentially 0% wt sequences were predicted in the trace data (see indel size of “0” in
bottom panels of Figure 2.3A-B), suggesting that the total indel frequencies — and thereby also the

deletion frequencies — may actually have been even higher. We observed similar near-precise

deletion results when nucleofecting with two other sets of double sgRNAs (Figure 2.4).
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Figure 2.3. Cas9:sgRNA RNPs can be used to create small, near-precise targeted deletions. (A) Indel size

distribution of predicted indel sequences for cell isolates nucleofected with individual sgTP53s (top panel) or
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two simultaneous sgTP53s (bottom panel) (168 bp apart). (B) Indel size distribution of predicted indel sequences
for cell isolates nucleofected with individual sgNF1s (top panel) or two simultaneous sgNF1s (bottom panel) (61

bp apart). (C) Summary of dual sgRNA indel profiles shown in (A) and (B).
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Figure 2.4. Further evidence that CRISPR RNPs can be used to create near-precise targeted deletions. (A) Indel
size distribution of predicted indel sequences for 2 GSC cell isolates nucleofected simultaneously with two
sgRNAs targeting ADAR. The dual sgRNA cut sites were 73 bp apart. (B) Indel size distribution of predicted
indel sequences for 2 GSC cell isolates nucleofected simultaneously with two sgRNAs targeting CCDC6. The
dual sgRNA cut sites were 74 bp apart.

To further investigate these results, we designed sets of 3 sgRNAs to target 13 different
non-coding genomic loci on chromosomes X, 2, 5, 13, 15, and 21 in GSC-0827 cells, which contain
4, 3, 3, 2, 3, and 3 copies of these chromosomes, respectively. These sgRNA sequences were
designed using the Broad GPP Web Portal'>? and were used without prevalidation. Each target

locus was defined by two outer/flanking sgRNA cut sites (176-981 bp apart) and a third sgRNA
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targeting roughly the midpoint (Figure 2.5A). Five days after nucleofection using these sgRNA
pools (compared to a non-targeting control sgRNA), deletion production was visualized via PCR
using primers flanking the outermost cut sites (Figure 2.5A). The results showed that deletions,
spanning either the flanking cut sites or a flank-to-mid cut, were dramatically favored over simple
small indels (which are contained in the ~wt-sized band due to lack of separation for size
differences of only a few bp) (Figure 2.5B). These results suggest that deletions that are near-

precise lengths of <1000 bp can be readily generated using this protocol.
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Figure 2.5. CRISPR RNPs allow for deletion of several hundred bp genomic regions. (A) Schematic showing
targeting strategy for deletion of various genomic regions (not to scale). Three sgRNAs were designed for each
region, and sgRNA cut sites are denoted by red dotted lines. A denotes largest deletion, between outermost
sgRNAs. As shown, PCR amplicons of varying sizes are predicted to result from deletion of the region between
all 3 sgRNAs (outcome “d”), deletions between only two of the 3 sgRNAs (outcomes “b” and “c”), and no large

deletion (wt allele or only small indels; outcome “a”). (B) PCRs for scheme shown in (A) for 13 different
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genomic regions, which were each targeted in GSC-0827 cells using a total of 60 pmoles RNPs, with a
Cas9:sgRNA ratio of 1:3. Cells were harvested for gDNA extraction 5 days post nucleofection. Each region’s
PCR is shown for a targeted sample compared to a sample nucleofected with a non-targeting control sgRNA
RNP (60 pmoles). Predicted sizes of the various PCR amplicons a-d described in (A), as well as the predicted

size of the outermost deletion A, are noted for each region.

2.3.3  RNP nucleofection generates dramatic protein loss in cell pools

Given the potential of our approach to create highly penetrant multi-allelic KOs in pools, we
wanted to further demonstrate its utility by creating a series of KO mutants in human NSCs.
Previously, we and others have used ectopic expression of human oncogenes (e.g. EGFRVIII,
RasV12, myr-Aktl, CCNDI, CDK4®*%C, dominant-negative TP53) to partially or completely
transform NSCs’?. Our current method afforded us the opportunity to affect the same pathways by
instead creating loss-of-function mutations in tumor suppressors. We chose to successively target
four genes commonly mutated or deleted in adult GBM tumors: TP53, CDKN2A, PTEN, and NF'I,
which affect distinct pathways required for glioma progression, including the p53-pathway, the
Rb-axis'?3, the PI3-k/Akt pathway!**, and the RTK-Ras-MAPK pathway'>,

We nucleofected TERT-immortalized NSC-CB660 cells with pools of 3 sgRNAs for each
gene, in four successive rounds of nucleofection spaced 1 week apart (to allow cells time to recover
from electroporation) (Figure 2.6A). In this case, we chose to spread the sgRNAs across each gene
to favor individual indels rather than deletions, reasoning that the cumulative effect of 3 sgRNA
sites for each gene would lead to a high percentage of cells that contained at least one out-of-frame
edit in each allele. We examined the effect on target protein expression via western blotting on the
pool at each stage in the process, as well as on eight subclones of the final pool. Remarkably, we
observed dramatic protein loss for each gene in the targeted pools (Figure 2.6B). Examination of

the eight clones of the final TP53+CDKN2A+PTEN+NF1 targeted KO pool revealed a similar
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result, where all proteins showed similar reduction in individual clones, except for one clone which

still showed protein expression of NF1 (Figure 2.6C).
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Figure 2.6. Use of Cas9:sgRNA RNPs to generate multi-gene knockout cells to model oncogenic transformation
reveals dramatic protein loss. (A) Overview of strategy for successive Cas9:sgRNA RNP nucleofections
targeting various tumor suppressors in NSCs. (B) Western blots for targeted genes in the cell pool at each
successive stage. Predicted % indel formation for each gene from Sanger sequencing results is shown above blot.
del* indicates that large deletions were identified in addition to indels (detailed in Figure 4). For detection of
p53, cells were treated with doxorubin to stabilize the protein. (C) Western blots for 8 clones derived from the

final sgTP53+sgCDKN2A+ sgPTEN+sgNF1 cell pool.

2.3.4  RNP nucleofection allows for targeted biallelic deletion of multi-kb genomic regions

in cell clones

We also assessed indel efficiencies in the tumor suppressor KO cell pools across one test sgRNA

for each gene. For TP53, CDKN2A, and NF I we observed high predicted indel frequencies of 98%,
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95%, and 95%, respectively. For PTEN, however, we noted a discrepancy between the Western
blot results, which showed near total ablation of protein expression, and the indel analysis for all
3 sgRNAs, which each revealed only ~33% efficiency. Since probability suggests that even the
cumulative editing effect of these 3 sgRNAs should not quite account for near total protein loss,
we suspected that the PTEN sgRNA pool may have allowed for the generation of a large deletion.
To investigate this possibility, we performed PCR with primers flanking the outer sgRNA cut sites
(Figure 2.7A). In this case, an allele that did not harbor deletion of the entire ~64kbp region would
not amplify properly in our PCR conditions since the product would be too large. We observed
that 2 of 8 clones tested contained a deletion allele, and one of these actually produced two products
of similar but distinct sizes, indicating a biallelic deletion with slightly different editing results
(Figure 2.7B, left panel). As a positive control for gDNA integrity, we used a second PCR spanning
a small PTEN region outside the deletion region, and we observed the correct product for all 8

clones in this case (Figure 2.7B, right panel).
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Gel-purification of the deletion PCR bands followed by Sanger sequencing confirmed that
each deletion allele observed in the clones was a result of cutting near the predicted outermost
sgRNA cut sites, with one allele tested being an exact deletion, one containing an additional 1bp
insertion, and one containing an additional 10bp 5’-deletion and 48bp 3’-deletion (Figure 2.7C).
To further investigate this, we performed RNA-seq and examined reads mapping to the PTEN
locus in the KO pool and in clone 1. Analysis of predicted “splice junctions” based on RNA-seq
reads showed that mRNA containing the exact deletions observed at the gDNA level could be
identified in clone 1, and no properly spliced reads were present, corroborating the fact that this
clone did not contain any non-deletion allele (Figure 2.7D). Furthermore, reads corresponding to
large deletions could be observed in the cell pool as well, in addition to the expected normally
spliced reads. These results suggest that using multiple sgRNAs with our method has the potential

to create large (>50kbp) deletions, which may be monoallelic or biallelic in subsets of clones.

2.3.5  Analysis of gene expression changes induced by tumor suppressor knockout targeting

events

To further assess the fidelity of gene KOs via CRISPR RNP nucleofection, we examined the
progressive changes in gene expression after each successive targeting event (sg7P353,
sgCDKN24, sgPTEN, sgNF1) in NSC-CB660-TERT cells, by performing RNA-seq on the
parental cells compared to the targeted cells at each stage. We used edgeR'° for differential gene
expression analysis, and Figure 2.8 A shows the overall relationship of these data in cluster analysis
and the gene expression changes after each targeting. The greatest number of changes were
produced by 7P53 KO (269 genes with log2 fold-change (1og2FC)>0.5 and 682 genes log2FC<-
0.5 (FDR<0.05)) and CDKN2A4 KO (1340 genes log2FC>0.5 and 1733 genes log2FC<-0.5

(FDR<.05)). Importantly, >80% of 7P53 KO-induced expression changes were maintained (at

32



FDR<0.05) even after further CDKN2A KO, PTEN KO, and NF1 KO, and >78% of CDKN2A4 KO
induced expression changes were maintained even after further PTEN KO and NF KO.

The gene expression changes associated with 7P53 KO cells were consistent with p53’s
known transcriptional function. We observed downregulation of key p53 transcriptional targets,
including 27 of 132 found in Pathway Interaction Database (p=8.2E-20) and 51 of 116 literature-
curated p33 targets, including: BAX, BBC3/PUMA, BTG2, CDKNIA/p21, RRM2B, and ZMAT3'’
(Figure 2.8B-C; Tables S2 & S3). CDKN24 KO cells most prominently revealed upregulation of
genes associated with the cell cycle (285 genes; GO:0007049; p=6E-116) and specifically E2F
targets (52 genes; p=2.4E-42), including E2F'] and E2F2 themselves (Figure 2.8B-C; Tables S2
& S3). This is consistent with loss of CDKN2A's pl6 protein, which inhibits Cyclin D/CDK
activity in G1, preventing de-repression of E2F!33. Other prominent cell cycle regulated genes
included those associated with: CDK interactions (67 genes, p=1.7E-28), MCM6 interactions (33
genes, p=6.1E-19), PCNA interactions (64 genes, p=6.2E-28), and PLK] interactions (50 genes,
p=0.4E-20). Thus, loss of CDKN2A4 leads to profound reprogramming of the transcription of

critical cell cycle-regulated genes in human NSCs, consistent with loss of p16 function.
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cells and NSC-TERT successively nucleofected with sgTP53, then sgCDKN2A, then sgPTEN, and then sgNF1, as
well as for clone 1 derived from the final pool where all 4 genes had been targeted. Duplicates were sequenced for
all samples except clone 1. (B) Networks showing gene relationships for genes altered upon TP53, CDKN2A, or
NF1 knockout. (C) A heatmap displaying examples of sgTP53, sgCDKN2A, sgPTEN, and sgNF1-specific gene
expression changes observed in RNA-seq data. Relative gene expression values were normalized for all samples

within each gene. Each RNA-seq replicate is shown as a separate column.

In contrast to 7P53 and CDKNA, PTEN KO produced the fewest changes in gene
expression in our scheme (upregulation of 169 genes and downregulation of 216 genes (+/-0.5
log2FC, FDR<0.05)). This may be due to epistasis with gene expression changes caused by
CDKN24 KO. Nonetheless, manual curation of these genes revealed possible connections to the
PI-3 kinase pathway itself, suggestive of feedback regulation. For example, within the
downregulated genes, PPL/Plakin binds Akt directly'*8, and brain-derived neurotrophic factor
(BDNF) activates Akt'>® and Pten itself'®. Within the upregulated genes, GAL/galanin codes for
neuroendocrine peptide that exhibits an autocrine mitogenic effect through Erk and Akt activity!'®!
(Figure 2.8C). In addition, there were many novel genes affected by PTEN loss, including, among
others: C8orf4/TCIM, a positive regulator of the Wnt/beta-catenin pathway!'®'; FEZF2, a marker
and transcription factor associated with NSC-dependent patterning of the cerebral cortex!®?; and
TRAFI, which mediates the anti-apoptotic signals from TNF receptors'®® (Figure 2.8C).

With the further addition of NF/ KO in TP53+CDKN2A+PTEN KO cells, we observed
changes in expression of an additional 1022 genes (321 up- and 701 downregulated; log2FC+/-
0.5; FDR<0.05). The downregulated genes were most significantly enriched for extracellular
matrix organization genes (43 genes; GO:0030198; p=1.8E-15), which included many collagen
encoding genes and Periostin (Figure 2.8C). Upregulated genes included genes involved in

regulation of cell proliferation (43 genes, p=5.2E-6), including members of the WNT signaling

pathway (WNT7B, FZD4, LEF1, and TCF7). Interestingly, also upregulated were eight genes
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coding for major histocompatibility complex (MHC) class II proteins, including CII/TA, the master
transcriptional activator controlling expression of the MHC class II genes!®* (Figure 2.8B-C;
Tables S2 & S3). CIITA expression was upregulated ~10-fold in NF'/ KO cells relative to NSC-
CB660-TERT cells. MHC class II genes are primarily expressed by professional antigen
presenting cells, such as dendritic cells, macrophages, and B cells'®. However, remarkably,
upregulation of MHC class II protein complex is a hallmark of NF /7~ human neurofibroma tumor
cells, which CIITA activity is required to maintain'®!1%, It has also been observed that gliomas

167 which may

and other cancers have a high proportion of MHC class II-expressing tumor cells
promote tolerance to tumor-associated antigens!®®. Our results show that NF loss is one route to
de-repression of MHC class II machinery in human NSCs.

In addition to gene expression changes in response to loss of 7P53, CDKN2A, PTEN, and
NF1, we also identified 806 genes whose expression remained largely unaltered in all conditions
(FDR>0.2 across all comparisons with >10 CPM counts across all samples). Gene set enrichment
analysis revealed that 487 of these were involved in a "cellular metabolic process" (GO:0044237;
FDR=1.5E-15), with 129 encoding mitochondrial proteins (including 19 involved in oxidative
phosphorylation) and 29 encoding ribosomal proteins (Tables S2 & S3). Our previous CRISPR-
Cas9 lethality screens in NSC-CB660 cells demonstrate that at least 208 of these genes score as
essential, including, for example, 34 genes associated with ribosome biogenesis, 11 genes coding
for respiratory electron transport machinery, and 23 overlapping with "housekeeping" genes'’
(GSEA: 111197; p= 7.12E-13). These results suggest that a subset of genes expressed in human

NSCs are transcriptionally regulated and/or maintain their mRNA levels independently of p53,

Rb-axis, PI-3 kinase, and Nfl pathways.
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Altogether, our gene expression results highlight the utility of our CRISPR/Cas9 RNP
nucleofection method for quickly creating a series of KOs that allow for the study of gene
activities. Importantly, due to the high targeting efficiency using our method, we were able to
confirm many known as well as identify novel transcriptional changes associated with loss of the

genes we targeted, using nucleofected cell pools rather than cell clones.

2.4  DISCUSSION

Here, we present a method for creating bi- and multi-allelic loss-of-function indel mutations, using
in vitro assembled Cas9:sgRNA RNPs composed of chemically synthesized, modified sgRNA and
purified Cas9 protein. By this method, indel efficiencies of >90% can routinely be achieved in
populations of cells, obviating the need for clonal selection of edited cells or chemical selection of
DNA-based sgRNA expression systems. Moreover, because gene editing is complete within three
days of RNP introduction, this approach offers better experimental tractability over current
approaches, which can suffer from lack of indel penetrance and protracted windows of indel
formation, as well as the potential for increased off-target effects that can occur with constitutive
expression of Cas9'7°.

We illustrate the utility of our method in primary human NSCs by knocking out four tumor
suppressor loci in quick succession: TP53, CDKN2A, PTEN, and NF 1. This combination of tumor
suppressor gene KOs mimics common loss-of-function alterations in the p53-pathway, the Rb-
axis, the PI3K/Akt pathway, and the RTK-Ras-MAPK pathway, which are observed in the
mesenchymal glioblastoma subtype®’. Remarkably, our results demonstrate that multiple tumor

suppressor KOs can quickly be created with >95% efficacy in cell pools when using combinations

of 3 sgRNAs. Thus, this approach offers the potential to oncogenically transform normal diploid
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cell types without the need for ectopic expression of oncogenes, which may better capture cancer-
specific biology.

This method also improves upon existing methods for the creation of precise or near-
precise deletions. In mammals, single dsDNA breaks, including those generated by Cas9:sgRNA
cutting, produce NHEJ-dependent small insertions or deletions at break sites (i.e., error-prone
repair)*®!7!, However, adding a second dsDNA break in close proximity to the first can cause
rejoining without error via "accurate” NHEJ!72!73, Our results support this notion. We observe a
high frequency and penetrance of conversion of single indels to precise and near-precise deletions.
It has been previously shown that using 2-3 proximal sgRNAs can create deletions of ~10bp to
1Mb in mouse embryos and cultured cells'33172174175 However, these approaches produce deletion
formation efficiencies ranging from ~2% to ~40%. By contrast, we observe near-precise deletion
frequencies as high as >90% using sgRNAs spaced up to 1000bp apart. This suggests that the use
of 2 sgRNAs using our approach can have the added benefit of triggering accurate NHEJ and being
able to specify a high frequency of precise or near-precise deletions.

