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ABSTRACT
Somatic gene mutations and dysregulations can alter the vulnerability of a cancer cell to T cell
based immune selection. To systematically identify genes that positively regulate the sensitivity
of cancer cells to T cell-mediated cytolysis, we developed a two cell-type (2CT) functional
screening platform by combining human T cell engineering and CRISPR (Clustered regularlyinterspaced short palindromic repeats) genome editing. Using the 2CT genome-scale
perturbation screen in melanoma cells, we identified and validated multiple genes whose loss
impaired the effector function of T cells. Moreover, we uncover a group of genes from these
screens that correlates with cytolytic activity across the majority of the cancer types, reflecting
context independence of these genes in the modulation of inherent T cell responses in multiple
cancers. This study demonstrates the broad applicability of 2CT CRISPR screens to study the
interaction of cancer cells with immune cells and identify novel therapeutic targets for cellular
therapies.
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Chapter 1
GENERAL INTRODUCTION

T cell based immunotherapies have been hugely successful in achieving long term tumor
regression in patients with hematological and solid malignancies (Brentjens et al., 2013; Davila
et al., 2014; Larkin et al., 2015; Morgan et al., 2006; Robert et al., 2011; Rosenberg et al.,
2011). Despite this success, most patients with solid tumors fail to respond to these therapies.
This thesis focuses on the key deterministic factors for the responsiveness of patients to such
therapies and how functional genomic screening technologies can be utilized to identify novel
factors that confer sensitivity or resistance to such therapies.

1.1 Principle of T cell based immunotherapies
In a primary immune response to viral infection or cancer, infected cells or malignant tumor cells
are cleared efficiently from the host body by the cytolytic activity (CYT) of the effector T cells.
Even though CD8+ T cells and CD4+ T cells both exhibit potent anti-tumor CYT (Quezada et
al., 2010), CD8+ T cells are mainly considered as cytotoxic T cells while CD4+ T cells are
considered as helper T cells. The CYT is triggered upon recognition of antigenic peptides
presented on the major histocompatibility complex (MHC) molecules on either antigen
presenting cells (APCs) or an infected/tumor cell itself (Albert et al., 1998). In addition to MHC
signal, a potent CYT response is orchestrated by the balance of multiple costimulatory and
inhibitory signals on target and effector cells (Chen and Flies, 2013).
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Typically, cytotoxic CD8+ T lymphocytes recognize and lyse cells that present aberrant or
foreign antigenic peptides on MHC Class I molecules. All nucleated cells express MHC Class I
molecules complexed with peptide on the cell surface. Typically, proteins or antigens that are at
their end of functional lives are degraded by specific immune-proteasomes. These peptides are
then translocated into the lumen of endoplasmic reticulum (ER) by transporter associated with
antigen presentation (TAP). In the ER, the MHC class I heterodimer is assembled from a
polymorphic heavy chain and a light chain called β2-microglobulin (β2M). Chaperones such as
calreticulin and tapasin stabilizes MHC class I molecules in ER until 8-9 amino acid long peptide
inserts itself into the MHC class I peptide-binding groove. Once the peptide binds to MHC class
I molecule, the chaperones are released and MHC class I-peptide complex is shuttled to the cell
surface from ER for antigen presentation.(Neefjes et al., 2011)

As determined by mouse syngeneic tumor models and immunofluorescence imaging studies, the
in vivo effector function of T cells in anti-tumor response is carried out by multiple mechanisms
to induce apoptosis of target cells: 1. Release of lytic granules containing perforin and
granzymes (Peters et al., 1991); 2. Interferon gamma (IFNγ) secretion and 3. Tumor necrosis
factor alpha (TNFα) and Fas ligand (FasL) mediated activation of TNF receptor pathway to
induce apoptosis (Barry and Bleackley, 2002).

Unlike viral infection, the task of tumor clearance is particularly challenging for the T cells since
their full activation and lytic potential is suppressed in the hostile tumor microenvironment (Zou,
2005). In many cancers, T cell stimulation or co-stimulation is repressed by the induction of
immune checkpoint mechanisms like programmed death-1 (PD1)- PD ligand (PD-L1) axis,
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cytotoxic T lymphocyte antigen 4 (CTLA4), and others (please refer to this review article for
comprehensive list of checkpoint molecules, (Mahoney et al., 2015)). Additionally,
immunosuppressive factors like interleukin 10 (IL10), transforming growth factor-β (TGF-β),
indoleamine 2,3-dioxygenase (IDO), adenosine and galectins are secreted by tumor cells, stromal
fibroblasts, regulatory T cells (Treg), tumor-associated macrophages, and myeloid-derived
suppressor cells (MDSCs). T cell based immunotherapies target these tumor specific inhibitory
mechanisms to revive cytolytic potential of T cells and achieve durable anti-tumor response.

1.2 Checkpoint blockade and adoptive cell transfer therapies against solid malignancies
CTLA4, a member of the CD28:B7 immunoglobulin family, is upregulated on activated CD4+
and CD8+ T cells upon TCR stimulation. As CTLA4 is homologous to CD28, it binds to B7-1
and B7-2 on APCs blocking T cell co-stimulation and thus proliferation and production of
interleukin-2 (IL-2) and anti-apoptotic factors (Walunas et al., 1994). Intrinsic to T cells, CTLA4
achieves this inhibitory effect through delocalization of protein kinase C and CARMA1 from the
immune synapse (Yokosuka et al., 2010) and by limiting the dwell time of T cells. Extrinsically,
CTLA4 causes transendocytosis of B7 on APCs upon binding (Qureshi et al., 2011), and
augments regulatory T cell (Treg) function (Wing et al., 2008). The first checkpoint blocking
antibodies to be approved for clinical use in melanoma were the antibodies that inhibit CTLA4
receptor-ligand interaction. Currently, more than 100 trials including non–small cell lung cancer
(NSCLC), pancreatic cancer, prostate cancer, renal cell carcinoma (RCC), ovarian cancer,
glioblastoma, neuroblastoma, acute myeloid leukemia (AML), lymphomas, myelodysplastic
syndrome (MDS) and soft-tissue sarcomas, are investigating the clinical efficacy of CTLA4
blockade (Grosso and Jure-Kunkel, 2013).
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Another very powerful checkpoint molecule was identified as PD1. The PD1 receptor is
expressed on the cell surface membrane of activated T cells, and has been considered as a marker
of T cell exhaustion in chronic viral infections (Barber et al., 2006; Freeman et al., 2000; Ishida
et al., 1992). Tumor cells including pancreatic, ovarian, breast, cervical, glioblastoma, colon,
urothelial, gastric, melanoma and NSCLC upregulate the surface expression of ligand for PD1,
PD-L1. PD-L1–expressing cells employ several mechanisms to suppress T cell mediated tumor
immunity. These cells induce T cell functional exhaustion, anergy and apoptosis. They can also
mediate suppression of APCs and induce the differentiation of Tregs. PD-L1 can also act as a
molecular shield on tumor cells and protect tumor cells from direct lysis by cytotoxic T
lymphocytes (CTLs). PD1 blockade with pembrolizumab and nivolumab has yielded success in
the treatment of solid tumors like melanoma, RCC and NSCLC, and hematological malignancies
like refractory Hodgkin disease (Chen and Han).

Adoptive cell transfer therapies (ACT) have emerged as one of the most potent immunotherapies
in the treatment of cancer. Naturally occurring autologous tumor infiltrating T cells (TILs) can
be isolated and expanded in the presence of IL2, OKT3 and excess irradiated feeder lymphocytes
(Restifo et al., 2012). Infusion of these TILs into melanoma patients approximately 5-6 weeks
after tumor resection has demonstrated 38-55% objective response rates in multiple trials
(Rosenberg et al., 2011; Topalian et al., 1988). ACT has been modified to introduce antitumor
receptors into normal T cells via genetic engineering. Chimeric antigen receptors (CARs) and
conventional alpha-beta TCRs can be engineered into T cells conferring the ability to recognize
and lyse tumor cells expressing tumor antigens on the surface directly or in MHC restricted
fashion, respectively (Figure 1.1) (D. C. Gilham DE, 2002; Jackson et al., 2016; Morgan et al.,

4

2006; Rapoport et al., 2015). Human TCR-engineered T cells have been therapeutically tested in
early studies against non-mutated melanoma-melanocyte differentiation proteins, MART-1 and
gp100, and cancer testis antigen NY-ESO-1. Objective responses were seen in 5 of 11 patients
with metastatic melanoma and 4 of 6 patients with highly refractory synovial cell sarcoma
(Robbins et al., 2015).

Figure 1.1: Current gene-engineering approaches used in clinic for adoptive cell transfer
immunotherapy. The top panel shows the introduction of a conventional TCR into a patient’s
T cells, followed by the expansion and infusion back into the patient. The bottom panel shows
the insertion of a CAR into a patient’s T cell, followed by the expansion of these cells and
their re-infusion. TCRs and CARs are fundamentally different in their structures and in the
structures that they recognize. TCRs are composed of one α chain and one β chain, and they
recognize antigens that have been processed and presented by one of the patient’s own MHC
molecules. CARs are artificial receptors that can be constructed by linking the variable
regions of the antibody heavy and light chains to intracellular signaling chains (such as CD3zeta, CD28, 41BB) alone or in combination with other signaling moieties. CARs recognize
antigens that do not need to be MHC-restricted, but they must be presented on the tumor cell
surface. (Rosenberg and Restifo, 2015)
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1.3 High somatic mutation load favors clinical response to T-cell based immunotherapies
for cancer
Somatic mutations are generated in most cancers as a product of their neoplastic evolution
(Lawrence et al., 2013). Such non-synonymous somatic mutations can give rise to de novo
antigenic peptide products termed as neoantigens (Schumacher and Schreiber, 2015). Do T cells
directed to cancer cells react to such neoantigens? Recent high-dimensional genetic studies
performed on the biopsies of patients treated with immuno-modalities have presented strong
evidence in the favor of this possibility. Two independent clinical trials have reported a
significant association (P ≤ 0.01) of mutational load of patient tumors with clinical benefit from
CTLA4 blockade in melanoma (Chan et al., 2015; Van Allen et al., 2015). Clinical trials with
PD1 blockade in lung cancer have also confirmed the same observation (Hugo et al.; Rizvi et al.,
2015). Additionally, an administration of TILs isolated from a patient’s melanoma and enriched
for ERBB2IP mutation mediated a dramatic tumor regression of liver and lung metastases for
over one year (Tran et al., 2014). The mutational load is, however, an imperfect marker since it
does not take into consideration a possible contribution of self- antigen recognition like MART-1
and NY-ESO-1 to limit tumor progression.

1.4 Factors contributing to non-responsiveness of tumors to T cell based modalities
Amongst several factors that could contribute towards the resistance to checkpoint blockade or
ACT treatments, the predominant factors which have been identified in the clinical setting are: 1)
a decrease in T cells ability to infiltrate tumors; 2) an absence/loss of checkpoints (PD-L1); 3) an
increase of soluble inhibitors of T cells (IL-6); 4) nutrient competition (glucose utilization) or
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inhibitory tumor metabolism (LDH, lactic acid); and 5) a loss of tumor sensitivity to immune
effectors (discussed in next section 1.5). (Blank et al., 2016)

1.5 Loss of essential genes for T cell response evident in non-responding patients from
immunotherapy trials
The first clinical evidence of loss of essential genes for T cell response in tumor evolution comes
from Restifo et al. (Restifo et al., 1996). They found that four (31%) of the 13 established
melanoma cell lines from patients treated with ACT lacked functional MHC class I expression
due to loss of beta-2-microglobulin (β2M). High-dimensional analysis of tumor samples of
multiple cancers from the Cancer Genome Atlas (TCGA) datasets also identified recurrent
mutations in B2M, HLA-A, -B and -C and Caspase 8 (CASP8), which were positively associated
with CYT, suggesting loss of antigen presentation and blockade of extrinsic apoptosis as key
strategies of resistance to CYT(Rooney et al., 2015). Recently in patients treated with PD-1
blockade immunotherapy, relapsing tumors have been found to have increased frequency of
clones with B2M, Janus kinase 1 (JAK1) or Janus kinase 2 (JAK2) mutations (Zaretsky et al.,
2016). Truncating mutations in JAK1 and JAK2 resulted in resistance to IFNγ-mediated antiproliferative effects on cancer cells.

Thus far, most studies have focused only on antigen processing/presentation genes (β2M, HLA)
or IFNγ response genes (JAK1, JAK2) for identification of resistance mechanisms. In this study,
we aimed towards the identification of novel genes that maintain sensitivity of tumor cell to
CYT, and which gene-loss can lead to resistance against T cell based therapies using unbiased
genome-scale functional screens.
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1.6 Functional screen as a powerful tool to identify novel genes
A functional screen, also termed as forward genetic screen, is considered as phenotype-togenotype approach in which a gene itself or its expression is perturbed to select cells or
organisms with a phenotype of interest and the resulting mutations are characterized for these
phenotypic changes.

