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Abstract: Neoadjuvant chemotherapy (NAC) may provide survival benefits for patients with advanced esophageal
squamous cell carcinoma. However, tumor cells can display primary or secondary resistance to paclitaxel (PTX), a
primary component of induction chemotherapy regimen. To identify genes capable of conveying PTX resistance,
we performed a genome-wide CRISPR transcriptional activation library in human KYSE-180 cells. High throughput
next generation sequencing was further applied to establish the phenotype-to-genotype relationship. Our highest-
ranking hits are CDKN1A, TSPAN4, ELAVL2, JUNB and PAAF1. We generated evidence that esophageal tumors
with high CDKN1A, ELAVL2 and TSPAN4 levels, quantified using gRT-PCR and Western blot assays, showed poorer
chemotherapy response. Higher expression levels of TSPAN4 and ELAVL2 protein are independent risk factors for
poor chemotherapy response in ESCC patients. We then found that overexpression of COKN1A, ELAVL2 or TSPAN4
in ESCC cell lines significantly promoted the resistance to PTX by inhibiting cell apoptosis. Interestingly, ESCC cells
overexpressed CDKN1A, ELAVL2 or TSPAN4 also acquired resistance to cisplatin (DDP). This phenomenon may be
explained by cross-resistance of chemotherapy. We additionally found an association between ELAVL2 and CDKN1A,
which may be regarded as the upstream and downstream factors that synergistically involved in the regulation of
chemo-resistance in ESCC. Therefore, our study demonstrated that the genome-wide CRISPR activation library is a
powerful strategy for the discovery of chemo-resistant genes critical for ESCC and we reported the first evidence that
the ELAVL2-CDKN1A axis may be an important mechanism involved in chemo-resistance in ESCC.

Keywords: Esophageal squamous cell carcinoma, CRISPR library, neoadjuvant chemotherapy, drug-resistant
genes, high throughput

Introduction 15%~25% of patients with EC survive for 5
years after diagnosis [4].

Esophageal cancer (EC) is the ninth most fre-

quently invasive malignancy and ranks as the
sixth cancer-related mortality in worldwide [1].
It mainly comprises of two different histopatho-
logical subtypes: esophageal adenocarcinoma
(EAC) and esophageal squamous cell carcino-
ma (ESCC). Located in the so-called EC belt,
China is one of the countries with high inci-
dence of EC, and approximately 90% of cases
occur are ESCC [2]. Currently, EC has become
the third most common and the fourth most
lethal cancer in China [3]. Despite the advanc-
es in contemporary treatment, the overall
5-year survival of EC remains dismal. Only

Surgery is still the most important single treat-
ment for early staged tumors, but surgery com-
bined with neoadjuvant therapy is recommend-
ed for the large majority of locally advanced EC
[2, 5-7]. Several randomized controlled trials
showed that neoadjuvant chemotherapy (NAC)
combined with surgery could significantly
improve the RO resection rate and prolong the
overall survival for patients with advanced
ESCC compared with surgery alone or surgery
combined with adjuvant chemotherapy [8-10].
However, not all patients have good responses
to NAC. The effective rate of NAC is less than
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50% in ESCC, and the pathological complete
response (pCR) rate of NAC is only 0~5% [7, 11,
12].

Drug resistance of tumor cells is one of the
main causes of heterogeneity of clinical drug
response [13-15]. Chemotherapy in a consider-
able proportion of ESCC patients often was
hampered by drug-resistance and showed vary-
ing degrees of disease progression [16-18].
Drug-resistant phenotypes in tumor cells were
often accompanied by changes in certain geno-
types. Cisplatin (DDP) and paclitaxel (PTX) are
two conventional drugs for NAC of EC. At pres-
ent, many genes related to DDP resistance
have been reported, while the mechanism of
PTX resistance remains to be further studied.
To identify the key genes and molecular mecha-
nisms of PTX resistance in ESCC patients is of
great clinical significance for helping to risk-
stratify patients and promoting individualized
treatment of ESCC [19, 20].

Whole genome clustered regularly interspaced
short palindromic repeats/CRISPR associated
(CRISPR/Cas)-based lentiviral library is a pow-
erful tool for genome-scale gain-of-function or
loss-of-function screening [21, 22]. This system
has been proved to be highly effective in identi-
fying drug resistant genes in vitro. Indeed,
Shalem, Kurata and Joung have screened out
essential genes for drug resistance in melano-
ma and AML using the CRISPR konckout
(CRISPRI) or activation (CRISPRa) library [23-
25]. Here, we attempted to combine the CRISPR
library screening strategy with RNA sequencing
technology to explore the critical genes and
potential mechanism for chemo-resistance in
ESCC.

Materials and methods
Cell culture, plasmids and reagents

Human ESCC cell lines KYSE-70, KYSE-150,
KYSE-180, KYSE-450, and KYSE-510 were pur-
chased from the Japanese Collection of
Research Biosources cell bank (Osaka, Japan).
Identities of the cell lines were confirmed by
standard short tandem repeat (STR) analysis.
Resulting STR profiles were matched with the
American Tissue Culture Collection (ATCC) and
Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ). All cells were
passaged for less than 1 year before use and
cultured in RPMI-1640 medium (Gibco, Life
Technologies Inc., Australia) containing 10%
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heat-inactivated fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin (Gibco)
at 37°C in a humidified atmosphere of 5% CO,,.