This technique does have a few limitations. First, achieving high multi-allelic indel
efficiencies may require pre-validation of sgRNAs. However, we have had good success designing
sgRNAs using the Broad GPP Web Portal'> design tool (where ~60-70% of sgRNAs that we
choose via manual curation produce >80% indel formation) or, alternatively, choosing sgRNA
sequences from positively scoring CRISPR-Cas9 lentiviral-based screen hits. Second, although we
can specify deletions using this approach, the repair of the dsDNA break(s) can at times be
unpredictable, as illustrated with the case of PTEN where using a pool of widely spaced sgRNAs
unexpectedly produced ~64kb deletions. Third, reliance on chemically synthesized sgRNAs can

be cost-prohibitive for large-scale projects. An alternative option is to generate in vitro transcribed
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sgRNA using T7, T3, or SP6 RNA polymerase in the presence of ribonucleoside triphosphates and
a DNA template'*?. However, this requires additional steps, namely the initial creation of an
accurate DNA template and the purification of the transcribed sgRNA to remove unincorporated
triphosphates, enzyme, and template DNA. In addition, in vitro transcription can result in errors
toward the 5> end of the RNA!7®, Also, it is not possible to easily generate modifications, meaning
in vitro transcribed sgRNA does not possess increased protection from nucleases once it has
entered the cell, resulting in decreased editing efficiency compared to chemically synthesized,
modified sgRNA. Nonetheless, it is a viable alternative to consider when cost is a concern. Another
alternative is to employ a commercially sourced dual gRNA system (crRNA:tracrRNA), which
may represent only a slight reduction in efficiency. The two chemically synthesized RNAs can
still be modified to enhance nuclease resistance, but they are usually available at a lower cost since
the accurate synthesis of these shorter RNAs is less complex compared to a longer chimeric
sgRNA.

Our data suggest that the relatively simple method described here can be used for highly
efficient (>90%) and fast (72 hours) gene knockout, as well as for targeted genomic deletions, even
in hyperdiploid cells (such as many tumor cells). This represents an extremely useful tool for
inactivating not only coding genes, but also non-coding elements such as non-coding RNAs,
UTRs, enhancers, and promoters. The gain in efficiency that we observe can allow for systematic
well-by-well screening (similar to small interfering RNA screens), but provides the flexibility of
targeting any small element in the genome. This method can be readily applied to diverse
mammalian cell types by varying the nucleofection buffer and program (Lonza can provide

appropriate conditions for many cell types). Thus, it represents an important step forward in the
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ability to manipulate the genomes of cell cultures derived from primary cells, such as patient-

derived tumor cells and human stem/progenitor cells.

2.5 METHODS

2.5.1 CRISPR sgRNA Design

CRISPR sgRNAs were designed via manual curation of all possible sgRNA sequences for a given
region as identified by the Broad Institute’s GPP Web Portal'3. See Table S1 for a list of sgRNA

sequences used.

252 Cas9:sgRNA RNP Nucleofection

See the detailed protocol at the end of this chapter. Briefly, to prepare RNP complexes,
reconstituted sgRNA (Synthego) and then sNLS-SpCas9-sNLS (Aldevron) were added to
complete SG Cell Line Nucleofector Solution (Lonza), to a final volume of 20 pL. The mixture
was incubated at room temperature for 15 minutes to allow RNP complexes to form. A
Cas9:sgRNA molar ratio of 1:2 was used, unless otherwise noted. Total RNP doses described refer
to the amount of the limiting complex member (Cas9). To nucleofect, 1.5 x 10° cells were
harvested, washed with PBS, resuspended in 20 pL of RNPs, and electroporated using the Amaxa

96-well Shuttle System or 4D X Unit (Lonza) and program EN-138.

253 CRISPR Editing Analysis

Nucleofected cells were harvested at indicated timepoints and genomic DNA was extracted
(MicroElute Genomic DNA Kit, Omega Bio-Tek). Genomic regions around CRISPR target sites
were PCR amplified using Phusion polymerase (Thermo Fisher) and primers located (whenever

possible) at least 250bp outside cut sites. After size verification by agaorse gel electrophoresis,
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PCR products were column-purified (Monarch PCR & DNA Clean-up Kit, New England BioLabs)
and submitted for Sanger sequencing (Genewiz) using unique sequencing primers. The resulting
trace files for edited cells versus control cells (nucleofected with non-targeting Cas9:sgRNA) were
analyzed for predicted indel composition using the Inference of CRISPR Edits (ICE) web tool'>!.

See Table S1 for a list of all PCR and sequencing primers used.

254 Cell Culture

Patient tumor-derived GSCs and fetal tissue-derived NSCs were provided by Drs. Do-Hyun Nam,
Jeongwu Lee, and Steven M. Pollard, were obtained via informed consent, and have been
previously published!332177, Isolates were cultured in NeuroCult NS-A basal medium (StemCell
Technologies) supplemented with B27 (Thermo Fisher), N2 (homemade 2x stock in Advanced
DMEM/F-12 (Thermo Fisher))*?, EGF and FGF-2 (20 ng/ml) (PeproTech), glutamax (Thermo
Fisher), and antibiotic-antimycotic (Thermo Fisher). Cells were cultured on laminin (Trevigen or
in-house-purified) -coated polystyrene plates and passaged as previously described??, using

Accutase (EMD Millipore) to detach cells.

2.5.5 Western Blotting

Cells were harvested, washed with PBS, and lysed with modified RIPA buffer (150mM NaCl,
25mM Tris-HCI (pH 8.0), ImM EDTA, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate,
0.1% SDS, 1X protease inhibitor cocktail (complete Mini EDTA-free, Roche)). Lysates were
sonicated (Bioruptor, Diagenode) and then quantified using Pierce BCA assay (Thermo Fisher).
Identical amounts of proteins (20-40ug) were electrophoresed on 4-15% Mini-PROTEAN TGX
precast protein gels (Bio-Rad). For transfer, the Trans-Blot Turbo transfer system (Bio-Rad) with

nitrocellulose membranes was used according to the manufacturer’s instructions. TBS (137mM
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NaCl, 20mM Tris, pH 7.6) +5% nonfat milk was used for blocking, and TBS+0.1%Tween-20+5%
milk was used for antibody incubations. The following commercial primary antibodies were used:
Tp53 (Cell Signaling #48818, 1:500), pl4/Arf (Bethyl Laboratories #A300-340A-T, 1:500),
pl6/Ink4a (Abcam #ab16123, 1:200), Pten (Cell Signaling #9559S, 1:1,000), Nfl (Santa Cruz #sc-
67, 1:50), aTubulin (Sigma #T9026, 1:1,000), Gapdh (Sigma #SAB2500450, 1:100). The
following secondary antibodies were used (LI-COR): #926-68073, #926-32212, #926-32214,

#926-68074. An Odyssey infrared imaging system (LI-COR) was used to visualize blots.

2.5.6  RNA-seq and Analysis

Cells were lysed with Trizol (Thermo Fisher). Total RNA was isolated (Direct-zol RNA kit, Zymo
Research) and quality validated on the Agilent 2200 TapeStation. Illumina sequencing libraries
were generated with the KAPA Biosystems Stranded RNA-Seq Kit!”® and sequenced using HiSeq
2000 (Illumina) with 100bp paired-end reads. RNA-seq reads were aligned to the UCSC hgl9
assembly using STAR2 (v 2.6.1)!" and counted for gene associations against the UCSC genes
database with HTSeq!®’. Normalized gene count data was used for subsequent hierarchical
clustering (R package ggplot2'®") and differential gene expression analysis (R/Bioconductor

package edgeR!3%). Heatmaps were made using R package pheatmap!®2.

2.6  IN-DEPTH PROTOCOL FOR CAS9:SGRNA RIBONUCLEOPROTEIN
NUCLEOFECTION USING AMAXA 4D NUCLEOFECTOR X UNIT OR 96-WELL

SHUTTLE SYSTEM

The goal of this protocol is to produce bi- or multi-allelic loss of gene function in cell populations
via insertion-deletion (indel) or near-precise deletion mutations triggered by CRISPR-Cas9

targeting. This protocol represents our current preferred method, which utilizes in vitro-formed
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Cas9:sgRNA ribonucleoprotein (RNP) complexes composed of one to three chemically
synthesized 2'-O-methyl 3’phosphorothioate-modified sgRNAs and purified Cas9 protein. We
currently purchase our sgRNAs from Synthego (https://www.synthego.com/). These sgRNAs are
a single RNA molecule that contains both the custom-designed short crRNA sequence fused to the
scaffold tracrRNA sequence. Synthego’s 2'-O-methyl 3’phosphorothioate-modifications occur in
the first and last 3 nucleotides. Other companies also provide sgRNA synthesis services, including
IDT, Dharmacon, Thermo Fisher Scientific, and Sigma-Aldrich. In addition, sgRNAs can be
synthesized in vitro, e.g. using in vitro transcription reactions and short DNA templates (although
this usually results in inferior editing efficiency).

The Amaxa Nucleofector System uses proprietary electrical parameters and buffer
formulations. This protocol is optimized for glioblastoma stem-like cells (GSCs) and human neural
stem cells (NSCs) (with nucleofection program based on conditions described for mouse NSCs in
Bressan et al. 2017). However, we and collaborators have successfully employed CRISPR in other
cell types as well using this method. Nucleofection conditions (i.e. nucleofection buffer and
program) should be optimized for other cell types. Lonza can provide guidance for many cell

lines/types (https://knowledge.lonza.com/).

2.6.1 Designing sgRNAs

a. There are many sgRNA design resources available. We typically use the Broad Institute’s

GPP Web Portal!’3? (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design) in combination with Synthego’s design tool (https://design.synthego.com/#/) to

identify potential top sgRNAs for a particular gene. We then manually curate these lists by
evaluating on-target score versus predicted off-target effects in order to identify ~3-4 top

sgRNAs per gene for experiments. In our experience, when using nucleofection of RNPs,
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about 60-70% of such sgRNAs result in high editing efficiency (>80% indel efficiency).
Total editing efficiency can usually also be increased by simultaneously nucleofecting with
multiple sgRNAs targeting the same gene.

b. Ifanear-precise deletion is desired, we typically design 2 sgRNAs spaced ~50-300bp apart.
We have tested up to 1000bp spacing and this works well, although efficiencies for
deletions <300bp can be more easily assessed (compared to larger deletions), via simple
Sanger sequencing. When the goal is a gene KO, we usually design both sgRNAs to be in
exons (or the same exon), so that even alleles that do not receive a deletion still have a
good chance of resulting in gene KO via small indels.

c. By necessity, available sgRNA design tools list possible sgRNA sequences based on a
reference genome for the species you are using. It is a good idea to check the genomic
sequence of your particular cells for polymorphisms (and mutations in the case of cancer
cell lines) that may exist and may cause some sgRNA sequences created by design tools to
have mismatches in your particular cells. In other words, it is best to ensure that the exact

sgRNA sequence you decide to use is actually intact in your cells’ genome.

2.6.2 CRISPR RNP Nucleofection

Note: Before starting, wipe down workspace and equipment with RNaseZap (Thermo Fisher) to
inhibit RNases that may degrade your sgRNA. Wear clean gloves and use pipet tips designated for
RNA work only.
a. Reconstitute your synthetic RNA (and dilute it if desired):
1) Briefly centrifuge your tubes or plates containing synthetic modified single guide RNA
(sgRNA) oligos to ensure that the dried RNA pellet is collected at the bottom.

i1) Carefully dissolve sgRNA in the provided nuclease-free 1X TE Buffer (Tris-EDTA,
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pH 8.0) by adding 15pl buffer to 1.5nmol of dried sgRNA. (This will result in a final
concentration of 100uM (100pmol/ul)). Flick the bottom of the tube gently so the liquid
covers the bottom, then pulse vortex the tube for ~30 seconds and quick spin
reconstituted RNA down. Dissolved RNA should be stored at -20 °C when not in use.
Under these conditions, RNA will be stable for at least one year.

ii1) If desired, to create a working stock, make a 30uM sgRNA dilution (e.g. 14pl nuclease-
free water + 6pl of reconstituted 100uM sgRNA, creating a total of 20ul of 30uM
(30pmol/ul) sgRNA). Use diluted sgRNA immediately or store at -20 °C for up to three
months. Keep RNA on ice while in use. (If you will make larger master mixes of RNPs
using the same sgRNA(s), it may not be necessary to dilute your sgRNA. sgRNAs are

diluted primarily to allow for easier pipetting volumes.)

= Tip: If reduced editing efficiencies are experienced over time, this may be due to improper
handling and/or storage of RNA. It is best to store RNA in 1X TE Buffer long-term and to dilute
with water only the amount required in the short-term. Freeze-thawing of RNA should also be kept

to a minimum.

b. Dilute Cas9:
1) Briefly centrifuge the stock Cas9 (Aldevron sNLS-SpCas9-sNLS, 61 uM) to ensure
that all liquid is at the bottom. To make a working stock, make a 1:5 Cas9:PBS dilution
(e.g. 10ul PBS (pH 7.4) + 2ul Cas9, creating 12ul of 10.17uM (10.17pmol/ul) Cas9).
Keep diluted/undiluted Cas9 on ice. Only make the amount of diluted Cas9 that you
will need at any given time since it is best not to freeze the diluted Cas9.
= Tip: It is best to dilute Cas9 only in PBS (pH 7.4), not directly in Nucleofector solution. We

have found that concentrated Cas9 can precipitate when added directly to some buffers.
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= Tip: We have tested several commercial sources of purified Cas9 protein and have found that

Aldevron’s product provides the highest editing efficiency at the lowest dose. Other sources or in-

lab purified Cas9 can also be used but may require a higher molar dose for equivalent editing

efficiency. Note also that we have compared purified Cas9 proteins with three slightly different

versions of nuclear localization signal (NLS) location: sNLS-SpCas9-sNLS, 2XNLS-SpCas9-sNLS,

and sNLS-SpCas9-2XNLS. We found that these three varieties performed identically in our cells.
c. Assemble RNP complexes:

1) Create complete Nucleofector Solution by mixing SG Cell Line Solution (or other
solution specific to your cell type) with the provided Supplement at a 4.5:1 ratio (e.g.
for one nucleofection, combine 16.4ul Cell Line Solution + 3.6l Supplement). Make
a master mix for multiple nucleofections. (Once combined, the complete Nucleofector
Solution is stable for three months.)

i1) Assemble RNP complexes in complete Nucleofector solution, adding reagents in the
order shown below. The amounts below will allow for 15 pmol total RNPs to be
nucleofected into one cell sample (with 10% extra volume), at an sgRNA:Cas9 ratio of

2:1. You may make a master mix for multiple nucleofections using identical RNPs.

ul complete Nucleofector Solution 19.28 ul
ul Synthego gRNA (30 pmol/ul) 1.10 ul
ul Cas9 (10.17 pmol/ul) 1.62 ul

Total 22 ul

= Tip: We have also tested higher sgRNA:Cas9 molar ratios up to 9:1 and have not found an
increased ratio to result in significantly higher editing efficiency in NSCs and GSCs. However, it
is possible that other cell types may benefit from an increased ratio, and this should be empirically

determined. Similarly, the optimal total RNP dose should also be empirically determined for other
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cell types.

ii1) Mix by pipetting and briefly centrifuge the sample so all the liquid is at the bottom.
iv) Incubate RNPs for 10-20 minutes at room temperature and then keep on ice (or at 4°C)

until shortly before use. Immediately before using complexed RNPs to resuspend cells

(see below), make sure to re-equilibrate RNPs back to room temperature.

d. Collect and prepare cells:

1) Prepare a 12-well or 6-well dish (pre-coated if necessary, following your standard
culturing procedure) so it contains appropriate culture media and pre-warm the plate
by placing in a 37°C incubator until you are ready to plate your nucleofected cells. (The
size dish that the cells will be plated into after nucleofection should be empirically
determined so that your cells are ~30-50% confluent the day after nucleofection. This
will vary depending on the size of your particular cells and how many die due to the
nucleofection process.)

i1) Harvest cells normally and count. For each sample to be nucleofected, aliquot 1.5-2 x
10° cells into a separate 1.5 mL microcentrifuge tube and centrifuge at 300g for 5
minutes.

ii1) Resuspend cells in PBS to wash, and centrifuge at 300g for 7 minutes.

iv) Aspirate the liquid as completely as possible. Resuspend the cell pellet in 20puL of RNP
complexes. Work quickly, but carefully, and avoid leaving cells in Nucleofector
Solution for longer than 30 minutes total (from the time you resuspend them to the time
nucleofection is complete). Avoid bubble formation.

v) Transfer all of the cell-RNP solution to one well of a 16-well Nucleocuvette strip

(placed inside the supplied “plate skeleton” if using the 96-well Shuttle System), and
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c.

cover with the provided lid (either strip lid or plate lid if using the Amaxa 4D
Nucleofector X unit or the 96-well Shuttle Unit, respectively). Make sure there are no
bubbles in your Nucleocuvette.

