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Introduction: Esophageal squamous cell carcinoma (ESCC) is often resistant to radio-
therapy, likely due to sub-clones that survive and repopulate in the tumor. The analysis of
genomic sequencing data related to radiotherapy will provide a better understanding of the
intratumoral heterogeneity and genetic evolution of ESCC during radiotherapy.

Methods: We analyzed whole-exome sequencing data from pre- and post-irradiation ESCC
patients at single-cell and bulk levels in public datasets. We investigated the gene functions
involving radioresistance in ESCC cell lines. Furthermore, we established gene knockdown
cell lines and explored the transcriptional alterations induced by RNA interference (RNAi) of
these genes in KYSE-150 ESCC cell line.

Results: We identified three candidate genes related to radioresistance: AHNAK?2, EVPL and
LAMAS. Knockdown of AHNAK?2 and EVPL genes led to increased radioresistance in ESCC
cell lines, but not LAMAS5. The transcriptome analysis indicated that these genes may
regulate the expression of interleukins, interleukin receptors and chemokines by inhibiting
the NF-kB and TNF signaling pathways in radioresistant ESCC cells, thereby suppressing
their immune response.

Conclusion: These data may provide new therapeutic strategies by targeting general ESCC
radioresistance-related genes, which may eventually help the development of targeted
therapies.

Keywords: esophageal squamous cell carcinoma, radiotherapy, TNF signaling, NF-xB
signaling

Introduction

Esophageal cancer is the eighth most common malignant tumor in the world. In
China, 90% of cases are esophageal squamous cell carcinoma.' Late diagnosis
results in about 70% ~ 80% of patients lost their opportunity for surgery. The
response rates of cisplatin, paclitaxel and other chemotherapy regimens are 33% ~
40%, with only a slight improvement in overall survival.> At present, radiotherapy
is an important treatment method for esophageal cancer and is widely used in
clinic.* However, the tumor’s innate or acquired radio-resistance is a key problem
affecting the efficacy of radiotherapy for ESCC. The local recurrence occurs in
more than 50% of cases, resulting in a 2-year survival rate of only 10% for
radiotherapy patients.* Thus, understanding the molecular mechanisms behind the
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radioresistance, and manipulating these mechanisms to
either increase or reverse radioresistance could have
major implications to developing more effective treat-
ments for these patients.

Although numerous applications of genome sequen-
cing have clearly described the subtypes and the muta-
tional patterns of ESCC,’ the tumor evolutions during
various clinical treatments remain unclear. In tumor
radiotherapy, previous studies have shown that the
deregulation of cell cycle and apoptosis, and the inhibi-
tion of DNA damage
radioresistance.®’

repair may contribute to
The underlying molecular mechan-
isms of radiation resistance are very complicated and
are influenced by many factors, including the evolution
of tumor cells® and the alteration of the tumor
environment.” Genomic analysis, especially at the sin-
gle-cell level of pre- and post-treatment of tumor cells,
may help to achieve the highest resolution genetic pro-
file of therapeutic-related intra-tumor heterogeneity and
could provide valuable resources for the understanding
of the therapeutic resistance.'""!

Herein, we reanalyzed the published scWES and
bulk WES data of ESCC from patients before and
after radiotherapy,'” identified and validated three
potential radioresistant genes — AHNAK2, EVPL and
LAMAS. To further elucidate their functions in ESCC
radioresistance, RNA-seq was performed to determine
the differential expressed genes and related signaling
pathways in ESCC cells by RNA interference of these
genes. The results will provide valuable information
for developing novel therapeutic strategies for ESCC

in the future.