Human CRISPR 2-plasmid activation pooled
library (SAM) was a gift from Feng Zhang Lab
(Addgene, #1000000078). Lentiviral infected
ESCC cells were established in KYSE-180 by
relevant lentiviral vectors transduction. Human
TrueORF™ cDNA clones of CDKN1A, TSPAN4,
ELAVL2 were purchased from OriGene Te-
chnologies (Beijing, China). Transient overex-
pressed ESCC cells were established in KYSE-
180 and KYSE-150 by relevant plasmids
transfection.

Cisplatin (DDP) was purchased from Sigma-
Aldrich (P4394, St. Louis, MO) and prepared as
a 1 pyg/mL stock solution in saline, and further
diluted with culture medium for treatment.
Paclitaxel (PTX, T1912, Sigma-Aldrich) was dis-
solved in DMSO (final concentration 1 mM). All
other chemicals and solvents were of the high-
est analytical grade available.

Determination of the chemosensitivity of ESCC
cells

ESCC cells were seeded into 96-well plates at
5x102 cells/well overnight and then incubated
with different concentrations of PTX (O, 0.5, 1,
2,4, 8, 10, 30, 50 uM) for 24 h. At the end of
the drug exposure, the effect of PTX on cell via-
bility was measured by Cell Counting Kit-8
reagent (CCK-8, Dojindo Molecular Technolo-
gies Inc., Japan). Briefly, 10 yL of CCK-8 was
added to each well and the samples were incu-
bated for two hours at 37°C. The absorbance at
450 nm was measured using an iMark™ micro-
plate absorbance reader (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Then, the half inhibi-
tory concentration (IC50) values were calculat-
ed to evaluate the sensitivity of each cell line to
PTX using GraphPad Prism 7.0 (La Jolla, CA,
USA). Meanwhile, the IC50 of DDP in ESCC cells
were also evaluated.

Lentiviral SAM library production and trans-
duction

The lentiviral production, purification and sta-
ble cell lines establishment were performed
according to our previous report [26]. The lenti-
virus titer of MS2-p65-HSF1v2 lentivirus (lenti-
MPHv2, #89308, Addgene) was measured by
p24 ELISA assay. KYSE-180 cells were trans-
duced with lenti-MPHv2 at a multiplicity of
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Table 1. Primer lists for PCR and gRT-PCR

Gene Primer Sequence (5'-3’)

Annealing  Product
temperature  Size

sgRNA GTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC 63°C 150 bp
ATTTTAACTTGCTAGGCCCTGCAGACATGGGTGATCCTCATGTTGGCCTAGCTCTAAAAC

GAPDH GCCAAAAGGGTCATCATCTC
GTAGAGGCAGGGATGATGTTC
CDKN1A TGTCCGTCAGAACCCATGC
AAAGTCGAAGTTCCATCGCTC
TSPAN4  GTACCTGACTCCTGCTGCTT
AGCAGGTTCTCCTGAAGC
ELAVL2  TCTTCTGCCTCAATTCGC
CAATGACCCAGAAGGAGTTG
JUNB CAAGGTGAAGACGCTCAAGG
TCATGACCTTCTGTTTGAGCTG
PAAF1 GATGCCCAGCTGAAGATATG
AGCAGACACCACATTCCTCC

58°C 287 bp

58°C 139 bp

58°C 116 bp

52°C 139 bp

58°C 95 bp

58°C 120 bp

infection (MOI) of 5 and supplemented 10 ug/
ml polybrene (Sigma). Selecting with hygromy-
cin (300 ug/mL) for 5 days to establish a
MPHv2-expressing KYSE-180 stable cell line.
As the efficiency of lentivirus transduction may
vary per cell line, we precisely determine the
actual MOI of purified SAM library lentivirus by
small-scale transduction, antibiotic selection
and transduction efficiency calculation in KYSE-
180 cells according to a published protocol
[25]. Then 7x10” MPHv2-expressing KYSE-180
cells were subjected to large-scale transducing
with lentivirus particles containing the human
sgRNA library (lentiSAMv2, #1000000078,
Addgene) at MOI=0.4, expecting 2.8x107 trans-
ducted cells. Blasticidin (4 yg/mL) was added
to the cells 24 h post transduction and main-
tained for 4 days. Cells were cultured for an
additional 10 days which allowed enough time
to achieve sufficient genome modification by
CRISPR system. Finally, a pooled cell library of
KYSE-180 stably that transduced with CRISPR-
dCas9-sgRNA components was constructed
(SAM-KYSE180s library). Cells in the pooled
cell library were split into replicate flasks and
cryopreserved at least one replicate (5x10°
cells) for genomic DNA analysis as unselected
control. The resting replicates were subjected
for PTX-resistant screening.

Positive selection of PTX-resistant cells

We firstly determined the optimal PTX treat-
ment concentration and duration that is
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required for 100% kill of KYSE-180 (IC100). PTX
positive selection of chemo-resistant cells in
the SAM library was performed according to the
protocol described by Jong et al [25]. Briefly,
the KYSE-180-SAM library was treated with PTX
at the optimal screening condition to obtain
resistant cells. Survived cells were subjected to
genomic DNA (gDNA) extraction followed by
PCR amplification of the sgRNA-coding regions
and deep sequencing.