Nucleofect cells:

1) Ifusing the Amaxa 4D Nucleofector X unit, turn on the core unit and then use the touch
screen to select the appropriate options for nucleofecting a 16-well strip. Alternatively,
if using the Amaxa 96-well Shuttle Unit, turn on the Amaxa core unit, then the 96-well
Shuttle Unit, and then the laptop computer attached to the 96-well Shuttle Unit. Then
open the 96-well Shuttle software.

i1) Visually inspect the Nucleocuvette Vessel to make sure that the sample covers the
bottom of the cuvette and that there are no bubbles in the cuvette. If you notice
problems, gently tap the Nucleocuvette Vessel against your hand and/or use a thin
sterile pipet tip to pop any bubbles.

iii) If using a 16-well Nucleocuvette strip, insert the strip into the open Nucleofector 4D X
unit. Make sure the larger gap in the strip lid is at the top of the strip rather than at the
bottom, so that the yellow indicator in the X unit fits through the large gap at the top of
the lid. Alternatively, if using the 96-well Shuttle Unit, place the Nucleocuvette Vessel
with plate lid into the retainer of the 96-well Shuttle Unit. Check for proper orientation
of the plate (A1 should be at the top left).

iv) Run nucleofection program EN-138 (or other cell-type specific program). After run
completion, the screen should display a “+” over the wells that were successfully
electroporated. Remove the cuvette strips/plate from the machine.

v) Carefully resuspend the cells in each well of the Nucleocuvette with 80ul of pre-
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warmed growth media, and mix very slowly and gently by pipetting up and down 3-4

times.

= Tip: Excessive pipetting can greatly increase cell death, so keep pipetting to a minimum.
Furthermore, for some cell types Lonza recommends incubating the Nucleocuvettes at room
temperature or 37 °C for ~20 minutes immediately after nucleofection (before resuspending
with media), as this can greatly increase cell survival. We have not found this to be necessary
for NSCs and GSCs, but it may be important for other cell types.

vi) Transfer all 100pl to one well of the pre-warmed, media-containing cell culture plate

and gently pipet up and down a few times.
vii) Shake the plate to distribute the cells. Leave the plate at room temperature for ~20-25

minutes and then place in incubator. (This helps distribute cells evenly.)

= Tip: Cell survival is usually highest if you keep the cells somewhat dense after nucleofection
and do not plate them too sparse, i.e. plate them into an appropriate well/plate so they are ~30-
50% confluent the day after nucleofection. Exact cell numbers to use and size well they should be

plated into should be empirically determined for your particular cell type.

f. Change the media 12-24 hours after nucleofection to remove dead cells and debris.

g. Three days after nucleofection, cells may be collected for indel analysis and/or phenotypic
analysis, or cells may be expanded if creating a stable line. If studying an essential gene,
phenotypic analysis may need to be done sooner as the majority of editing happens within
24 hours and the stability of the particular remaining protein will determine how quickly a

phenotype can be observed.
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= Tip: If absolutely necessary, cells can be passaged only 24 hours post nucleofection. However,
this should be avoided if possible, as we have found that it results in reduced cell health and

proliferation.

2.6.3  Editing Efficiency Analysis

a. Harvest nucleofected cells and control cells (nucleofected with RNPs containing a non-
targeting sgRNA or mock nucleofected) according to normal culturing procedure. Cell
pellet can either be used immediately or stored at -20°C or -80°C for several weeks before
gDNA extraction.

b. Extract gDNA using a column purification kit, according to the manufacturer’s protocol.
We typically use the MicroElute Genomic DNA Kit (Omega Bio-Tek).

c. Perform PCR amplification of the region around the sgRNA cut site(s):

1)  Whenever possible, design PCR primers to be ~250-350bp outside of the sgRNA cut
site. If multiple sgRNAs are being used, design primers to be ~250bp outside of the
outermost cut sites. We usually devise a ~1000bp (wt) amplicon. Use webtools such as
Primer3 and NCBI Primer-Blast to check primer parameters and check for off-target
amplification.

i1) Design one or multiple sequencing primers that are ~20-80bp inside either end of the
PCR amplicon.

ii1) Perform PCR amplification (50ul reaction) on the edited and control samples using a
high-fidelity polymerase such as Phusion (New England BioLabs), following
manufacturer’s suggestions for PCR conditions for the particular enzyme. We typically

include a final concentration of 3% DMSO (which aids with template denaturation) in
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our PCR reactions with gDNA templates. (See Table S1 for details on primer
sequences, annealing temperatures, and extension times that we used for the sgRNAs
described in our study.)

iv) Run 10ul of the PCR reactions on a 1% agarose gel and visualize with ethidium
bromide staining. Check that there is only one product of the correct size in the control
sample (the edited sample may have multiple bands if your RNPs created one or more
deletions). If you have multiple products in the control sample, design new PCR

primers and repeat the amplification.

= Tip.: Sometimes it is simply not possible to identify PCR primers that only produce one band. If
you have tried multiple primer sets and this is the case, you may be able to use a primer set that
creates multiple bands. We have found that as long as the correctly-sized band is by far the most
intense band, the following steps using simple column purification of the PCR product can still

work properly, as long as a unique internal sequencing primer is used (a sequencing primer that

does not overlap significantly with either PCR primer). Alternatively, if your best PCR primers
produce multiple bands, you can also employ gel purification and only sequence a specific band.
However, we do not recommend this since you may not sequence certain indels that are present in
your edited sample if you only select a specific portion of the gel to sequence (rather than
sequencing everything present in your PCR reaction).

d. Use a column PCR purification kit to purify the remainder of the edited and control sample
PCR products (~40ul), according to the manufacturer’s protocol. We typically use the
Monarch PCR & DNA Clean-up Kit (New England BioLabs).

e. Perform Sanger sequencing on the PCR amplicons for your edited and control samples.

f. Perform editing analysis using Sanger trace files:
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1) Using a freely-available webtool such as Inference of CRISPR edits (ICE,

https://ice.synthego.com/#/), enter the trace files (.ab1 files) for your edited and control

samples, as well as the sequence(s) of the sgRNA(s) that you used. ICE can be used for
samples where up to 3 sgRNAs were used simultaneously.

i1) ICE results will display information including your predicted total editing efficiency
(called “ICE score”), predicted KO score (percent of predicted sequences that result in
a frameshift or an indel >21 bp in length), and an R? value that describes “goodness of
fit”. Furthermore, the output allows visualization of indel size distribution, a list of the
sequences predicted in your cell pool (in order of frequency of occurrence), and a
discordance plot showing where (or if) your edited trace deviates from your control
trace. Find more detailed explanation of outputs at

https://www.synthego.com/guide/how-to-use-crispr/ice-analysis-guide.

2.6.4  Supplies Required for Nucleofection

The following list does not include cell culture reagents. Also note that SG Cell Line Solution
should be used for GSCs and NSCs (and most likely other neural cell types as well), but a different

solution may be optimal for different cell types.
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Item Company Catalog number

2'-O-methyl 3’phosphorothioate- | Synthego N/A ***

modified, chemically

synthesized sgRNA

1X TE Buffer (Tris-EDTA, pH | Synthego Provided with sgRNA kit
8.0)

Nuclease-free water Synthego Provided with sgRNA kit
sNLS-SpCas9-sNLS nuclease Aldevron 9212-0.25MG

Phosphate buffered saline, pH homemade or e.g. Fisher e.g. 10010-023
7.4
SG Cell Line 4D-Nucleofector™ | Lonza V4XC-3032 (32 reactions)
Kit (20ul format) V4SC-3096 (96 reactions)

Note that for this protocol we necessarily used Lonza's instruction manual for the Amaxa 4D

Nucleofector as a reference. See also Synthego’s CRISPR RNP nucleofection protocol.
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Chapter 3. IDENTIFICATION OF GENE DEPENDENCY GROUPS
AND CONTEXT-SPECIFIC GENETIC VULNERABILITIES IN
GLIOBLASTOMA AND OTHER CANCERS USING CRISPR-CAS9
SCREENS

3.1 ABSTRACT

Glioblastoma (GBM) is the most common and aggressive form of brain cancer and remains one
of the deadliest cancers. Although directly targeting oncogenic driver mutations is a popular
strategy in developing new therapeutics, it has been met with limited success. Thus, we take the
alternative, unbiased approach of using functional genomic screens to identify molecular
vulnerabilities that arise in cancer cells due to the oncogenic state. We previously performed
genome-scale RNAi and CRISPR-Cas9 pooled outgrowth screens in human nontransformed
neural stem cells (NSCs) and patient-derived GBM stem-like cells (GSCs). Here, in order to
further characterize candidate GSC-specific hits, we performed comprehensive pooled retests of
all putative screen hits that scored preferentially in GSC isolates in our whole-genome CRISPR-
Cas9 screens. We then used this data to identify both GBM gene dependency groups and context-
specific vulnerabilities, which was facilitated by incorporating published functional genomic
screening data (DepMap database) into the analyses. By creating co-dependency networks, we
identified GSC-specific gene vulnerability groups related to mitochondrial protein processing and
turnover and membrane trafficking as well as metabolic enzymes and regulators. Furthermore, we
identified predicted context-specific vulnerabilities and further investigated the dsRNA-editing
enzyme ADAR and the adapter protein EFR3A. In addition, we explored the particularly strongly

GSC-specific screen hit FBX042, which we found to be essential in a subset of GSCs and cell
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lines of various cancer types, but nonessential in NSCs, indicating this target’s potential for a large
therapeutic window and broad applicability. We demonstrated that the ubiquitin ligase role of
FBXO0A42 is responsible for the viability phenotype, but likely not through p53 as a previous study
might suggest. In searching for possible interactors, we determined that FBX042 and CCDC6
likely work together rather than redundantly to promote viability in FBXO42 loss-sensitive cells.
Lastly, we demonstrated that the viability loss results from an extended metaphase arrest upon
FBXO042 knockout due to prolonged spindle assembly checkpoint activation. Altogether, this work

identifies therapeutic avenues that may be exploited not only in GBM but also in other cancer

types.

3.2 BACKGROUND

Glioblastoma (GBM) is the most aggressive and common form of brain cancer®*. There are
currently no highly effective therapies against GBM, and this cancer is one of the few tumor types
with both a poor outcome and minimal improvement in survival in the past decades'®®. With
standard of care treatments, including surgery, radiation, and chemotherapy, ~90% of adult
patients die within 2 years of diagnosis®®. Thus, improved treatments are desperately needed.
GBM stem-like cells (GSCs) have been isolated from patient tumors and retain the
developmental potential and specific genetic alterations found in the original tumor!%!767:68, When
cultured under serum-free monolayer conditions, GSCs can retain tumor-initiating potential and
tumor-specific genetic and epigenetic signatures over extended outgrowth periods'*!”. In addition,
they have been shown to recreate tumor cellular hierarchies when implanted into the cortex of
immune-compromised mice!>!7. While they cannot recreate the entire complexity of a GBM
tumor, in vitro-cultured GSCs represent extremely useful models for studying subsets of GSCs

with specific genetic and molecular profiles.
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Even though large-scale genomic studies have given us extensive knowledge of the tumor
suppressors and oncogenes that are commonly altered in cancer, directly targeting such genomic
alterations therapeutically has often met with limited success. For instance, frequent genetic
alterations in GBMs stimulate common signal transduction pathways involving RTK/Ras and
PI3K/AKT signaling!84185, Although neither Ras nor AKT activation alone is sufficient to drive
GBM, their combined activation is sufficient to induce GBM formation in mice!®®. However,

directly targeting these pathways in clinical trials has led to limited patient responses!®7:188

, calling
into question their use as "actionable" therapeutic targets for GBM. An alternative approach is to
identify novel therapeutic targets in an unbiased and high-throughput manner by using functional
genomic screens. We have performed multiple such screens using both RNAi and CRISPR-Cas9
platforms. This has allowed us to successfully identify genes selectively required for the self-
renewal and expansion of GSCs, but not fetal-derived neural stem cells (NSCs)7396:7:10%.110 which
have similar expression profiles and developmental potential but are not transformed'>!'%. Our
recent whole-genome CRISPR-Cas9 screens led to the identification of the Weel-like kinase
PKMYTI1/Mytl as a vulnerability associated with the oncogenic activity of RTK/Ras and
PI3K/AKT pathways. This demonstrates the utility of our functional genomic screening
approach’3.

Besides general oncogenic pathway activations, specific oncogenic activities such as loss-
of-function and gain-of-function mutations, gene expression changes, copy number changes, etc.
can also lead to vulnerabilities unique to subsets of tumor cells, which we may be able to exploit
in order to treat a defined patient population®'. Here, we wanted to further characterize candidate

GSC-specific hits from our CRISPR-Cas9 whole genome screens in order to: 1) identify GBM

gene dependency groups, or multiple genetic vulnerabilities that can be expected to be shared in
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the same GBM tumor; and 2) identify context-specific vulnerabilities, or genes that are required
in a certain cellular context (e.g. specific oncogenic activities listed above). We therefore
performed comprehensive pooled retests of all putative screen hits that scored preferentially in
GSC isolates over NSCs isolates in our whole-genome CRISPR-Cas9 screens. We then
incorporated published functional genomic screening data (DepMap database) into our data in
order to facilitate the desired analyses.

By creating co-dependency networks, we identified GSC-specific gene vulnerability
groups related to mitochondrial protein processing and turnover and membrane trafficking as well
as metabolic enzymes and regulators. Furthermore, we identified predicted context-specific
vulnerabilities and further investigated two of these — the dsSRNA-editing enzyme ADAR, which
we demonstrate is required in the context of an interferon-stimulated gene expression signature,
and the adapter protein EFR3A, which we determine is required in cells that have low expression
of its paralog EFR3B.

Additionally, we explored the intriguing GSC-specific hit FBXO42, which encodes a
poorly-studied F-box protein that scored particularly differentially in one of the three GSC isolates
screened compared to NSCs. We found that FBX042 is essential in a subset of GSCs and cell lines
of various cancer types, but nonessential in NSCs, indicating this target’s potential for a large
therapeutic window and broad applicability. A previous study suggested that p53 is a substrate of
FBXO0O42 and that stabilization of p53 upon FBXO42 loss causes reduced viability in cancer

cells'??

. We demonstrated that the ubiquitin ligase role of FBX042 is indeed responsible for the
viability phenotype, but very likely not through p53. We identified a possible interactor of
FBXO042, the phosphoprotein CCDC6, and we showed that these two proteins likely work together

rather than redundantly to promote viability in FBXO42 loss-sensitive cells. Lastly, we
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demonstrated that the observed viability loss upon FBX042 knockout results from an extended
metaphase arrest due to prolonged spindle assembly checkpoint activation. Our work illustrates
the utility of using CRISPR-Cas9 functional genomic screens to identify novel therapeutic

opportunities in patient tumor samples.

3.3 RESULTS

3.3.1 Successive rounds of CRISPR-Cas9 functional genomic screening to identify

strongest in vitro growth-promoting genes in GBM

We previously performed genome-scale pooled outgrowth screens in human GSCs and NSCs
using both RNAi and CRISPR-Cas9 platforms in order to identify genes required for the
proliferation and survival of GBM cells’>%6:97:10%110 Partial retests of these screens led to the
identification of genetic vulnerabilities associated with the oncogenic activity of RTK/Ras and
PI3K/Akt pathways or MYC. In order to further characterize candidate GSC-specific hits from our
CRISPR-Cas9 screens, here we performed comprehensive retests of all putative strong, medium,
and weak screen hits that scored preferentially in any of three GSC isolates (mesenchymal GSC-
0131, proneural GSC-0827, and mesenchymal GSC-1502) over two NSCs isolates. Our goal was
to facilitate identification of GBM gene dependency groups and context-specific vulnerabilities.
We therefore took our whole-genome CRISPR-Cas9 screen results and selected all genes that fit
the relaxed criteria of false discovery rate (FDR) <0.05 and log> fold-change (logFC) <-1 for at
least one sgRNA in any GSC line but in neither of the NSC lines (Figure 3.1B). We then took this
list of 907 genes and mined the CRISPR-Cas9 GeCKO v2 library'®® for improved sgRNA
sequences, which we then used to create a new library that we termed the comprehensive retest
library (Figure 3.1B). We also included sgRNAs targeting essential and growth-limiting control

genes (for a total library size of 1,079 genes), as well as 110 non-targeting control sgRNAs.
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A CRISPR-Cas9 functional genomic outgrowth screening
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Figure 3.1. Successive rounds of CRISPR-Cas9 functional genomic screening to identify strongest in vitro
growth-promoting genes in GBM. (A) Overview of CRISPR-Cas9 in vitro functional genomic outgrowth
screening procedure. (B) Strategy for initial whole genome screens followed by refining retest screening using a
comprehensive retest library targeting genes based on the whole genome screen results. (C) Distribution of
logCPM (counts per million) versus Zscores for all sgRNAs in the comprehensive retest library, shown for the

3 GSC and 2 NSC lines that were screened. Each dot represents an sgRNA. Non-targeting sgRNAs are marked
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in blue, while sgRNAs meeting the scoring criteria for top growth-promoting genes (FDR <0.05 & Zscore <-1)

are marked in red.

We performed outgrowth screens using our comprehensive retest library in the same GSCs
and NSCs in which we had performed the whole genome screens, in a manner consistent with our
previous outgrowth screen procedure (Figure 3.1A). Briefly, after cloning the library from an oligo
pool, we generated lentivirus and transduced cells at a low MOI to ensure a high probability that
each cell would only receive one sgRNA integration. Two days after transduction, we treated the
cells with puromycin for 3 days in order to select for successfully transduced cells. We then
harvested the initial timepoint before culturing the cells for ~21 days to allow for competition
between the integrated sgRNAs. After collecting the final timepoint, we used deep sequencing to
measure relative abundance of the integrated sgRNAs before and after outgrowth. Using this
system, an sgRNA that is overrepresented after outgrowth (positive logFC) indicates a potentially
growth-limiting gene, while an sgRNA that is underrepresented after outgrowth (negative logFC)
indicates a potentially growth-promoting gene that may be required for proliferation, survival, or
growth.