RNA interference (RNAi) screens have been used extensively to identify several genetic factors
underlying disease and those involved in complex biological processes (Boutros and Ahringer,
2008; Ngo et al., 2006; Zhou et al., 2014a). RNAi can be delivered into mammalian cells in form
of long dsRNAs, siRNAs, shRNAs or mirRNA-embedded shRNAs to selectively downregulate
mRNA transcripts of a given gene. Despite ease of delivery, RNAi system has few limitations
including difficulty of measuring and controlling off-target effects, and reduction in gene knockdown efficiency over time because of the adaptive cellular responses. Additionally, RNAi
mediated gene knockdown is temporal and not inherited to the daughter cells after cell division,
unless introduced by lentiviral or retroviral constructs. Although relatively recent, the Clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas9 technology has been able to
overcome these limitations. CRISPR-Cas9 technology based genetic screens have been shown to
be more adaptable and efficient in the induction of gene perturbations than RNAi (Chen et al.,
2015; Evers et al., 2016; Hart et al.; Shalem et al., 2014; Shalem et al., 2015).
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1.7 CRISPR-Cas9 based gene perturbations at genome scale
Cas nuclease identified through bioinformatic analyses is a component of the type II CRISPR
bacterial adaptive immune system (Jansen et al., 2002). It is a large multifunctional protein with
putative nuclease domains, HNH and RuvC-like, and binds to trac-RNA and cr-RNA to find its
target site on the genomic DNA to induce double strand breaks (DSBs). The dual
tracrRNA:crRNA has been engineered as a single guide RNA (sgRNA) that retains two critical
features: the 20 base-pair (bp) sequence at the 5′ end of the sgRNA that determines the DNA
target site by Watson-Crick base pairing, and the double-stranded structure at the 3′ side of the
guide sequence that binds to Cas9 (Cong et al., 2013; Mali et al., 2013). For commonly used
Streptococcus pyogenes Cas9, the sgRNA contains a 20-bp guide sequence, and target DNA
needs to contain the 20-bp target sequence followed by a 3-bp protospacer-adjacent motif (PAM)
as NGG (Fig. 1.2).

Loss-of-function mutations mediated by Cas9 nuclease are achieved by targeting a DSB to an
early exomic region of gene-of-interest. When a DSB is repaired by NHEJ, it can introduce an
indel mutation. Most frequently, this causes a coding frameshift, which renders the protein nonfunctional or results in a premature stop codon and initiation of nonsense-mediated decay of the
transcript (Shalem et al., 2015). However, it is critical to note that DSB induction and NHEJmediated repair occur independently at each allele in diploid cells, and targeting by Cas9 results
in a variety of biallelic and heterozygous target gene lesions in different cells. Most importantly,
recent in-vitro and in-vivo Cas9-based screens displayed high reagent consistency, strong
phenotypic effects and high validation rates, demonstrating the promise of this approach. In vitro
and in vivo CRISPR-Cas9 genetic screens have been used to identify essential genes in the
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survival and proliferation of cancer cells (Hart et al.; Wang et al., 2015), those involved in
resistance to drugs (Shalem et al., 2014) and toxins (Zhou et al., 2014b), and to profile genes and

Figure 1.2: Mechanism of CRISPR-Cas9 mediated gene perturbation. Cas9 derived from
Streptococcus pyogenus, SpCas9, relies on the 20 nucleotides long guide sequence of sgRNA
which hybridizes with a target sequence on genomic DNA and the protospacer adjacent motif
(PAM) as 5’-NGG-3’ to load onto DNA. Upon formation of Cas9:sgRNA:target DNA ternary
complex, RuvC domain and HNH domains induce break on each strand of DNA. This double
strand break is mainly repaired by non-homologous end joining (NHEJ) due to the absence of
homologous donor sequence. NHEJ being inefficient DNA repair process generate insertions or
deletions (indels) on the target DNA. Images for sgRNA and crystal structure of ternary
complex are adapted from (Nishimasu et al.).

pathways involved in complex biological processes such as cytokine production (Parnas et al.,
2015) and metastasis (Chen et al., 2015). Therefore, we utilized this CRISPR-Cas9 based
functional screen to profile genes that positively regulate cytolytic activity of T cells.
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Chapter 2
DESIGN AND DEVELOPMENT OF TWO CELL-TYPE (2CT) CRISPR ASSAY
PLATFORM

2.1 Objective and hypothesis
The objective of this study was to design and develop a robust assay platform to identify genes in
tumor cells that can regulate cytolytic activity of T cells. We hypothesize that the development of
an assay system that combines T cell gene engineering and CRISPR-Cas9 gene-perturbed
melanoma cells will serve as a robust platform to perform genome-scale functional screens.

2.2 Aims
1) Identify and control parameters to achieve optimal specific lysis and selection pressure
exerted by TCR engineered T cells on different melanoma cell lines for co-culture

2) Develop and test the efficiency of CRISPR-Cas9 mediated gene perturbations in tumor
(melanoma) cells

3) Determine the robustness of the two cell-type (2CT) CRISPR assay platform by
perturbing genes involved in the canonical MHC-I antigen presentation pathway

11

2.3 Experimental methods
2.3.1 Patient peripheral blood mononuclear cells and cell lines
All peripheral blood mononuclear cell (PBMC) samples were derived from patients with
melanoma, or healthy donors with consents and procedures approved by the institutional-review
board (IRB) of the National Cancer Institute (NCI).

The melanoma cell lines HLA-A2+/MART-1+ / NY-ESO-1+(Mel624.38, Mel1300), HLA-A2(Mel938)

and

HLA-A2+ / NY-ESO-1- (Mel526) were isolated from surgically resected

metastases as previously described (Robbins et al., 2008) and were cultured in RPMI 1640
(Invitrogen, Carlsbad, CA) medium supplemented with 10% fetal bovine serum (FBS, Hyclone,
Logan, UT). The A375 (HLA-A2+/NY-ESO-1+) and SK23 (NY-ESO-1-) cell lines were
obtained from the American Type Culture Collection (Manassas, VA). The SK23 cell line
transduced with retrovirus containing NY-ESO-1 expressing vector (SK23 NY-ESO-1+) was
obtained from Ken-ichi Hanada (NCI). All melanoma cell lines were cultured in D10 medium
containing DMEM supplemented 10% FBS, 2 mM L-glutamine, and 1% penicillin-streptomycin.

All PBMCs and lymphocytes used for transduction and as feeder cells were obtained from
aphereses of NCI Surgery Branch patients on IRB-approved protocols. They were cultured in T
cell medium, which is: AIM-V medium (Invitrogen) supplemented with 5% human AB serum
(Valley Biomedical, Winchester, VA), 100 U/ml penicillin and 100 μg/ml streptomycin, 2 mM
L-glutamine and 12.5 mM HEPES (Life Technologies).
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2.3.2 Retroviral vectors and transduction of human T cells
Retroviral vectors for TCRs recognizing the HLA-A*02–restricted melanoma antigens NY-ESO1 (NY-ESO-1:157-165 epitope) and MART-1 (MART-1:27-35 epitope, DMF5) were generated
as previously described (Johnson et al., 2006; Robbins et al., 2008). Clinical grade cGMPquality retroviral supernatants were produced by the National Gene Vector Laboratories at
Indiana University. For virus titer determinations, peripheral blood lymphocytes (PBLs) (2 × 10 6
cell/mL) were stimulated with IL-2 (300 IU/mL) and anti-CD3 antibody OKT3 (300 IU/ mL) on
Day 0. Non-tissue culture treated six-well plates were coated with 2 mL/well of 10 μg/mL
RetroNectin (Takara Bio, Otsu, Japan) on day 1 and stored overnight at 4 ºC. Serial dilutions of
vector supernatant (4 mL/well, diluted with D10 media) were applied to plates on day 2 followed
by centrifugation at 2000×g for 2h at 32ºC. Half the volume was aspirated and PBLs were added
(0.25-0.5 × 106 cell/mL, 4 mL/well), centrifuged for 10 min at 1000×g, and incubated at 37 ºC /
5% CO2. Vector titers were calculated as follows: [(% tetramer positive cells × total cell number
× dilution factor)] ÷ supernatant volume. A second transduction on day 3 was performed as
described above. Cells were maintained in culture at 0.7-1.0 × 106 cell/mL. After harvest, cells
underwent a rapid expansion protocol (REP) in the presence of soluble OKT3 (300 IU/mL), IL-2
(6000 IU/mL) and irradiated feeders as previously described (Johnson et al., 2006). After day 5
of the REP, cells were maintained in culture at 0.7-1.0 × 106 cell/mL until harvested for testing
on day 7-10 or frozen down for co-culture later.

2.3.3 Lentivirus production and purification
To generate lentivirus, HEK293FT cells (Invitrogen) were cultured in D10 medium. One day
prior to transfection, HEK293FT cells were seeded in T-225 flasks at 60% confluency. One to
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two hours before transfection, DMEM media was replaced with 13 mL of pre-warmed serumfree OptiMEM media (Invitrogen). Cells were transfected using Lipofectamine 2000 and Plus
reagent (Invitrogen). For each flask, 4 mL of OptiMEM was mixed with 200 µL of Plus reagent,
20 µg of lentiCRISPRv2 plasmid or pooled plasmid human GeCKOv2 (Genome-scale CRISPR
Knock-Out) library, 15 µg psPAX2 (Addgene, Cambridge, MA) and 10 µg pMD2.G (Addgene).
100 uL Lipofectamine 2000 was diluted with 4 mL of OptiMEM and was combined to the
mixture of plasmids and Plus reagent. This transfection mixture was incubated for 20 minutes
and then added dropwise to the cells. 6-8 h post transfection, the media was replaced to 20 mL of
DMEM supplemented with 10% FBS and 1% BSA (Sigma). Virus containing media was
harvested 48 h post-transfection. The sufficiency of viral titers was confirmed with Lenti-X
GoStix (Clontech, Mountain View, CA). Cell debris were removed by centrifugation of media at
3,000 rcf and 4 ˚C for 10 minutes followed by filtration of the supernatant through a 0.45 µm
low-protein binding membrane (Millipore Steriflip HV/PVDF). For individual lentiCRISPRv2
plasmids, viral supernatants were frozen in aliquots at -80 ˚C. For pooled library plasmids, viral
supernatants were concentrated by centrifugation at 4,000 rcf and 4 ˚C for 35 min in Amicon
Ultra-15 filters (Millipore Ultracel-100K). Concentrated viral supernatants were stored in
aliquots at -80 ˚C.

2.3.4 Two cell-type (2CT) T cell and tumor cell co-culture assay
NY-ESO-1 and MART-1 T cells were used for co-culture assays. Two days prior to co-culture,
cells were thawed in T cell media containing 3 U/mL DNAse (Genentech Inc., South San
Francisco, CA) overnight. Tumor cells were seeded at specific density on this day in the same
media as the T cells. T cells were then cultured in T cell media containing 300 IU/mL
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interleukin-2 (IL2) for 24 hours. T cells were co-cultured with tumor cells at various Effector:
Target (E:T ratios) for varying time periods. To reduce T cell killing activity and enrich for
resistant tumor cells during the recovery phase, T cells were removed by careful 2x phosphate
buffered saline (PBS) washes following the addition of D10 media without IL2. At the end of
recovery phase of co-culture, tumor cells were detached using trypsin (Invitrogen) and washed
twice with PBS. Tumor cells were then stained with fixable Live/Dead dye (Invitrogen) followed
by human anti-CD3 antibody (clone SK7, BD) in FACS staining buffer (PBS + 0.2% BSA). Cell
counts were measured using CountBright Absolute Counting Beads (Invitrogen) by flow
cytometry.

2.3.5 Statistical analyses
Data between two groups were compared using a two-tailed unpaired Student’s t test or the
Mann-Whitney test as appropriate for the type of data (depending on normality of the
distribution). Unless otherwise indicated, a P value less than or equal to 0.05 was considered
statistically significant for all analyses, and not corrected for multiple comparisons. To compare
multiple groups, we used an analysis of variance (ANOVA) with the Bonferroni correction.
Prism (GraphPad Software Inc., La Jolla, CA) was used for these analyses.

15

2.4 Results
We first conceptualized the design of a two cell-type assay system comprising of TCR geneengineered T cells as effector and tumor cells expressing an antigen in a HLA-A restricted
fashion as targets (Fig. 2.1). We used melanoma patient-derived T cells retrovirally transduced
with T cell receptors (TCRs) recognizing the HLA-A*02–restricted melanoma antigen NY-ESO1 (NY-ESO1:157-165 epitope) (ESO T cells, Fig.2.1) and a heterogeneous melanoma cell line
(Mel624) with the goal of achieving optimal TCR-specific cytolysis under co-culture conditions.
It is of major clinical interest to identify genes essential for T cell cytolytic activity that are not
restricted to specific antigen and TCR avidity. With this in mind, we selected patient-derived
Mel624 cells (Mel624WT) which express both NY-ESO-1 and MART-1 antigens in an HLAA*02-restricted manner allowing targeting of these cells with either low-avidity NY-ESO-1 T
cells or high-avidity MART-1 T cells during co-culture experiments.

Figure 2.1: Schematic representation of a 2CT CRISPR-Cas9 assay system to profile genes
necessary to mediate anti-tumor CYT. In an ideal situation, CRISPR mediated perturbation of
target gene will compromise the lysis of tumor cells by CYT and thus resistant cells will enrich
in co-culture.
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ESO T cells were highly cytotoxic to Mel624 cells as they killed >99% of tumor cells within 24
hours of exposure (Fig. 2.2). To adapt this 2CT assay system for genome-scale screens, we
optimized the selection pressure and bystander killing by modulating the length of coincubations and the effector to target ratios (E:T) in order to achieve approximately 20% tumor
cells survival after co-culture (Fig. 2.3).