Materials and Methods

Cell Culture and Transfection

ESCC cell line KYSE-150 and TE-1 were originally pur-
chased from the Type Culture Collection of the Chinese
Academy of Sciences, Shanghai, China. The cells were
cultured in RPM1640 medium supplemented with 10%
fetal bovine serum at 37°C with 5% CO,. Cells were
transiently transfected with the indicated siRNA using
Lipofectamine 3000 according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). We have
recently authenticated the source of cell lines by short
tandem repeat analysis (Genetic Testing Biotechnology
Corporation, Suzhou, China) and no cross-contaminated
cell lines were found. siRNAs specific for AHNAK?2,

EVPL, and LAMAS5 were chemically synthesized by Jima
Company (Shanghai, China). The sense sequences of the
siRNAs were as follows: AHNAK2, 5'-UUGUUGUG
UACACUCUAGCCUG-3'; LAMAS, 5'-UACAGUAGCA
CUGCCCUGU-3'; EVPL, 5'- UUAUCUACCAGCUUAU
ACC —3'".

Data of scWES and Bulk WES for
Bioinformatics Analyses

All scWES and bulk WES data were obtained from the
ENA (European Nucleotide Archive, http://www.ebi.ac.
uk/ena) and the accession number is PRJEB18426. Pre-
IR cells with more mutational burden than the maximum

Post-IR cell are used to identify radiosensitive mutations
by comparing mutated genes to cells which remained
after IR. A gene is a sensitive candidate if it is mutated
within a high-mutation burden primary tumor (23cm)
pre-IR cell (>62 somatic mutations) and it is not
mutated in any post-IR cell. A gene is a resistant candi-
date if it exists within primary tumor (23cm) post-IR
and did not exist within a high-mutation burden pre-IR
cell or the percentage of post-IR cells with the mutation
is greater than non-high mutational burden primary
tumor (23cm) pre-IR cells.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated with a total RNA mini-prep kit
(Ap-MN-MS-RNA-250, Axygen, USA) and then reverse
transcribed to cDNA with PrimeScript RT Master Mix
(Takara, Japan). qRT-PCR was performed with SYBR
Premix EX Taq (Takara, Japan) using specific primers:
GAPDH, sense 5-AGG TGA AGG TCG GAG TCA -3/,
antisense 5-GGT CAT TGA TGG CAA CAA-3';
AHNAK?2, sense 5-GAG AAG GAG GAC ACG GAG
TGC-3', antisense 5-CCC CGC TTG CTC TTT ATG GAT
TG-3'; EVPL, sense 5'- ACC CTT GGA GGA CTT GGA
G-3', antisense 5- TCT CCG TTC CCA GGC TCT-3;
LAMAS, sense 5'- CCT CGT CCT CCA ATG ACA C-3,
antisense 5'- GCG CTG CAG TCC ATT C-3". The relative
expression of transcripts was quantified by normalization
to GAPDH in cell lines.

Immunofluorescence Assay of y-H2AX

Expression

Transfected cells growing in a 6-well plate were
exposed to 6 Gy of radiation, and 2 hours later for
KYSE-150 cells and 15 min later for TE-1 cells, were
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fixed with acetone/methanol (1:1), and permeabilized
with Triton-X 100 (0.1%) in phosphate-buffered saline
(PBS). Non-specific binding was blocked by 3% BSA in
PBS. Cells were then incubated with anti-y-H2AX anti-
body (Cell Signaling Technology, USA) for 2 h in PBS
with 0.1% BSA followed by Alexa Fluor 488-
conjugated (Thermo  Fisher
Scientific, USA) to complete the indirect immunofluor-

secondary antibodies
escence procedure. Immunofluorescence-image capture
was conducted on a confocal laser scanning microscopy
(Olympus Corp., Japan). Immunofluorescence intensity
was obtained by Image-Pro Plus v6.0 software (Media
Cybernetics, USA).

Colony Formation Assay

The siRNA transfected TE-1 cancer cells were exposed to
radiation at 0 Gy (as a control) and 6 Gy. Then, all cells
were cultured for 12 days at 37°C in 5% CO2/95% air
environment to allow colony formation. Each group of
cells was performed in duplicates. After washing with
pre-cooled PBS, cultures were fixed with pre-cooled
methanol for 20 min and stained with crystal violet
(C0121, Beyotime, Shanghai, China) for 15 min, and
then washed with de-ionized water. Colonies in each
plate were examined and calculated to measure colony
formation rate.