We analyzed the results of our comprehensive retest library screens by normalizing the
logFC data via conversion to Zscores and by using more stringent gene selection criteria. In order
to identify growth-promoting genes, we filtered for sgRNAs with FDR <0.05 and Zscore <-1, and
we termed “gene hits” any gene which had at least 2 sgRNAs scoring in this manner. This produced
a list of 264 top potentially growth-promoting gene hits in GSCs, including 51 genes that were
shared between all 3 GSC isolates (Figure 3.1B). We observed that the overall distribution of all
sgRNAs in the library was very similar for each of the lines screened, and in each case the majority
of non-targeting control sgRNAs clustered together and fell slightly above zero, but below the

positive growth-limiting scoring cutoff of Zscore >1 (Figure 3.1C). (The observation that the non-
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targeting controls appeared slightly positive is likely due to the fact that the library was designed
to contain many sgRNAs that would score negatively, and since all sgRNA effects are relative,
this would cause a concomitant apparently slightly positive effect for the non-targeting sgRNAs.)

In order to identify sgRNAs that scored more negatively in GSCs compared to NSCs, we
created differential Zscores for each GSC vs. each NSC. SgRNAs that have negative GSC-NSC
differential Zscores would correspond to genes that are preferentially required in GSCs compared
to NSCs. Figure 3.2 shows heatmaps of GSC — NSC differential Zscores for all sgRNAs that scored
in all 3 GSC lines, corresponding to 51 genes (left two heatmaps), as well as for all non-targeting
sgRNAs (right two heatmaps). It is clear that a subset of these top GSC-shared hits display a strong
and consistent increased dependency in GSCs compared to each NSC line (e.g. CAB39, GMPPB,
KIAA1432/RICI, etc.). Importantly, the spread of differential Zscores for the non-targeting
controls was much lower than for gene hits and the values were much closer to zero, indicating
that our screen results are not somehow biased to be overall more negative in GSCs (right two
heatmaps).

We wanted to further characterize screen hits in order to: 1) identify GBM gene
dependency groups, or multiple genetic vulnerabilities that can be expected to be shared in the
same GBM tumor; and 2) identify context-specific vulnerabilities, or genes that are required in a
certain cellular context, such as a gene expression profile, inactivation/deficiency of a gene, gain-
of-function mutation, copy number alteration, etc. We therefore took advantage of the Broad
Institute’s DepMap database, which represents recent efforts to comprehensively identify
vulnerabilities in hundreds of serum-cultured human cancer cell lines from various tumor types.

While such cell lines are not ideal for modeling cancer biology'**!°!, they have led to numerous
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key discoveries . By incorporating both functional screening and descriptive genomic

profiling data from DepMap into our results, we were able to address both of our aims.
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Figure 3.2. A subset of top GSC hits display increased dependency in GSCs compared to NSCs. (A) Heatmap
of GSC — NSC differential Zscores for all sgRNAs that scored (FDR <0.05 & Zscore <-1) in all 3 GSC lines in
the comprehensive retest screens (corresponding to 51 genes, displayed in two sets). The columns in each set
correspond to all six combinations of Zscore(GSC) — Zscore(NSC). Each row corresponds to an sgRNA, and
multiple sgRNAs targeting the same gene are grouped together. A heatmap of the differential Zscores for the

110 non-targeting sgRNAs in the library is shown for comparison.
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3.3.2  Mitochondrial-related and metabolism-related genetic vulnerability groups in GBM
identified through co-dependency network analysis

First, we wanted to take advantage of our results to identify groups of genes that are preferentially
required in GBM compared to normal NSCs, particularly related genetic vulnerabilities that can
be expected to be shared in the same GBM tumor. However, the 3 GSC lines that we used for
screening do not provide a large enough sample size to make predictions about co-dependencies,
or relationships where dependency (i.e. degree of requirement for proliferation, survival, or
growth) on one gene correlates with dependency on another gene. Therefore, we mined
DepMap!92-195 for CRISPR gene dependency correlations to determine which of our hits were
connected by co-dependency relationships. DepMap CRISPR screening data is presented as one
“CERES” gene dependency score per gene per cell line, normalized for copy-number specific

effects and for the median of common essential genes'®

. The interpretation of this score is similar
to a Zscore from our screens, where a positive value corresponds to a gene whose loss caused an
increase in cell fitness (i.e. growth-limiting gene), while a negative value corresponds to a gene
whose loss caused a decrease in cell fitness (i.e. growth-promoting gene).

We used DepMap correlations for our top screen hits that scored in 1, 2, or all 3 GSC lines
and filtered for a correlation coefficient >0.2. We then used this data to create a large co-
dependency network, where each node represents a gene, and each edge represents a correlation
between dependency on one gene and dependency on the connected gene. Genes scoring in 1, 2,
or all 3 GSCs in our screens are marked in yellow, blue, or green, respectively (Figure 3.3A).
Interestingly, we noticed that the vast majority of our hits were connected indirectly by co-
dependency relationships, with very few genes falling outside the large network. We also observed

that this large network contained two especially concentrated clusters (red boxes in Figure 3.3A

and Figure 3.4A). We pulled out the gene hits from these clusters and created subnetworks (Figure
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3.3B and Figure 3.4B) by incorporating DepMap co-dependency correlations with data regarding
physical interactions, predicted interactions, and shared pathways (gathered from GeneMania!®?).
Edge widths were created to correspond to the value of the correlation coefficient for co-
dependency correlations and to the weight of the association for GeneMania-derived data. Since
we wanted to determine if the clusters we had identified were in fact preferentially required in
GSCs compared to NSCs, we then incorporated our differential Zscore data into these subnetworks

to identity gene hits with a GSC-NSC Zscore differential <-0.5 for all GSCs in which a particular

gene scored, versus each NSC (see node borders in Figure 3.3B and Figure 3.4B).
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Figure 3.3. Identification of a group of mitochondrial-related genetic vulnerabilities through co-dependency

network analysis. (A) Larger overview network of functional screening correlations for our comprehensive retest
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screen hits. Each node represents a gene, and genes scoring in 1, 2, or all 3 GSCs in our screens are shown larger
and marked in yellow, blue, or green, respectively. Each black edge is based on DepMap’s publicly-available
functional genomic CRISPR-Cas9 screening data and represents a correlation between dependency on one gene
and dependency on the connected gene among hundreds of cancer cell lines. Red box denotes the location of a
mitochondrial subnetwork within this larger network. (B) The mitochondrial subnetwork that can be identified
in the larger network shown in (A). Gene hit node fills are colored as in (A), and gene hits with a GSC-NSC
Zscore differential <-0.5 (for any scoring GSC) are also marked by border colors. Edges display DepMap
correlations as well as protein-protein interactions and pathway relationships (GeneMania). Edge widths
correspond to the value of the correlation coefficient for DepMap-derived correlations and to the weight of the

association for GeneMania-derived data.

The first gene cluster we had identified in this manner and for which we thus created a
subnetwork contained genes involved in mitochondrial protein processing and turnover and
membrane trafficking (Figure 3.3B). Specifically, there was a close association between the
mitochondrial ribosomal protein MRPSI8C'3; the GTPase MTGI, which plays a role in the
regulation of mitochondrial ribosome assembly and translational activity!**!*>; LRPPRC, which
binds to poly(A) mRNA in mitochondria and works to regulate certain mitochondrially encoded
genes and gluconeogenic genes'*®; and MIPEP, which cleaves a specific class of nuclear-encoded
proteins targeted to the mitochondrial matrix or inner membrane to their mature size, particularly
oxidative phosphorylation-related proteins!7!%, This group of genes was connected via DNMIL,
which plays an important role in mitochondrial division by mediating membrane fission'**2%!, to
another group of genes involved in membrane processes. Specifically, this group consisted of the
mitochondrial membrane protein ROMO1, which is responsible for increasing the level of reactive
oxygen species?>2%4; YMEILI, an ATP-dependent metalloprotease that catalyzes the degradation
of folded and unfolded proteins in the mitochondrial intermembrane region?°>2%¢; TIMM]I3, a
mitochondrial intermembrane chaperone that participates in the import and insertion of multi-pass

transmembrane proteins into the mitochondrial inner membrane®”-?%; and CLPB, a regulatory

ATPase that contributes to protein trafficking and disaggregation of protein aggregates??%2!0.
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Remarkably, 8 of the 9 total gene hits in our mitochondrial subnetwork displayed an increased
requirement in GSCs compared to NSCs via differential Zscores. Altogether, this subnetwork
demonstrates that GBM cells are more likely to be sensitive to inhibition of genes involved in
mitochondrial protein processing and turnover and membrane trafficking. Interestingly, while
some screen hits that displayed co-dependency were also connected by known or predicted protein-
protein interactions or pathway annotations, most of them were not, indicating that such data is not
sufficient for the identification of gene vulnerability groups, and highlighting the importance of
incorporating functional genomic screening data.

The second gene cluster we had identified in our larger co-dependency network
corresponded to genes related to metabolism, especially metabolic enzymes, so we created a
separate subnetwork for these genes (Figure 3.4B). The most dense group of genes within this
cluster included GMPPB, a GDP-mannose pyrophosphorylase?!!; PGP, a glycerol-3-phosphate

phosphatase that regulates the cellular levels of glycerol-3-phosphate?!?

, a metabolic intermediate
of glucose, lipid, and energy metabolism; MAT2A4, which catalyzes the formation of S-
adenosylmethionine from methionine and ATP?!*; MVD, which catalyzes the conversion of
mevalonate pyrophosphate into isopentenyl pyrophosphate in one of the early steps in cholesterol
biosynthesis?'#; PGD, which is the second dehydrogenase in the pentose phosphate shunt?'s;
UMPS, a uridine 5'-monophosphate synthase that catalyzes the final two steps of the de novo
pyrimidine biosynthetic pathway?!®; as well as two enzymes involved in the de novo synthesis of
guanine nucleotides, GMPS?'7 and IMPDH2?'8. Furthermore, these gene hits displayed co-

dependency with the catalytic subunits of ATPases ATP1A1, which is responsible for establishing

and maintaining the electrochemical gradients of sodium and potassium ions across the plasma
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membrane?!®, and ATP6VIGI, part of the peripheral V1 complex of vacuolar ATPase that is
responsible for acidifying a variety of intracellular compartments??°,

Interestingly, the above-described group of enzymes was connected to genes involved in
regulating AMPK signaling: the serine/threonine-protein kinase S7TK//, which acts as a key
upstream regulator of AMPK by mediating phosphorylation and activation of AMPK catalytic

subunits?2!

, as well as two members of a complex that binds and activates STK// — CAB39 and
STRADA***. This connection is supported by a recent publication showing that PGD contributes
to AMPK activation through inhibition of PP2A2?3, Traditionally, AMPK has been regarded as a
tumor suppressor since its activation promotes ATP conservation by inhibiting proliferation and
growth-promoting pathways including synthesis of proteins, sterols, and fatty acids*?*. However,
in recent years this generalization has been challenged since oncogenic signaling causes rapid
cellular proliferation, which comes with high metabolic demand that creates a metabolically
stressed state. AMPK could serve to alleviate this stress by reducing energy demand through
inhibition of mTORC]1-regulated anabolic growth and by promoting energy generation through
increased mitochondrial complex I and catabolic metabolism??>. Our results are consistent with

this notion that AMPK signaling is actually required for some tumor cells, and point toward this

signaling pathway as being important for survival of GBM cells.
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Figure 3.4. Identification of a group of metabolism-related genetic vulnerabilities through co-dependency
network analysis. (A) Larger overview network of functional screening correlations for our comprehensive retest
screen hits. Each node represents a gene, and genes scoring in 1, 2, or all 3 GSCs in our screens are shown larger

and marked in yellow, blue, or green, respectively. Each black edge is based on DepMap’s publicly-available
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functional genomic CRISPR-Cas9 screening data and represents a correlation between dependency on one gene
and dependency on the connected gene among hundreds of cancer cell lines. Red box denotes the location of a
metabolism subnetwork within this larger network. (B) The metabolism subnetwork that can be identified in the
larger network shown in (A). Gene hit node fills are colored as in (A), and gene hits with a GSC-NSC Zscore
differential <-0.5 (for any scoring GSC) are also marked by border colors. Edges display DepMap correlations
as well as protein-protein interactions and pathway relationships (GeneMania). Edge widths correspond to the
value of the correlation coefficient for DepMap-derived correlations and to the weight of the association for

GeneMania-derived data.

Overall, 16 of 20 total gene hits in our metabolism-related subnetwork displayed an
increased requirement in GSCs compared to NSCs via differential Zscores, highlighting the
increased dependency of GBM cells on these specific metabolic enzymes and regulators. As one
might expect, our mitochondrial-related and metabolism-related subnetworks were connected
within the initial larger network we had created, although they still represent distinct gene
vulnerability groups, with one emphasizing mitochondrial protein processing and turnover and

membrane trafficking and the other highlighting metabolic enzymes and regulators.

3.3.3  Integration of functional and descriptive genomics for the identification of context-

specific cancer vulnerabilities

In addition to using co-dependency network analysis to identify gene vulnerability groups that may
be applied to GBM in general, we also wanted to use our screen results to identify context-specific
vulnerabilities, or genes that are required in subsets of tumor cells with a particular cellular context
(e.g. increased/decreased expression of a particular gene or group of genes). To this end, we
integrated our functional screening data with descriptive genomic data for our GSC lines, namely
RNA-seq, exome-seq, and CNV data, in order to generate hypotheses regarding context-specific
vulnerabilities. We then looked for additional evidence for our hypotheses, once again turning to
DepMap data, and created a list of top predictions (Figure 3.5A). The contexts for these predictions

could be broken up into 3 categories: tumor subtype / expression profile, where certain genes are
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required in subsets of tumors with a particular gene expression profile; specific oncogenic
activities, e.g. where vulnerabilities might occur in the context of RTK and PI3K pathway
activation’? or in the context of high expression of an oncogene itself (which represents the concept
of oncogene addiction); or deficiency in a gene’s paralog or family member, which represents the
classic concept of synthetic lethality (Figure 3.5A). We wanted to explore two of these context-
specific vulnerability predictions further — one for which evidence already exists (4DAR) and one
for which it does not (EFR3A).

ADAR (or more specifically the isoform ADARI) is the primary enzyme responsible for

126 We became

editing dsRNA by catalyzing the hydrolytic deamination of adenosine to inosine
interested in this gene because ADAR was a patient-specific hit in GSC-0131 cells in our screens.
ADAR serves to neutralize immunogenic dsRNAs, and it is known that loss of ADAR leads to cell
lethality under interferon (IFN) treatment®?%. It was recently shown that tumor cells themselves
can produce IFN, creating an IFN-stimulated gene expression (ISG) signature, which makes them
more vulnerable to ADAR loss compared to normal cells due to accumulation of dsRNAs??7-228,
Indeed, when we looked at top DepMap correlations with ADAR dependency, we saw that they
included mainly negative correlations for expression of ISG genes, which suggests that there is an
increased requirement for ADAR when expression of these genes is higher (Figure 3.5B).
Comparing RNAseq data for our various GSC lines, we observed that GSC-0131 cells do display
some upregulation of ISG genes (Figure 3.5C, top panel; GSC-0131 highlighted by red box). We

also analyzed a panel of pediatric brain tumor isolates and saw that a subset of these had an even

higher upregulation of ISG genes (Figure 3.5C, bottom panel; left side of heatmap).
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Figure 3.5. Integration of functional and descriptive genomics allows for the identification of context-specific
cancer vulnerabilities. (A) Table of predicted context-specific cancer vulnerabilities, identified by incorporating

DepMap correlation data with patient-specific gene hit data from our CRISPR screens. (B) Mini-network of top

72



DepMap gene co-dependency and gene expression correlations for the GSC-0131-specific screen hit ADAR.
Blue expression edges indicate that expression of the gene to which ADAR is connected correlates with ADAR
dependency score. (C) Clustered heatmaps showing relative expression of genes in a 38-gene ISG signature for
a set of GSCs/NSCs and a set of various pediatric brain tumor isolates. (D) Western blot showing MX1 protein
expression in a subset of lines shown in (C). (E) Relative cell viability (normalized to targeting control sgCD8A)
for lines nucleofected with CRISPR RNPs targeting ADAR. HEATRI is an essential control gene. sgNTC = non-
targeting control sgRNA. Measured at 10 days post nucleofection. (F) Relative EFR3B expression, based on
RNAseq data, for GSCs and NSCs that were used for CRISPR screens with comprehensive retest library. (G)
Cell line functional genomic screening data from DepMap showing EFR3A4 dependency score (CERES score
from CRISPR Avana 19Q4 dataset) vs. EFR3B expression. Each dot represents a cell line. Dotted blue line
shows linear regression fit. (H) Relative cell viability (normalized to targeting control sgCD8A) for cells
nucleofected with CRISPR RNPs targeting EFR3A4, EFR3B, or both. GSC-0131 are compared to GSC-0131 that
were transduced with a lentiviral construct expressing EFR3B. HEATRI is an essential control gene. sgNTC =

non-targeting control sgRNA. Measured at 9 days post nucleofection.

Since MXI, an IFN-induced dynamin-like GTPase with antiviral activity against a wide

range of RNA viruses®?’

