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Abstract

Erlotinib is highly effective in lung cancer patients with epidermal growth factor receptor
(EGFR) mutations. However, despite initial favorable responses, most patients rapidly develop
resistance to erlotinib soon after the initial treatment. This study aims to identify new genes and
pathways associated with erlotinib resistance mechanisms in order to develop novel therapeutic
strategies. Here, we induced knock-out (KO) mutations in erlotinib-resistant human lung cancer
cells (NCI-H820) using a genome-scale CRISPR-Cas9 sgRNA library to screen for genes involved
in erlotinib susceptibility. The spectrum of sgRNAs incorporated among erlotinib-treated cells was
substantially different to that of the untreated cells. Gene set analyses showed a significant
depletion of ‘cell cycle process’ and ‘protein ubiquitination pathway’ genes among erlotinib-
treated cells. Chemical inhibitors targeting genes in these two pathways, such as nutlin-3 and
carfilzomib, increased cancer cell death when combined with erlotinib in both in vitro cell line and
in vivo patient-derived xenograft experiments. Therefore, we propose that targeting cell cycle
processes or protein ubiquitination pathways are promising treatment strategies for overcoming

resistance to EGFR inhibitors in lung cancer.
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1. Introduction

Lung cancer is the most commonly diagnosed cancer in the world and a leading cause of
cancer-related deaths [1]. A number of new targeted therapies have been developed for lung
cancers with mutations in specific genes, such as epidermal growth factor receptor (EGFR), which
is known to control cell growth and proliferation [2]. Mutations of this receptor can lead to
activation of downstream signaling cascades such as cell proliferation, apoptosis, and migration,
thus contributing to tumorigenesis and metastasis [3]. Many tyrosine kinase inhibitors (TKIs) have
been developed to suppress the tumor-promoting properties caused by EGFR mutations in non-
small-cell lung cancer (NSCLC) patients [4, 5]. Among the EGFR-targeting TKIs, erlotinib is
widely used for both localized and metastatic NSCLC patients [6, 7] because it has relatively few
side-effects and high efficacy [8]. However, many patients subsequently develop resistance to

erlotinib treatment.

The mechanism of acquired resistance to first-generation EGFR-TKIs (such as erlotinib) is the
occurrence of a secondary EGFR kinase domain mutation, such as the T790M substitution in exon
20 - which accounts for about half of the erlotinib resistant cases [9]. Other genomic mutations in
tumor cells that may contribute to EGFR-TKIs resistance include amplification of the MET
oncogene [10], overexpression of hepatocyte growth factor (HGF), amplification of the ERBB2
gene [11], aberrant downstream pathways (e.g., AKT mutations and PTEN loss), impairment of
the EGFR-TKIs-mediated apoptosis pathway (e.g., BCL2L11/BIM deletion polymorphism), and
histological transformation to small cell lung cancer (SCLC) [9]. Increasing the survival benefits
from first-line treatments in NSCLC patients with EGFR mutations and delaying the occurrence of
resistance are two critical tasks that could be solved by EGFR-TKI-based combination therapies,
including combinations with various chemo-agents, targeted cancer drugs, and even

immunotherapeutic methods.

Genetic screening using CRISPR-Cas9 can be used for rapidly identifying driver genes
associated with various hallmarks of cancer progression [12]. The CRISPR-Cas9 system is based
on RNA-guided nucleases where a single-guide RNA (sgRNA) directs the Cas9 nuclease to cause
double-stranded cleavage of matching target DNA sequences [13]. The ease of retargeting Cas9 by
simply designing short guide RNA sequences to every human gene enables large-scale unbiased

genome perturbation experiments that probe gene function or identify causal genetic variants [14].
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The genome-wide screen of loss of function previously used an RNAi-based approach, but this
approach only causes partial knockdown, has extensive off-target effects and is limited to
transcribed genes [15]. By contrast, Cas9-mediated pooled sgRNA screens have provided
enhanced screening sensitivity as well as consistency and can be designed to target nearly any

DNA sequence [16, 17].

Here, we performed a CRISPR-Cas9 loss-of-function screening experiment followed by sgRNA
sequencing to identify genes whose knockout restores erlotinib sensitivity in an erlotinib-resistant
lung cancer cell line. Our sgRNA screen shows cell cycle processes and ubiquitin regulation
pathways as specific biological processes that can sensitize erlotinib-resistant cells. Furthermore,
our in vitro and in vivo data showed a synergistic anti-cancer effect of chemical inhibitors for
specific genes in these two pathways, when used in combination with erlotinib. These findings
suggest that combination therapies that include chemical inhibitors to cell cycle processes and
ubiquitin regulation pathways can serve as novel treatment strategies to overcome erlotinib

resistance for EGFR mutant patients with NSCLC.

2. Materials and Methods

2.1 Cell culture and reagents

Human lung cancer cell lines (NCI-H820, NCI-H1975) were purchased from the American
Type Culture Collection (ATCC). All cell lines were cultured as previously described [18] and
mycoplasma testing was routinely performed using e-Myco™ plus Mycoplasma PCR Detection
Kit (Intron, Korea), verifying that the cells were mycoplasma free. Anti-PARP, anti-cleaved
caspase 3, anti-AKT, anti-phospho-AKT, anti-ERK, and anti-phospho-ERK antibodies were
purchased from Cell Signaling Technology. Erlotinib, SJ-172550, nutlin-3 and carfilzomib were
obtained from APExBIO. Bortezomib, Quinacrine, Brefeldin A, and Ouabain were purchased

from Selleckchem, and N-ethylmaleimide was obtained from the Sigma-Aldrich Corporation.

2.2 Lentiviral library amplification and cell transduction

The human GeCKO lentiviral pooled library, lentiCRISPR v2, was purchased from Addgene
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(cat # 1000000048) as two half-libraries (A and B). The library was amplified according to the
manufacturer’s recommendations [17]. Briefly, the library plasmid DNA were transformed using
electroporation in Endura electrocompetent cells (Lucigen). Colonies were recovered from the

plates and plasmid DNA was extracted using the Endotoxin-Free Plasmid Maxiprep kit (Qiagen).