A

B

Figure 2.2: FACS-based determination of live, PI (propidium iodine)-negative CD3- tumor
cell counts after co-culture of patient ESO T cells with Mel624 cells at an E:T ratio of 100
for 24 h. Representative FACS plots from experiment shown in panel A, and barplot in right
panel represents the cytolysis efficiency of T cells. Error bar denotes S.E.M. n =3.
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IFNγ release from T cells serves as a marker of its specific reactivity to a particular antigen
presenting cell. We tested the antigen specificity and alloreactivity of ESO T cells by culturing
these cells with melanoma cell lines that do not express NY-ESO-1 antigen (Mel526) and HLAA2 (Mel938) respectively, and measured IFNγ release using ELISA. We found very minimal
non-specific or alloreactivity of these patient derived ESO T cells (Table S2.1).

Figure 2.3: Optimization of selection pressure exerted by ESO T cells on Mel624 cells at
variable timings of co-culture and E:T ratios. Numbers in the grid represent approximate
tumor cell survival (%) after co-culture. Data pooled from 3 independent experiments. n = 3
replicates for each culture condition
To further ensure NY-ESO-1 specific reactivity of NY-ESO-1 T cells, we measured cell survival
post co-incubation of NY-ESO-1 T cells with non-NY-ESO-1 expressing SK23 and NY-ESO-1
expressing SK23 and Mel624 cells (Fig. 2.4) and observed consistent specific lysis.
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Figure 2.4: NY-ESO-1 antigen specific lysis of melanoma cells after 24 h of co-culture of
engineered ESO T cells with NY-ESO-1- SK23, NY-ESO-1+ SK23 and NY-ESO-1+ Mel624
cells at E:T ratio of 1. (n = 3 replicates)
β2M (encoded by B2M) is upregulated on tumor cell upon interaction with T cells in an IFNγ
dependent manner. We found that after co-incubation of as little as 6 hours, tumor cells interact
sufficiently with T cells to achieve an increase in β2M expression (Fig. 2.5).

Figure 2.5: Effect of cell to cell interaction timing on Mel624 cells determined by the
upregulation of β2M expression at variable timings after co-culture with ESO T cells at
E:T ratio of 0.5. Right panel: Representative FACS plot showing distribution of β2M expressing
tumor cells. Left panel: Bar plot depicts mean fluorescence intensities of n = 3 replicates.
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Collectively, with these experiments, we optimized selection pressure, specificity and duration of
co-incubation in the 2CT assay system.

To test whether the loss of antigen presentation genes can directly compromise T cell-mediated
cell lysis of human cancer cells using our 2CT CRISPR assay, we targeted LMP2, TAP2 and
B2M known to be involved in MHC-I dependent antigen presentation (Neefjes et al., 2011). We
designed and cloned three unique single guide RNAs (sgRNAs) for each of these three genes
into a lentiviral CRISPR vector (lentiCRISPRv2, Fig. S2.2), and transduced NY-ESO-1+ Mel624
cells at a low multiplicity of infection (MOI = 0.5). FACS analysis confirmed that B2M targeting
lentiviral CRISPRs were able to achieve at least 95% allele modifications in these cells (Fig.
S2.2). Upon co-culture of the gene modified NY-ESO-1+ Mel624 cells with ESO T cells,
significant cytolysis resistance was detected in cells transduced with B2M sgRNAs (72 ± 5%)
and with TAP2 sgRNAs (13 ± 2%) (Fig. 2.6). These results suggest that the dynamic range (Fig.
1E) of the 2CT assay platform was sufficient to perform a positive selection screen at genomescale.
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Figure 2.6: CRISPR-Cas9 mediated editing of MHC Class I antigen
presentation/processing pathway genes reduce T cell cytolysis efficacy. Timeline shows 12 h
of co-culture of ESO T cells with individual gene edited Mel624 cells at E:T ratio of 0.5. Live
cell survival (%) was calculated from control cells unexposed to T cell selection. Each dot in the
plot represents independent gene-specific CRISPR lentivirus infection replicate (n = 3).
Improvement in CRISPR edited cell yields at 60 h timepoint compared to 36 h after 2CT assay
as shown in right panel. Error bar denotes mean ± S.E.M.
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2.5 Discussion
Functional screens have been performed in vitro mostly with a single cell-type where selection
pressure has been often applied on the cells by single agents like drugs, lipopolysaccharides,
toxins and cytokines (Chen et al., 2015; Parnas et al., 2015; Shalem et al., 2015; Virreira Winter
et al., 2016; Wang et al., 2014; Wu et al., 2016). In vivo functional screens using model
organisms are also commonly used to capture the critical regulators of a phenotype or disease in
a more physiological, and thus clinically relevant setting. Unlike in vitro single cell-type screens
or in vivo screens, the 2CT system uniquely allows us to: 1) understand how genetic
manipulations in one cell type can affect a complex interaction between cell types; 2) perform
the pooled screen with a much higher library representation that cannot typically be achieved in
vivo; and 3) identify novel genes and pathways which may not be detected by in vitro single celltype screens or the uncontrolled environment of in vivo screens.

Upon deletion of LMP2 using 2CT CRISPR assay, we detected much lower amount of resistant
tumor cells surviving than B2M-edited tumor cells (Fig. 2.5). These differences could be
explained by two possibilities. First, the gene perturbation efficiency of CRISPRs could be much
lower at LMP2 genomic locus. It has been previously reported that efficiency of CRISPRmediated gene editing varies by cell type and by the efficiency of sgRNA (Doench et al., 2016).
However, we tested a pool of three sgRNAs in which at least one sgRNA would have high gene
deletion efficiency. Second, NY-ESO-1 peptide may not be predominantly processed via
canonical LMP2 proteosomal machinery. LMP2 protein is encoded by MHC genes that are
tightly linked to genes encoding TAP. LMP2 is a subunit of a subset of proteasomes involved in
degrading peptides/antigens that are transported to endoplasmic reticulum (ER) for loading on
the MHC-I molecules (Leone et al., 2013). However, it has been reported that LMP2 is not
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specifically required for efficient antigen presentation, most likely due to functional redundancy
with other proteosomal subunits (Yewdell et al., 1994).

Taken together, the data presented in this chapter indicates the 2CT-CRISPR platform serves as a
robust tool to perturb genes in one cell-type and study its phenotypic consequences on the other
cell type. This approach can be easily scalable to do genome-scale analysis and identify new
molecular players underlying complex phenotypes. Using similar optimization variables as in
this study and by controlling them in co-culture conditions, each cell type in the 2CT assay can
be replaced with other cell-type to decipher the networks of complex interactions between two
cell-types.
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Chapter 3
GENOME-WIDE FUNCTIONAL SCREEN USING 2CT PLATFORM TO PROFILE
GENES ESSENTIAL FOR T CELL CYTOLYTIC ACTIVITY (CYT)

3.1 Objective and hypothesis
The objective of this study is to profile genes essential for cytolytic activity of T cells (CYT). We
hypothesize that perturbing essential genes for CYT in tumor cells would cause resistance
against T cell mediated killing in 2CT assay.

3.2 Aims
1) Profile genes in tumor cells whose loss confer resistance against specific lysis mediated
by T cells using the 2CT CRISPR platform

2) Categorize genes based on known gene ontology and pathway enrichment analyses

3) Validate novel genes identified in the genome wide CRISPR screens using arrayed
screens

4) Identify genes that alter IFNγ release from T cells as an effective mechanism of T cell
effector function
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3.3 Experimental methods
3.3.1 2CT GeCKOv2 screens and genomic DNA extractions
Cell-cell interaction genome-wide screens were performed using Mel624 cells transduced
independently with both A and B GeCKOv2 libraries (Sanjana et al., 2014). Each library
contains 3 different sgRNAs targeting a single gene which makes a total 6 sgRNAs targeting
same gene when both libraries are utilized in independent screens. Libraries also contain 1000
non-target control sgRNAs which do not target any locus in the human genome. Library A also
contains sgRNAs targeting known human microRNAs (hsa-miRs).

In the initial screen (schematic shown in Fig. 3.1), we split two sets of 5 × 107 transduced
Mel624 cells. Cells from one set were co-cultured with 1.67 ×107 patient-derived NY-ESO-1 T
cells (E:T ratio of 1:3) for each library. Tumor cells from another set were used as controls,
which were cultured under the same density and conditions, but without T cells. The co-culture
phase was maintained for 12 hours after which the T cells were removed as described above. The
recovery phase was maintained for another 48 hours. Cells from co-culture flasks and from
control flasks were harvested for genomic DNA (gDNA) extraction. In this initial screen, NYESO-1 T cells lysed ~76% of tumor cells, and the surviving cells were frozen to evaluate sgRNA
enrichment later. We termed this the ‘low selection pressure’ (LoSelect) screen. In the second
screen, we again had two sets of 5 × 107 transduced Mel624 cells. For one set, we increased the
E:T ratio to 1:2 by co-culture of 2.5 × 107 NY-ESO-1 T cells with 5 × 107 transduced Mel624
cells for each library while keeping all other conditions similar. As before, the second set of
Mel624 cells were used as controls, which were cultured under the same density and conditions,
but without T cells. By increasing the selection pressure, we observed that T cells killed ~90% of
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Mel624 cells. Therefore, we termed this the ‘high selection pressure’ (HiSelect) screen. To
evaluate sgRNA enrichment in surviving resistant tumor cells, cells were harvested and frozen.

For gDNA extraction from harvested tumor cells (minimum 3 × 107 control cells), frozen cell
pellets were thawed. An ammonium acetate and alcohol precipitation procedure was used to
isolate gDNA as previously described (Chen et al., 2015). The first step of the extraction
protocol was modified to use AL buffer (Qiagen) for cell lysis.

3.3.2 Pooled screen readout and data analysis
To determine ‘sgRNA barcode’ abundance as the readout of library screens, two-step PCR
amplifications were performed on gDNA using Takara Ex-Taq polymerase (Clontech). The first
PCR step (PCR1) included amplification of the region containing sgRNA cassette using
v2Adaptor_F and v2Adaptor_R primers, and the second step PCR (PCR2) included
amplification using uniquely barcoded P7 and P5 adaptor-containing primers to allow
multiplexing of samples in a single HiSeq run. All PCR1 and PCR2 primer sequences, including
full barcodes, are listed on the GeCKO website (http://genome-engineering.org/gecko/).
Assuming 6.6 pg of gDNA per cell, 150 µg of gDNA was used per sample (> 300 cells per
library sgRNA representation), and 15 PCR1 reactions were performed for each biological
sample. Ten µg gDNA were used as input in each 100 uL PCR1 reaction performed under
cycling conditions: 95 °C for 5 min, 18 cycles of (95 °C for 30 s, 62 °C for 30 s, 72 °C for 30 s),
and 72 °C for 3 min. PCR1 products for each sample were pooled and used for amplification
with barcoded second step PCR primers. We performed 7 PCR2 reactions using 5 µL of the
pooled PCR1 product per PCR2 reaction. Second PCR products were pooled and then
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normalized for each biological sample before combining uniquely-barcoded separate biological
samples. The pooled product was then gel-purified from a 2% E-gel EX (Life Technologies,
Carlsbad, CA) using the QiaQuick kit (Qiagen, Hilden, Germany). The purified, pooled library
was then quantified with Tapestation 4200 (Agilent Technologies, Santa Clara, CA). Diluted
libraries with 5%–20% PhiX were sequenced with Hiseq 2000.

Sequencing reads were demultiplexed using custom Linux shell scripts, allowing for a maximum
of 1 mismatch in either forward or reverse barcodes. Demultiplexed reads were trimmed by
cutadapt using 12 bp flanking sequences around the 20 bp guide sequence (Martin, 2011).
Trimmed reads were aligned using Bowtie (Langmead et al., 2009) to the GeCKOv2 indexes
created from library CSV files downloaded from the GeCKO website (http://genomeengineering.org/gecko/?page_id=15). Read alignment was performed with parameters -m 1 -v 1 norc, which allows up to 1 mismatch and discards any reads that do not align in the forward
orientation or that have multiple possible alignments. Aligned counts of library sgRNAs were
imported into R/RStudio. Counts were first normalized by the total reads for each sample and
then log-transformed. A gene ranking was computed using the second most enriched sgRNA for
each gene. This ranking is robust to outlier/off-target effects that enrich/deplete a single sgRNA
by requiring at least 2 enriched sgRNAs targeting the same gene. Genes were ranked based on
enrichment of second most enriched sgRNA. The sgRNA enrichment was also analyzed by
RIGER method (Biao Luo, 2008).
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3.3.3 Validation lentiCRISPR array screen
Individual lentiCRISPRs were produced as above except that viral supernatants were not
concentrated. For each gene, we used 3-4 sgRNA guide sequences as listed in Table S3.1, where
2 sgRNAs sequences were designed de novo and other 2 sgRNAs were from GeCKOv2 library.
We cloned these sgRNAs into the lentiCRISPRv2 vector (Addgene) as previously described. To
produce virus in a high-throughput format, HEK293FT cells were seeded and transfected in 6well plates where each well received a different lentiCRISPR plasmid. The lentiviral production
protocol was the same as the one described above for GeCKOv2 library lentivirus production.