Cell Viability Assay

Cell viability of radiotherapy treatment was determined
by CCKS assay. Briefly, 3000 siRNA transfected TE-1 or
KYSE-150 cancer cells per well were seeded into a 96-
well plate and incubated overnight. Then, cells were
exposed to radiation at 0 Gy (as a control) and 6 Gy.
After incubation for 24 h, 48 h, and 72 h, the medium in
each well was replaced with a fresh culture medium
containing 10 pL CCKS8 (Dojindo, Japan). The plates
were incubated for additional 2 h, and then absorbance
determined at

was 450 nm with a microplate

spectrophotometer.

RNA-Seq for siRNA Knockdown Cancer
Cells

KYSE-150 cells were collected when the cells trans-
fected with siRNA control or target genes (AHNAK2,
EVPL and LAMAS5) (2 replicates per sample). Total
RNAs were extracted using the RNeasy Mini kit
(Qiagen), and the quality of the RNA was evaluated

using Agilent Bioanalyzer 2100 (Agilent Technologies,
Inc.). Sequence libraries were prepared using a TruSeq
Stranded mRNA Library Prep kit for NeoPrep according
to the manufacturer’s instructions and sequenced using
an Illumina HiSeq 2000 platform. Raw sequencing data
were deposited in the SRA database, under SRA number
SRP149023.

RNA-Seq Data Processing

Fastqc was used for quality control of the sequenced
data. RNA-seq Data were trimmed using Trimmomatic
to remove and filter low-quality sequencing data and
the adapters. We used the human genome NCBI
GRCh38
gene annotation for read alignment. Tophat alignment

and its corresponding transcriptome
tool was used for alignment with default parameter

settings.

DAVID and Ingenuity Pathway Analysis
(IPA) for RNA-Seq Data

Database for Annotation, Visualization and Integrated
(DAVID; http://david.abcc.nciferf.gov),
Annotation  Bioinformatics

Discovery

Functional Microarray
Analysis was used to identify significantly enriched gene
ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGQG) terms among the given list of genes
that are differentially expressed in response to siRNA
treatment. Statistically overrepresented GO and KEGG
categories with p-value<0.05 were considered significant.
For Ingenuity Pathway Analysis (IPA), DEGs were sub-
mitted to IPA software (Qiagen bioinformatics, Ingenuity
Pathway Analysis), the canonical pathways were consid-
ered significant with p-value<0.05 and z-score>1 or
z-score<-1.

Statistical Analysis

Statistical data were represented as mean + standard devia-
tion from at least three independent experiments per-
formed in triplicate. The gene expression was statistically
analyzed using repeated measures two-way ANOVA.

Results

Identification of Candidate Radioresistant
Genes in ESCC Using scWES and Bulk
WES

In order to identify the potential radioresistant genes and
investigate their functions, we collected and reanalyzed
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Figure | Pairwise comparisons of 74 candidate radioresistant genes. (A) Resistant gene candidate jaccard index across resistant cells (Post-IR Primary 23cm), hierarchically
clustered. (B) Resistant candidate gene percent co-occurrence across resistant cells, calculated as the percentage of row-positive cells with the column mutated.