To produce lentivirus, twelve T-75 flasks of 293FT cells (Invitogen) were seeded at ~70 %
confluence the day before transfection in D10 media (DMEM supplemented with 10 % fetal
bovine serum). During the transfection, media was removed and 4 mL of pre-warmed reduced
serum OptiMEM media (Gibco) was added to each flask. Transfection was performed using
Lipofectamine 2000 (Life Technologies). For each flask, plasmid DNA were co-transfected with 6
pg of lentiCRISPRv2 half-library A or B with 3 pg of pCMV-VSVg and 4.5 pg of psPAX2
(Addgene) in 293FT cell. The complete mixture was incubated for 15 min before being added to
cells. After 6 h, the media was changed to 12 ml D10 supplemented. After 48h, supernatants from
the transfected 293FT cells were harvested and centrifuged at 3,000 rpm at 4 °C for 10 min to
remove pellet cell debris. The supernatant was concentrated using Lenti-X concentrator (Clontech)
according to the manufacturer's protocol. Pooled lentiviral libraries are transduced to 1x108 NCI-
H820 cells with 3x106 cells plated per transduction well. The multiplicity of infection (MOI) is
about 0.3 ~ 0.4 to ensure that most cells receive only one stably integrated RNA guide. To select
the cells containing sgRNA, 1 pg/mL puromycin was added to cells for 3 days. Total 19,050 genes
in the human genome with an average 6 sgRNAs per gene with the GeCKO version 2 library [19],

and each group contained at least 1.2x107 cells, which was correspondent to coverage 100.

2.3 Negative screening of erlotinib resistant cells

Freshly prepared NCI-H820 cells (~2 x 107 cells) containing GeCKO libraries were split into
three plates with each portion containing a minimum of 3 x 10° cells. The first portion were frozen
down for genomic DNA analysis to profile the sgRNA diversity after transfection (D0), the second
portion cultured in DMSO without erlotinib for 7 (D7) or 14 days (D14) as control samples, and
the third portion cultured with 1 uM erlotinib for 7 (E7) or 14 days (E14). Erlotinib treated cells
and control cells were passaged in fresh media with and without 1 uM erlotinib, respectively. At
this time, the ICsy of NCI-H820 cells for erlotinib were more than 100 uM. The screening

experiment was performed in duplicate. All samples were subjected to sgRNA sequencing as
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follows.

2.4 sgRNA sequencing and data analysis

Frozen cell pellets were thawed, and genomic DNA was extracted with a Blood & Cell Culture
Midi kit (Qiagen). The amplification of sgRNA target sequences for deep sequencing was
performed as described [17]. All PCR products obtained from each sample were run on an agarose

gel, gel-extracted, and purified according to manufacturer’s recommendations.

The resulting libraries were sequenced with single-end 100 bp reads on a HiSeq2500 (Illumina).
Raw sequencing data were preprocessed using the fastx toolkit
(http://hannonlab.cshl.edu/fastx toolkit/) which included the fastq quality filter to remove low
quality reads. Resulting reads were trimmed to remove the constant portion of the sgRNA
sequences with CRISPR.sgRNA read trimmer in the GenePattern Module Archive
(http://www.gparc.org/), then aligned to the GeCKO v2 sgRNA library using bowtie 1 (v1.1.1)
under default settings. After alignment, the number of uniquely aligned reads for each library
sequence was calculated by CRISPR.single sgRNA count in GParc. The raw read counts were
normalized as follows: normalized reads per sgRNA = (reads per sgRNA / total reads for all

sgRNAs in sample) x 10° + 1.

In our negative selection screening, we looked for sgRNAs whose number gets depleted in 14
days of erlotinib treatment. Thus, we filtered out sgRNAs that had zero read count in 14 days of
DMSO treatment (i.e. without erlotinib treatment). Then we calculated the “beta score” that
represents the extent of selection in a manner similar to the term of ‘log fold-change’ using
MAGeCK-VISPR (https://bitbucket.org/liulab/mageck-vispr) program. The MAGeCK-VISPR
algorithm compares the sgRNA abundance of all sgRNAs targeting a gene across different
conditions and assigns each gene a beta score of essentialities in each condition compared with the
controls. We used the cells at day 0 (DO0) as the control samples in calculating the beta score.
Genes with beta scores among the highest and lowest 2% were selected as differential between
control and treatment samples, and these genes were further subjected to k-means clustering.
Alternatively, we also obtained the differentially expressed sgRNAs between cells at 14 days of
DMSO (D14) or erlotinib treatment (E14) using edgeR (version 3.4.2) with the normalized read
counts. We applied both the differential expression (FDR < 0.05 and log,FoldChange < -1) and the
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abundance (number of sgRNAs per gene >= 2) criteria to screen for differential sgRNAsS.

2.5 Functional enrichment and survival analyses

Cytoscape StringApp version 1.5.0 (http://apps.cytoscape.org/apps/stringapp) was used for
network expansion [20] and functional enrichment analysis. Starting with the 81 top candidate
genes obtained from sgRNA screening, we obtained the expanded network using a confidence
score of 0.4 (medium confidence) and the maximum number of interactions to 5 best-scoring hits.
Then we used the functional enrichment analysis module in STRING to obtain over-represented
terms of the expanded network nodes in the gene ontology (GO) terms for biological processes. In
addition, we also computed the GO enriched terms for 81 top candidate genes using the MSigDB
(version 6.2) analysis tool (http://software.broadinstitute.org/gsea/index.jsp) with an FDR cutoff of
< 0.05 [21]. As for the survival analysis, we used the OncoLnc website (http://www.oncolnc.org/)
to perform Kaplan-Meier analyses with the p-value of log-rank test < 0.05 for the TCGA lung
adenocarcinoma (LUAD) cohort.