Mel624 and A375 cells with unique gene perturbation were generated using these viral
supernatants. Typically, we used 500 ul of lentiCRISPRv2 virus per 5 × 104 cells for Mel624 and
A375. Puromycin selection was applied to these cells for 5-7 days, which is the time period
needed to completely kill an untransduced control for both Mel624 and A375.

Cells were split and one half were frozen for analysis of insertion-deletion (indel) mutations after
non-homologous end-joining repair and the remainder were normalized to seed 1 × 104 cells/well
in 96-well plates. During the arrayed screen, each cell line was co-cultured with appropriate T
cells (either NY-ESO-1 or MART-1) in a 96-well plate format at an E:T ratio of 1:3 for 12 hours
in T cell media. As in the pooled screen, we performed gentle 2x PBS washes to remove the T
cells. Mel624 or A375 cells were collected after a recovery phase culture of 48 hours for highthroughput flow cytometry analysis. Tumor cell counts were measured using a FACS-based
CountBright bead method. We noticed variability in proliferation and survival rates across cells
depending on the sgRNA received. To account for this variability, we calculated a relative
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percent change for each sgRNA: (%Δ, 2CT vs noT) in tumor cells co-cultured with T cells (2CT)
compared to tumor cell counts without T cells (noT). The normalized resistance was calculated
by the following formula:

Normalized Resistance =

(%Δ 2CT 𝑣𝑠 noT)gene-targeting sgRNA
(%Δ 2CT 𝑣𝑠 noT)non-targeting sgRNA

For co-culture with MART-1 T cells, all parameters were the same, except that the co-culture
period duration was 24 hours with the same recovery period as with NY-ESO-1 experiments.

3.3.4 Indel mutation detection for array 2CT validation
Frozen cell pellets were thawed for genomic DNA extractions. DNA was extracted with a Blood
& Cell Culture Midi kit (Qiagen). SgRNA target site PCR amplifications were performed for
each genomic loci using conditions as described previously (Chen et al., 2015), pooled together
and then sequenced in a single Illumina MiSeq. All primer sequences for indel detection can be
found in Table S3.2.

To analyze the data from the MiSeq run, paired-end reads were trimmed for quality using
trimmomatic with parameters SLIDINGWINDOW:5:25 (Bolger et al., 2014).

Reads with

surviving mate pairs were then aligned to their targeted amplicon sequence using Bowtie2
(Langmead and Salzberg, 2012). To determine indel sizes, we calculated the size difference
between observed reads and predicted read size based on the genomic reference sequence. If
observed read size was equal to the predicted size, these reads were scored as no indels. The size
difference was used to detect insertions or deletions.
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3.3.5 Flow cytometry and interferon gamma enzyme-linked immunosorbent assay (ELISA)
Tumor cells or T cells suspended in FACS staining buffer were stained with fluorochromeconjugated antibodies against combinations of the following surface human antigens: CD4
(RPA-T4, BD, Franklin Lakes, NJ), CD8 (SK1, BD), CD3e (SK7, BD), HLA-A2/MART-1:2735 tetramer (DMF5, Beckman Coulter Immunotech, Monrovia, CA); NY-ESO-1 tetramer (NIH
Tetramer Core Facility); PD1-L1 (MIH1, eBiosciences, San Diego, CA); PD1-L2 (24F.10C12,
Biolegend, San Diego, CA); beta-Galectin (9M1-3, Biolegend), CD58 (1C3, BD) and β2M
(2M2, Biolegend). Cell viability was determined using propidium iodide exclusion or fixable
live/dead (Invitrogen). Flow cytometric data were acquired using either a FACSCanto II or
LSRII Fortessa cytometer (BD), and data were analyzed with FlowJo version 7.5 software
(FlowJo LLC, Ashland, OR). The amount of IFNγ release by T cells after co-culture with tumor
cells was measured by Sandwich ELISA assay using anti-IFNγ (Thermo Scientific M700A)
coated 96-well plates, biotin-labeled anti-IFNγ (M701B), HRP-conjugated streptavidin (N100)
and TMB substrate solution (N301).

3.3.6 Western blot analysis
Total protein was extracted with 1X RIPA lysis buffer (Millipore, Billerica, MA) with 1X
protease inhibitor (Roche, Basel, Switzerland). Protein concentration was determined using the
BCA assay (Thermo/Pierce). Cell lysates were resolved on 4-20% Tris-Glycine gels
(Invitrogen), transferred to PVDF membranes (Millipore), and incubated overnight at 4 °C with
the appropriate primary antibodies: Anti-APLNR (1:500, Santa Cruz Biotechnology H-300 sc33823), Anti-BBS1 (1:500, Santa Cruz Biotechnology F-1 sc-365138), Anti-SOX10 (1:1000,
Cell Signaling D5V9L 89356) and Anti-BETA ACTIN (1:1000, Santa Cruz Biotechnology C4
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sc-47778). Signals were detected using HRP-conjugated secondary antibodies (Santa Cruz
Biotechnology) and SuperSignal West Femto Chemiluminescent Substrate (Thermo/Pierce).
Images were captured using ChemiDoc Touch imaging system (Bio-Rad, Hercules, CA).

3.3.7 Pathway analysis
For pathway analysis, we first identified all genes in the genome-scale CRISPR pooled screen
with a second-best sgRNA score above our FDR threshold (log2(enrichment) > 0.5). This yielded
a list of 554 genes. In this list, we looked for gene category over-representation using Ingenuity
Pathway Analysis (QIAGEN Redwood City, www.qiagen.com/ingenuity). The analysis criteria
were set as follows: 1) querying for molecules with Ingenuity Knowledge Base as a reference
set, 2) restricted to human species, and 3) experimentally observed findings as a confidence
level. Fisher's Exact Test (p < 0.05) was used to compute significance for over-representation of
genes in a particular pathway/biological process.

3.3.8 Statistical analyses
Data between two groups were compared using a two-tailed unpaired Student’s t test or the
Mann-Whitney test as appropriate for the type of data (depending on normality of the
distribution). Unless otherwise indicated, a P value less than or equal to 0.05 was considered
statistically significant for all analyses, and not corrected for multiple comparisons. To compare
multiple groups, we used an analysis of variance (ANOVA) with the Bonferroni correction.
Prism (GraphPad Software Inc., La Jolla, CA) was used for these analyses.
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3.4 Results
To identify the tumor intrinsic genes essential for T cells to mount an effective cytolytic
response, we performed a Genome-Scale CRISPR Knock-Out (GeCKO) screen using the 2CT
assay platform with different ratios of T cells to tumor cells (Fig. 3.1). Specifically, we exposed
transduced Mel624 cells to ESO T cells at E:T ratios that resulted in less than complete T cellmediated tumor cell death after a 12 hour exposure (fig. S2B). We termed these screens with
different E:T ratios as ‘LoSelect’ (E:T = 0.3) and ‘HiSelect’ (E:T = 0.5) conditions. In each
screen, we independently infected the Mel624 cells with two human genome-scale libraries:
Library A containing ~65,000 sgRNAs (3 sgRNAs per gene or microRNA) and Library B
containing ~55,000 sgRNAs (3 different sgRNAs per gene).

To examine the sgRNA library representation through each step of the screen, we used deep
sequencing analysis to count sgRNA reads. The sgRNA reads from transduced cells 5-7 days
post-puromycin selection showed high concordance with the reads from GeCKO plasmid pool
(Fig. 3.2A), demonstrating that sgRNA library representation was maintained during
transduction and puromycin selection. We observed that the distribution of sgRNA reads in T
cell-treated samples versus controls was significantly different only in the HiSelect screens ((Fig.
3.2B, Kolmogorov–Smirnov test, P = 7.5 × 10-5), and not in the LoSelect screens (P = 0.07),
indicating that the efficiency of this 2CT CRISPR platform depends mainly on the selection
pressure applied by T cells.
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Figure 3.1: Design of genome-wide 2CT CRISPR screen to identify loss-of-function genes
conferring resistance to T cell-mediated target cell lysis. Mel624 cells transduced with
GeCKOv2 libraries were selected with puromycin for 5-7 days. Screens with T-cell based
selection at E:T of 0.3 are termed as ‘LoSelect’ screens and at E:T of 0.5 is termed as ‘HiSelect’
screens
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A

B

Figure 3.2: Global distribution and enrichment analysis of sgRNA reads. (A) Comparison of
sgRNA representation between the plasmid pools to early timepoint transduced-cells post
puromycin selection. (B) Scatterplot showing the effect of LoSelect and HiSelect co-culture
conditions on the global distribution of sgRNAs.

For both screens, we analyzed sgRNA enrichment at the individual gene level by multiple
methods: 1) top ranked genes by the second most enriched sgRNA, 2) the percentage of sgRNAs
enriched in the top 5% of all sgRNAs for each gene and 3) the weighted-sum RIGER analysis
(Figs. 3.3, S3.1). These methods showed a high degree of overlap (Figs. 3.3 and S3.1). Known T
cell response genes, including HLA-A, B2M, TAP1, TAP2 and TAPBP, ranked amongst the top
20 genes enriched in the HiSelect screens (Fig. 3.3), indicating that CRISPR mediated
perturbations in MHC-I pathway rendered these cells resistant to T cell-mediated cytolysis.
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Further analyses of these data showed enrichment of several genes not previously implicated in
orchestrating T cell anti-tumor responses. We looked for consistent enrichment between
multiple, independent sgRNAs targeting the same gene. Two genes (SOX10 and CD58) had 5 out
of 6 sgRNAs and three genes (MLANA, PSMB5 and RPL23) had 4 out of 6 sgRNAs enriched in
top 5% of most enriched sgRNAs (Fig. 3.3B). Despite the disparity in the enriched sgRNA
distributions between LoSelect and HiSelect screens most likely due to differential T cell
selection pressures (Fig. 3.2B), ~10% of genes ranked amongst top 5% most enriched overlapped
across both screens (Fig. S3.2).

A

B

Figure 3.3: sgRNA enrichment in CRISPR screens identify genes essential for T cell
mediated tumor cell destruction. (A) Scatterplot showing the enrichment of the most versus the
second most enriched sgRNAs after T cell-based selection. The top 100 genes were magnified
from the inset showing all the sgRNAs pooled from HiSelect screens using both A and B
libraries (B) Consistency of multiple sgRNA enrichment for top 20 ranked genes by second most
enriched sgRNA and RIGER analysis in HiSelect screens. Frequency of unique sgRNAs
targeting each gene in top 5% of most abundant sgRNAs is plotted.
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We then selected the top 554 ranked genes from HiSelect screens with the second most enriched
sgRNA score > 0.5 (estimated FDR = 0.1% based on 1000 non-target control sgRNAs, Fig.
S3.3) for ontology and pathway enrichment analysis to discover groups of genes underlying
resistance. Interestingly, the loss of a significant number of genes involved in EIF2 signaling,
SRP-dependent peptide targeting to membrane, assembly of RNA polymerase II, and protein
ubiquitination pathways (F-test, Bonferroni corrected P < 0.05) conferred resistance to T cellmediated cytolysis (Table 3.1) emphasizing the essentiality of these pathways in modulating T
cell response to tumor cells.

To validate top candidates, we performed the 2CT CRISPR assay using multiple individual
sgRNAs (Fig. 3.4). We selected 17 from the top 20 ranked genes in either the HiSelect or
LoSelect screens that are not previously implicated in T cell-tumor cell interaction biology in
Pubmed and also have few gene ontology annotations. We included CTAG1B (encoding NYESO-1) as a positive control and TAPBP as a control for MHC-I processing gene. Using ESO T
cells derived from healthy donors (fig. S3.4) and Mel624 cells, we found that 15 out of 17 genes
had at least one sgRNA that showed greater than 25% resistant cell survival against T cellmediated killing (Figs. 3.5A and 3.5B).
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Table 3.1 Pathway enrichment analysis of genes enriched in 2CT-CRISPR screens
Ingenuity Canonical
Pathways
EIF2 Signaling

-log(p-value) Enriched genes
1.26E+01

RPL24, RPLP1, RPL22L1, RPL35A, EIF2S1,
RPL7A, RPL13, RPL18A, EIF3D, RPL23A,
RPL21, RPL18, RPS19, RPL34, RPL3, RPS10,
RPL23, RPS29, RPL10A, RPL9, RPL15, RPL8,
RPL10, EIF3L, RPLP0, RPL38

Antigen Presentation Pathway

5.65E+00

B2M, CALR, PSMB5, HLA-A, HLA-F, TAP1,
TAP2, TAPBP

Endoplasmic Reticulum Stress
Pathway

3.93E+00

CALR, MAP3K5, EIF2S1, CASP7, MBTPS2

Assembly of RNA Polymerase
II Complex

3.73E+00

TAF1, TAF5, TBP, GTF2H5, TAF3, TAF7,
TAF1L

Cytotoxic T Lymphocytemediated Apoptosis of Target
Cells
Interferon Signaling

3.03E+00

B2M, FADD, HLA-A, CASP8, CASP7

2.79E+00

JAK1, IFNGR2, JAK2, STAT1, TAP1

Role of JAK1, JAK2 and
TYK2 in Interferon Signaling
IL-15 Production

2.62E+00

JAK1, IFNGR2, JAK2, STAT1

2.42E+00

JAK1, JAK2, STAT1, PTK7

TNFR1 Signaling

2.23E+00

MAP4K2, FADD, RIPK1, CASP8, CASP7

Protein Ubiquitination
Pathway

2.03E+00

Role of JAK family kinases in
IL-6-type Cytokine Signaling
Death Receptor Signaling

1.67E+00

USP31, B2M, PSMB3, PSMA6, PSMB5, HLA-A,
USP10, PSMC4, PSMD14, PSMC2, TAP2,
TAP1, VHL
JAK1, JAK2, STAT1

1.62E+00

FADD, RIPK1, MAP3K5, CASP8, ACTG1,
CASP7
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Figure 3.4: Schematic representation of individually-arrayed CRISPR screens used for
validation of the highest-ranking genes.