the published data of scWES and bulk WES and mainly
focused on the radioresistance-related genes and signal-
ing pathways.'> The criteria of identifying IR-resistant
gene candidates were defined as genes which were
mutated in multiple post-IR cells and either: 1) not
mutated in any potential sensitive cell or 2) the percen-
tage of cells with a gene mutated post-IR is greater than
the percentage of cells with it mutated in pre-IR primary
tumor (23cm) cells with less than 62 mutations. A total
of 74 IR-resistant gene candidates were identified
(Figure 1A). Interestingly, mutations in LAMAS5 and
CHEK?2 co-occur with PTEN and AHNAK2 mutations
in cancer cells. However, there was no cancer cell
carried both LAMAS and CHEK2 mutations at single-
cell level, suggesting mutations in LAMAS and CHEK?
may represent different radioresistant subclones within
AHNAK2™PTEN™" cells (Figure 1A and B). No resis-
tant-candidate gene was identified as mutated with all
other resistant genes (Figure 2B) across developmental
stages and there were approximately four smaller clus-
ters, in which LAMA5 and AHNAK?2 clustering apart
from one another.

Furthermore, we integrated the gene lists from
scWES data with the bulk WES, and further calculated

deleterious mutations in those patients with matching
tumor biopsies before and after irradiation. We
observed that 65% (35/54) of patients with mutations
in AHNAK?2, 19% (10/54) with mutations in EVPL and
2% (1/54) of patients with mutations in LAMAS5 that
were persistent during their radiotherapy (Figure 2A).
Collectively, the results suggested that mutations in
AHNAK?2, EVPL and LAMAS5 may potentially contri-
bute to the radioresistance of ESCC. Moreover, we
examined the mutational status of these three genes in
primary ESCC datasets from cBioPortal database
(Figure 2B-D). Approximately 14%, 14% and 7%
ESCC tumors were carrying AHNAK2, LAMAS5 and
EVPL alterations, respectively. It is worth noting that
the majority of the alterations were mutations, confirm-
ing the significant role of these genes in primary ESCC
development.

Radioresistance of Candidate Genes in
ESCC Cell Line

In order to validate the function of these candidate
radioresistant genes (AHNAK2, LAMAS, and EVPL) in
ESCC, we generated ESCC cell lines KYSE-150 and
TE-1 with RNAi 3A-C).

technology  (Figure
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Figure 2 Alteration frequency of AHNAK2, EVPL and LAMAS in ESCC Patients and ESCC-TCGA genomic data. (A) Persistent mutation of AHNAK2, EVPL and LAMAS in
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Figure 3 Validation of the potential radioresistance of siAHNAK?2, siEVPL and siLAMAS in ESCC. (A—C) Knockdown of AHNAK2 (A), EVPL (B) and LAMAS5 (C) with siRNA
in ESCC cell line, KYSE-150 and TE-I cancer cells. (D) Cell viability of siCon (control), siAHNAK2, siEVPL and siLAMADS treated cancer cells after 6Gy irradiation treatment.
(E) Colony formation of siCon (control), siAHNAK2, siEVPL and siLAMAS treated TE-1 cells after 6Gy irradiation treatment. (F-G) y-H2AX immunofluorescence in
siAHNAK?2, siEVPL and siLAMAS treated KYSE-150 (F) and TE-1 (G) cancer cells. Blue represents DAPI stained nucleus, green represents y-H2AX foci. * indicates p-value
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< 0.05, ** indicates p-value < 0.01, *** indicates p-value < 0.001, **** indicates p-value < 0.0001, ns indicates p-value > 0.05.
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Interestingly, the ESCC cells with AHNAK2-RNAi and
EVPL-RNAi showed much higher cell viability com-
pared with control-RNAi in both KYSE-150 and TE-1
cancer cells (Figure 3D) in response to irradiation treat-
ment (6 Gy). The colony formation assay with siRNA
transfected TE-1 cells also exhibited that more colonies
were formed in the AHNAK2-RNAi and EVPL-RNAIi
ESCC cells (Figure 3E), which indicated that knock-
down of AHNAK2 and EVPL could induce radioresis-
the radiotherapy-induced DNA
damage repair was examined with y-H2AX immuno-
fluorescence.  Compared  with  control  siRNA,
the siAHNAK?2 and siEVPL could significantly reduce
the y-H2AX immunofluorescence in KYSE-150 and TE-
1 cancer cells, but not the siLAMAS (Figure 3F and G).
In summary, these results indicated that AHNAK2 and
EVPL may involve in the induction of radioresistance in
ESCC, but not the LAMAS.