, was the strongest expression correlation with ADAR dependency in
DepMap (Figure 3.5B), we assessed MX1 protein levels in some of the isolates for which we had
RNA expression data (Figure 3.5D). We observed that GSC-0131 as well as the pediatric
ependymoma line EPD210, which was among the ISG-positive pediatric lines (shown in red boxes
in Figure 3.5C), did in fact have much higher MX1 protein expression than other lines, for which
MX1 protein was actually undetectable (Figure 3.5D). (MX1 was also higher in a diffuse intrinsic
pontine glioma line, DIPG4E, for which we did not have RNA expression data.) We therefore
decided to individually test ADAR loss in GSC-0131 and EPD210 using CRISPR Cas9:sgRNA
ribonucleoprotein (RNP) nucleofection and subsequent measurement of relative cell viability. We
compared the effect on viability in these two lines to the ISG gene expression signature-negative
line GSC-0827 (Figure 3.5C), which had no detectable expression of MX1 protein (Figure 3.5D)

and did not score as ADAR loss-sensitive in our screens. Since it has been suggested that the DNA

damage associated with CRISPR cutting can lead to negative viability effects independently of
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whether a gene is truly required or not!%23%232 we chose to use sgRNASs targeting the unrelated
gene CDS8A, which is not expressed in GSCs and NSCs, as a targeting control for normalization in
all of our viability experiments, rather than using only a non-targeting control. When we
nucleofected GSC-0131 and GSC-0827 with CRISPR RNPs targeting the essential control gene
HEATRI, we observed a similar reduction in viability between these lines (Figure 3.5E). However,
targeting of ADAR using two different combinations of dual sgRNAs significantly reduced
viability in GSC-0131 but not GSC-0827. In addition, we observed that like GSC-0131, EPD210
cells were also sensitive to ADAR loss (Figure 3.5E). These results are in line with the recent
publications suggesting that ADAR is specifically required in the context of increased expression
of ISG genes. Furthermore, our results suggest that MX/ expression (particularly MX1 protein
expression) may be the most useful individual predictive biomarker for ADAR loss-sensitivity.
The second context-specific vulnerability hypothesized from our screens that we wanted
to explore further was EFR3A4. EFR3A and EFR3B are recently-characterized adapter proteins that

are required to localize the enzyme PI4KlIla to the plasma membrane!?7:128

, where it generates
PI4P, which is important for plasma membrane identity?*. EFR3A4 scored as a gene hit specific to
GSC-0131 in our screens, which we noticed had very low expression of the paralog EFR3B
compared to the other GSCs and NSCs that we had screened (Figure 3.5F), suggesting a potential
synthetic lethal relationship between these two paralogs. When we examined DepMap data, we
also observed a trend toward increased requirement for EFR34 in tumor cells with low EFR3B
expression (Figure 3.5G). We therefore decided to use CRISPR RNPs to individually knock out
EFR34 and EFR3B in the EFR3B-higher line GSC-0827, the EFR3B-lower line GSC-0131, and

GSC-0131 which we had transduced with lentivirus overexpressing an sgEFR3B-resistant version

of exogenous EFR3B (Figure 3.5H). We observed that indeed, the EFR3B-lower line GSC-0131
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was more sensitive to EFR3A loss than the EFR3B-higher line GSC-0827, and this effect was fully
rescued by exogenous expression of EFR3B in GSC-0131. When we knocked out EFR3B in GSC-
0131 and GSC-0827, we did not observe a loss of viability in either line, which we expected since
these lines still express high levels of EFR34. However, we observed that simultaneous targeting
of EFR34 and EFR3B was extremely lethal to both GSC lines (Figure 3.5H). Taken together, our
results indicate that EFR34 and EFR3B are truly synthetic lethal, which creates a unique
therapeutic opportunity for targeting EFR3A in tumor cells that endogenously express low levels

of EFR3B.

3.3.4  FBXO42is a unique screen hit that is essential in a subset of GSCs in vitro and in

vivo but is nonessential in NSCs in vitro

Among the strongest GSC-specific hits in our screen retests was FBX0O42. It scored in a manner
where it appears essential in GSC-0827, while being seemingly completely dispensable in GSC-
0131, GSC-1502, and NSCs. FBX042 encodes an F-box protein that serves as the substrate-
recognition component of an SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin ligase complex,
and it is thus far very poorly studied, with only a few publications exploring the roles of the
protein!2>23423¢ One previous study described a role for FBXO42 in the destabilization of p53,
similar to MDM2!%°. Because GSC-0827 cells are TP53-wt and GSC-0131 are 7P53-mutant, we
wondered if 7P53 status might explain FBX042’s GSC-0827-specific requirement. We therefore
decided to explore this screen hit further.

First, we wanted to individually retest FBXO42 loss to determine if the patient-specific
effect in GSC-0827 compared to NSCs really was as stark as it appeared from our screening data.
When we nucleofected GSC-0827 and NSC-U5 with CRISPR RNPs targeting FBX0O42 and

subsequently measured relative cell viability, we found that loss of this gene did indeed have a
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profound effect on GSC-0827, with almost no cells surviving, but had not even a partial negative
viability effect on NSC-US5 (Figure 3.6A). Importantly, we did see a strong reduction in viability
in NSC-US5 when targeting the essential gene HEATR as a control, indicating that our differential
results were not due to reduced nucleofection efficiency in NSC-USs. We also tested additional
GSC lines and found that similar to NSC-US5, GSC-0131 cells were unaffected by loss of FBX042,
while GSC-G166 cells did display a reduction in viability, though to a lesser extent than GSC-
0827s (Figure 3.6A). This confirmed our initial hypothesis, that a subset of patient-derived GSC
lines are FBX0O42 loss-sensitive (which we termed F42L-sensitive), while normal non-transformed
NSCs are not sensitive (which we termed F42L-resistant).

We wanted to determine if the sensitivity to FBX0O42 loss holds true in vivo, and we wanted
to model the therapeutic potential of targeting FBXO42 in established tumors rather than simply
testing engraftment of FBXO42 knockout tumor cells. Therefore, we cloned an sgFBX042 1-
resistant version of the FBXO42 ORF into the retroviral Tet-On vector pTURN-tight and
transduced GSC-0827 cells with virus for this construct. Keeping the cells on doxycycline to
maintain exogenous FBX042 expression, we then nucleofected them with CRISPR RNPs for
sgFBX042 1 in order to knock out the endogenous FBX042 alleles. In order to obtain cells with
a uniform and well-controllable induction of exogenous expression, we then derived clones from
this cell pool. We screened the clones for proper ability to turn off the construct by taking a subset
of cells of each clone and testing for viability loss upon doxycycline removal. Based on these
results, we took our top two clones (clones 6 and 15), PCR amplified the endogenous FBX042
locus, and sequenced individual alleles using a TA cloning-like method (Figure 3.6B). We found
that, as expected, both clones 6 and 15 had been successfully CRISPR-edited at this site. Clone 15

contained a net frameshift mutation in each allele, while clone 6 contained one frameshift allele
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and one allele with a net 33 bp deletion, which would result in an in-frame protein that nonetheless
contains an 11 aa deletion in the F-box domain. As we expected based on this result, Western
blotting for FBXO042 protein revealed that after 4 days of doxycycline removal, clone 6 still
displayed a faint band while clone 15 displayed no visible FBX042 protein expression (Figure
3.6C). The fact that clone 6 responded to doxycycline removal with the expected dramatic loss in
viability suggests that the remaining protein may not be entirely functional. However, we decided
to move ahead with clone 15 for our in vivo experiment due to the observed total protein loss after

doxycycline removal.
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Figure 3.6. FBX042 is a unique screen hit that is essential in a subset of GSCs in vitro and in vivo but is
nonessential in NSCs in vitro. FBX0O42 loss-sensitive tumors occur in various cancer types. (A) Relative cell
viability (normalized to targeting control sgCD8A) for GSCs and NSCs nucleofected with CRISPR RNPs
targeting FBX042. HEATRI is an essential control gene. sgNTC = non-targeting control sgRNA. Measured at 9
days post nucleofection for GSCs and 11 days for NSCs (due to doubling time differences). (B) Genomic
sequences of the FBX042 exon 2 region surrounding the sgFBX042 1 target site, shown for individual alleles
of 2 clones of GSC-0827 cells that had been transduced with a doxycycline-inducible FBX0O42 construct
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(resistant to sgFBX042 1) and then nucleofected with CRISPR RNPs for sgFBX042 1 to knock out the
endogenous FBX0O42. PCR primers used were specific to the endogenous locus and could not amplify the
exogenous construct. Red dotted line denotes sgRNA cut site. (C) Western blot for FBX042 for clones described
in (B) with either continuous doxycycline exposure, 4 days doxycycline removal, or 3-4 weeks of doxycycline
removal (which allowed a very small percentage of doxycycline removal-resistant cells to expand). (D) Survival
curve for immunocompromised mice which were orthotopically xenografted with GSC-0827 doxycycline-
inducible FBX0O42 clone 15 described in (B) and (C). All mice were initially kept on doxycycline, and then
doxycycline was removed for half the mice on Day 7 post injection. n=10 mice per group. (E) Breakdown by
tissue lineage of FBXO42 dependency in cell lines screened in DepMap (CERES score from CRISPR Avana
19Q4 dataset). Each circle corresponds to a cell line. Summary of proportion of potentially sensitive cell lines
(score <-0.5) by tissue lineage is shown to the right. (F) Relative cell viability (normalized to targeting control
sgCDB8A) for 4 cell lines that were nucleofected with CRISPR RNPs targeting FBXO42. Lines had been predicted
FBX042 loss-sensitive based on DepMap data (using CRISPR Avana dataset for all except MKN1, which were
predicted based on Combined RNAI dataset.) HEATRI is an essential control gene. sgNTC = non-targeting
control sgRNA. Measured at 8-12 days post nucleofection (depending on doubling time).

We implanted cells from GSC-0827 inducible pTT-FBXO42(sg#1-resistant) clone 15
orthotopically into the brains of immunocompromised mice. Before implantation and for the first
7 days after implantation, the mice were maintained on doxycycline water in order to prevent death
of tumor cells before tumor initiation. On Day 7 after injection, we removed doxycycline from half
the mice, normalizing the tumor burden in each cohort based on bioluminescent imaging (the
parental GSC-0827 cells had been transduced with a luciferase construct). We monitored survival
and found a significant increase in survival in the group which experienced doxycycline removal
compared to the group that was kept on doxycycline, indicating that loss of FBXO42 in established
tumors in vivo resulted in improved outcome (Figure 3.6D). Nine of the 10 mice that experienced
doxycycline removal did eventually succumb due to tumor burden, but the remaining mouse was
actually still alive at the study endpoint of 120 days and had a small stable tumor that was not
progressing. Interestingly, the observation that most of the tumors in mice not treated with
doxycycline eventually continued proliferating is consistent with our in vitro results, where we

observed that the extremely small percentage of cells that survived doxycycline removal (<3%) in
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both clones 6 and 15 were eventually able to proliferate after ~3 weeks. When we assessed
FBXO0A42 protein levels in these in vitro doxycycline independent cells, we found that their survival
was not due to doxycycline-independent reactivation of the viral construct, as FBX042 levels in
both clones were identical for long-term doxycycline removal-resistant cells and cells which had
been under doxycycline removal for 4 days and were thus just beginning to experience the effects
of FBX0O42 loss (Figure 3.6C). This suggests that a very small subpopulation of cells had likely
undergone some sort of genomic change that allowed them to become F42L-resistant.
Nevertheless, the survival difference we observed is quite dramatic for glioblastoma, a tumor type
with an extremely poor outcome and minimal improvement in survival in the past decades!®3.
Altogether, these results illustrate that the requirement for FBX042 holds true in vivo in F42L-
sensitive GSCs and present FBXO42 as a viable potential therapeutic target in a subset of

glioblastomas.

3.3.5 FBXOA42 loss-sensitive tumors occur in various cancer types

We wondered if FBX042 loss-sensitivity is restricted to glioblastomas (or perhaps various types
of brain tumors), or if other cancer types might also contain subsets of sensitive tumors. We thus
turned to DepMap!%%1% to assess FBXO42 dependency across cell lines derived from tumors of
various tissue lineages (Figure 3.6E). Using the DepMap-suggested cutoff of a dependency score
of -0.5, we quantified the percentage of cell lines within each tissue lineage that scored below this
cutoff (Figure 3.6E, right side). We saw that most tissues appear to contain a subset of potentially
F42L-sensitive cell lines, with a range of 0-30%, a mean of 13.2%, and a median of 11.1%. Overall
across all tissues, almost 15% of DepMap cell lines were predicted to be potentially F42L-

sensitive.
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We wanted to confirm the predicted sensitivity in some of these cell lines to determine if
DepMap screening results were indeed representative of sensitivity to FBX042 loss. Therefore,
we took 3 cell lines that were predicted sensitive based on the CRISPR Avana dataset (Figure
3.6E) — the breast cancer ductal carcinoma line BT549, the osteosarcoma line 143B, and the
glioblastoma line T98G — as well as one line that was predicted sensitive based on the Combined
RNAI dataset (not shown) — the gastric adenosquamous carcinoma line MKN1 — and nucleofected
them with CRISPR RNPs targeting FBXO42 (Figure 3.6F). Compared to our targeting control
sgCD8A, we observed that these 4 lines were indeed F42L-sensitive, with BT549 and 143B being
exquisitely sensitive and MKN1 and T98G being moderately sensitive. These results indicate that
tumors of completely different tissue origins contain subsets of F42L-sensitive cells, which
suggests that FBX042 is involved in fundamental and universal biological processes and further
highlights the need to study this gene as a potentially widely-applicable therapeutic target in

multiple cancer types.

3.3.6 The ubiquitin ligase role of FBXO42 is responsible for the observed phenotype

through a novel, unknown substrate

Since FBXO42 is an Fbox protein that serves as the substrate-recognition component of an SCF
(SKP1-CULI1-F-box protein)-type E3 ubiquitin ligase complex, we hypothesized that there are one
or more substrates of FBX0O42 that must be degraded in sensitive cells, and that if these proteins
are not degraded, their accumulation has a negative effect on proliferation and survival of the cells.
We first wanted to determine if it was in fact its participation in an E3 ligase complex that causes
the sensitivity we observe. F-box proteins interact with SKP1 through the F-box domain, and they
interact with ubiquitination targets through other protein interaction domains. Besides an F-box

domain, FBX042 additionally contains solely a Kelch repeat domain?’, which serves as its
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129.234,236.237 " Therefore, we created lentiviral constructs containing

substrate-binding domain
3XFLAG-tagged AF-box domain (deletion of aa 39-93) and AKelch domain (deletion of aa 107-
354) mutant versions of FBX042, along with a 3XFLAG-tagged full-length FBXO42 control
construct. We then transduced GSC-0827 cells with these constructs, which also conferred
puromycin resistance, and selected them with puromycin. In order to test whether exogenous
expression of the full-length, AF-box, and AKelch versions was able to rescue loss of endogenous
FBX042, we nucleofected the cells with CRISPR RNPs for two FBX0O42 sgRNAs to which the
lentiviral vectors had been designed to be resistant (via synonymous mutation of multiple bases
and use of an sgRNA spanning an intron-exon boundary), along with non-targeting and targeting
control sgRNAs, and subsequently measured relative cell viability (Figure 3.7A). We observed
that relative to the sgCD8A targeting controls, expression of full-length FBX0O42 was able to
almost fully rescue the viability loss observed upon endogenous FBX0O42 knockout. However,
with expression of the AF-box and AKelch versions, we observed a similar viability loss upon
FBXO0O42 knockout as we observed in untransduced control GSC-0827 cells. Importantly, the
protein expression levels of the AF-box and AKelch versions were similar to expression of the full-
length version (Figure 3.7B), indicating that the difference was not simply due to insufficient
expression of the AF-box and AKelch proteins. These data suggest that both the F-box domain and
the Kelch domain are required for survival of F42L-sensitive cells, which supports the idea that
FBXO042’s role in an E3 ubiquitin ligase complex is responsible for the observed phenotype.
Building upon this idea, we next wanted to know if a published target of FBXO42 is
primarily responsible for the viability phenotype. If there is any one target that is primarily
responsible, then it follows that accumulation of this target is what causes the negative effect in

F42L-sensitive cells, since loss of FBX042 would cause a decrease in degradation of the target.
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We thus reasoned that in this scenario, knocking out the target would rescue the viability loss seen
with FBXO042 knockout. To this end, we nucleofected GSC-0827 cells with CRISPR RNPs
targeting the published targets/interactors 7P53'2%234, ING4%3¢ (a chromatin reader), or RBP.J**® (a
transcriptional regulator important in Notch signaling) in combination with a non-targeting control
sgRNA or sgFBX042. Using microscopy to assess relative cell numbers, we did not observe any
rescue for FBX042 loss with knockout of these 3 genes (Figure 3.7C). While this does not imply
that none of these genes are targets of FBXO42 per se, it does suggest that none of them are
primarily responsible for the FBX042 sensitivity phenotype.

p53 has many important roles in the cell cycle and in cancer, and in particular, one group
reported that FBXO042 directly interacts with p53 to cause its ubiquitination and degradation,
arguing that loss of FBX042 in cancer cells causes p53 stabilization, which leads to cell cycle
arrest in the G1 phase and promotes apoptosis!'?*?**, We thus wanted to further explore the
possibility of this particular gene being a substrate of FBX0O42 and causing the lethality phenotype
we were observing. We therefore assessed p53 protein levels in F42L-non-sensitive GSCs and
NSCs which we had nucleofected with CRISPR RNPs targeting FBX0O42, as well as in our
doxycycline-inducible clones 6 and 15 of F42L-sensitive GSC-0827 cells (Figure 3.7D). Across
these non-sensitive and sensitive cell lines, we did not observe the stabilization of p53 protein that
one would expect upon loss of FBX042 if p53 were a vital substrate. It is also noteworthy that we
did not observe a difference in p53 protein levels in the long-term doxycycline removal-resistant

versions of GSC-0827 clones 6 and 15 (Figure 3.7D).
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Figure 3.7. The ubiquitin ligase role of FBXO42 is responsible for the observed phenotype through a novel,
unknown substrate. (A) Relative cell viability (normalized to targeting control sgCD8A) for GSC-0827
transduced with full-length, F-box domain deletion mutant, or Kelch domain deletion mutant versions of

3XFLAG-FBX042 and then nucleofected with CRISPR RNPs targeting F'BX042, measured at 8 days post
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nucleofection. The lentiviral expression constructs are resistant to the FBX042 sgRNAs used here. Untransduced
GSC-0827 are shown for comparison. sgNTC = non-targeting control sgRNA. (B) Western blot for FLAG tag
in transduced GSC-0827 used for viability assay in (A). (C) Representative images of GSC-0827 nucleofected
with CRISPR RNPs targeting the published FBX042 targets/interactors 7P53, ING4, or RBPJ in combination
with sgNTC or sgFBX042, taken at 5 days post nucleofection. (D) Western blot for p53 levels in various GSCs
and NSCs nucleofected with CRISPR RNPs targeting FBXO42 or CCDC6. (E) Cell line functional genomic
screening data from DepMap showing FBXO42 dependency score vs. TP53 dependency score (CERES scores
from CRISPR Avana 19Q4 dataset). 7P53-mutant cell lines are marked in blue.