To better understand the effect of genetic background, we examined the consistency of 15
validated genes in A375, an unrelated NY-ESO-1+ melanoma cell line and excluded DHX9 and
KHDRBS. Apart from SOX10 and RPL23, remaining 13 other genes displayed resistance against
CYT upon perturbation with at least two independent sgRNAs (Figs. 3.4C-E). This data indicates
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that the majority of genes enriched in CRISPR screens could be essential for CYT against
melanoma tumor in a context independent manner.

We also analyzed the efficiency of CRISPR-mediated gene editing in both melanoma cell lines,
Mel624 and A375, by determining total indel and frameshift indel formations at targeted loci in
each gene-perturbed cell line using next generation sequencing (NGS). On average, CRISPR
mediated indels occurred at much higher frequencies in A375 cells compared to Mel624 cells
(Figs. S3.5 and S3.6). This analysis confirmed that the loss-of-function resistance phenotype
against CYT exhibited by the cells in arrayed CRISPR screens was derived from specific
intended gene perturbations.

Mechanistically, loss-of-function mutations in these genes may lead to resistance to T cellmediated lysis by altering MHC-I presentation of specifically the NY-ESO-1 antigen or possibly
via other more general mechanisms. To address this question, we re-assessed the resistance of
nine of these genes in MART1+ Mel624 cells using MART-1 antigen specific T cells (Mart1 T
cells) with high avidity TCRs (Fig. S3.4B) (Johnson et al., 2006; Robbins et al., 2008), and
observed phenotypic consistency (Fig. 3.6A).
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A

B

C

D

E

Figure 3.5: Validation of most enriched genes from LoSelect and HiSelect screens. (A and
C) Bar-plot showing the average survival of individually edited cells for 16 genes and 1 miR
targeted with 2-4 different sgRNAs subjected to 2CT CRISPR assay at E:T ratio of 0.5 using
Mel624 cells (A) and A375 cells (C) with ESO T cells. Data shown is an average of tested 2-4
sgRNAs per gene. Error bar denotes mean ± S.E.M. n = 3 replicates. (B and D) The number of
genes validated in arrayed screen with 0, 1, 2 or 3 sgRNAs showing a significant resistance
phenotype for that gene. Genes with >2 sgRNAs displaying resistance against T cell-mediated
lysis are listed above the bar plot. All listed genes are significantly resistant, P < 0.05 compared
to non-target control sgRNA. (E) Overlap of validated genes between two melanoma cell lines.
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B

Figure 3.6: Antigen and tumor-type context independence of validated genes. (A) LoF genes
showing resistant against high avidity MART1 T cell-mediated lysis. Mel624 cells subjected to
2CT CRISPR assay using MART1 T cells from healthy donors at E:T ratio of 1. Error bar
denotes S.E.M of average cell survival of four different sgRNAs. (B) APLNR, BBS1 and CD58
loss in HLA-A2+ NY-ESO-1+ Renal cell carcinoma (RCC) cell line confers resistance against
ESO T cell mediated cytolysis. Error bar denotes S.E.M of average cell survival with four
different sgRNAs. All listed genes are significantly resistant, P < 0.05 compared to non-target
control sgRNA.

Next, we aimed to test if APLNR, BBS1 and CD58 genes are essential for CYT independent to
cancer-type. We generated an HLA-A2+ NY-ESO-1+ renal cell carcinoma (RCC) cell line by
transducing the HLA-A2+ RCC cells with NY-ESO-1 over-expressing retroviruses. We targeted these
RCC cells with 4 different sgRNAs for each gene to perturb APLNR, BBS1 and CD58 individually in
arrayed format. Upon application of ESO T cell-mediated selection pressure, these cells showed
resistance against CYT (Fig. 3.6B).
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Collectively, the arrayed CRISPR validation screens confirmed that genes like APLNR, BBS1, COL17A1,
TWF1 and hsa-mir-101-2 are essential in cancer for effective induction of CYT by T cells.

Interferon gamma (IFNγ) secretion is a marker of effector T cell activation and also itself an
effective means of tumor cell lysis. To test if the resistance mechanism of any of the 15 validated
genes (Figs. 3.5C and 3.5D) was dependent on alteration of IFNγ secretion, we measured IFNγ
release in the supernatants after a co-culture assay. APLNR, hsa-mir-101-2, TWF1 and CD58
perturbations in tumor cells significantly reduced secretion of IFNγ from T cells (Figs. 3.7 and
S3.8). BBS1 and SOX10 targeting sgRNAs did not reduced IFNγ secretion significantly,
implying that an alternate mechanism underlies their T cell resistance phenotype (Figs. 3.7 and
S3.8). Using flow cytometry and immunoblot analysis, we also confirmed that these sgRNAs
efficiently reduced the protein levels of the targeted genes in A375 cells (Fig. S3.7).

We further characterized these validated genes to address whether T cell resistance was due to
the loss of expression of β2M or up-regulation of the immune checkpoint ligands PD-L1, PD-L2
and galectin-9 on the cell surface. None of these markers were altered significantly in APLNR,
BBS1, CD58 or SOX10 edited cells treated with ESO T cells for 24 hour (Fig 3.8). Broadly, our
results indicate that multiple aspects of target cell and T cell interactions, beyond antigen
presentation and immune checkpoint axis, remain unresolved and will be addressed in future
studies.
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Figure 3.7: Interferon-gamma ELISA assay performed on supernatants 24 h post coculture of CRISPR edited A375 cells with ESO T cells. ***P < 0.001 *P < 0.05, n = 3 coculture replicates. Error bar denotes mean ± S.E.M.
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Figure 3.8: FACS analysis of surface phenotypic characteristics of APLNR, BBS1, CD58
and SOX10 edited A375 cells post 24 h of co-culture with ESO T cells. Untransduced A375
cells are represented as ‘WT’. The loss of these four genes, APLNR, BBS1, CD58 and SOX10,
neither significantly reduced the expression of antigen presentation gene β2M nor increased the
expression of checkpoint ligands, PD-L1, PD-L2 and galectin-9, after 24 hours of co-culture with
ESO T cells.
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3.5 Discussion
In this study, we developed and performed 2CT-CRISPR screens in order to reveal novel
functions of the genes involved in tumor cell –T cell interactions. Previous genetic and
association studies have identified and emphasized only genes involved in antigen presentation
pathways like B2M, TAP1 and TAP2, and in IFNγ receptor signaling like JAK1, JAK2 and
STAT1, in emergence of resistance of cancer by evasion of CYT. Here, using genome-scale
functional mutagenesis study, we expanded this list to >500 genes (second most enrich score >
0.5, RIGER analysis P < 0.01) in tumor cells whose loss would resist T cell mediated lysis. We
classify these genes to be essential for anti-tumor responses mediated by T cells.

One of the limitations of CRISPR-Cas9 system is the off-target activity of Cas9 due to
promiscuous binding of sgRNA with target DNA having a few mismatches (Fu et al., 2013).
This off-target activity of Cas9 could potentially lead to accumulation of large number of false
positives and false negatives in the final readouts of the functional screens. To circumvent this
problem, we filtered and ranked our top hits based on the enrichment of multiple sgRNAs, since
the probability of multiple sgRNAs, giving rise to the same resistance phenotype in our screens
due to off-target activity would be extremely low. Additionally, even in the validation stage and
subsequent mechanistic experiments, we considered a phenotype to be relevant only when it is
reproducible upon gene perturbation by at least two sgRNAs.

Our gene ontology and pathway analyses demonstrate that the loss of the components of MHC-I
class antigen processing, apoptosis and IFNγ response pathways in tumor cells are the most
critical determinant to the effectiveness of CYT mediated by T cells. These findings established
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that the performance of the 2CT-CRISPR platform was robust in these genome-scale screens as
it provided the functional evidence of the relevance of each of these pathways and their
components. Of particular interest is the strong enrichment of multiple genes involved in EIF2
signaling, SRP-dependent peptide targeting to membrane and assembly of RNA polymerase II
pathways. To establish the relevance of these pathways in modulating T cell responses, we
validated Signal Related Peptide 54 (SRP54) and 60S ribosomal protein L23 (RPL23) in both
A375 and Mel624 melanoma cell lines. Biologically, it could be expected that deletion of these
genes would decrease protein synthesis and translocation of peptides to the membranes. Slowing
down the turnover of protein synthesis and translocation of proteins to the membrane in tumors
could act as an immune evasion strategy. Either of these processes could reduce the amount of
co-stimulatory receptors/ligands and adhesion molecules like CD58, ICAM1, B7RP1, CD70 and
OX40L on the tumor cells, and thus compromise the full activation of T cells. Alternatively, a
decrease in protein synthesis or translocation to the membrane could also reduce the expression
of MHC class I proteins like HLA-A and β2M on the cell surface and antigen itself like NYESO-1, thereby resulting in a failure to recognize tumor antigen by T cells. Future studies could
be focused on finding the underlying mechanisms. In the CRISPR screens, we identified novel
pathways that modulate sensitivity of tumor cells to the CYT of T cells.

Genes identified in in-vitro functional screens could be limited to the model system employed in
the study. In our case, validated essential genes could be context specific to either NY-ESO-1
antigen, MHC class-I dependent CD8+ T cell mediated killing, or melanoma cell lines. We
addressed each of these model specific idiosyncrasies to profile core genes that illuminate
biological processes underlying immune sensitivity to multiple cancer types. We first established

46

that 13 genes, APLNR, BBS1, CD58, COL17A1, DEFB134, CTAG1B, TWF1, MLANA, PTCD2,
PSMB5, SRP54 and TAPBP, are essential for T cell response in two different melanoma cell
lines. To address that these genes are not NY-ESO-1 antigen specific, we confirmed 9 genes,
including hsa-mir-101-2, are necessary for MART-1 antigen mediated T cell recognition and
lysis. In addition, APLNR, BBS1 and CD58 were found to be essential for T cell mediated lysis
of non-melanoma RCC cells, suggesting that these genes are context independent of cancer-type.
CRISPR based mutagenesis of APLNR, BBS1 and CD58 also did not alter any predominant
known mechanisms to mediate resistance against T cell mediated cytolysis like increased
inhibitory checkpoint ligand expression or decreased antigen presentation.

Collectively, CRISPR-Cas9 functional screens have identified novel essential genes for T cell
mediated cytolytic activity and also provided functional validation of known genes like B2M,
TAP1, TAP2, TAPBP, JAK1, JAK2, STAT1, CASP8 and ICAM1 which are known to regulate T
cell responses in cancer.
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Chapter 4
IMPLICATIONS OF VALIDATED GENES TO STRATIFY PATIENTS FOR
IMMUNOTHERAPY

4.1 Objective and hypothesis
The objective of this study is to determine the implications of validated genes from CRISPRbased genome-scale profiling for use in immunotherapy studies. We hypothesize that these genes
would be able to predict survival in cancer patients treated with an immunotherapy regime.

4.2 Aims
1) Determine if any of the genes from the CRISPR screen can predict survival or long term
benefit from immune-checkpoint blockade anti-CTLA4 therapy

2) Identify genes from CRISPR screens that correlate with intratumoral cytolytic activity in
patient tumors from The Cancer Genome Atlas (TCGA) datasets

3) Determine the immune sensitivity expression signature (ImmuSig) patterns to assist in
stratification of patients for immunotherapy
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4.3. Materials and methods
4.3.1. Analysis of CTLA4 blockade human dataset
RNAseq data were obtained from published work by Van Allen et al. (Levi Garraway group) and
Reads Per Kilobase of transcript per Million mapped reads (RPKM) values were calculated with
the same filters and criteria as previously described (Van Allen et al., 2015). For each of the
genes explored, expression levels were divided into quartiles and the resulting categories were
used to determine if there was an association between the expression level and overall survival
(OS). The probability of OS as a function of time was estimated by the Kaplan-Meier method,
and the statistical significance of the difference among curves was determined by the log-rank
test. When the initial analysis of Kaplan-Meier curves suggested that there could be a difference
between two pooled sets of categories, the resulting division into two groups was made and the
significance was reported using an adjusted p-value equal to three times the unadjusted p-value
to account for the number of implicit tests done to arrive at the final grouping. Those genes
whose expression levels were potentially associated with OS with unadjusted p-values <0.10 by
univariate analyses were evaluated for their joint significance using Cox proportional hazards
models.