Amplification and purification of candidate
SgRNAs

The gDNA was isolated using the Wizard®
Genomic DNA Purification Kit (Promega,
A1125). gRNA-coding regions integrated into
the chromosomes were then PCR-amplified
(Invitrogen™ Platinum™ SuperFi™ Green PCR
Master Mix, MANO014885) using sgRNA prim-
er pairs listed in Table 1. PCR conditions were
as follows: 5 pg of DNA template for each reac-
tion, initial denaturation at 98°C for 3 min, fol-
lowed by 25 cycles of denaturation at 98°C for
10 s, annealing at 63°C for 10 s and extension
at 72°C for 25 s, with extension at 72°C for 2
min in the final cycle. PCR products of each rep-
licate were pooled together and subjected to
rapid purification from agarose gels using
AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, AP-GX-250). Concentration and
purity of the products were quantified by
Nanodrop2000 ultraviolet spectrophotometer
(Thermo Scientific) and Qubit2.0 fluorometer
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(Invitrogen, Carlsbad, CA, USA). The DNA frag-
ments were further validated using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA) and only qualified samples (level
B or above) can be used for library construction
and deep sequencing.

Sequencing of candidate sgRNAs

NGS library preparations were constructed fol-
lowing the manufacturer's protocol (VAHTS
Universal DNA Library Prep Kit for lllumina). For
each sample, >50 ng purified PCR fragment
was used for direct library preparation. The
fragments were treated with End Prep Enzyme
Mix for end repairing, 5-phosphorylation and
dA-tailing in one reaction, followed by a T-A liga-
tion to add adaptors to both ends. Size selec-
tion of adaptor-ligated DNA was then performed
using VAHTSTM DNA Clean Beads, each sam-
ple was then amplified by PCR for 8 cycles using
P5 and P7 primers, with both primers carrying
sequences which can anneal with flowcell to
perform bridge PCR and P7 primer carrying a
six-base index allowing for multiplexing. The
PCR products were cleaned up using VAHT-
STM DNA Clean Beads, validated using an
Agilent2100 bioanalyzer, and quantified by
Qubit2.0 fluorometer. Then libraries with differ-
ent indexes were multiplexed and loaded on an
Illumina HiSeq instrument according to manu-
facturer’s instructions (Illumina, San Diego, CA,
USA). Sequencing was carried out using a
2x150 paired-end (PE) configuration; image
analysis and base calling were conducted by
the HiSeq Control Software (HCS) + OLB +
GAPipeline-1.6 (lllumina) on the HiSeq instru-
ment. And then the sequencing results were
processed and analyzed by GENEWIZ, Inc.
(Suzhou, China).

Bioinformatic analysis of candidate resistant
genes

Reads were aligned to the sgRNA sequences in
SAM library and the counts of every unique
sgRNA were subjected to differential abun-
dance analysis using DESeq2. Individual sgRNA
with a p value smaller than 0.01 were identified
as enriched sgRNA (EN-sgRNA) between the
PTX-treated group and the control group
(DMSO). We then calculated an enrichment
gene score (EG score) for each gene according
to a method described in a previous report
[27]. Briefly, sgRNA score (Ss) was firstly calcu-
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lated for each EN-sgRNAs: Ss=log, (Total types
of EN-sgRNAs/Ranked position for each
EN-sgRNAs based on abundance). Then, the
enrichment gene score (EG score) for each
gene was calculated as the sum of the Ss
scores for any EN-sgRNAs targeting that gene.
Finally, genes with higher Sg score were con-
firmed as enriched genes (EN-genes).

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analy-
sis of the top hits across the entire ranked gene
list were implemented with the Database
for Annotation, Visualization and Integrated
Discovery 6.8 (DAVID 6.8), which uses a modi-
fied Fisher's exact test followed by Benja-
mini-Hochberg multiple hypothesis testing
correction.

Additionally, we calculated the log,-Flold Ch-
ange between KYSE-150 and KYSE180 for
each gene: Log FC=log TPM"YS¥1%0-|og TPMKYSE
180 ysing RNA-sequencing data in the Cancer
Cell Line Encyclopedia (CCLE) project (GEO:
GSE2454). Genes with a log,FC over 1 and
under -1 were identified as differentially
expressed genes (DE-genes) between KYSE-
150 and KYSE-180 cell lines. We then integrat-
ed the EN-genes and DE-genes to identify can-
didate PTX resistance genes. Genes belonged
to both EN-genes and DE-genes were selected
as candidate genes that might mediates PTX
resistance.