Furthermore, we reasoned that if the negative effect on viability observed with FBXO42
loss were indeed due to stabilization of wild-type p53 as reported by Sun et al.!?*23*, then TP53-
mutant cancer cell lines should be less sensitive to FBX042 loss than TP53-wt cell lines. In order
to determine if this is true across a large set of cell lines, we once again turned to DepMap!?2-103
data and assessed the relationship between FBXO42 dependency, TP53 dependency, and 7P53
mutation status (Figure 3.7E). As expected, the vast majority of 7P53-mutant cell lines do not
display significant positive 7P53 dependency scores (>0.5), indicating that loss of 7P53 in mutant
lines does not result in an increase in proliferation (since mutant 7P53 is already mimicking the
effect of loss of TP53). This serves as a validation of the data in making these kinds of
observations. When in turn comparing FBX042 dependency between TP53-mutant and 7P53-wt
cell lines, it is clear that 7P53-mutant lines do not have a lower proportion of F42L-sensitive lines
(dependency score <-0.5) than do 7P53-wt lines (79 of 477 = 16.6% for mutant lines and 22 of
210 = 10.5% for wt lines) (Figure 3.7E). Taken together, our data suggest that while FBX042’s
role in an E3 ubiquitin ligase complex is responsible for the phenotype we observe in F42L-

sensitive cells, the effect occurs primarily through a novel, unknown substrate. In particular, the

evidence suggests that p53 is likely not a primary target responsible for the phenotype.
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3.3.7  FBXO42 and CCDC6 are both necessary to promote viability in FBX042 loss-

sensitive cells, likely working together rather than redundantly

Since incorporating our observations with DepMap!%21% had been an extremely useful resource
for us thus far, we turned to DepMap to see if we could generate a hypothesis about potential
interactors of FBXO042 that contribute to viability loss in F42L-sensitive cells. By far the top
DepMap correlation with FBX0O42 dependency was dependency on the gene CCDC6, with a
correlation coefficient of 0.746 (Figure 3.8A) (compared to the next-highest correlation value of
0.315). CCDC6 is a coiled-coil domain-containing protein that is considered a tumor suppressor
and was first identified due to its involvement in chromosomal rearrangements with the RET proto-
oncogene in thyroid papillary carcinomas?®°. It is a pro-apoptotic protein substrate of ATM that
has been shown to be involved in the DNA damage response®**->42, Interestingly, the biophysical
interactions of ORFeome-based complexes (BioPlex) network database, which is the result of mass
spectrometry analysis done on cell lines that each express a tagged version of a protein from the
ORFeome collection, actually suggests an interaction between FBX042 and CCDC6%*32*, The
fact that there is a positive DepMap correlation between dependencies on these genes suggests that
CCDCE6 is likely not a ubiquitination target of FBXO042. If CCDC6 were a target, then loss of
FBX042 would result in increased CCDC6 levels, meaning that in F42L-sensitive cells, an
increase rather than a decrease in CCDC6 should result in a negative viability effect. Nevertheless,
we wanted to test whether CCDC6 protein levels change upon loss of FBXO42 or vice versa. In
Western blots of two NSC lines and one GSC line that had been nucleofected with CRISPR RNPs
targeting F'BXO42, we did not observe a significant change in CCDC6 levels (Figure 3.8B). We
also did not observe a change in FBX042 levels in GSC-0131 cells in which we had knocked out
CCDC6 (Figure 3.8B). These results support the notion that CCDC6 is likely not an E3 ligase

target of FBX042 and also suggest that CCDC6 does not serve to affect FBX042 levels.
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Figure 3.8. FBX042 and CCDC6 are both necessary to promote viability in FBX042 loss-sensitive cells, likely
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showing FBX042 dependency score vs. CCDC6 dependency score (CERES scores from CRISPR Avana 19Q4
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GSCs and NSCs nucleofected with CRISPR RNPs targeting FBX042 or CCDC6.
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However, the observed positive gene dependency correlation could still indicate that these
two proteins either work together in some way to achieve a particular function or that they act
independently and redundantly to produce the same net outcome. In order to explore the
relationship between FBX0O42 dependency and CCDC6 dependency in our system, we assessed
relative cell viability after nucleofecting the two exquisitely F42L-sensitive lines GSC-0827 and
BT549 and the two F42L-resistant lines GSC-0131 and NSC-US with CRISPR RNPs targeting
FBXO042 or CCDC6 individually or both in combination (Figure 3.8C). The results confirmed that
CCDC6 dependency does correlate with FBX042 dependency in our system as well, since CCDC6
knockout reduced viability in GSC-0827 and BT549 but had no effect in GSC-0131 or NSC-US.
Furthermore, combined loss of FBX042 and CCDC6 had an even greater effect on viability in
F42L-sensitive cells than loss of either gene alone. However, interestingly, combined loss of both
genes did not have a negative effect in either F42L-resistant line (Figure 3.8C). These results
indicate that F42L-sensitive cells require both genes for survival, but that FBX0O42 and CCDC6
are not synthetic lethal. An observed synthetic lethality would be more consistent with two proteins
working redundantly to contribute to the same net outcome, so our results suggest that this is
probably not the case. Instead, they suggest that FBXO42 and CCDC6 likely work together to
achieve a particular function, a function which is required in a subset of cancer cells but not normal
cells. This further highlights that therapeutically, combined targeting of FBX042 and CCDC6

could have a dramatic effect in F42L-sensitive tumors while sparing normal tissues.

3.3.8  FBXO42 loss-sensitive cells suffer an extended metaphase arrest upon FBX0O42

knockout due to prolonged spindle assembly checkpoint activation

We wanted to gain insight into what could be causing the reduced viability in F42L-sensitive cells.

Since many E3 ubiquitin ligases are involved in cell cycle control, we assessed the cell cycle
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profiles in FBX0O42 knockout GSCs and NSCs compared to controls using flow cytometry DNA
content analysis via DAPI staining (Figure 3.9A-B). Using a Dean Jett Fox model to predict the
relative proportions of cells in the G1, S, and G2/M stages of the cell cycle that would result in the
observed flow profile, we saw a marked increase in the percent of cells in the G2/M stage in F42L-
sensitive lines that had been nucleofected with sgFBX042, with a concomitant decrease in the
percent in G1, while the relative percent in S phase remained stable (Figure 3.9B). The degree of
F42L-sensitivity correlated with the increase in percent G2/M cells, as the exquisitely-sensitive
lines GSC-0827 and BT549 displayed the largest increase while the moderately-sensitive line
GSC-G166 displayed a lesser increase. Importantly, there was no difference in cell cycle profile
upon FBX042 loss in the F42L-resistant line GSC-0131 (Figure 3.9A-B).

Since it is not possible to distinguish between cells in G2 and M phase when using a DAPI
DNA content profile to assess cell cycle, we used time-lapse microscopy in GSCs that had been
transduced with a PGK-H2B-EGFP construct to assay mitosis in FBX042 knockout cells (Figure
3.9C). We imaged cells (phase and GFP) every 5 minutes to compile time-lapse videos and then
assessed the mitotic transit time for individual cells. We found that F42L-sensitive cells with
FBXO0O42 knockout spent a significantly longer time in mitosis. Once again, the difference
correlated with degree of F42L-sensitivity, with GSC-0827 sgFBX042 cells spending an average
of ~3.1 times as long in mitosis as control cells (up to a maximum of ~8.9 times) and GSC-G166
sgFBXO042 cells spending an average of ~1.50 times as long in mitosis as control cells (up to a
maximum of ~4.9 times) (Figure 3.9C). We also observed that GSC-0827 cells were not able to
overcome their mitotic arrest and eventually suffered cell death during mitosis, while GSC-G166
cells were eventually able to overcome the arrest and exit mitosis. As expected based on the flow

cytometry results, there was no significant difference in mitotic transit time between sgFBX042
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and control cells for the F42L-resistant line GSC-0131 (Figure 3.9C). Altogether, these results
indicate that loss of FBXO42 in F42L-sensitive cells leads to a prolonged mitosis, which causes
the loss of viability in these cells.

We observed from our time-lapse microscopy that the mitotic arrest seemed to be
specifically a metaphase arrest, since we could see a formed metaphase plate in the arrested cells
(visualized by H2B-EGFP). We wanted to explore this further and thus fixed sgFBX0O42 and
control GSC-0827 cells, stained with DAPI and a-atubulin and a-centromere antibodies, and
performed Z-stack ultra-high resolution microscopy to create 3D projections of mitotic cells
(Figure 3.9D). This confirmed that the vast majority of arrested cells were indeed at metaphase,
and it showed that sgFBX042 cells suffer from both a distorted spindle and a dramatic increase in

chromosome alignment defects, with many misaligned chromosomes present at the spindle poles

(Figure 3.9D).
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Figure 3.9. FBX0O42 loss-sensitive cells suffer an extended metaphase arrest upon FBXO42 knockout due to
prolonged spindle assembly checkpoint activation. (A) DNA content (DAPI) flow cytometry profiles for cells
nucleofected with CRISPR RNPs targeting FBXO42 compared to a non-targeting sgRNA (sgNTC) (4 days post
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nucleofection). Dean Jett Fox model for cell cycle distribution (FlowJo software) is shown under the histogram
for each sample, with predictions for G1, S, and G2/M in violet, yellow, and green, respectively. (B) Summary
of cell cycle proportion predictions for samples shown in (A). (C) Mitotic transit time, measured using analysis
of time-lapse microscopy, for individual H2B-EGFP-expressing cells with or without knockout of FBX0O42. Bars
show mean and standard deviation. (D) Representative images of visualization of mitotic spindle structure and
chromosome alignment at metaphase upon FBXO42 knockout using fixed F42L-sensitive GSC-0827 cells
stained with DAPI and a-atubulin and a-centromere antibodies. Images are a result of 3D projections of multiple
Z-stacks taken using a DeltaVision Ultra High Resolution Microscope. (E) Left panel: Examples of DAPI vs. p-
H3 (Serl0) flow cytometry profiles for GSC-0827 doxycycline-inducible FBX0O42 clone 15 kept in +/-
doxycycline for 4 days and then treated with vehicle or an Mps! inhibitor (NMS-P715) for 2 hours. Right panel:
Summary of % mitotic cells from flow cytometry analysis (as shown in left panel) for cells that were kept in +/-
doxycycline for 4 days and then treated with vehicle/drug for 2 hrs or 19 hrs, or for 2 hrs followed by a 17 hrs/40
hrs washout of the drug. (F) Relative viability for cells that were kept in +/- doxycycline for 4 days and then
treated with vehicle or 200 nM Mpsl inhibitor for 22 hours.

A metaphase arrest with misaligned chromosomes is consistent with activation of the
spindle assembly checkpoint (SAC), which is a feedback-control system in eukaryotic cells that
monitors the attachment of kinetochores to the microtubule fibers of the mitotic spindle. Sister
chromatids that do not have proper bi-oriented attachments at kinetochores cause SAC signaling,
activating the SAC effector, the mitotic checkpoint complex (MCC). The MCC binds and inhibits
APC/CCdc20, which is required for the metaphase—anaphase transition, thus preventing entry into
anaphase. In this manner, the SAC serves to prevent premature chromosome segregation in the
presence of chromosomes that are not properly attached to the spindle, thereby preserving the
genome from the disastrous consequences that aneuploidy can bring?#’. The Mps1 kinase serves
to phosphorylate the kinetochore protein Knl124¢-248, creating docking sites for the recruitment of
additional SAC proteins®#-2%,

We wanted to determine if SAC activation was indeed the cause of the prolonged
metaphase arrest in F42L-sensitive cells. Since Mpsl promotes assembly of the SAC, we

hypothesized that if SAC activation were the cause of the arrest, then F42L-sensitive cells could
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overcome their arrest if Mpsl were inhibited and the SAC were thereby relieved. For these
experiments, we wanted to model FBXO42 loss as uniformly time-wise as possible and thus turned
to our system of F42L-sensitive GSC-0827 that express doxycycline-inducible exogenous
FBX0O42 and have knockout of the endogenous locus. We cultured cells with or without
doxycycline for 4 days, a timepoint which corresponded to complete loss of FBXO42 protein
(Figure 3.6C) and the beginning of the mitotic arrest phenotype. We then treated these cells with
either a high-dose Mps|1 inhibitor or vehicle control for 2 hours and performed flow cytometry for
DAPI and p-H3 (Ser10) to mark mitotic cells (Figure 3.9E, left panel). From the vehicle controls,
we could see that at this timepoint, 33.1% of cells in the -doxycycline condition (FBXO42 loss)
were in mitosis (cells that were p-H3 (Ser10) positive and had a DAPI staining level consistent
with the G2/M peak), compared to 2.25% in mitosis in the +doxycycline control condition.
Remarkably, -doxycycline cells that were treated with the Mps1 inhibitor for 2 hours only had
3.8% of cells in mitosis, indicating that inhibition of Mpsl1 did alleviate the metaphase arrest to
very near normal mitotic levels.

We expanded upon this experiment in order to test if cells that had been relieved of their
initial mitotic arrest would then re-arrest when they entered their next mitosis. To this end, we took
cells that had been cultured with or without doxycycline for 4 days and treated them with a high
dose Mpsl inhibitor, low dose Mps1 inhibitor, or vehicle control for either 2 hours or 19 hours.
We also took cells and treated them for 2 hours, washed out the drug/vehicle, and then allowed the
cells to grow for another 17 or 40 hours. After all of these treatments and timepoints, we collected
cells and again performed flow cytometry for DAPI and p-H3 (Ser10) (Figure 3.9E, right panel).
As expected, the vehicle control showed that in -doxycycline cells, the percent mitotic cells

remains fairly consistent between 2 and 19 hours, as some cells die from their arrest but are
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replaced by additional newly-arrested cells. By 40 hours, the percent mitotic cells slightly drops
off as there are fewer newly-arrested cells remaining to replace the ones that have already died
from their arrest. We observed that in the -doxycycline cells treated with both the higher and lower
doses of Mpsl inhibitor, the vast majority of cells were at first relieved of their arrest, which took
2 hours for the higher dose inhibitor and up to 19 hours for the lower dose inhibitor. Then, after
the drug washout, -doxycycline cells that had previously been treated with the higher dose inhibitor
did display a re-arrest after 40 hours. Cells that had been previously treated with the lower dose
inhibitor displayed an even greater re-arrest after 40 hours, with a percent mitotic cells equivalent
to -doxycycline cells at this timepoint that had never been treated with the Mps1 inhibitor at all
(Figure 3.9E, right panel). All of these results clearly demonstrate that SAC activation is indeed
the cause of the prolonged metaphase arrest in F42L-sensitive cells.

While we had shown that relieving the SAC would relieve the mitotic arrest in F42L-
sensitive cells and that a population of cells could re-arrest, our data did not specifically show that
cells that had been relieved would not immediately die upon exiting mitosis. We thus assessed
relative cell viability in cells cultured with or without doxycycline for 4 days and then treated with
a low dose of Mpsl inhibitor for 22 hours (Figure 3.9F). We observed a significant increase in
viability in -doxycycline cells that had been treated with the inhibitor compared to vehicle control
-doxycycline cells. This suggests that arrested cells did not die immediately upon being artificially
relieved of their arrest, again lending support to the idea that the SAC-triggered metaphase arrest
is primarily responsible for the viability phenotype.

Altogether, our data indicate that upon FBX042 loss, F42L-sensitive cells suffer reduced
viability due to an extended metaphase arrest triggered by prolonged SAC activation, which

suggests that FBXO42 activity contributes to inhibition of the SAC.
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3.4 DISCUSSION

One popular concept in cancer research is the notion that genomic and molecular profiling of
patient samples will enable the discovery of patient-tailored therapeutic strategies. However, it
remains unclear whether analytic or computational approaches based solely on descriptive data
sets are powerful enough to predict successful therapies. An alternative approach is to directly
identify molecular vulnerabilities in patient samples using functional genetic experimentation.
Here, we perform functional genomic screens in patient isolates and integrate this data with other
publicly-available functional data in order to create co-dependency networks that identify GBM
gene vulnerability groups. Furthermore, we demonstrate the utility of incorporating our functional
data with descriptive genomics in order to identify cancer cell context-specific vulnerabilities.
Lastly, we further investigate the patient-specific screen hit FBX042, a thus far poorly-studied F-
box protein that we find is likely required for a subset of tumors of various cancer types, and thus
presents a potentially widely applicable therapeutic target that should be explored further.