4.3.2. The Cancer Genome Atlas (TCGA) data analyses
TCGA RNA-seq data from multiple cancer data sets was downloaded from the Firehose Broad
GDAC (http://gdac.broadinstitute.org/, DOI for data release: 10.7908/C11G0KM9) using the
TCGA2STAT package for R (Wan et al., 2016) and used to find overlap between TCGA gene
expression indicative of cytolytic activity and genes from our pooled screen where loss-offunction create resistance to T cell killing.
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We first identified the genes correlated with a previously identified cytolytic activity signature,
namely expression of granzyme A (GZMA) and perforin 1 (PRF1) (Rooney et al., 2015). To
identify these genes in the TCGA data, we calculated the geometric mean of GZMA and PRF1 in
each data set and searched for any genes with a positive correlation to this quantity across
patients (Pearson’s r > 0, p < 0.05).

We then examined the intersection between genes whose expression was correlated with
cytolytic activity (TCGA datasets) and the enriched genes found the CRISPR screen (cutoff >0.5
on the second most enriched guide score, 554 genes). This method resulted in the genes
correlated with CYT in many cancers, which formed Cluster 1 and Cluster 2 (Fig. 4.4).
Individual heatmaps for the two sets of clustered genes were regenerated for each cancer type
and can be found at weblink https://bioinformatics.cancer.gov/publications/restifo.

4.4 Results
To determine the implications of enriched gene targets from the 2CT screen on immunotherapy
studies, we examined whether expression levels of these genes were associated with survival in
melanoma patients after CTLA4 blockade with ipilimumab (Van Allen et al., 2015).

In this initial exploratory analysis, data were divided into quartiles based on RPKM values of
each individual gene and the four groups were evaluated for their association with survival. The
global p-values (shown in Fig. S4.1A) indicate the overall association of the quartiles of gene
expression levels with survival; a small p-value suggests a difference in the groups with respect
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to survival. For these three genes, a final division at either the lower quartile, the median, or the
upper quartile was made which resulted in the most significant prognostic split of the data with
respect to association with survival (P < 0.0001 for B2M and P = 0.032 for TAP1 as shown in
Fig. 4.1, and P = 0.05 for TAP2 shown in Fig. S4.1B). Since P ≤ 0.10 for each difference in
outcome between two groups after adjustment in the univariate analyses shown, a Cox
proportional hazards model analysis was performed including these three genes (plus BBS,
adjusted P = 0.075, data not shown) to assess whether they had a joint impact on survival. By
backward selection, the final Cox model indicated that only the lower quartile of B2M levels was
significantly associated with poorer survival, and the other genes did not contribute significantly
to the model when the four genes were considered jointly (Hazard Ratio (HR) = 5.72; 95% CI for
HR: 2.41-13.58; P < 0.0001). In conclusion, we found that the expression levels of two essential
genes for CYT, B2M and TAP1, were associated with overall survival of patients in response to
ipilimumab, while TAP2 levels were marginally associated with overall survival (Figs. 4.1 and
S4.1). We did not find any significant associations of other 2CT validated genes with overall
survival in this small cohort (n = 42 patients, data not shown).
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Figure 4.1 Expression of essential genes for CYT enriched in 2CT-CRISPR screens predict
overall survival of patients treated with T cell-based immunotherapy of CTLA4 blockade.
Intratumoral expression (RPKM) of B2M and TAP1 are associated with the survival of
melanoma patients treated with T cell-based immunotherapy of CTLA4 blockade with
ipilimumab. RPKM and patient survival data were obtained from Garraway et al. cohort (Van
Allen et al., 2015). Based on Kaplan-Meier survival analysis for each gene where patients were
initially grouped according to quartile values of gene expression presented in Fig. S4.1, patients
were split into two groups with differing survival outcomes by indicated RPKM values for each
gene. The log-rank p-values shown are after adjustment for the evaluations done on the quartile
groupings to arrive at the final, significant split presented.
Multiple studies have established that clinical outcomes of CTLA4 blockade with ipilimumab
depend predominantly on tumor infiltration and cytolytic activity of T cells (Egen et al., 2002;
Kvistborg et al., 2014; Van Allen et al., 2015). A hallmark of cytolytic activity is the expression
of cytolytic molecules perforin (PRF1) and granzyme A (GZMA) in the tumor microenvironment
(“CYT expression”) (Rooney et al., 2015). B2M, TAP1 and TAP2 were strongly correlated with
CYT expression in the tumor microenvironment (Spearman ρ ≥ 0.6, Fig. 4B). Interestingly, we
observed APLNR expression was moderately correlated with CYT expression (ρ = 0.43, P =
0.005) and T cell signature genes (ρ = 0.48, P = 0.001) but not with NK cell signature genes
(Fig. 4.2). Based on these correlative findings in a small cohort of melanoma patients, we
expanded our correlation analysis across multiple cancer types in TCGA datasets.
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Figure 4.2: Correlation of essential genes for T cell response with intratumoral CYT in
Garraway et al. cohort. Expression of cytolytic genes (geometric mean of RPKM values of
PRF1 and GZMA), T cell signature genes (CD3E, CD8A and CD4) and natural killer cells
(NCAM1 and NCR1) correlates with expression of antigen presentation pathway genes
functionally validated with the 2CT CRISPR assay. APLNR expression shows a unique, weak to
moderately strong correlation with cytolytic activity (⍴ = 0.43, P = 0.005) and T cell markers (⍴
= 0.48, P = 0.001) while not with NK cell markers (⍴ = 0.22, P = 0.167). n = 42 melanoma
patient biopsies.

It has been previously shown that genes essential for survival in cancers are cancer-type and celltype dependent, but the majority of context independent genes belong to core biological
processes (Hart et al.). We attempted to apply the same principle to T cell responsive processes
in tumor cells to profile core essential genes which are context independent of tumor type.

We searched for genes that correlate with CYT expression across different Cancer Genome Atlas
(TCGA) datasets in order to obtain cancer-type independent genes which could be involved in
core processes in a cancer cell necessary for T cell mediated killing. We generated a dataset from
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each cancer type containing genes that positively correlated with CYT expression (threshold P ≤
0.05) and overlapped each of these datasets with the top 554 ranked genes from 2CT-CRISPR
screens (Fig. 4.3A). This strategy was effective as we found that the expression of B2M was
positively associated with CYT expression across all 36 tumor types (Fig. 4.3B and Table S4.1).
β2M being a major component of MHC class I pathway is known to be a core essential gene for
T cell recognition of tumor antigens and cytolytic activity regardless of cancer histology.
Additionally, we observed that the expression of novel essential genes for CYT like APLNR and
CD58, correlated with cytolytic activity in 30 and 18 different tumor types, respectively (Fig.
4.3B and Table S4.1). Next, we clustered genes that significantly correlated with CYT in more
than 10 cancer types based on their strength of correlation (Pearson r) and cancer-types to
identify a core cluster of genes most likely to regulate cytolytic activity in a majority of human
cancers (Figure 4.4). This clustering revealed that strongly correlated genes in CLUSTER 1
consist of not only known antigen presentation (TAP1, TAP2, TAPBP, HLA-A) and interferon
response genes (JAK2, STAT1) (Fig. 4.4) but also genes in cancer cells likely involved in
adhesion (ICAM1) and co-stimulation (CLECL1, LILRA1, LILRA3, HLA-F) of T cells.

54

A

B

Figure 4.3: Association of the essential genes from 2CT-CRISPR screens with cytolytic
activity in human cancers. (A) Gene expression profiles from RNAseq data of 36 human
cancers were obtained from TCGA database. Genes found positively correlated with cytolytic
activity (P < 0.05) were intersected with CRISPR genes from the HiSelect screen to yield gene
lists for each cancer type shown in the bottom bar graph. (B) Bubble plot depicting the number
of overlapping genes from panel A correlated across multiple cancers. Selected previously
known and novel validated genes from the CRISPR screen are highlighted according to their
correlation to the cytolytic activity in the number of different cancer-types. Size of each bubble
represents the number of genes in each dataset (Please refer Table S4.1 for each gene set).
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Figure 4.4: Heatmap showing clustering of genes and each TCGA cancer dataset based on
Pearson correlation coefficient values of 2CT-CRISPR screen hits with CYT expression.
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Based on the responsiveness of cancers to immunotherapies, cancers have been classified to be
immunogenic (inflamed) or non-immunogenic (non-inflamed). For example, melanoma and lung
cancer are considered as immunogenic cancers while breast cancer is considered as nonimmunogenic cancer (Chen and Mellman, 2013; Lawrence et al., 2013). To examine if the
expression patterns of essential genes for CYT are altered in immunogenic versus nonimmunogenic cancers, we utilized these Cluster 1 genes and studied the T cell immune
sensitivity expression patterns (ImmuSig) in TCGA human tumor datasets. Surprisingly, except
for acute myeloid leukemia (AML), all cancers have similar correlation patterns with CYT
expression for Cluster 1 (Fig. 4.5 and individual cancer type heatmaps are uploaded on
webserver https://bioinformatics.cancer.gov/publications/restifo) and could not distinguish
between immunogenic versus non-immunogenic cancers (Fig. 4.5). These patterns also
suggested that a subset of patient tumors lacking the expression of CLUSTER 1 core essential
genes had no or minimal cytolytic activity. Van Allen et al. (Van Allen et al., 2015) have
established that clinical response to ipilimumab in melanoma is associated with intratumoral
cytolytic activity and T cell infiltration. Additionally, 2CT CRISPR assays also validated that
loss of essential genes for CYT compromise direct cytolysis of T cells. These observations
substantiate that patient with tumors that have lost expression of these core essential genes will
be least likely to respond to T cell based immunotherapies. Collectively, these pan-cancer
analyses emphasized that Cluster1 genes could be potentially used to stratify patients for CD8+ T
cell based immunotherapies like checkpoint blockade or ACT.
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Figure 4.5: Core essential genes for CYT do not distinguish between immunogenic
(melanoma) vs non-immunogenic (breast) cancer-types.
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4.5 Discussion
In this study, we first established that expression of essential genes for CYT, namely B2M, TAP1
and TAP2 predicts overall survival of patients treated with ipilimumab. By using pan-cancer
association studies, we identified core essential genes for CYT that correlated with intratumoral
cytolytic activity in patient tumors from The Cancer Genome Atlas (TCGA) datasets. Finally, we
determined immune sensitivity expression signature (ImmuSig) patterns to assist in stratification
of patients for immunotherapy.

We realize that this association-based TCGA analyses could be confounded by several factors
and one should be extremely careful in drawing conclusions from these correlations. Expression
of genes from TCGA datasets has been obtained by processing bulk tumors including all immune
infiltrates. Therefore, to remove correlation bias arising from the genes exclusively expressed in
T cells, we omitted such genes from our analysis. The normalization of the gene expression
values from large datasets deposited in TCGA would be extremely difficult to execute given
current computing power. Therefore, we bypass this need by running correlation analyses within
each dataset and then taking correlation coefficient values to compare associations across
different cancers.

One of the major confounding factors in enriching core genes based on the associations of gene
expression is that the associations of low expressed transcripts could go undetectable in our
analyses. For example, APLNR, a G-protein coupled receptor, is expressed at much lower levels
in most of the cells than B2M. Therefore, one would not detect sufficiently strong associations
with genes like APLNR. However, our purpose was to identify the most significantly correlated
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genes with sufficient transcript levels that can be able to easily detect by qPCR in sparse tumor
samples and still be useful for making clinical decisions. Given this necessity, ImmuSig genes
(Fig. 4.5) seem to be promising candidates to use for future clinical studies.

The positive correlation of CRISPR screen candidates with CYT expression across several
cancer types emphasizes that the loss of these T cell-response genes in tumor is very likely
associated with the loss of CYT in tumor microenvironment. This implies that one of the
possible mechanisms of how many cancers evade inherent T cell-mediated immune selection
pressure is via loss of these essential response genes. These genes include the T cell antigen
itself, co-stimulatory molecules like CD58, regulators of antigen presentation, antigen expression
or extrinsic apoptosis pathways, and validated novel candidates like APLNR, COL17A1 and
RPL23. Temporal down-regulation of these essential genes in tumors due to inhibitory signaling
or epigenetic maladies could lead to resistance during the therapeutic phase of immunotherapies.
However, permanent LoF mutations in these essentials could affect long-term anti-tumor
responses thereby reducing survival of patients.
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Chapter 5
CONCLUSIONS AND FUTURE DIRECTIONS
Using an unbiased functional genomic screen, we have identified genes in cancer that are
essential to elicit a T cell response, including several previously not known to play a role in antitumor function of T cells. We also uncovered several novel pathways and networks of genes
essential for CYT. Although our screens were performed only in a melanoma model, further
analysis of 2CT-CRISPR screen targets in validation studies and TCGA expression data suggests
that a subset of targets may be involved in immune evasion across different cancer types.