Patients selection and tissue samples collec-
tion

Tumor tissue samples of 31 ESCC patients who
received NAC before surgical excision were col-
lected at the Department of Thoracic Surgery |,
Peking University Cancer Hospital (Beijing,
China) between April 2018 and September
2018. Clinicopathological data of these
patients including age, gender, smoking, drink-
ing, family history, clinical stage, tumor loca-
tion, tumor size, pathological differentiation,
pathological primary tumor and lymph node
stage, chemotherapy response and hemato-
logical markers were retrieved from our EC
database. The clinical features of the tumor
samples were defined according to the eighth
edition of the American Joint Committee on
Cancer/the Union for International Cancer
Control (AJCC/UICC) Tumor Node Metastasis
(TNM) classification. Our standard surgical pro-
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cedures were a subtotal esophagectomy with
mediastinal lymphadenectomy via right thora-
cotomy, upper abdominal lymphadenectomy,
reconstruction with a gastric tube via the pos-
terior mediastinum, and anastomosis in the
cervical incision. NAC is a doublet regimen for
2~4 cycles, consisted of DDP 75 mg/m? intra-
venous infusion over 2 h on day 1 followed by
PTX 175 mg/m? on day 1 or divided into day 1,
day 8, and day 15. The clinical response to NAC
was evaluated according to RECIST1.1 criteria.
The included patients were divided into two
groups (PR/CR group vs. PD/SD group) and
the correlations between the chemotherapy
response and other clinicopathological charac-
teristics of the patients were analyzed. The
study was approved by the ethics committee of
the Peking University Cancer Hospital and
signed consent was obtained from each
participant.

Real-time quantitative reverse transcription
PCR (qRT-PCR) analysis

Total RNA was extracted from 31 tumor sam-
ples using Trizol reagent (Invitrogen, Carlsbad,
CA) and quantitated by NanoDrop™2000 spec-
trophotometer (Thermo Scientific). First-strand
cDNA was synthesized with SuperScript™ Il
Reverse Transcriptase (Invitrogen), according
to the manufacturer’s instructions. Oligonu-
cleotid sequences for CDKN1A, TSPAN4,
ELAVL2, JUNB, PAAF1 and GAPDH from
GenBank were used as a template for the con-
struction of the primer pairs using SnapGene
2.3.2 software. The qRT-PCR primer set
sequences were list in Table 1. gRT-PCR reac-
tions were performed in triplicate in 20 uL vol-
umes with SYBR Green | Master in an
LightCycler® 480 Real-Time PCR System (Ro-
che Diagnostics, Mannheim, Germany). Cycle
parameters were as follows: 1 cycle with a pre-
incubation step (98°C for 10 min) and 45 cycles
with an amplification step (98°C for 10 s, 58°C
for 10 s and 72°C for 30 s), followed by a melt-
ing step (95°C for 10 s, 55°C for 1 min and
95°C continuous) and a cooling step of 1 s at
40°C. Gene expression was normalized to
GAPDH, and the fold change was calculated
using 24T,

Western blot analysis

Total protein from tumor tissues or plasmids
overexpressed cell lines was extracted using
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RIPA lysis buffer. Protein concentrations were
determined using the BCA method (Thermo
Scientific). The protein samples were then sep-
arated on a NUPAGE® Novex® 10% Bis-Tris Gel
(Life Technologies) with 10 ug protein per lane
and transferred to nitrocellulose membranes.
The membranes were blocked with Tris-bu-
ffered saline (pH 7.5) containing 0.2% Tween-
20 and 5% nonfat milk at room temperature for
1 h. Primary antibodies used were as follows:
rabbit anti-CDKN1A (Cell Signaling Tech-
nology, 1:1000 dilution), rabbit anti-TSPAN4
(Abcam, 1:5000 dilution), rabbit anti-ELAVL2
(Proteintech, 1:5000 dilution), rabbit anti-JUNB
(Proteintech, 1:1000 dilution), rabbit anti-
PAAF1 (Proteintech, 1:2000 dilution), rabbit
anti-Bax (Proteintech, 1:1000 dilution), rabbit
anti-p53 (Proteintech, 1:2000 dilution) and
rabbit anti-GAPDH (Cell Signaling Technology,
1:5000 dilution). Goat anti-Rabbit HRP conju-
gated secondary antibodies were utilized at
1:10000 dilution (Santa Cruz Biotechnology).
Antibodies binding were visualized following
application of enhanced chemiluminescence
(ECL, Millipore). Densitometric analysis was
performed using ImageJ software and normal-
ized to GAPDH.

CCK-8 assay

Plasmids overexpressed KYSE-180 and KYSE-
150 cells were seeded in 96-well plates at a
density of 5000 cells per well and then treated
with gradient dilutions of PTX (0, 2, 4, 8, 16, 32,
64 and 100 uM) and DDP (0, 1, 2, 4, 8, 16, 32
and 64 pg/mL) for 24 hours. CCK-8 reagent
was added to measure the absorbance at 450
nm. Finally, the IC50 values were calculated to
evaluate the changes of chemosensitivity in
each cell line.