We performed successive rounds of CRISPR-Cas9 functional genomic screening in order
to identify the strongest in vitro growth-promoting genes in GBM. Co-dependency networks based
on integrating DepMap screening data with our own screen hits then revealed that GBMs
preferentially require a group of genes related to mitochondrial function and another group related
to metabolic enzymes. The dependency of tumors on mitochondrial function is now well-
appreciated, since it is understood that cancer cells require both glycolysis and mitochondrial
metabolism to provide the necessary building blocks for macromolecule synthesis as well as ATP
and NADPH production®*¢, Strategies for targeting mitochondrial metabolism in cancer have

259

mainly focused on: redox capacity?>”->%%; bioenergetics, including the drug metformin®° and

electron transport chain inhibitors?®; and biosynthetic function, including targeting glutamine
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61 and autophagy?®?>. Our results demonstrate that inhibiting mitochondrial protein

catabolism?
processing and membrane trafficking specifically could be another promising path for targeting
mitochondrial metabolism in GBM.

The therapeutic potential of targeting metabolic enzymes in cancer stem-like cells is also
being thoroughly researched, with several studies investigating various genes that we identified in
our networks, such as PGD?63-264 ATP[A41?%5-2¢ IMPDH2?67-2%8  and MAT2A4%%°-*"'. However, our
results highlight the functional interconnectedness of these genes, and also suggest an interesting
potential connection between this group of enzymes and AMPK signaling. Overall, we show that
if GSCs in a particular tumor require one of these genes for growth and survival, it is likely that
those GSCs also require other genes identified in our networks. Therefore, these co-dependency
networks identify groups of gene vulnerabilities that represent potential therapeutic avenues in
GBM.

In addition, the identification of context-specific vulnerabilities has long been the pinnacle
of the precision medicine movement, particularly since the synthetic lethal interaction between
PARP inhibition and BRCAI or BRCA2 mutation was first described in 2005''7118  Here, we
demonstrate that unbiased functional genomic screening combined with descriptive genomics
allows for the identification of context-specific cancer vulnerabilities, focusing specifically on
ADAR, the primary enzyme responsible for editing dsSRNA!%6, and EFR3A4, one of two EFR3
proteins that are required to localize the enzyme PI4KIIla to the plasma membrane!?”'28. ADAR
and EFR3A serve as examples of vulnerabilities that occur in the context of a specific expression
profile / tumor subtype and low expression of a paralog, respectively. The intriguing implication
of ADAR vulnerability is that this gene could be a potential target for increasing or restoring tumor

sensitivity to immunotherapies, as demonstrated by a study which identified ADAR as boosting
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immunotherapy in an in vivo CRISPR knockout screen of melanoma tumors in mice treated with
anti-PD1 therapy?’?. Further findings suggest that inflammation caused by ADAR deletion can
overcome resistance to checkpoint blockade caused by loss of a tumor-specific CD8+ T cell

response??8

. These results are likely a product of ADAR loss leading to accumulation of
endogenous immunogenic dsRNAs, which triggers IFN responses via nucleic acid sensors.
EFR3A4, on the other hand, is an attractive example of a classic synthetic lethal interaction. The
enzyme PI4KIIlo has been suggested as a potential cancer target?’*>73, but as with many cancer
therapies, concerns about possible toxicities on normal cells remain. Since EFR34 and EFR3B are

127,128 'where it can exert

paralogs that both function to localize PI4KIIla to the plasma membrane
its activity, targeting EFR34 in EFR3B-low cancer cells represents a unique way to inhibit
PI4KIIla activity in these tumors while sparing normal cells that express EFR3B.

We also became interested in the context-specific vulnerability FBXO42 due to the
uniquely extreme degree with which this gene scored as specific to one particular GSC line in our
screens compared to NSC controls. We demonstrate that even in individual retests, FBX042 is
essential in a subset of GSCs in vitro and in vivo but is completely nonessential in NSCs in vitro.
We further show evidence suggesting that FBXO42 loss-sensitive tumors occur in various cancer
types derived from completely different tissue lineages, which implies not only that there is
important fundamental biology underlying this gene, but also that it could represent an important
therapeutic target in many different cancers. This has never been documented before, and both of
these implications demand further study of this F-box protein.

In an effort to explore whether FBXO42’s role in an E3 ubiquitin ligase complex is actually

responsible for the patient-specific viability phenotype upon FBX0O42 loss, we show that only full-

length FBXO42 and not AF-box or AKelch versions can rescue the phenotype. However, we also
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demonstrate that the published targets p53'2%23 and ING42%¢ and the published interactor RBPJ?3*
are not mainly responsible for the phenotype. In particular, the evidence suggests that p53 is likely
not a primary target responsible for the phenotype we observe. In order to learn more about
potential interactors that affect the phenotype, we thus turned once again to functional screening
data, which led us to investigate a potential connection with CCDC6, which has never been
explored thus far. We find that FBXO42 and CCDC6 are each necessary to promote viability in
FBX042 loss-sensitive cells, but not in FBX042 loss-resistant cells. We also show that while
CCDC6 is likely not a ubiquitination target of FBX042, these two genes do appear to function
together. FBX0O42 and CCDC6 are not synthetic lethal in resistant cells, but loss of both genes
simultaneously does result in even more dramatic viability loss in sensitive cells than FBX0O42
knockout alone. Therefore, our results suggest that FBXO42 and CCDC6 likely work together to
achieve a particular function, a function which is required in a subset of cancer cells but not normal
cells. This further highlights that therapeutically, combined targeting of FBX042 and CCDC6
could have a dramatic effect in sensitive tumors while sparing normal tissues.

Lastly, through exploring the nature of the viability phenotype in FBXO42 loss-sensitive
cells, we identify a thus-far completely unknown role for FBXO42 in affecting the spindle
assembly checkpoint (SAC). We find that upon FBXO42 knockout, FBX0O42 loss-sensitive cells
suffer an extended metaphase arrest due to prolonged SAC activation, which causes a reduction in
viability. This suggests that FBXO42 activity contributes to inhibition of the SAC, although it is
thus far unclear how exactly it does so. We did observe chromosome alignment defects in sensitive
GSC-0827 cells, which is the classic cause of SAC activation (reviewed in?’®). However, the
majority of chromosomes were aligned at the metaphase plate, and the number that were unaligned

should in theory not be sufficient to cause the extremely prolonged SAC activation that we saw in
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GSC-0827 cells?”?, which was up to over 17 hours. It is therefore possible that the chromosome
misalignment observation is a by-product of additional mitotic functions of FBXO42, but that the
true culprit of prolonged SAC activation is that FBXO42 directly regulates the SAC proteins
themselves, perhaps even directly affecting Mps1 levels. Alternatively, we also observed that
while the mitotic spindle in FBXO42 knockout cells was still able to form and was properly bipolar,
it was noticeably twisted and distorted. Therefore, it is also possible that FBXO42 substrate(s) act
on the mitotic spindle and thereby cause prolonged activation of the SAC?’®. The exact cellular
context of FBX042 sensitivity is thus far unclear, but our data suggests that in either scenario, it
is possible that it relates to a cell’s innate ability to regulate the SAC independently of FBX042
function, i.e. that the total signaling in some cells is more inclined to push through SAC activation
than in other cells®”.

It is also unclear how CCDC6 interacts with FBX042 to contribute to the above-described
processes. However, it has been shown that CCDC6 is important for intra-S-phase checkpoint
control and that loss of CCDC6 shortens the S phase transition and causes cells to skip through the
DNA damage checkpoint®®’. Another study also showed that following genotoxic stress, loss of
CCDC6 in cancers that carry the CCDC6-RET fusion accelerates the dephosphorylation of pH2AX
(S139), resulting in premature mitotic entry, potentially without proper DNA damage repair*2.
This concept has thus far been mainly discussed as a role for CCDC6 as a tumor suppressor, where
loss of the gene causes genome instability and thus leads to cancer initiation and/or progression.
However, it could also contribute to the cancer-specific vulnerability that we observe here. It has
been shown that during mitosis, a DNA damage checkpoint also feeds into the SAC?8!. Therefore,

we speculate that it is possible that cells with higher intrinsic levels of DNA damage would be

sensitive to loss of CCDC6/FBX042 since having skipped the S phase DNA damage checkpoint
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would then trigger prolonged SAC activation during mitosis. Additional studies will need to
explore these ideas further.

Overall, all of our results highlight the importance of integrating functional genomic
approaches into precision oncology paradigms to identify new therapeutic strategies for GBM and

other cancers.

3.5 METHODS

3.5.1 Cell Culture

Patient tumor-derived GSCs and fetal tissue-derived NSCs were provided by Drs. Do-Hyun Nam,
Jeongwu Lee, and Steven M. Pollard, were obtained via informed consent, and have been
previously published!”32177, Isolates were cultured in NeuroCult NS-A basal medium (StemCell
Technologies) supplemented with B27 (Thermo Fisher), N2 (homemade 2x stock in Advanced
DMEM/F-12 (Thermo Fisher)), EGF and FGF-2 (20 ng/ml) (PeproTech), glutamax (Thermo
Fisher), and antibiotic-antimycotic (Thermo Fisher). Cells were cultured on laminin (Trevigen or
in-house-purified) -coated polystyrene plates and passaged as previously described??, using

Accutase (EMD Millipore) to detach cells.

352 Lentivirus Production

The day before transfection, 293T cells were seeded by splitting a confluent plate at a 1:5 surface
area ratio onto plates that had been coated with poly-L-lysine (Sigma) for 20 minutes and then
washed with PBS. To prepare transfection mixture for a 10cm plate, 12ug of lentiviral transfer
vector of interest was combined with 8ug of psPAX2 and 3ug of pMD2.G (Addgene) in 1mL of
serum-free DMEM. 34.5ug of polyethylenimine (Polysciences Inc.) was then added to the DNA

mixture, and the solution was vortexed briefly, incubated at room temperature for 20 minutes, and
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then added drop-wise to cells with gentle shaking. 24 hours after transfection, media on the cells
was changed to NSC/GSC culture media for generation of unconcentrated lentivirus or fresh
DMEM containing 10% FBS for generation of concentrated lentivirus. 48 hours after transfection,
the supernatant containing the virus was harvested and filtered through a 0.45um pore-size filter.
For individual experiments using unconcentrated lentivirus, this filtered supernatant was then
stored at -80°C and subsequently directly used to infect cells. For concentrated lentivirus (e.g. for
use in CRISPR-Cas9 screens), this filtered supernatant was centrifuged for 20-24 hours at 6,000g
and then resuspended in serum-free DMEM to create ~100X concentrated virus, which was stored

at -80°C.

3.5.3 CRISPR-Cas9 Functional Genomic Screening

Our genome-wide screens in GSCs and NSCs have been previously published and described”. For
generating our comprehensive retest library, sgRNAs for chosen genes and controls were mined
from the human GeCKO v2 library'® as well as our whole genome screen results, and an oligo
pool representing these sgRNAs and PCR adapters was obtained (Twist Bioscience). The oligo
pool was PCR amplified using Herculase II Fusion DNA Polymerase (Agilent) and cloned into
lentiCRISPRv2 puro vector (Addgene) using Gibson Assembly Master Mix (New England
Biolabs). The assembled pool was then transformed into Stellar Competent Cells (Clontech) and
plated onto LB agar plates (liquid culture was avoided in order to minimize competition between
clones containing different sgRNAs). The resulting colonies were scraped from the plates and the
finished lentiCRISPRvV2 plasmid comprehensive retest library was extracted using a NucleoBond
Xtra Midi Endotoxin-Free Kit (Macherey—Nagel). This lentiviral library was then used to generate
virus and infect cells for outgrowth screening. For screening, cells were transduced to achieve

~750X representation of the library (at ~30% infection efficiency to ensure a high proportion of
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single integrants). 2 days after transduction, media was replaced with media containing 2 pg/mL
puromycin. After 3 days of selection, portions of cells representing 500-750X coverage of the
library were collected as the “Day 0 samples. The remaining cells were cultured and consistently
maintained at 500-750X representation for 21-23 days, after which time the “Day_final” samples
were collected. Screening was carried out in triplicate. To read out screen results, genomic DNA
was extracted using the QIAamp DNA Blood Mini Kit (QIAGEN), and a two-step PCR procedure
was used to first amplify the genomically integrated sgRNA sequences and then to incorporate
[llumina deep sequencing adapters and barcodes onto the sgRNA amplicons. For the first round of
PCR, a sufficient number of PCR reactions were carried out to use all gDNA from the 500-750X
coverage sample of cells at 2ug genomic DNA per PCR reaction, using MagniTaq Multiplex PCR
Master Mix (Affymetrix) and 12 cycles. For the second round of PCR, 5uL of the first round
product was used as a template in combination with primers that would add the deep sequencing
adapters and barcodes, using Herculase II Fusion DNA Polymerase (Agilent) and 16 cycles.
Amplicons from the second round PCR were then column purified using the PureLink Quick PCR
Purification Kit (Invitrogen). Purified PCR products were sequenced using HiSeq 2500 (Illumina).
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Bowtie*®* was used to align the sequenced reads to the sgRNA library, allowing for 1 mismatch.

The R/Bioconductor package edgeR'* was used to assess changes across groups.

354 Network Generation

Networks were created using Cytoscape software. For the initial larger network, the top 100 co-
dependency correlations per gene were downloaded from the DepMap'%*1% database (CRISPR
Avana Public 19Q4 dataset) for top hits from our comprehensive retest screens (genes scoring in
1, 2, or all 3 GSC lines). This data was then filtered to keep only correlations with a correlation

coefficient >0.2, and the resulting information was used to create the network. Based on the results
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of this larger network, two subnetworks (mitochondrial-related and metabolism-related) were then

created using screen hits that clustered together in the larger network. The DepMap!0?-105

co-
dependency correlations for these genes were filtered for a correlation coefficient >0.25, and to
avoid an overly complicated network, only a maximum of the top 30 correlations per gene were
kept. Furthermore, negative correlations were filtered out since their meaning is more difficult to

interpret. In addition to DepMap'0*1%3

co-dependency correlations, data regarding physical
interactions, predicted interactions, and shared pathways were downloaded from GeneMania'®? for
the gene hits in the subnetworks, using Gene Ontology Biological Process-based network
weighting. Data with a weight >0.05 were kept and incorporated into the networks. In this manner,
subnetworks for our screen hits were created by combining DepMap'%%1% and GeneMania!®? data.
Edge widths were created to correspond to the value of the correlation coefficient for DepMap-
derived correlations and to the weight of the association for GeneMania-derived data. After

creation of the networks, genes were marked by different border colors to identity gene hits with

a GSC-NSC Zscore differential <-0.5 for all GSCs in which a particular gene scored.

3.5.5 CRISPR sgRNA Design for Nucleofection

CRISPR sgRNA sequences that scored in our screens were also used in chemically synthesized
form for RNP nucleofections. Additional sgRNA sequences were designed via manual curation of
all possible sgRNA sequences for a given gene as identified by the Broad Institute’s GPP Web

Portal'>2. See Table S1 for a list of sgRNA sequences used.

3.5.6 Cas9:sgRNA RNP Nucleofection

See detailed protocol previously published. Briefly, to prepare RNP complexes, reconstituted

chemically synthesized and 2'-O-methyl 3’phosphorothioate-modified sgRNA (Synthego) and
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then sSNLS-SpCas9-sNLS (Aldevron) were added to complete SG Cell Line Nucleofector Solution
(Lonza), to a final volume of 20 pL. The mixture was incubated at room temperature for 15 minutes
to allow RNP complexes to form. A Cas9:sgRNA molar ratio of 1:2 was used, unless otherwise
noted. A total RNP dose of 15-40 pmol was used (depending on the cell line), and total dose refers
to the amount of the limiting complex member (Cas9). To nucleofect, 1.5-2.5 x 10° cells
(depending on the cell line) were harvested, washed with PBS, resuspended in 20 uL. of RNPs,
and electroporated using the Amaxa 96-well Shuttle System or 4D X Unit (Lonza) and program
EN-138. After nucleofection, cells were plated onto 24-well, 12-well, or 6-well plates (depending

on the cell line), and media was changed ~24 hours later.

3.5.7 CRISPR Editing Analysis

Nucleofected cells were harvested at indicated timepoints and genomic DNA was extracted
(MicroElute Genomic DNA Kit, Omega Bio-Tek). Genomic regions around CRISPR target sites
were PCR amplified using Phusion polymerase (Thermo Fisher) and primers located (whenever
possible) at least 250bp outside cut sites. After size verification by agaorse gel electrophoresis,
PCR products were column-purified (Monarch PCR & DNA Clean-up Kit, New England BioLabs)
and submitted for Sanger sequencing (Genewiz) using unique sequencing primers. The resulting
trace files for edited cells versus control cells (nucleofected with non-targeting Cas9:sgRNA) were
analyzed for predicted indel composition using the Inference of CRISPR Edits (ICE) web tool'>!.

See Table S1 for a list of all PCR and sequencing primers used.