Based on TCGA analysis, it might be appropriate to suggest that patients whose tumors have a
complete loss of a single or multiple essential genes in CLUSTER 1 should be stratified
separately in clinical trials because they might be less sensitive to T cell based immunotherapies.
Adoptive transfer of natural killer (NK) cells or treatment with targeted drugs like vemurafenib
in melanoma in combination with ipilimumab or ACT of TILs would be anticipated to have
more synergistic effect in such patients (Acquavella et al., 2015; Koya et al., 2012; Porgador et
al., 1997). This hypothesis can gain more confidence in clinic by systematically studying the
frequency and nature of mutations harbored in these essential genes for CYT in patient tumors
enrolled in current immunotherapy trials, and associate these genes with objective clinical
responses. In this study, we attempt to achieve this by using Garraway et al. cohort treated with
ipilimumab. Nevertheless, the outcome of our analyses was limited due to the small size of the
cohort (42 patients).
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In this study, one of the genes validated in multiple cell lines of different tumor histologies and
with different TCRs was APLNR. APLNR encodes for Apelin receptor which belongs to Gprotein coupled receptor family of proteins. In CD4 T cells, APLNR acts as co-receptor for
binding of Human Immunodeficiency viruses (Zhou et al., 2003). However, in other mammalian
cells, APLNR is activated by binding of apelin ligand which activates the signaling cascade
through either Gαi or Gq11 proteins. Apelin-APLNR signaling axis regulates several
physiological processes including fluid homeostasis, neuroendocrine response to stress,
cardiovascular function, energy metabolism and angiogenesis (O'Carroll et al., 2013). However,
in T cell and tumor cell interaction biology, APLNR signaling has not been previously described.
Our experiments show that APLNR loss reduces the release of IFNγ from T cells. To understand
how APLNR loss is dampening T cell stimulation, it is important to test if APLNR is directly
binding to co-stimulatory receptors on T cells to mediate stimulation, or APLNR is activated via
APELIN secretion from T cells. Next line of investigations in this area should be focused on
performing transcriptomic analysis in APLNR deleted cells to define what signaling related
cellular changes are likely to regulate IFNγ release from T cells. Understanding of molecular
networks underlying the CYT resistance due to APLNR loss will enable us to find novel resensitizing agents for use in combination with immunotherapies.

The 2CT-CRISPR screening platform is highly adaptable to facilitate discovery of novel targets
for immunotherapy. For instance, cancer cells up-regulate expression of several oncogenes like
KRAS, c-MYC and MET which are advantageous to their survival and make these cells
resistance to targeted drug therapies (Engelman et al., 2007; Garassino et al., 2011; Niimi et al.,
1991) . However, how these upregulated genes confer resistance to immunotherapies has not
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been systematically evaluated. The CRISPR-Cas9 system has been effectively modified to
induce transcriptional activation at a genome-scale by fusing nuclease dead Cas9 (dCas9) with
VP64 protein to generate synergistic activation mediator (SAM) system (Konermann et al.,
2014). A genome-scale screen replacing wild-type Cas9 with the SAM system in 2CT-CRISPR
platform will enable identification of the genes whose over-expression suppressed cytolytic
activity of T cells and thus these genes can serve as co-therapy drug targets administered to
patients along with immunotherapies. Alternatively, replacing TCR engineered T cells with CAR
T cells in 2CT-CRISPR screens will allow us to understand the essential networks of genes in
cancer cells for CAR T cell therapies.

In addition to cancer, essential genes for CYT identified in these screens may have broader
implications in other T cell related pathologies such as auto-immune diseases. It can be
anticipated that a subset of these genes if contains a gain-of-function single nucleotide
polymorphism (SNP) are likely to aggravate the symptoms of autoimmune diseases. In multiple
sclerosis patients, allelic variation of CD58 locus was reported to be associated with risk of
developing this disease (De Jager et al., 2009). In rat models of arthritis, Aplnr was found to be
significantly over-expressed in the synovial tissues of animals suffering from severe arthritis
(Jenkins et al., 2012). Another study using transgenic mouse model of autoimmune diabetes also
showed that Aplnr was one of the most differentially expressed genes in CD11b+ antigen
presenting cells from diseased NOD mice as compared to disease-resistant NOD.Idd3 mice (Liu
et al., 2011). These studies warrant more detailed investigations into how genetic susceptibility
to autoimmune diseases is governed by essential genes for CYT described in this study.
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With the advancement and success of current cell based therapies like adoptive cell transfer with
T cells and hematopoietic stem cells for cancers and induced pluripotent stem cell (iPSC)
transfer for regenerative medicine, it would be of prime importance to better our understanding
of networks of genes operating in multi-cellular systems to drive contact-dependent or quorum
sensing for effective functioning. Until now, technologies to study such networks have been
limited to the measurement of mRNA or protein changes. Even in a simple organism like yeast,
to map the genetic networks essential for cell survival in a single growth condition took several
years (Costanzo et al., 2010). However, with CRISPR-Cas9 technology and advances in
computing capabilities, the goal of mapping of functional networks in one cell-type as regulated
by interaction with another cell-type may be achievable. Here, the 2CT-CRISPR functional
screen is the first demonstration of how we can reveal novel genes and identify new pathways in
one cell-type which functionally regulate another cell-type.
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APPENDIX
SUPPLEMENTAL FIGURES AND TABLES

Supplemental Figure S2.1: Transduction of PBMCs with NY-ESO-1 TCR retroviral
vectors. (A) FACS plots showing percentages of CD4+ and CD8+ T cells in PBMCs after
transduction with retroviral plasmid encoding NY-ESO-1 TCR and expansion for 7 days. (B)
Transduction efficiency of T cells transduced with retroviral plasmid encoding NY-ESO-1 TCR
as determined by flow cytometry. PBMCs were obtained from the peripheral blood of patients
with metastatic melanoma
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A

B

Supplemental Figure S2.2: Efficient gene perturbation in tumor cells using LentiCRISPRv2 lentiviral transduction. (A) Vector map of lenti-CRISPRv2 lentiviral construct.
hU6- human U6 promoter; EFS- Elongation factor alpha short promoter; Selection- Puromycin
resistance gene (B) Representative FACS plot showing highly efficient perturbation of B2M in
Mel624 cells using human GeCKOv2 lentiviral vector system.
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Supplemental Figure S3.1: Enrichment analysis of sgRNA reads for LoSelect screens. (A)
Scatterplot showing enrichment of most versus second most enriched sgRNAs after T cell-based
selection among the top 100 genes enriched in LoSelect screens. (B) Consistency of multiple
sgRNA enrichments for top 20-ranked genes by the second most enriched sgRNA in LoSelect
screens. Frequency of unique sgRNAs targeting each gene in top 5% of all sgRNAs is plotted.
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Supplemental Figure S3.2: Overlap of genes and miRs enriched across HiSelect and
LoSelect screens. (A) Venn diagrams depicts shared and unique most enriched candidates in top
5% of the second most enriched sgRNA. (B) Common enriched genes across all screens within
the top 500 genes ranked by the second most enriched sgRNA.
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Supplemental Figure S3.3: Distribution of the enriched sgRNA of non-target controls and
genes for LoSelect and HiSelect screens. Data from library A and library B for each screen
were pooled. This distribution was used to determine the false discovery rate (FDR) at 0.5 cutoff,
and select genes for the downstream pathway and the TCGA data correlation analyses.
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Supplemental Figure S3.4: Characteristics of NY-ESO-1 and MART1 TCR transduced T
cells from healthy donors used in validation studies. Boxed population represents the
percentage of transduced T cells expressing NY-ESO-1 (A) or MART1 (B) TCRs on the cell
surface as determined by flow cytometry.
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Supplemental Figure S3.5: Deep sequencing analysis of on-target indels generated by
CRISPR-Cas9 at each exonic locus of the genes validated in Mel624 cells at day 20 postinfection. Each locus is PCR amplified and deep sequenced. (A) Total indel frequencies detected
for each lentiviral CRISPR. (B) Distribution of types of indel mutations. (C) Representative
indel plots for data shown in panel B. Each subpanel shows the distribution of indel sizes for a
single sgRNA at its intended genomic target locus. Negative values indicate deletions and
positive values indicate insertions.
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Supplemental Figure S3.6: Deep sequencing analysis of on-target indels generated by
CRISPR-Cas9 at each exonic locus of the genes validated in A375 cells at day 5 postinfection. Each locus is PCR amplified and deep sequenced. (A) Total indel frequencies detected
for each lentiviral CRISPR. (B) Distribution of types of indel mutations.
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Supplemental Figure S3.7: Effect of CRISPR mediated indels on protein expression in
A375 cells. (A) Western blot analysis of CRISPR mediated gene perturbations in A375 cells. (B)
Representative FACS plot of CRISPR mediated gene perturbations at the CD58 locus in A375
cells.
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Supplemental Figure S3.8: Interferon-gamma ELISA assay performed on supernatants 24
h post co-culture of CRISPR edited A375 cells with ESO T cells. ***P < 0.001 *P < 0.05, n =
3 co-culture replicates. Error bar denotes mean ± S.E.M.
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Supplemental Figure S4.1 Intratumoral expression (RPKM) of the functionally validated
antigen presentation genes, B2M, TAP1 and TAP2, were individually associated with
survival of melanoma patients treated with T cell-based immunotherapy of CTLA4
blockade. Other genes examined did not show association with survival. RPKM and patient
survival data are presented (A). (B) Based on the trends from global analysis of survival
probability in panel (A) according to the quartiles of expression levels, the data were split into
two groups by indicated RPKM values for each gene. The association between TAP2 expression
levels and survival is shown here; the final two-group results for B2M and TAP1 are presented in
the main text.
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Supplemental Table S2.1. ESO T cells react specifically to NY-ESO-1 antigen. Cytokine
IFNγ secretion (pg/mL) measured after overnight co-culture of ESO T cells with HLA-A2:01and NY-ESO-1-positive cell lines using ELISA.
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Supplemental Table S3.1: List of guide sequences used in the validation arrayed CRISPR
screens
sgRNA Name

Guide Sequence

APLNR_sgRNA_1

GTACGTGTAGGTAGCCCACA

APLNR_sgRNA_2

GTAGCGGTCGAAGCTGAGGC

APLNR_sgRNA_3

TTTCGACCCCCGCTTCCGCC

APLNR_sgRNA_4

CTTCCGCAAGGAACGCATCG

BBS1_sgRNA_1

TCATGGAGCAACATGAGCCC

BBS1_sgRNA_2

CCTTTGAGCACCTTCAGGCG

BBS1_sgRNA_3

CGCATCCAACCACTTCGAAT

BBS1_sgRNA_4

GCAATGAGGCCAATTCGAAG

CD58_sgRNA_1

TGGTTGCTGGGAGCGACGCG

CD58_sgRNA_2

GACCACGCTGAGGACCCCCA

CD58_sgRNA_3

ATGTTAAGTTGTAGATAGTG

CD58_sgRNA_4

CATGTTGTAATTACTGCTAA

COL17A1_sgRNA_1

TTTTTATCCAGACCCAGCCA

COL17A1_sgRNA_2

TCAGGAGAAGAAAGAGAGAG

COL17A1_sgRNA_3

ACCAAGAAAAACAAACGAGA

COL17A1_sgRNA_4

TAGTTACTTACTTGGTGGTA

CTAG1B_sgRNA_1

TCCGGAGCCATGCAGGCCGA

CTAG1B_sgRNA_2

GAACAGAATACAACTCAAGC

CTAG1B_sgRNA_3

CATGCCTTTCGCGACACCCA

DEFB134_sgRNA_1

CTAGTGGCAGGGTCTGACAT

DEFB134_sgRNA_2

TGTTAAGGAGGCTAGTGGCA

DEFB134_sgRNA_3

AAAGAAAGACAAACACAACA

DEFB134_sgRNA_4

CACAAGAAATGCTATAAAAA

DHX9_sgRNA_1

GGAGTATCAGTAAGTGGGGG

DHX9_sgRNA_2

GCTTTGAGAGCCAGATGTGG

DHX9_sgRNA_3

CCTCGGTCCCAGGTGGGCCC

DHX9_sgRNA_4

CTCCGGACTTACAAAGAAGA

KHDRBS3_sgRNA_1

CGCTTCAGAGAATTGCCACG

KHDRBS3_sgRNA_2

GGGACTGGCGGGGATCGCCG

KHDRBS3_sgRNA_3

TCCCGTAAAACAGTTCCCTA

KHDRBS3_sgRNA_4

AAACCCACCTTGCGTACAAG

MLANA_sgRNA_1

GCACGGCCACTCTTACACCA

MLANA_sgRNA_2

TCTATGGTTACCCCAAGAAG

MLANA_sgRNA_3

CTGGGAGTCTTACTGCTCAT

MLANA_sgRNA_4

TTGAACTTACTCTTCAGCCG

Nontargeting_Control

TCCCCGAGACCATCTTAGGG
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Supplemental Table S3.1 (cont.)
sgRNA Name