2.6 Validation of the five candidate genes using CRISPR/cas9 sgRNA

For erlotinib sensitive validtion study, we produce lentiCRISPR with sgRNAs targeting five
candidate genes and one non targeting control (sgNTC). The sgRNA sequence referred the human
GeCKO lentiviral pooled library sequence (Table S1). The erlotinib sensitivity was measured by
follow in vitro cytotoxicity assay. Cell survival at different erlotinib doses determined by EzCytox

WST assay kit (Daeil Lab, Korea) and mRNA quantification using real time PCR.

2.7 In vitro cytotoxicity assay

For the cell viability assays, approximately 5,000 cells were plated in each well of a 96-well
plate and incubated at 37 °C with 5% CO, for 1 day then added with the indicated drugs in
triplicate at serially diluted concentrations with 100ul medium, respectively. Cells were treated with the
following reagents at the indicated final concentration: Erlotinib (50uM), SJ-172550 (100uM),
nutlin-3 (100uM) carfilzomib (10nM), Bortezomib (20uM), Quinacrine (100uM), Brefeldin A
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(1uM), and Ouabain (100uM) for 72 hrs and examined for cell viability using the EzCytox WST
assay kit. Cell viabilities were estimated as relative values compared to the untreated controls.
Drug synergism was quantified by calculating the combination index (CI) based on the multiple
drug effect equation. The CI for each concentration of drugs was calculated by CompuSyn

Software (ComboSyn Inc.) where the CI-value < 0.9 was indicative of synergism.

2.8 Flow cytometry (FACS) analysis

The NCI-H820 cells were seeded into 60 mm culture dishes (1x10° cells/well) and were treated
with the indicated drugs. The treated cells were collected and washed in phosphate-buffered saline
(PBS). The apoptotic cells were analyzed by FITC Annexin V apoptosis Detection Kit (BD
Pharmingen) according to the manufacturer’'s protocol. Stained cells were analyzed with a

FACScan flow cytometer (Becton Dickinson).

2.9 Western Blot Analysis

Cell lysates were prepared using RIPA buffer (Thermo Scientific) with protease inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail (Roche), incubated for 15 min on ice and
centrifuged at 16,800 g for 10 min at 4°C. The Bicinchoninic Acid (BCA) method (Thermo
Scientific) was used to determine the protein concentration. Proteins were resolved by SDS-PAGE
and transferred to polyvinyl difluoride membrane. After blocking with 5% skim milk, membranes
were individually probed with anti-phospho-AKT (Cell Signaling Technology), anti-phospho-
ERK (Cell Signaling Technology), anti-cleaved caspase 3 (Cell Signaling Technology), anti-
PARP (Cell Signaling Technology), anti-p21 (Cell Signaling Technology), anti-MDM2 (Cell
Signaling Technology), anti-MDM4 (Cell Signaling Technology), anti-p53 (Cell Signaling
Technology), anti-PUMA (Cell Signaling Technology) and anti-Actin (Sigma-Aldrich
Corporation) antibodies. The membranes were washed and incubated with horseradish peroxidase-
conjugated secondary antibodies, followed by enhanced chemiluminescence detection according

to the manufacturer’s instructions (ThermoFisher).

Molecular Oncology (2020) © 2020 The Authors. Published by FEBS Press and John Wiley &
Sons Ltd.



2.10 In vivo experiments

All animal procedures were approved by the The Jackson Laboratory Institutional Animal Care
and Use Committee, protocol 17-0028. The patient-derived xenograft (PDX) LG1049 lung cancer
model containing the EGFR T790M mutation, was purchased from The Jackson Laboratory (Bar
Harbor, Maine). The surgically resected tissues were minced into pieces approximately ~2 mm in
size and injected into the flanks of NOD/SCID/IL-2y-receptor null (NSG) female mice. Drug
treatments began after tumors reached approximately 150~200 mm?. Mice were randomly divided
into 8 treatment groups consisting of 5 mice in each group: 1) vehicle only, 2) erlotinib only, 3)
nutlin-3 only, 4) erlotinib plus nutlin-3, 5) carfilzomib only, 6) erlotinib plus carfilzomib, 7) SJ-
172550 and 8) erlotinib plus SJ-172550. The following drugs and dosing schedules were used:
erlotinib: 25 mg/kg diluted in 0.5% methylcellulose solution, oral gavage daily; nutlin-3 and SJ-
172550: 20 mg/kg diluted in 10% DMSO, 9% ethanol, 27% polyethylene glycol (PEG) 400, 54%
Phosal 50 PG, intraperitoneal injection once every two days; carfilzomib: 1.5 mg/kg diluted in 2%
DMSO, 30% PEG300 and 2% Tween80, intravenous injection once a week. Mouse weight

monitoring and sampling were performed as previously described [22].

2.11 Statistical Analysis

Statistical analyses were performed using Prism 4.0 (GraphPad). Differences between two
variables were assessed by an unpaired Student’s ¢ test. An observation was considered

statistically significant if the p-value was less than 0.05.

3. Results

3.1 Genome-scale CRISPR screening for erlotinib-sensitizing genes identified 81 candidate

target genes

We applied a genetic screening approach to identify candidate genes whose loss-of-function
would lead to acquired sensitivity to erlotinib in lung cancer cells that are erlotinib-resistant. The
idea was to use a pool of sgRNA-expressing lentivirus to generate a library of knockout cells that

could be screened for sensitivity to erlotinib via negative selection (Fig. 1A). We transduced an
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erlotinib-resistant human lung cancer cell line (NCI-H820) with the GeCKO v2 library at a
multiplicity of infection (MOI) of 0.3. The GeCKO v2 libraries consisted of 123,411 unique
sgRNAs for 19,050 genes in the human genome [17]. Cells transduced with lentiviral vectors were
maintained with or without erlotinib for 14 days, and residual sgRNA abundance was measured by
counting sgRNA numbers using high-throughput sequencing. After 14 days of erlotinib treatment,
the spectrum of sgRNAs incorporated among the erlotinib-treated cells was significantly different

from both erlotinib-treated cells grown for 7 days, and untreated cells (Fig. S1A, Fig. SIB).