Apoptosis assay

ESCC cells transiently transfected correspond-
ing plasmids were further subjected to PTX and
DDP exposure for 24 h at near IC50 concentra-
tion, respectively. After that, cells were collect-
ed and rinsed 3 times in PBS then resuspend-
ed in 1x Annexin V binding buffer at a concen-
tration of 1x1068 cells/mL, with 20 uL of Annexin
V-FITC antibody and 5 uL of 7-AAD antibody (BD
Biosciences). The samples were then incubat-
ed for 15 minutes in the dark at room te-
mperature and analyzed by FACS Aria Il (BD
Biosciences) within 1 h.
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Statistical analysis

All experiments were performed with three rep-
licates. Values were expressed as means + SD.
SPSS software (version 24.0; IBM SPSS,
Armonk, NY, USA) was used to perform the sta-
tistical analysis. Association between the effi-
cacy of chemotherapy and other clinicopatho-
logical parameters and protein expression were
assessed by the Chi-square test. The relation-
ship between protein levels and gene expres-
sions were evaluated using the Mann-Whitney
test. Pearson’s correlation coefficients were
calculated to determine correlations among the
variables. Student’s t tests were performed to
evaluate the significances of the differences
between groups. All p-values were based on
two-tailed statistical analysis and P<0.05 was
considered statistically significant.

Results

Genome-scale CRISPR transcriptional activa-
tion screening in KYSE-180

To evaluate the chemo-sensitivity of ESCC cell
lines, we determined the IC50 values of PTX
and DDP in five ESCC cell lines by CCK-8 assay.
KYSE-180 was regarded as the relatively PTX-
sensitive cell line with the lowest IC50
(IC50,,=1.37+0.93 uM), while KYSE-150 was
considered to be the relatively PTX-resistant
cell line with the highest IC50 (IC50,, =
31.11+1.22 M) (Figure 1B). The IC50,,, of
KYSE-180 (2.03+1.20 pg/mL) and KYSE-150
(13.61+1.14 pg/mL) were also calculated for
subsequent apoptosis experiments (Figure
1B).

We firstly generated a pooled cell library of
KYSE-180 that stably transduced with CRISPR-
dCas9-sgRNA components (SAM-KYSE180s
library) (Figure 1A). SAM-KYSE180s library con-
tained 70,290 sgRNAs, targeting the promoter
region of 23,430 protein-coding genes, in more
than 2.8x107 lentiviral transducted cells for a
coverage of >380 cells per sgRNA to guarantee
a sufficient representation of each perturba-
tion. SAM-KYSE180s hybrid cell library was
selected in blasticidin for 4 days and expanded
for additional 10 days before it was splitted into
two equal cell libraries (more than 2.8x107 cells
for each split). We subjected one split to lethal
treatment with 2 uM PTX for 48 h to enrich the
cell clones that resistant to PTX (experiment
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condition). The other split was treated DMSO as
a control (control condition). We performed 4
independent screening experiments as biologi-
cal replications.

Survival cell clones in the experiment condi-
tions and cells in the control conditions
were harvested for genomic DNA extraction.
Integrated sgRNAs were amplified from genom-
ic DNA and subjected to deep sequencing to
evaluate their frequency distribution. The pres-
ence of sgRNA fragments was confirmed by
PCR, with its size was approximately 150 bp
and typical nested peaks representing the
diversity of sgRNAs were appeared by sanger
sequencing (Figure 1C, 1D). An average of
1x107 qualified reads were yield for each sam-
ple, achieving a coverage of >140 reads per
sgRNA in the SAM library.

Top gene hits that might mediate PTX resis-
tance

A total of 6300 sgRNA with a p-value <0.01
were identified as differentially presented
sgRNA (EN-sgRNA) between the PTX-treated
group and the control group. We then identified
differentially presented genes (EN-genes) by
calculated an enrichment gene score (EG score)
for each gene. 194 genes with an EG score >1
were selected as EN-genes for subsequent vali-
dation (Figure 2A).

Enrichment analysis of EN-genes were per-
formed to identify biological processes and sig-
naling pathways that might regulate PTX-
resistance. GO term enrichment analysis on
EN-genes showed that cell proliferation, cell
apoptosis regulation, response to drug, protein
complex biogenesis, amino acid transport, DNA
replication are the main biological processes
that may be closely related to the acquisition of
PTX-resistance (Figure 2B). The KEGG pathway
enrichment analysis showed that EN-genes
were mostly involved in renal cell carcinoma,
pathways in cancer, T cell receptor signaling
pathway, focal adhesion, ubiquitin mediated
proteolysis, as well as genes involved in ErbB
and MAPK signaling pathway (Figure 2C).

In order to increase the chance of identifying
essential genes involved in PTX resistance, an
integrated analysis was performed to combine
EN-genes in genome-scale CRISPRa screening
and differentially expressed genes (DE-genes)
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Figure 1. Genome-scale CRISPR activation screening in KYSE-180. A. Schema of SAM library screening. B. Identify
the PTX and DDP-sensitivity of ESCC cell lines by CCK-8 assay. C. Amplification of sgRNAs through PCR reactions. D.

Evaluation the diversity of sgRNAs by Sanger sequencing.

between KYSE-150 and KYSE-180. Among the
991 overlapping hits between EN-genes and
DE-genes, the top five hits were CDKN1A,
TSPAN4, ELAVL2, JUNB and PAAF1, with EG
scores >1.75 and log,FC >2, respectively, which
suggest that activated expression of these five
genes could lead to PTX resistance in KYSE-
180 cells, and that all these genes were highly
expressed in PTX-resistant KYSE-150 cells
(Figure 2D).