Guide Sequence

PSMB5_sgRNA_1

GCAAGCGCCATGTCTAGTGT

PSMB5_sgRNA_2

TGAGAACGCCTAGCAAAGAT

PSMB5_sgRNA_3

TTTGTACTGATACACCATGT

PSMB5_sgRNA_4

CTTTCCAGGCCTCTACTACG

PTCD2_sgRNA_1

TGCAGGAGAACTCGATTCGA

PTCD2_sgRNA_2

AGAATTTCAACAAAAGAAAG

PTCD2_sgRNA_3

ATTCATGATTTGAGAAAAAA

PTCD2_sgRNA_4

AGCTAATGCCACAGCGAAAC

RPL23_sgRNA_1

ATTTCCTTGGGTCTTCCGGT

RPL23_sgRNA_2

GCGAAATTCCGGATTTCCTT

RPL23_sgRNA_3

CAATTGATTACAGCTCCTAC

RPL23_sgRNA_4

TCTCTCAGTACATCCAGCAG

SOX10_sgRNA_1

GGCTCAGCTCCACCTCCGAT

SOX10_sgRNA_2

GTTCCCCGTGTGCATCCGCG

SOX10_sgRNA_3

CCGCTCAGCCTCCTCGATGA

SOX10_sgRNA_4

TGACAAGCGCCCCTTCATCG

SRP54_sgRNA_1

GGTGACGTTTCCTCATTGGG

SRP54_sgRNA_2

ACCGCCGCGTTCCTTCTACG

SRP54_sgRNA_3

GTAACCTACCTTCCATAAAA

SRP54_sgRNA_4

AGCTAGCATATTATTACCAG

TAPBP_sgRNA_1

GGTGCACTGCTGTTGCGCCA

TAPBP_sgRNA_2

GAACCAACACTCGATCACCG

TAPBP_sgRNA_3

AAGCGGCTCATCTCGCAGTG

TAPBP_sgRNA_4

GAACCAACACTCGATCACCG

TWF1_sgRNA_1

TTAGATTCTCAGAATGCCCA

TWF1_sgRNA_2

GGTTGTTTGTCCTCCAACAG

TWF1_sgRNA_3

TTACTTACATGAGAATGATC

TWF1_sgRNA_4

ATCTTTGCCAGAGCCAGAAA
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Supplemental Table S3.2: List of PCR primers used for NGS to determine INDELs in
edited Mel624 and A375 cells
Gene
APLNR
APLNR
APLNR
APLNR
BBS1
BBS1
BBS1
BBS1
CD58
CD58
CD58
CD58
COL17A1
COL17A1
COL17A1
COL17A1
DEFB134
DEFB134
DEFB134
DEFB134
hsa-mir-101-2
hsa-mir-101-2
MLANA
MLANA
MLANA
MLANA
PSMB5
PSMB5
PSMB5
PSMB5
PTCD2
PTCD2
PTCD2
PTCD2
RPL23
RPL23
RPL23
RPL23
SOX10
SOX10
SOX10
SOX10

sgRNA
ID
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4

Forward (5'-3')

Reverse (5'-3')

ggtgctctggaccgtgttt
caagctcagcagctacctca
cactggccctgtgactttga
gtggtgcccttcaccatcat
gctcaaaggaccactggtga
tgtgcaccagcaataaggca
atgggactcactccccaact
agtgacctgtaccagcttcc
gtaggcggtgcttgaactta
ctacttctggccgaccgc
aggataaagttgcagaactggaaaa
cactgttcttatgtctgagaatgac
agtttgattcctggaggcag
agtttgattcctggaggcag
gcttcaacagtggggacctataa
tgccaagatccagaggtgtcag
ctacctgaagcgaggcatac
ctacctgaagcgaggcatac
ccagccctgagaggtttgtat
ttatggtccaaaaaggcctgtagt
aggttgcggaaaacagccta
aggttgcggaaaacagccta
gtgccctgaccctacaagatg
aggatgctgttgtgggtcttt
agatgctgctctgggtcgtc
ctgtgccctgaccctacaag
gaagtgaagctgtgacggcg
tcttctttttggaggcgtgct
tgagcttcgaaataaggaacgc
actgccttggcatatgaattaga
ggttccagtagttggtatggtc
agatgttagaggtaatccagctc
tactgccctctctaagtgatctt
atcctgtctcctcacagaatagc
atgagggggaactccgaacc
gagtatgagggggaactccga
tccgaaccatgtctagattgtg
ctgtcactgtctcaaacgct
gccctccttccatccaggt
ctatcggaggtggagctgag
ctggagtgctctggcattca
gagtgctctggcattcacgc

gctggcgtacatgttgacga
acccaaagaactgccgtgg
gtagctggctgacttctccc
cccagcatgtacagcgtctt
ccttctggttcccaactccc
gacacaagggcctgaagcaa
ggaccattgtctgactcccc
cccagaggcttcactacagg
tctctgatcggcaaccgc
cacccgtctctgatcggcaa
atggaatactcaccaagcaca
agcagtcccacacacgtaaa
aggagaaaggtcagtcttcctg
aggagaaaggtcagtcttcctg
tgatacagtggttgtggtagaat
agctcccatggaaaaggttacag
cccccaaaatatgccagttttacc
gcactggatcccaaaggaaaag
gggttgtttagtggcattgttct
ttcttatgtcagggtgcagga
ctggttttcatgcccccaac
ctggttttcatgcccccaac
aggcatgtactggtggaagtc
ttacgagcaggcatgtactgg
gcagtgggaactttaccaacca
gggagatttacgagcaggca
gatctgcacgacccccaag
cccaagtccgaaaaacccgc
aaggatcatgtggttgcagctt
cataggcctgctccacttcc
actcccttctctcccatccc
aggagacactgaatagggataaaga
aaccttgggagagcaagtcattg
aagtaatgaagtcctggccactc
ctctcccctttcttgacggc
tcattagccacaggcccatt
cacttcacccaaaagcgatgt
aagctggactgatttcctacct
ggctcgcaggcccgat
gacgtgcggcttgcttttg
gcctgggctggtacttgtag
gtgggcgctcttgtagtgg
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Supplemental Table S3.2 (cont.)
Gene
SRP54
SRP54
TAPBP
TAPBP
TAPBP
TAPBP
TWF1
TWF1
TWF1
TWF1
CTAG1B (NYESO)
CTAG1B (NYESO)
CTAG1B (NYESO)
CTAG1B (NYESO)

sgRNA
ID
sgRNA2
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4
sgRNA1
sgRNA2
sgRNA3
sgRNA4

Forward (5'-3')

Reverse (5'-3')

cccgaaatcacgtccctaga
aggaaatttgccacattcaaaaatc
tcgagtgttggttcgtggag
gggcaggtcaccagacatac
ctttcccggcggtgactcta
gggcaggtcaccagacatac
cctttgttttacccctgttggag
agtcttcatcacactaccacttg
cctgttggaggacaaacaacc
ggatgctacatgctccagatttt
agaggatgccttaactgggc
ggccctgaccttctctctga
gccaagtcctaggagaggatg
agaggatgccttaactgggc

cgcccaatgaggaaacgtca
tagttggtcaaaagcccctgg
gccggatctaaagaggaggg
tagagctcagggtcgaggtc
tatgctgaccatcagccaagc
tagagctcagggtcgaggtc
attttcctcatgatcattcccttct
tgatctggagaccatgcaatga
aagggcaaaactcccgaatc
aacagccactaatccaggaaca
tttctagcagcctgaccgtg
cccccacctcgccac
ttgccggacacagtgaactc
tttctagcagcctgaccgtg
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Supplemental Table S4.1: List of genes from CRISPR screens that are associated with CYT
expression across multiple cancers. See Fig. 4.3 for data analysis steps. Top 20 ranked genes
from screen are highlighted in yellow.
# of
# of
Cancer Overlapped
subtypes
Genes

Gene Symbol

36

2

HLA-F, B2M

35

0

34

6

TAP2, TAP1, LAIR1, ICAM1, HLA-A, HCLS1

33

2

TLR10, GPSM3

32

7

TRAF1, TAPBPL, TAPBP, STAT1, OTOA, IRAK3, CLECL1

31

3

TBXAS1, KLF2, JAK2

30

3

IRF2, DNASE1L3, APLNR

29

3

LILRA3, LILRA1, GMIP

28

3

SLC2A3, MSN, DHH

27

2

TIMP1, BANK1

26

2

PODN, CASP7

25

2

NR4A3, ATP6V0E1

24

5

TPST2, PRG2, MAT2B, CAPN11, B3GALT4

23

2

KCNMA1, COL23A1

22

4

ZFYVE28, SEMA6B, PSMA6, JAK1

21

4

SEC11C, RIPK1, NID2, CASP8

20

8

TNFSF9, PLD3, MITF, MAP3K5, GPX8, CALR, AVPR2, ABCC9

19

8

QKI, PRSS23, PMAIP1, NHLRC4, MYH9, LEF1, IFNGR2, GPR116

18

8

SV2B, PSMC2, PSMB3, PICALM, LYPD1, FAM53B, CD58, AP2S1

17

11

ZNF154, TLR5, SQSTM1, SLC1A5, RUNX1T1, RALGDS, PCDHB7, MUC1,
LMBR1L, FZD4, FSD1

16

9

TCEAL7, SYTL2, SRP19, SLC1A7, SCAMP2, RPS19, RPL34, MAP7D3,
INPP4B

15

10

TNIK, TM4SF1, ST18, RPS29, RPL22L1, PRDX1, NHLRC3, FADD, CR2,
CCNDBP1

14

6

STK40, RPL18A, OS9, MPG, MADCAM1, KCNK5

13

13

WWTR1, SYVN1, STK38, SLC4A10, RPL10, RARG, PSMC4, PRMT2,
NUDT5, LPHN2, FCHO2, CMTM6, ANG

12

21

ZC3H12C, TAZ, RPL7A, RPL38, RPL18, ROM1, PSORS1C1, PPP4C, PPARD,
PHF1, MYC, MRPL14, LIMA1, GLTSCR2, DSCR3, DNTTIP2, CXXC1,
CCDC42B, C6orf1, B3GAT3, ATP6V0C

11

13

TMED5, SULT1A3, SRPR, SLC4A7, SELT, RPS10, RPL8, NIP7, MICALCL,
EEF1B2, DPM2, DHRS4L2, CHCHD7
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Supplemental Table S4.1 (cont.)

# of
# of
Cancer Overlapped
subtypes
Genes

Gene Symbol

10

25

WDR74, TOR1, AIP1, TMEM134, TAF5, SUPT4H1, SLC5A9, RRAGA,
RPLP1, RPL35A, RPL13, PSMD14, NLGN3, LBR, LAMB1, HNRNPAB,
HECTD2, H2AFZ, FLCN, F10, CRTC3, CPSF4, C9orf123, C8orf59, C6orf106,
AURKB

9

9

TMEM14C, SULT1A1, MAP4K2, ITPR3, HSD17B13, HIST1H2AC, GNRH1,
EIF3D, CCDC151

8

22

UBL5, TFRC, TCEB3, TAF3, SPAG1, SKA3, SEC61A1, RPLP0, RPL23A,
RPL10A, NUP93, MYO1B, MKI67IP, MED19, MED16, LDLRAD3, GNL2,
ELP2, DOK7, COL17A1, CDC7, ARHGEF18

7

21

SPRY4, SPDEF, SOX10, SOAT2, SLC23A3, RRS1, RPL23, PPIP5K2, OIP5,
NFIC, LIMD1, KIF20B, GPBP1L1, FOXM1, FAHD2A, EIF2S1, COCH,
C16orf72, BMP8A, APOO, ACY1

6

30

ZNF619, ZNF415, WDR4, UXS1, USP31, TOMM6, STYXL1, SFTPA2, SCD,
RPL24, RFK, PTK7, OBSCN, MCM10, LRFN3, KIAA1257, KHDRBS1,
HIVEP1, GABPA, FARSB, ERH, ELP4, E2F1, CTBP1, CCL24, CAPN8,
ATXN7L2, ASH2L, ACTG1, AATF

5

30

ZNF430, WDR33, TXNL4A, TRIM23, TARS, STX17, SRP54, SP1, SNRPE,
SHISA4, RPL3, RPAP2, RECQL4, PDS5B, ORM1, OPCML, MLF1, MLEC,
MED22, MAD2L1, KIF11, HIST1H2BO, GPN1, CENPF, CA9, BLCAP,
AURKA, APH1A, ANKLE2, AMZ2

4

32

ZSCAN18, ZNF689, ZNF561, WBSCR22, TNNT3, TAF8, TAF7, STAM,
SCMH1, RNF146, RGP1, QARS, PTPRQ, PROM2, ODC1, NR2F6, NAPG,
MLL4, LINGO3, HGSNAT, GTF2H5, FOXO3, FAM86B1, ERBB2IP,
CYP4F11, CWC22, CTNNA1, CENPQ, CENPC1, CDK20, CDC73, ACAD9

3

32

ZNF566, ZNF519, ZNF124, VPS8, TSR1, TRAK1, TMEM209, TBP,
SULT1E1, SMARCB1, SMARCA5, RPL9, RPL15, RNPS1, RBM18, POU2F1,
NAT14, IARS, HOXC11, FARSA, EEF2, DYRK1A, CRKL, CPSF7, COG8,
CNTD1, CFDP1, CDK3, C6orf52, C5orf54, C11orf74, ATP5J

2

32

ZNF433, WAC, VPS37D, TTPAL, TSTD2, TAF1, SRP9, SMC3, RTF1, RPL21,
RNF39, PSMB5, NIPBL, MLYCD, MED12, MBTPS2, KRTAP5-1, KCNRG,
INCENP, GTPBP3, GRSF1, GLIPR1L2, FIP1L1, EVPL, EIF4H, CKMT1B,
C22orf43, C11orf85, ATXN2L, ARIH1, ARID2, ALDH3B2
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Supplemental Table S4.1 (cont.)

# of
# of
Cancer Overlapped
subtypes
Genes
1

33

Gene Symbol

ZNF716, ZKSCAN2, YY1, VHL, UCKL1, UBE2K, SUPT6H, SPATA2,
RPTOR, RNF20, RFPL4B, RAD1, PRPF40A, NSUN6, NCBP2, MLANA,
MED23, MAGEC3, LUZP4, HIST1H2BF, FAM98B, FAM47C, EPS15L1,
EIF3L, CUL5, CRCP, CETN1, CAPZA3, C6orf136, C5orf47, C16orf3,
APOBEC2, AHSP
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