The GeCKO v2 library contains 6 sgRNAs per gene but the knockout efficiency of each sgRNA
was unknown. Therefore, we analyzed the sgRNA screening data using two levels of analyses: 1)
gene unit analysis with MAGeCK-VISPR (Fig. 1B) [23] and 2) sgRNA unit analysis with edgeR
(Fig. 1C). MAGeCK-VISPR estimates the sgRNA abundance (beta score) at the gene level, taking
replicates into consideration. Positive (or negative) beta scores mean positive (or negative)
selections for the gene at each condition compared with the control samples at day 0 (D0). Genes
with beta scores among the highest or lowest 2% were selected as highly variable genes, and these
were further subjected to k-means clustering (k=4) (Fig. 1B; Table S2). We identified 368 genes
that showed strong negative selection at 14 days of erlotinib treatment, implying that cells
transduced with sgRNAs for these genes became more sensitive to erlotinib treatment. Next, we
compared the abundance of individual sgRNAs between cells with (E14) or without erlotinib
treatment for 14 days (D14) using the edgeR program. We identified 4183 sgRNAs for 1945 genes

whose abundance was significantly reduced in erlotinib-treated cells (false discovery rate <0.05,
log, FoldChange < -1, and number of sgRNA reads per gene> 2) (Fig. 1C; Table S3). Then, we

took the intersection of the MAGeCK-VISPR and edgeR results, which yielded a subset of 81
highly confident erlotinib-sensitizing genes (Fig. 1D; Table S4). These 81 genes constitute the
main candidate genes whose knockout led to decreased cell viability after erlotinib treatment, thus

serving as the foundation for identifying new targets to overcome erlotinib resistance.

3.2 Functional characterization of 81 candidate genes reveals cell cycle and ubiquitination as

key regulatory processes

In order to understand the overall biological roles of the putative erlotinib-sensitizing genes, we

performed network and functional analyses for these 81 genes. An expanded molecular network of
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protein-protein interactions was obtained using the StringApp of Cytoscape [20], and a network
topology analysis identified a highly connected sub-network that consisted of genes associated
with cell cycle processes and regulation of protein ubiquitination (Fig. 1E). Notably, two genes
(ANAPCS and CDK1) out of the 81 candidate genes were related to both biological processes,
suggesting interplay of the two processes. Similarly, we also performed a gene set enrichment
analysis for these 81 candidate genes using Gene Ontology (GO) terms for biological processes in
MSigDB (http://software.broadinstitute.org/gsea/index.jsp), which again identified mitotic cell

cycle and regulation of protein ubiquitination as enriched processes (Fig. S2).

We found that 11 (13.1%, P = 0.027) and 7 (8.6%, P = 0.046) out of 81 genes were assigned to
‘cell cycle process’ and ‘protein ubiquitination’ GO terms, respectively (Fig. 2A and 2B). Since
our GeCKO library consists of 6 sgRNAs per gene, we examined the rank distribution of sgRNAs
for genes in these two processes to check for knockout efficiency and consistency of sgRNAs. The
rank position plot showed that the majority of sgRNAs for these genes were located on the
depletion side (Fig. 2A and 2B). Thus, our results strongly suggest that knockout of these genes,
involved in cell cycle or protein ubiquitination, can transform the erlotinib-resistant tumor cells to

become sensitive to erlotinib.

To study the clinical significance of these genes in the cell cycle process and protein
ubiquitination pathways, we further performed Kaplan-Meier survival analyses based on the gene
expression level of 492 lung adenocarcinoma patients from the TCGA database [24]. We
compared the overall survival of patients in the top vs. bottom quartile of the target gene’s
expression. Among 11 cell cycle process genes and 7 protein ubiquitination genes, we found that
the prognosis was significantly better (p<0.05) in patients with lower expression of three cell cycle
related genes, PCNA, NUP50 and TUBGI, and one protein ubiquitination gene, PSMB6 (Fig.
2C). Thus, expression levels of these genes could serve as potential prognostic markers in

NSCLC.

Additionally, we performed validation experiments to determine whether loss of the candidate
genes contributes to erlotinib sensitivity in the lung cancer cells. NCI-H820 and NCI-H1975 cells
were infected with lentivirus carrying sgRNAs targeting candidate gene and treated with various
doses of erlotinib. Cell viability was determined after 3 days to evaluate the drug resistance.

sgRNAs targeting MDM4, PSMA6 and PSMB6 led to a decrease in mRNA expression and
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increased sensibility to erlotinib (Figure 2D, 2E). The IC50 of erlotinib to each sgRNA-transduced
cell increased 13-fold (MDM4), 6.9-fold (PSMAG6) and 3.7-fold (PSMB6) respectively, compare
to control cells in NCI-H820 (Figure 2D). Dose-response curves for NCI-H1975 cells, transduced
with individual targeting lentiCRISPR, show that loss of MDM4, PSMA6 or PSMB6 conferred
the most significant sensitivity to erlotinib (Figure 2E). We also compared to the erlotinib IC50 for
cells that targeted ANAPCS or CDKI1 or control sgRNA. The erlotinib IC50 was decreased for
each target gene in the respective NCI-H1975 knockout cells (Fig. S3).