Further tracing the enrichment of sgRNA ta-
rgeting CDKN1A, TSPAN4, ELAVL2, JUNB and
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PAAF1 during the SAM library screening, it
could be found that these sgRNAs were signifi-
cantly enriched in the surviving cells after PTX
exposure, with 8 to 21-fold increase in adjusted
sgRNA count, respectively (Figure 2E).

Expression levels of COKN1A, ELAVL2 and
TSPAN4 associate with chemo-resistance in
PTX-treated ESCC patients

A total of 31 cases of patients with ESCC who

received surgery after NAC were included in
this study, including 17 cases of PR/CR and 14
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Figure 2. Screening enrichment analysis. A. Bubble chart of EN-genes from SAM library screening, sorted on the x-
axis by symbol. B. GO term enrichment analysis of EN-genes. C. KEGG enrichment analysis of EN-genes. D. Integrat-
ed analysis of enrichment gene score, determined by SMA library screening in KYSE-180, and Log,FC, determined
by RNA-seq of KYSE-150 and KYSE-180 from CCLE dataset. E. Enrichment of sgRNAs that targeting top 5 gene hits.

cases of PD/SD. None of clinical pathology
parameters, including age, gender, smoking,
drinking, family history, tumor location, tumor
size, tumor differentiation, clinical stage, patho-
logical stage, T stage, N stage, serum CEA and
serum SCCA, are significantly correlated with
cancer’s response to chemotherapy (Table 2).

We performed qRT-PCR to determine the mRNA
level of five candidate genes in the primary
tumor issue of ESCC patients. The results
showed that the mRNA expression levels of
CDKN1A, TSPAN4 and ELAVL2 were significant-
ly higher in the tumor tissue of PD/SD group
compared to the PR/CR group. There was no
significant difference in the mRNA level of
PAAF1 between two groups. To our surprise, the
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MRNA transcription level of JUNB was much
higher in PR/CR group than in PD/SD group,
which is the opposite of the observation in
KYSE-150 and KYSE-180 (Figure 3A).

Western blot results also showed that the
CDKN1A, TSPAN4 and ELAVL2 were significant-
ly highly expressed in the PD/SD group com-
pared with PR/CR group. But, there was no sig-
nificant difference in the protein level of JUNB
and PAAF1 (Figure 3B). Correlation analysis of
protein and mRNA levels of target genes was
further performed. A close relationship was
observed between mRNA and protein expres-
sion level for CDKN1A (r?=0.7137 in PR/CR
group, r>=0.7777 in PD/SD group) and ELAVL2
(r>=0.7043 in PD/SD group) (Figure 3C).

Am J Cancer Res 2019;9(6):1183-1200



CRISPR screening identified paclitaxel-resistant genes in ESCC

Table 2. Correlation between chemotherapy response and clinical characteristics in 31 ESCC patients

Chemotherapy response (n=31)

Clinicalopathological parameters Patients (%) P
PR/CR (n=17) PD/SD (n=14)

Age (year) 0.371
<60 13 (41.9) 5 8
>60 18 (58.1) 12 6

Gender 0.476
Male 24 (77.4) 14 10
Female 7 (22.6) 3 4

Smoking 0.444
Yes 20 (64.5) 12 8
No 11 (35.5) 5 6

Drinking 0.249
Yes 19 (61.3) 12 7
No 12 (38.7) 5 7

Family history 0.250
Yes 10 (32.3) 7 3
No 21 (67.7) 10 11

Tumor location 0.171
Upper 4 (12.9) 4 0
Middle 14 (45.2) 7 7
Lower 13 (41.9) 6 7

Tumor size (cm?3) 0.451
<15.5 24 (77.4) 15 9
>15.5 7 (22.3) 2 5

Tumor differentiation differentiation 0.555
High 2 (6.5) 1 1
Middle 20 (64.5) 12
Low 9 (29.0) 4 5

Clinical stage 0.891
Il 7 (22.6) 4 3
1 24 (77.4) 13 11

Pathologic stage 0.098
o/1/1 14 (45.2) 10 4
/v 17 (54.8) 7 10

T stage 0.960
T1-2 11 (35.5) 6 4
13-4 20 (64.5) 11 10

N stage 0.144
NO 12 (38.7) 9 3
N1-3 19 (61.3) 8 11

Serum CEA
Positive 2 (6.5) 1 1 0.889
Negative 29 (93.5) 16 13

Serum SCC
Positive 1(3.2) 0 1 0.270
Negative 30 (96.8) 17 13

Protein CDKN1A 0.024~
Low 18 (58.1) 13 5
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High 13 (41.9)
Protein TSPAN4

Low 14 (45.2)

High 17 (54.8)
Protein ELAVL2

Low 18 (58.1)

High 13 (41.9)
Protein JUNB

Low 20 (64.5)

High 11 (35.5)
Protein PAAF1

Low 18 (58.1)

High 13 (41.9)

4 9

0.002*"
12 2
5 12

0.005"
14 4
3 10

0.473
10 10
7 4

0.926
10 8
7 6

Note: CEA: Carcinoembryonic antigen; SCCA: Squamous cell carcinoma antigen; “P<0.05, “*P<0.01.