3.5.8 Western Blotting

Cells were harvested, washed with PBS, and lysed with modified RIPA buffer (150mM NaCl,

25mM Tris-HCI (pH 8.0), ImM EDTA, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate,
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0.1% SDS, 1X protease inhibitor cocktail (complete Mini EDTA-free, Roche)). Lysates were
sonicated (Bioruptor, Diagenode) and then quantified using Pierce BCA assay (Thermo Fisher).
Identical amounts of proteins (20-40ug) were electrophoresed on 4-15% Mini-PROTEAN TGX
precast protein gels (Bio-Rad). For transfer, the Trans-Blot Turbo transfer system (Bio-Rad) with
nitrocellulose membranes was used according to the manufacturer’s instructions. TBS (137mM
NaCl, 20mM Tris, pH 7.6) +5% nonfat milk was used for blocking, and TBS+0.1%Tween-20+5%
milk was used for antibody incubations. The following commercial primary antibodies were used:
MX1 (Cell Signaling #37849S, 1:500), Tp53 (Cell Signaling #48818, 1:500), aTubulin (Sigma
#T79026, 1:1,000), BActin (Cell Signaling #3700S, 1:2,000). The following secondary antibodies
were used (LI-COR, all 1:10,000): #926-68073, #926-32212, #926-32214, #926-68074, #925-

32212, #925-68071. An Odyssey infrared imaging system (LI-COR) was used to visualize blots.

3.5.9 Viability Assays

For viability assays when targeting individual genes, cells were given 2-3 days post nucleofection
to recover. Cells were then counted (NucleoCounter, NBS) and equal numbers of all samples for
a particular cell line were plated in triplicate into 96-well plates at various dilutions to allow for
multiple timepoints to be assessed. Cells were fed with fresh medium every 2-3 days. After 6-12
days under standard growth conditions (timepoint depending on cell doubling time), relative viable
cell numbers were measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega)

according to manufacturer’s instructions.

3.5.10 Time-lapse Microscopy

Cells were first infected with lentivirus for PGK-H2B-EGFP (Addgene) to create stable cell lines

in which the nuclei could be visualized easily. Cells were then nucleofected with CRISPR RNPs
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as needed and plated into 24-well or 12-well plates. 1-3 days post nucleofection (depending on
cell line and onset of gene knockout phenotype), cells were placed into an IncuCyte S3 (Sartorius)
instrument, which was in an incubator set to normal culturing conditions. For the mitotic transit
time analysis, phase and fluorescence (GFP) images were taken every 5 minutes for 48-72 hours.
Videos were compiled using the IncuCyte S3 software, and mitotic transit time was then analyzed
for individual cells. A cell was considered to enter mitosis when nuclear envelope breakdown was
evident based on EGFP visualization and when a visible morphology change from flat to round
was observed. Following successful cytokinesis (proper cytoplasmic division resulting in two
daughter cells), a cell was categorized as having successfully completed mitosis. A cell was
classified as cytokinesis failure if the cell failed to divide following mitotic entry due to an abrupt
mitotic exit while in metaphase or anaphase, or failure to complete cytokinesis. If a cell seemed to
experience cytokinesis failure, it was followed for additional time to ensure that this was indeed
the case. A cell was categorized as cell death in mitosis if a cell erupted and died during mitosis

(between nuclear envelope breakdown and cytokinesis).

3.5.11 RNA-seq and Analysis

Cells were lysed with Trizol (Thermo Fisher). Total RNA was isolated (Direct-zol RNA Kit, Zymo
Research) and quality validated on the Agilent 2200 TapeStation. Illumina sequencing libraries
were generated with the KAPA Biosystems Stranded RNA-Seq Kit!”® and sequenced using HiSeq
2000 (Illumina) with 100bp paired-end reads. RNA-seq reads were aligned to the UCSC hgl9
assembly using STAR2 (v 2.6.1)!" and counted for gene associations against the UCSC genes
database with HTSeq!®’. Normalized gene count data was used for subsequent hierarchical
clustering (R package ggplot2'®") and differential gene expression analysis (R/Bioconductor

package edgeR'3%). Heatmaps were made using R package pheatmap!®2.
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3.5.12  Statistics

All Student’s t-tests were performed as unpaired 2-tailed tests, assuming unequal variance.

3.5.13  In Vivo Experiments

All in vivo experiments were conducted in accordance with the NIH Guide for the Care and Use
of Experimental Animals and with approval from the Fred Hutchinson Cancer Research Center,
Institutional Animal Care and Use Committee (Protocol 1457). Two days prior to tumor cell
implant, 2mg/ml doxycycline with 5% sucrose (w/v) was added to the mouse drinking water of
adult, female, HSD:athymic nude Foxnlnu mice (#069, Envigo). A cell clone was derived from
GSC-0827 that had been transduced with doxycycline-inducible pTT-FBXO42(sgRNA#1-
resistant)-V5 and nucleofected with CRISPR RNPs to knock out the endogenous FBXO42 gene.
Cells from this clone were implanted at 100,000 cells per mouse on Day 0 as previously
described®®. Mice underwent bioluminescent imaging for luciferase expression of the tumor
beginning on Day 1 and repeated twice weekly. On Day 7 after tumor implant, mice were separated
into experimental cohorts, normalizing the bioluminescent tumor burden in each group. One group
was maintained on doxycycline water while the second group was given untreated water. Fresh
water with or without doxycycline and sucrose was provided weekly. A subset of mice was
euthanized at planned time points on study days 14 and 17 (7 and 10 days after doxycycline
removal). For the survival curve, mice were euthanized when they became moribund due to tumor

burden.
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Chapter 4. DISCUSSION

4.1 CONSIDERATIONS FOR APPLYING CRISPR TECHNOLOGY

As I have demonstrated in this body of work, CRISPR technology is an incredibly useful tool for
exploring gene function due to its efficiency and simplicity. However, as with any relatively new
technique, we are still exploring the “rules” that govern it. For instance, even though the targeting
specificity of Cas9 is controlled by the sgRNA sequence as well as the presence of a PAM adjacent
to the target sequence in the genome, reports have shown that off-target cleavage can still occur
with even 3-5 bp mismatches in the PAM-distal portion of the sgRNA sequence?®*+2%8, Some
studies, such as a study that corrected mutations causing beta-thalassemia using iPSCs?®, do find
that off-target effects are rare, but the salient point is that with the plethora of genes being targeted
and applications being explored, restricting potential off-target effects needs to be a top priority.
This area of current investigation is being facilitated by the development of additional methods of
detecting CRISPR off-target effects, such as integrase-defective lentiviral vectors**°, Digenome-
seq (in vitro digestion of genomic DNA with Cas9 and gRNA(s) of interest, followed by
fragmentation and whole genome next-generation sequencing)®!, and GUIDE-seq (integration of
double-stranded oligodeoxynucleotides into CRISPR-induced double-strand breaks, followed by
amplification and next-generation sequencing)?®?.

While the method of Cas9:sgRNA ribonucleoprotein (RNP) nucleofection that I describe
in Chapter 2 does have the potential to result in reduced off-target effects compared to lentiviral
methods, due to the short-term activity of RNP complexes, it is still important to further limit
potential off-target effects. This can be done by using the lowest effective doses of both Cas9 and

sgRNA, since it has been shown that high complex concentrations can cleave additional, more
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promiscuous off-target sites that are not cleaved when enzyme concentrations are limiting?>3. The
appropriate doses for a particular cell type at hand should thus be empirically determined.
Furthermore, in any scenario, sSgRNA sequences should be carefully designed to avoid potential
off-target effects, and there are many freely-available bioinformatics tools for this purpose!3-2%4
297 Whenever possible, care should be taken to consider potential off-target sites by analyzing not
only mismatches but also the influence of gaps/bulges between any given gRNA and target
DNA287:2%8 “and by accounting for the fact that PAM-proximal mismatches are generally less
tolerated than PAM-distal mismatches?87-2%-392, Furthermore, off-target cleavage can be further

303,304

reduced by using high-fidelity Cas9 mutants or nickase versions of Cas9 that produce single-

strand breaks (and employ a dual sgRNA system)305-307,

An additional consideration is that in some cases the repair outcome of CRISPR-induced
double-strand breaks can be predicted based on sgRNA sequence characteristics*’®, and taking this
into account can be useful when the goal is to create out-of-frame indels using individual sgRNAs
(rather than targeted deletions using multiple sgRNAs). Another vital factor that should be taken
into account when employing CRISPR using lentiviral methods is that stretches of a few thymines
can cause early termination from Pol III promoters that are commonly used for sgRNA expression
(U6, 7SK, and H1)*%, meaning that sgRNA sequences with multiple consecutive thymines should
be avoided.

Moreover, it has been suggested that the DNA damage associated with CRISPR cutting
can lead to negative viability effects independently of whether a gene is truly required or not!%3-23¢-
232 indicating that it is important to compare the effects of targeting a gene of interest to those of

a non-expressed gene or an intergenic region. My work shows that indeed, some cell lines are

highly sensitive to CRISPR cutting, with a reduction in viability of up to almost 50%. This is a
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consideration that the vast majority of studies are not taking into account, with most published
viability experiments still only using non-targeting sgRNAs. This also again highlights the
importance of designing sgRNAs that have limited off-target effects so that cutting at additional,
unintended target sites does not cause confounding viability loss. Furthermore, it demonstrates the
importance of not overinterpreting viability results when targeting highly amplified regions in
cancer cells.

Studies involving CRISPR systems are being released at an astonishing rate, and our

understanding of this valuable and widely-applicable technology will only continue to grow.

4.2  LIMITATIONS OF FUNCTIONAL GENOMIC SCREENING FOR THERAPEUTIC

TARGET IDENTIFICATION

While using functional genomic screens to identify prospective therapeutic targets clearly has
immense potential, there are some limitations. CRISPR-Cas9 technology in particular has both the
advantage and disadvantage of the ability to completely knock out a gene rather than knocking it
down. The advantage is that genes which are identified as extremely strongly scoring differentially
in cancer cells versus normal cells (such as my gene hit FBX0O42) may have much larger
therapeutic windows than genes that are similarly identified using siRNA or shRNA technology.
However, this is also a disadvantage since CRISPR-Cas9 screening in this manner may not be able
to identify some genes that are essential in all cells but nonetheless display a differential cancer
sensitivity upon partial inhibition. Also, partial inhibition via siRNAs or shRNAs is more akin to
modeling the effect that a future drug for a particular target might have. Still, my CRISPR-Cas9
screening data suggests that some such targets can still be identified by using differential cutoffs

rather than absolute cutoffs.
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A general limitation of using functional genomic screening to identify potential therapeutic
targets is that not all targets identified will be druggable. In this case, having an understanding of
the biology involved in the genetic vulnerability can shed light onto cooperating pathway members
that may represent druggable proteins. Still, even if a protein is druggable, the process of target
discovery to drug discovery and development, pre-clinical testing, and clinical testing is extremely
lengthy, taking about 17 years on average’!%3!!, Furthermore, even if a drug can be developed, the
chance of it demonstrating clinical efficacy is low, with only 3.4% of oncology drugs currently
succeeding in clinical trials®'?. Many drugs fail due to a lack of target specificity, lack of
penetration into solid tumors (and ability to cross the blood-brain barrier in the case of brain
tumors), and unforeseen and intolerable side effects. The alternative approach of performing well-
by-well style drug screens to identify novel indications for drugs that are already approved for
clinical use greatly reduces the amount of time it takes for new treatment regiments to reach
patients, and is therefore also a valuable pursuit. However, this obviously in no way precludes the
need to perform functional studies to identify additional novel and improved therapeutic targets,
as our understanding of the intricacies of cancer is constantly evolving.

Furthermore, functional genomic screens are mainly performed in cell lines!'02-105:313.314,
and the lingering question remains of how well established cell lines reflect the cancer biology
seen in patient tumors. Comparing cell lines characterized as part of the DepMap effort with patient
tumors from The Cancer Genome Atlas (TCGA) has shown that some cell line models vary
significantly from primary tumors of the same tissue lineage with regards to copy-number changes,
mutations, and mRNA expression profiles!®’. Over time, different cell lines grown in culture tend
to resemble each other more than they resemble primary tumors, suggesting that growth on plastic

allows for selection of a tumor subclone and/or evolution of the cells due to in vitro growth
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pressures that are very unique from in vivo growth pressures!®!. Patient isolates (such as GSCs)
that are cultured under serum-free conditions are known to more faithfully represent their primary
tumors'%® and thus represent an improved model for functional genomic screening that seeks to
identify potential therapeutic targets that will be applicable to patients. However, currently we as
a scientific community probably do not have enough cell lines available to us for functional
screening — and even far fewer patient-derived isolates — to even partially recapitulate the
tremendous diversity of combinations of cell lineages and genomic alterations that is seen in
patient tumors. Therefore, the derivation of additional patient isolates (cultured under serum-free
conditions) and the integration of these isolates into routine lab use in functional genomic
screening should be a top priority.

Another related limitation is that performing screens in cell lines does not assay the entire
complexity and heterogeneity of the cancer cells within a patient tumor. Even GSC isolates and
GSC-derived PDX tumor models do not recreate the complete cellular repertoire of the original
patient tumor, likely representing a tumor subpopulation which responds well to the defined in
vitro outgrowth conditions. This means that the therapeutic targets identified using such isolates
or cell lines is limited to that particular subpopulation of the tumor. This challenge is similarly
seen when using many drugs to treat patient tumors, since patients that initially respond often
relapse, which can occur due to clonal selection of a rare treatment-resistant subclone. However,
this scenario precisely demonstrates the need for incorporating both descriptive genomics and
functional genomics into the clinic. If we can accurately identify and characterize (by mutation,
CNV, and expression analysis) the diverse subpopulations of cells that exist within a patient’s
tumor, we can then apply combination therapies targeting various context-specific vulnerabilities

that have been identified for those particular subpopulations.
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Furthermore, the impact of the tumor microenvironment on tumor initiation and
progression and treatment response cannot be underestimated. It is now well-recognized that
tumors consist not only of stem-like cells and their progeny but also a network of various cell types
such as endothelial cells, pericytes, immune cells, fibroblasts, and more’!>. It has been
demonstrated that simultaneously targeting tumor cells and their microenvironment leads to
improved treatment response. For instance, this strategy resulted in significantly increased survival
in a GBM preclinical mouse model where tumor cells were targeted with a PI3K inhibitor while
macrophages and microglia were targeted with an inhibitor of Colony-stimulating factor 1 receptor
(CSFIR)*'®. In vitro functional genomic screens cannot properly assay the contribution of the
microenvironment or the complex signaling that happens in vivo. However, in recent years
CRISPR-Cas9 screens have been performed in in vivo models as well, demonstrating the power
and simplicity of this technology. The first in vivo CRISPR-Cas9 screen sought to identify genes
that modulate tumor metastasis by transducing a non-metastatic cell line in vitro, transplanting it
subcutaneously into nude mice, monitoring for metastasis to the lung, and sequencing the resulting

lung metastases for the integrated sgRNAs?!”. Additional in vivo CRISPR-Cas9 screens have since

318-320 321

been performed to identify tumor suppressors , oncogenes’?!, synthetically lethal genes’??,
and regulators of cancer immunotherapy®’?323. Another particularly compelling example of the
power of in vivo screening in identifying modulators of immune cell contribution is a study that
performed genome-scale CRISPR-Cas9 screens in CD8+ T cells under cancer immunotherapy
settings to identify regulators of tumor infiltration and degranulation3?*. This screen re-identified
canonical immunotherapy targets such as PD-1 and Tim-3, along with new modulators such as the

RNA helicase DHX37, whose knockout in CD8+ T cells enhanced the efficacy of antigen-specific

CD8+ T cells against triple-negative breast cancer??*. These studies demonstrate that functional
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genomic screening can be applied in vivo as well to glean a variety of useful information about
both tumor biology and potential therapeutic avenues, and more complex systems are constantly
being developed for this purpose.

Lastly, another limitation of standard pooled functional genomic screening is that it cannot
assay the effect of individual (or combinatorial) gene perturbations on complex cellular responses
such as changes in transcriptional profiles. Rather, when such complex phenotypes are being
assayed, it is usually necessary to perform perturbations in separate plates/wells and read out the
results individually as well, which can be labor intensive, time-consuming, and cost ineffective.
However, as a recent method termed Perturb-seq®?°*?¢ demonstrates, it is possible to develop
techniques that integrate pooled functional genomic screening with complex readouts. Perturb-seq
combines single-cell RNA sequencing (scRNA-seq) and CRISPR-based perturbations to perform
many such assays in a large-scale pooled format*?332%, In this technique, the viral vector used for
pooled transduction encodes expression of an sgRNA as well as a separate guide barcode that
relates the identity of the sgRNA. After cells are infected, they can be grown, differentiated,
stimulated, selected for some marker, etc. SCRNA-seq is then performed in a manner that tags each
cell’s mRNAs, including the guide barcode, with a unique cell barcode and a unique molecular
identifier. Therefore, a cell’s delivered genetic perturbation can be associated with its
transcriptional profile. By infecting cells at a variety of MOIs, the combined epistatic effect of
multiple perturbations can also be assessed, since each individual perturbation relates a different
guide barcode while one cell contains the same cell barcode??332¢, This method is an example of
techniques that can be developed to dramatically increase the scope of pooled functional genomic

screens.
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The last two decades have been defined by massive advancements in high-throughput next-
generation sequencing technologies, which has corresponded with enormous advancements in
cancer omics characterization. The importance of also incorporating functional genomic screens
with this data is now being recognized and is steadily gaining popularity, especially since the
advent of CRISPR-Cas9 technology. The use of CRISPR—Cas9 screens to supplement the data
already produced by RNAi techniques will continue to ascertain many valuable cancer
vulnerabilities. I envision that we are in an era where the amalgamation of many such studies
produced by the science community, including the body of work presented here, will ultimately

lead to improved therapeutic strategies for patients battling cancer.
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