3.3 Pharmacological inhibition of targets in cell cycle or ubiquitination pathways exhibited

synergistic effect

The effect of gene knockout by sgRNAs can also be achieved by chemical inhibitors with
sufficient specificity. To investigate the efficacy of combination therapies to overcome erlotinib
resistance, we searched for chemical inhibitors targeting the 81 candidate genes from our CRISPR
screen. Through extensive literature and database surveys, thirteen chemical inhibitors were found
to target these candidate genes (Table S5). Unfortunately, there were no commercial inhibitors for
the two highly confident targets, ANAPCS5 and CDK1, which appear to have functions in both cell
cycle and protein ubiquitination processes. We tested the drug efficacy and the synergistic effect
with erlotinib for each of the thirteen chemical inhibitors on the NCI-H820 lung cancer cell line in
an in vitro setting (Fig. S4A). Six of the inhibitors were shown to affect cell viability in a dose-
dependent manner. Three chemicals (N-ethylmaleimide for ACADS, quinacrine for MB21D1, and
bortezomib for PSMA6 and PSMB6) were effective as a monotherapy with no significant
additional benefits in combination treatments with erlotinib (Fig. 3A). Three other drugs (SJ-
172550 for MDM4, nutlin-3 for MDM2/MDM4 and carfilzomib for PSMA6 and PSMB6) showed
improved IC50 values when used as a monotherapy but increased efficacy when used in
combination with erlotinib on NCI-H820 lung cancer cell lines (Fig. 3B). Validation experiments
in another erlotinib-resistant lung cancer cell line, NCI-H1975, confirmed the synergistic effect of
these latter three inhibitors (i.e., SJ-172550, nutlin-3 and carfilzomib) with erlotinib (Fig. S4B).
Thus, our data demonstrated that targeting certain genes in the ‘Cell cycle process’
(MDM4/MDM2 with SJ-172550 and nutlin-3) and ‘Protein ubiquitination’ GO term (PSMAG6 and

PSMB6 with carfilzomib) were effective in enhancing responsiveness to erlotinib. Interestingly,
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we found that the combination of nutlin-3 or carfilzomib and Osimertinib (3rd generation
inhibitors of EGFR T790M) were highly effective in EGFR T790M lung cancer cell line NCI-
H1975 (Fig. S95).

3.4 Activation of the pS3 pathway with nutlin-3 confers erlotinib sensitivity by inducing cell

cycle arrest and apoptosis

We identified MDM4 as one of the candidate genes involved in cell cycle (Fig. 2) through our
sgRNA screen. The major function of MDM4 is to suppress p53 activities by MDM4-p53
interaction. Interestingly, the MDM4 inhibitor, SJ-172550, and the MDM2 inhibitor, nutlin-3,
showed a synergistic effect with erlotinib in erlotinib-resistant lung cancer cell lines, NCI-H820

(Fig. 3B) and NCI-H1975 (Fig. S4B).

We focused on nutlin-3, because the apoptosis effect was more prominent in the combination of
nutlin-3 and erlotinib, compared to SJ-172550 and erlotinib, based on propidium iodide staining
(Fig. 4A, Fig. S6A). The combination treatment of erlotinib and nutlin-3 resulted in a significant
increase of cleavage of the poly (ADP-ribose) polymerase (PARP) and caspase 3 (Fig. 4B), which
are characteristics of apoptotic cell death. In addition, the combination of erlotinib and nutlin-3
increased the expression of the p21 protein (Fig. 4C), which is a strong inducer of cell cycle arrest
and increased PUMA (p53 upregulated modulator of apoptosis) expression (Fig. 4C), which is a
pro-apoptotic protein which induces apoptosis by inhibiting anti-apoptotic Bcl-2 family proteins
[25]. The expression of PUMA is already known to be regulated by p53 and is involved in p53-
dependent and p53-independent apoptosis induced by a variety of signals, ultimately leading to
cell death [26]. Taken together, activation of the p53 pathway with nutlin-3 appears to augment
the response of erlotinib by inducing both cell cycle arrest and apoptosis via p21 and PUMA
induction, respectively (Fig. 4C). Additionally, we confirmed that the molecular phenotype in
MDM4 knockout cells mimic the phenotype in Nutlin-3-treated cells in erlotinib treated condition
(Fig. S6B). A pro-apoptotic protein PUMA expression was increased in erlotinib treated MDM4

knockout cell.

Carfilzomib and erlotinib combination treatments also showed synergistic effects in apoptotic
cell death (Fig. 4D). The increase of cell death (17.2% to 49.2%; 2.86-fold) was higher in
combination therapy compared to monotherapies with erlotinib (17.2% to 22.4%; 1.30-fold) or
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carfilzomib alone (17.2% to 39.0%; 2.27-fold). Additionally, the cleavage of caspase 3 in NCI-
H820 cells was increased dramatically during combination treatments with both erlotinib and
carfilzomib compared to erlotinib or carfilzomib treatments alone (Fig. 4E). Interestingly,
phosphorylation of AKT and ERK were significantly decreased for the combination treatment on
NCI-H820 cells (Fig. 4E). Phosphorylated AKT and ERK inhibit apoptosis and induce cell
survival through phosphorylation of various proteins such as Bad, GSK3p, caspase 9 and FoxO
transcription factors[27]. These results suggest that the combination treatment with erlotinib and

carfilzomib also synergistically induces cell death in erlotinib-resistant cells.

3.5 Synergistic effects of erlotinib-sensitizing chemicals were validated in in vivo patient-

derived xenografts (PDXs) mouse models

To further study these three putative erlotinib-sensitizing chemicals (SJ-172550, nutlin-3 and
carfilzomib), we performed efficacy testing with a human lung cancer PDX model having an
EGFR T790M mutation (i.e., comprised of erlotinib-resistant cells). = The LG1049 PDX was
implanted in immunodeficient NSG mice and subsequently treated with erlotinib, SJ-172550,
nutlin-3 or carfilzomib as well as with treatments combining erlotinib with SJ-172550, nutlin-3 or
carfilzomib. Nutlin-3 and carfilzomib both showed significant cell death when used alone or in
combination with erlotinib (Fig. 5A, 5B) but treatment with SJ-172550 alone did not show a
significant tumor inhibitory growth effect in these in vivo experiments (Fig. S7). The combination
of erlotinib with nutlin-3 or carfilzomib increased apoptosis signals by cleaved caspase 3 staining
(Fig. 5C). These results are in good concordance with the previous in vitro cell experiment data for
both monotherapy and combination treatments. Taken together, combinatorial inhibition of nutlin-
3 and erlotinib or carfilzomib and erlotinib were effective in tumor growth inhibition of an

erlotinib-resistant lung cancer PDX.