Univariate analysis showed that the protein lev-
els of CDKN1A, TSPAN4 and ELAVL2 were risk
factors associated to resistance to NAC in
ESCC, while other parameters showed no
impact on the chemo-resistance (Table 2).
Multivariate Logistic regression analysis fur-
ther showed that higher expression levels of
TSPAN4 and ELAVL2 protein are independent
risk factors for poor chemotherapy response in
patients with ESCC, OR were 0.056 (P=0.021,
95% CI: 0.005-0.649) and 0.07 (P=0.033, 95%
Cl: 0.006-0.811), respectively (Table 3).

CDKN1A, ELAVL2 and TSPAN4 promote re-
sistant to chemotherapies in ESCC cell lines
through regulating cell apoptosis

We evaluated the potential of COKN1A, ELAVL2
and TSPAN4 to promote chemo-resistance in
ESCC cells. Our results showed that overex-
pression of COKN1A, ELAVL2 or TSPAN4 could
significantly increase the resistance to PTX in
both KYSE-180 and KYSE-150 cells. Moreover,
overexpressed CDKN1A, ELAVL2 or TSPAN4
could also contribute to DDP-resistance in
KYSE-150, while a strong trend but not a statis-
tically significant IC50 of DDP increase was
observed in KYSE-180, implying a cellular con-
text-dependent effect in this process (Figure
4A).

To clarify whether the increased chemo-resis-
tance was due to the reduction of cell apopto-
sis, Annexin V staining assay was further per-
formed. PTX and DDP induced apoptosis was
both significantly suppressed when CDKN1A,
ELAVL2 or TSPAN4 were overexpressed in
KYSE-180 and KYSE-150 cells (Figure 4B).
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Western blot results further confirmed that the
overexpression of ELAVL2 could up-regulate
the expression of CDKN1A, while the reverse
was not true, suggesting that CDKN1A might
serve as a downstream factor of ELAVL2 to par-
ticipate in the chemo-resistance of ESCC
(Figure 4C). We also monitored the expression
level of P53 and Bax protein after overexpres-
sion of CDKN1A and ELAVL2. We found that
there was no obvious change in the protein
level of P53 and Bax.

Discussion

The comprehensive treatment strategy of NAC
followed by surgery improves overall survival
for locally advanced ESCC compared with sur-
gery alone. It has become standard treat-
ment modality that recommended in the NCCN
guidelines for EC management. However, the
responses of NAC were heterogeneous and the
NAC failed in almost half of patients. Therefore,
identifying the underlying biomarkers of NAC
would be beneficial to understand the mecha-
nism of chemo-resistance and develop new
therapeutic targets for ESCC patients.

Here, we conducted a genome-scale CRISPRa
screening in human ESCC cell line KYSE-180
using SAM pooled library. Using positive screen-
ing strategy, we successfully identified a total
of 6300 sgRNA and 194 genes that have been
obviously enriched in the survival cells after
PTX treatment in KYSE-180. All of these 194
EN-genes containing at least 2 independent
EN-sgRNAs that were enriched during screen-
ing, which suggested that our CRISPR library
screening was properly performed.

Am J Cancer Res 2019;9(6):1183-1200
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Figure 3. Validation of top gene hits in ESCC patients. A. gRT-PCR analysis of the mRNA expression of COKN1A, TSPAN4, ELAVL2, JUNB and PAAF1 in ESCC tumor
tissues. B. Western blot of the protein expression of CDKN1A, TSPAN4, ELAVL2, JUNB and PAAF1 in ESCC tumor tissues. C. Correlation analysis of mRNA and protein
levels of CDKN1A and ELAVL2 in ESCC tumor tissues. *P<0.05, **P<0.01.
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Table 3. Multivariate Logistic regression analysis

. 95% ClI
Variables  OR . —
Lower limits Upper limits
CDKN1A 0.727 0.088 5.986 0.767
TSPAN4  0.056 0.005 0.649 0.021"
ELAVL2 0.07 0.006 0.811 0.033"

Note: Cl: confidence interval; “*P<0.05.

We further performed GO and KEGG enrich-
ment analysis of EN-genes. GO term enrich-
ment analysis on EN-genes showed that cell
proliferation, cell apoptosis regulation, resp-
onse to drug, and DNA replication are the main
biological processes that may be closely relat-
ed to the acquisition of PTX-resistance. The
KEGG pathway enrichment analysis showed
that EN-genes were mostly involved in renal cell
carcinoma, pathways in cancer, ubiquitin medi-
ated proteolysis, as well as genes involved in
ErbB and MAPK signaling pathway. Most of
these GO terms or KEGG pathways linked to the
control of cell proliferation and cell fate control,
processes that closely involved in the cellular
adaptation after chemotherapy, which again
support that our screening results are
convincing.

Five candidate genes, CDKN1A, TSPAN4,
ELAVL2, JUNB and PAAF1, were further select-
ed as essential top gene hits that could medi-
ate PTX-resistance. sgRNAs targeting these
genes were significantly enriched in survived
cells after PTX treatment in KYSE-180 cells.
Meanwhile, all these genes were highly ex-
pressed in chemo-resistant KYSE-150 cells.