4. Discussion

A pooled CRISPR-Cas sgRNA library screen can provide new opportunities to systematically

identify new targets for drug resistance. We conducted a large-scale loss-of- function screen in a

Molecular Oncology (2020) © 2020 The Authors. Published by FEBS Press and John Wiley &
Sons Ltd.



lung cancer cell line, using this CRISPR-Cas9 system, to find new genes associated with erlotinib

responsiveness and to understand mechanisms underlying resistance to this drug.

In this study, we identified two major pathways that contribute to erlotinib resistance. The first
target pathway was cell cycle processes. It is known that p53 is eventually involved in cancer
development by stimulating or inhibiting cell cycle regulators, so it is very important to

understand the cell cycle regulatory processes leading to cancer development.

The mutations of TP53 gene was a negative prognostic factor for overall survival (OS) of
advanced non-small cell lung cancer (NSCLC) patients, and, in EGFR-mutated patients, additional
mutations of 7P53 gene was associated with shorter OS [28]. In addition, in EGFR-mutated
NSCLC, co-mutation of 7P53, especially missense mutations, exhibited the trend toward shorter
progression-free survival on EGFR tyrosine kinase inhibitors (TKIs) [29], suggesting that
functional p53 is associated with the responsiveness of EGFR TKlIs. In molecular levels,
functional p53 was reported to enhance another EGFR inhibitor, gefitinib-induced growth arrest
through the up-regulation of Fas in lung cancer cells [30]. These previous reports suggest that cell
cycle regulation by functional p53 plays considerable roles in the determination of the
responsiveness to erlotinib. Nutlin-3 is a small molecule inhibitor of the MDM2/p53 interaction,
which leads to non-genotoxic p53 stabilization as well as activation of cell cycle arrest and
apoptosis pathways [31]. Since the discovery of the nutlins in 2004, several compounds have been
developed and shown to target the p53-MDM2/4 axis by inhibiting MDM2 and/or MDM4 [32].
Nutlin-3 has a synergistic cytotoxic effect when used in combination with TNF-related apoptosis-
inducing ligand (TRAIL), bortezomib, and cisplatin to induce p53-dependent tumor cell apoptosis
in NSCLC [33, 31]. Nutlin-3 preferentially sensitizes wild-type p53-expressing cancer cells such
as the A549 lung cancer cell line [34], but our study shows that it also appears to work in mutant
pS3-expressing cancer cells (TP53 T284P in the NCI-H820 cell line; TP53 R273H in the NCI-
H1975 cell line and TP53 P72R in the LG1049 PDX model). In addition, nutlin-3 synergizes with
erlotinib in both an erlotinib-resistant lung cancer cell lines NCI-H820, NCI-H1975, and in vivo in
an erlotinib-resistant lung cancer PDX model (Fig. 3B and Fig. 5A). The MDM4 inhibitor, SJ-
172550, also showed synergistic cell death when used in combination with erlotinib in an in vitro
assay but this synergistic effect was not reproduced in vivo in mouse drug tests (Fig. S5).
Identifying inhibitors specific to ubiquitin proteasome pathways is usually of great interest for

cancer treatment because aberrations in the components of this pathway are commonly observed
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in many cancers and uncontrolled growth of cancer cells can result either from stabilization of

oncoproteins (e.g., c-jun) or increased degradation of tumor suppressor proteins (e.g., p53).

Protein ubiquitination and proteasomal pathway is an evolutionary conserved process for
protein degradation, and crucial for biological processes, including cell survival and differentiation
[35]. Several tumor-promoting or suppressing pathways, including NF-«B, HIF-1a, and p53
pathways, are regulated through protein ubiquitination processes [35]. The EGFR protein itself
was regulated via ubiquitinated, and deubiquitinating enzyme, ubiquitin-specific protease 22
(USP22) was associated with EGFR TKI resistance by enhancing EGFR stability [36]. Inhibition
of the ubiquitin-proteasome pathway exerts anti-tumor effect by regulating several key pathways,
including inhibition of NF-kB pathway via increase of I-kB, inhibition of cell cycle via increase of
p53 and cyclins, and increase of apoptosis via increased of p53-mediated Bax protein [37], and
these pathways are associated with the responsiveness to EGFR TKIs [30, 38]. Carfilzomib is a
second-generation anti-cancer drug acting as a selective proteasome inhibitor. It irreversibly binds
and inhibits the chymotrypsin-like activity of the 20S proteasome, an enzyme that degrades
unwanted cellular proteins. Inhibition of proteasome-mediated protein ubiquitination results in a
build-up of polyubiquitinated proteins, which is thought to cause cell cycle arrest, apoptosis, and
inhibition of tumor growth [39, 40]. Carfilzomib was approved by the U.S. FDA in 2012 for
multiple myeloma patients who have received at least two prior therapies, including treatment with
bortezomib and an immunomodulatory therapy (such as lenalidomide), and have demonstrated
disease progression on or within 60 days of completion of the last therapy [39]. Furthermore, the
U.S. FDA has approved carfilzomib, in combination with other anticancer drugs, to treat patients
with relapsed multiple myeloma. However, its efficacy has not yet been tested in clinical trials of
lung cancer. Here, we show that a combination treatment using erlotinib and carfilzomib could

efficiently induce apoptosis of erlotinib resistance lung cancer cells.

Over the years, various trials have been attempted to identify new drugs to overcome erlotinib
resistance. For example, a second-generation EGFR-TKI, an irreversible inhibitor that contains a
Michael-acceptor group and covalently attaches to the EGFR ATP binding site, may act as a pan-
HER inhibitor that also inhibits EGFR, HER2, and HER4 [41]. Additionally, a third generation
EGFR inhibitor that specifically responds to T790M EGFR, such as osimertinib, has been recently
approved by the U.S. FDA [42]. Moreover, mutant EGFR, including T790M, is more sensitive to
an inhibitor of the heat shock protein 90 (HSP90) than normal EGFR carrying cells [43]. Thus,
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combination of an HSP90 inhibitor and TKI could be another way to effectively overcome T790M
resistance. Finally, animal studies using a T790M transgenic mice have shown that the
combination of EGFR blocking antibodies cetuximab and BIBW2992 can also be effective in
overcoming T790M resistance [44]. Although third generation inhibitors are available in the clinic,
Ist generation EGFR TKIs, such as erlotinib and gefitinib are still widely used in first line
treatment of NSCLC patients with EGFR mutations. In addition, candidate chemicals from our
screening showed synergistic effect with 3rd generation inhibitor, osimertinib in some EGFR-
mutated NSCLC cells (Fig. S5), suggesting that our screens are probably applicable for enhancing

the effect of 3rd generation inhibitors.

5. Conclusions

Erlotinib is highly effective in lung cancer patients with EGFR mutations. However, despite
initial favorable responses, many patients develop to erlotinib resistance. Here, we applied a
CRISPR/cas9 library screen to identify five genes (MDM4, PSMA6, PSMB6, ANAPCS and
CDK1) that are associated with erlotinib responsiveness and have provided evidence that
inhibitors for two of these genes (nutlin-3 for MDM4 or carfilzomib for PSMA6 and PSMB6 ) can
be used in combination treatments with erlotinib to potentially minimize the development of
erlotinib resistance. We hypothesize that targeting cell cycle processes with nutlin-3, or protein
ubiquitination processes with carfilzomib, might be promising new clinical strategies to overcome

resistance to EGFR inhibitor drugs in NSCLC.

Data accessibility: The Gene Expression Omnibus accession numbers for sgRNA sequencing

data is GSE142669.
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Supporting Information
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Fig. S1. CRISPR/cas9 screening results of all conditions. (A) Box plot and (B) correlation plot
of the sgRNA for all conditions. The log2-transformed normalized counts were used. The
replicates (duplicate in all conditions) show excellent reproducibility in both plots. Positive and

negative selections are evident in control and erlotinib-treated samples in 14 days.

Fig. S2. Gene Ontology (GO) analysis using MSigDB. Statistical enrichment in GO terms on
biological processes was investigated for 81 candidate genes using MSigDB analysis tool
(http://software.broadinstitute.org/gsea/index.jsp) (FDR < 0.05). Representative terms are cell

cycle and protein ubiquitination processes as in the Cytoscape StringApp analysis.

Fig. S3. validation experiments on selected two genes, ANAPCS and CDKI1. we checked
whether loss of function of these genes confer erlotinib sensitivity in the lung cancer cells. The

erlotinib sensitivity increased in ANAPCS or CDK1 knockout NCI-H820 cells (P < 0.05).

Fig. S4. The test of drug efficacy and the synergistic effect with erlotinib for each of the
thirteen chemical inhibitors on the NCI-H820 lung cancer cell line in an in vitro setting. (A)
We searched for chemical inhibitors targeting the 81 candidate genes from our CRISPR screen and
tested the efficacy and the synergistic effect with erlotinib and eleven drugs. The check mark (V)
means the drug had a synergistic effect with erlotinib. (B) We confirmed that the synergistic effect
of three inhibitors (i.e., SJ-172550, nutlin-3 and carfilzomib) with erlotinib in another erlotinib-
resistant lung cancer cell line NCI-H1975. Combination index (CI) values were calculated at

applied concentrations and the pound signs represent synergistic effect of the two drugs (#, CI <

0.9; ##, C1 <0.6; ###, C1 <0.3).
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Fig. S5. Synergistic effect of 3" generation TKIs inhibitor osimertinib and nutlin-3 or
carfilzomib in the erlotinib resistant lung cancer cell line NCI-H1975. The combination of
nutlin-3 or carfilzomib with osimertinib were highly effective in EGFR T790M lung cancer cell
line NCI-H1975. Combination index (CI) values were calculated at applied concentrations and the

pound signs represent synergistic effect of the two drugs (###, CI1 <0.3).

Fig. S6. Synergistic effect of erlotinib and SJ-172550 in the erlotinib resistant lung cancer
cell line, NCI-H820. (A) The combination of erlotinib and SJ-172550 increased cell death, as
demonstrated by flow cytometry analysis and (B) a pro-apoptotic protein PUMA expression in
NCI-H820 cells.

Fig. S7. In vivo efficacy of erlotinib-based combination treatment with SJ-172550 in EGFR
T790M mutated patient-derived xenografts. Tumor volumes of these mice are shown on the left
and their tumor mass after 28 days of treatment are shown on the right. (A) The statistical
synergistic effect of tumor growth in erlotinib and SJ-172550 was not observed in lung
adenocarcinoma mouse models with the EGFR T790M mutation (LG1049) (2-way ANOVA: P =
1.000) when compared with SJ-172550 only. Similarly, when the mass of the tumors at endpoint
were compared, the combinations of erlotinib and SJ-172550 (Unpaired ¢ test: P = 0.5967) not

showed significant improvement over SJ-172550.

Table S1. The sgRNA sequence for target gene validation.

Table S2. The beta score from MAGeCK-VISPR program for highly variable genes used in k-

means clustering.
Table S3. List of 1945 genes with differentially expressed sgRNAs at day 14.
Table S4. The MAGeck-VISPR and EdgR analysis showed a subset of 81 genes.