In order to verify whether the top gene hits
screened above were actually involved in the
chemo-resistance of ESCC, we did relevant
experiments at the histological and cytological
levels. To our surprise, we found that three out
five top gene hits, CDKN1A, ELAVL2 and
TSPAN4, were highly expressed in the tumor
tissue of chemo-resistant ESCC patients and
the elevated protein level of these three genes
could serve as risk factors of chemo-resis-
tance. Higher expression levels of TSPAN4 and
ELAVL2 protein are even independent risk
factors for poor chemotherapy response in
patients with ESCC. We also proved that over-
expression of CDKN1A, ELAVL2 and TSPAN4 in
ESCC cell lines significantly promoted the resis-
tance to both PTX and DDP by inhibiting cell
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apoptosis. Such a high validation rate of the
biological role of candidate chemo-resistant
genes, which were screened out in both clinical
samples and cell lines suggested that the com-
bination of CRISPR screening and RNAseq is a
powerful strategy in the identification of essen-
tial genes.

CDKN1A is currently known as a cell cycle sup-
pressor protein with extensive kinase activity.
As one of the important downstream genes of
oncogene p53, CDKN1A is involved in mediat-
ing cell cycle arrest after DNA damage [28].
CDKN1A has long been considered as a tumor
suppressor gene, which plays an anticancer
role in tumors [29]. Until recent years, CDKN1A
has been reported to promote tumorigenesis in
more and more solid tumors [30]. Therefore, we
believe that CDKN1A has dual characteristics
of oncogene and tumor suppressor gene. A
recent literature reported the mechanism of
chemo-resistance in triple-negative breast can-
cer, and the results showed that the up-regulat-
ed expression of PTN/PTPRZ1 induced by che-
motherapy promoted tumor cells proliferation
and anti-apoptosis, while CDKN1A was the key
factor to regulate the expression of PTN/
PTPRZ1. The up-regulated expression of CD-
KN1A/PTN/PTPRZ1 was related to the activa-
tion of NF-kB pathway, which revealed a new
mechanism of chemo-resistance in breast can-
cer [31].

ELAVL2, also known as HuB, belongs to the
family of ELAV-like RNA binding protein
(RNAbps), which is mainly involved in regulating
the functions of neurons and plays a crucial
role in the normal cognition and behavior of the
brain [32]. Studies have shown that 60% of
small-cell lung cancers are associated with
high ELAVL2 expression [33]. Recently, it has
been reported that ELAVL1 (HuR), which is
homologous with ELAVL2, was highly expressed
in colorectal cancer and could regulate the pro-
liferation and migration of tumor cells and the
cancer-promoting effect of ELAVL1 may be real-
ized through the JUN-miR-22-HuR axis [34].
ELAVL1 is also related to the prognosis of pan-
creatic ductal adenocarcinoma and can be
used as an indicator of the efficacy of gem-
citabine-based chemotherapy [35]. Further
study is necessary to identify whether ELAVL2
has the same or similar function of ELAVL1.
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Figure 4. Validation of top gene hits in ESCC cell lines. A. Cell proliferation assay of ESCC cells overexpressed CDKN1A, ELAVL2 or TSPAN4 under the treatment
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TSPAN4 is one of the members of the trans-
membrane protein 4 superfamily, which usually
forms complexes with interferon and other cell
surface proteins, and is widely expressed in a
variety of tissues and cell types, such as fibro-
blasts, endothelial cells, dendritic cells and
mesenchymal cells [36]. TSPAN4 has been
reported to be related to the occurrence of
squamous cell carcinoma of oral cavity and
gastric cancer [37, 38].

Further validation is needed. But, at least,
based on our present experimental results, we
reported the first evidence that ELAVL2-
CDKN1A axis contributed to the PTX-resistance
in ESCC. We showed that overexpression of
ELAVL2 obviously upregulated the protein level
of CDKN1A in both KYSE-180 and KYSE-150
cell lines. We also revealed that overexpression
of either one of ELAVL2, CDKN1A or TSPAN4
could distinctly inhibit PTX and DDP induced
apoptosis in ESCC cell lines. And, this inhibition
effect was not mediated through the regulation
of p53-Bax pathway. Future studies need be
performed to reveal the detailed mechanisms
behind ELAVL2-CDKN1A axis and TSPAN4
gene.

Pooled library screenings based on CRISPR/
Cas9 system, which functions as an adaptive
immune defense in bacteria, is a powerful
approach for genome-scale functional screen-
ing and revealing mechanisms of biological pro-
cesses and diseases [25]. This strategy has
already assist us in systematically validating
key genes and mechanisms behind a series of
processes, including drug resistance [24,
39-41], virus infection [42], tumor growth and
metastasis [43]. Andrew has recently reported
that MSH2 plays vital role in DDP-mediated cell
death in muscle-invasive bladder cancer also
using CRISPR library screening strategy [41]. All
these successful application, including this
study, suggested that CRISPR library screening
would dramatically promote the fast develop-
ment of our understanding of essential biology
processes. In summary, we revealed that ESCC
patients with high expression of ELAVL2,
CDKN1A and TSPAN4 had poorer response to
PTX-based NAC. Consistent with our clinical
analysis, we generated in vitro evidence that
the ELAVL2-CDKNZ1A axis may be an underlying
mechanism for PTX-resistance, which can be
regarded as a novel therapy-overarching resis-
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tant biomarker for tailoring individual treatment
of ESCC in the future.
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