Table S5. The druggable candidate genes and related inhibitors.
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Figure Legends

Fig. 1. Genome-scale negative selection screening of erlotinib sensitive related genes. (A)
Schematic representation of the loss-of-function screen using the human genome-scale
CRISPR/Cas9 knockout library. DO, D7 and D14 refers to puromycin-selected day 0 cells (DO0),
control day 7 cells (D7) with DMSO and control day 14 cells (D14) with DMSO, respectively. E7
and E14 refers to erlotinib-treated day 7 cells (E7) and erlotinib-treated day 14 cells (E14),
respectively. (B) A heatmap of beta scores from MAGeCK-VISPR on the NCI-H820 knockout
dataset. Using k-means clustering (k=4) we identified four clusters. Only genes among the highest
or lowest 2 % [ scores in 14-day DMSO or erlotinib treatment conditions are shown in the
heatmap. (C) The MA plot showing enrichment of specific sgRNAs after erlotinib treatment
(M=log, E14/D14, A='log, E14*D14). Red dots (n=4183) indicate sgRNAs significantly depleted
after 14 days of erlotinib treatment. (D) Venn diagram showing the overlap of genes depleted
between the two methods: MAGeCK-VISPR and edgeR, in the NCI-H820 lung cancer cell line.
The overlapping genes are indicated with the red dots in the beta score plot of E14 data. (E)
STRING network analysis with the 81 commonly depleted genes. Genes involved in the cell cycle
process and ubiquitin-dependent protein catabolic process are indicated in red and blue with
colored boundaries, respectively. Grey nodes are the linker genes from the STRING network,

which are not differentially expressed.

Fig. 2. Loss-of-function screening identifies targets that were depleted in erlotinib resistance
cells. (A, B) The rank distribution diagram of sgRNAs targeting genes associated with cell cycle
processes (A) and protein ubiquitination (B). Ranks of sgRNAs (shown as the background) were
obtained from the log, ratio of the normalized sgRNA counts between the control and erlotinib
treatment samples at day 14. The ranks of 6 sgRNAs targeting the gene of interest are shown with
red vertical lines. (C) Survival analysis according to gene expression of candidate genes, using the
TCGA-LUAD patient cohort (n=492). Patient groups of high and low expression indicate the top
(n=123) and bottom (n=123) quartiles, respectively, according to gene expression level of interest.
P-values were obtained from the log-rank test. (D) The validation experiments of single
CRISPR/Cas9 treatment about candidate gene in NCI-H820 cells. The mRNA expression levels of

target gene were detected by real time PCR and the sensitivity of erlotinib was determined with
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dose-response curves. The erlotinib IC50 decreased for each candidate sgRNA transduced cell line
compare to control sgRNA transduce cell (sgNTC). (E) The knockout of candidate genes had
more effected in other lung cancer cell line NCI-H1975. The IC50 of erlotinib to each sgRNA
transduced cells were highly decreased in NCI-H1975 cells.

Fig. 3. Cytotoxicity of erlotinib and three chemical inhibitors. (A) N-ethylmaleimide,
Quinacrine and Bortezomib effectively inhibited the growth of erlotinib-resistant NCI-H820, with
or without erlotinib. (B) SJ-172550, nutlin-3 and carfilzomib shows a synergistic effect with
erlotinib. Erlotinib-resistant NCI-H820 cells were used in viability assays. WST assays were used
to examine the cell viability. Data are represented as mean values + standard error of mean (SEM)
based on triplicate experiments, and the regression lines were calculated by dose-response
inhibition models in Prism 5.0. Combination index (CI) values were calculated at applied
concentrations and the pound signs represent synergistic effect of the two drugs (#, CI < 0.9; ##,

CI <0.6; ###, C1 <0.3).

Fig. 4. Synergistic effect of erlotinib and target gene’s inhibitor in the erlotinib resistant lung
cancer cell line, NCI-H820. (A) The combination of erlotinib and nutlin-3 increases cell death, as
demonstrated by flow cytometry analysis and (B) cleavage of poly (ADP-ribose) polymerase
(PARP) and caspase 3 expression in NCI-H820 cells. (C) Activation of the p53 pathway with
nutlin-3 augmented erlotinib response by inducing apoptosis via PUMA expression. (D)
Combination of erlotinib and carfilzomib increases—cell death demonstrated by flow cytometry
analysis and (E) cleavage of caspase-3, phospo-AKT and phosphor-ERK protein expression. All

experiments were performed in duplicate, each being repeated at least two times.

Fig. 5. In vivo efficacy of erlotinib-based combination treatment with nutlin-3 or carfilzomib
in EGFR T790M mutated patient-derived xenografts. Tumor volumes of each group’s mice
(N=5) are shown on the left and their tumor mass after 28 days of treatment are shown on the
right. (A) The synergistic effect of erlotinib and nutlin-3 in lung adenocarcinoma mouse models

with the EGFR T790M mutation (LG1049). A significant effect upon tumor growth was observed

Molecular Oncology (2020) © 2020 The Authors. Published by FEBS Press and John Wiley &
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with combinations of erlotinib and nutlin-3 (2-way ANOVA: ** P = (0.0069) when compared
with nutlin-3 only. Similarly, when the mass of the tumors at endpoint were compared, the
combinations of erlotinib and nutlin-3 (Unpaired ¢ test: **, P = 0.0014) showed significant
improvement over nutlin-3. (B) The synergistic effect of erlotinib and carfilzomib in lung
adenocarcinoma mouse models with the EGFR T790M mutation (LG1049). A significant effect
upon tumor growth was observed with combinations of erlotinib and carfilzomib (2-way ANOVA:
#*% P <0.0001) when compared with carfilzomib only. Similarly, when the mass of the tumors at

endpoint were compared, the combinations of erlotinib and carfilzomib (Unpaired ¢ test: *** P
<0.0001) showed significant improvements over carfilzomib alone. Graphs represent mean = SD

of the experiments. (C) Representative H&E-stained section and IHC against the apoptosis marker
cleaved caspase-3 of representative tumors from each of the treatment groups; scale bar, 300 um.
The xenografts that have been treated with a combination of erlotinib and nutlin-3 or erlotinib and

carfilzomib showed increased cleaved caspase-3 expression.
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Figure 2 Lee et al.
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