tance. Furthermore,

Transcriptome Sequencing of ESCC Cells
with siRNA Knockdown of AHNAK2,

EVPL and LAMA5 Genes
The analysis of TCGA dataset of large-scale esopha-

geal tumor samples showed that the three candidate
genes AHNAK2, LAMAS5 and EVPL were highly
expressed in ESCC tumors (Figure 4A—C). To further
investigate the role of these genes in radioresistance,
we conducted siRNA knockdown of AHNAK2, EVPL
and LAMAS in ESCC cell lines and performed RNA-
seq to identify the potential influenced signaling path-
ways. In comparing to the transcriptome profile from
siRNA-control transfected ESCC cells, significantly
differentiated expressed genes were identified in
siRNA-AHNAK?2, siRNA-EVPL and siRNA-LAMAS
transfected KYSE-150 ESCC cells, respectively. The
volcano plots and heatmap showed that there were
558 genes upregulated and 419 genes downregulated
in siRNA-AHNAK2 cells (|]logy(fold-change)|>1,
p-value<0.05) (Figure 4D and G), 820 upregulated
and 742 downregulated genes in siRNA-EVPL cells
(Figure 4E and H), as 243 upregulated
and 216 downregulated genes in siRNA-LAMAS
KYSE-150 cells (|]logy(fold-change)|>1, p-value<0.05)
(Figure 4F).

as well

DAVID Ontology Analysis of
Transcriptome Data Revealed the
Reduction of NF-kB and TNF Signaling in
ESCC Cells Knocking Down AHNAK2 and
EVPL Genes

Moreover, the upregulated or downregulated genes in
siRNA-AHNAK?2 and siRNA-EVPL transfected KYSE-
150 cells were summarized. We submitted these genes
to DAVID (a web-based high-throughput functional
genomics analysis tool) for systematically clustering
these genes. In siRNA-AHNAK?2, KEGG-pathway ana-
lysis showed that downregulated genes were signifi-
cantly enriched in NF-kappa B signaling pathway
(p-value = 1.53*E-04) and TNF signaling pathway
(p-value = 1.95*E-04) (Figure 5A and Supplementary
Table S1). In siRNA-EVPL, KEGG-pathway analysis
showed that
enriched in metabolic pathways (p-value = 0.001)

upregulated genes were significantly
(Figure 5B), while the downregulated genes were
in TNF

(p-value = 1.38*E-06), p53 signaling pathway (p-value

significantly enriched signaling pathway
= 5.45*E-04), NF-kappa B signaling pathway (p-value =
7.23*E-04) (Figure 5C and Supplementary Table S1).
These results showed that knockdown of AHNAK2 and

EVPL may have similar transcriptional influence, in

which the NF-kappa B signaling pathway and TNF

signaling pathway were significantly repressed in

KYSE-150 cells.

Ingenuity Pathway Analysis (IPA) of
Transcriptome Data Revealed the
Reduction of Immune Response in ESCC

Cells Knocking Down AHNAK2 and EVPL

Genes

Then, we applied these DEGs of siRNA-AHNAK?2 and
siRNA-EVPL into IPA. In canonical pathways of IPA,
we found that the PPAR signaling was significantly
activated, while NF-xB signaling and Toll-like receptor
signaling were significantly inhibited in siRNA-
AHNAK?2 (Figure 6A); the TREMI signaling was sig-
nificantly inhibited in siRNA-EVPL (Figure 6B). In
upstream analysis of IPA, the signaling pathways of
NF-kB, RELA and TNF were predicted to be signifi-
cantly inhibited in siRNA-AHNAK?2 (Figure 7A—C), and
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Figure 4 Transcriptome analyses of siRNA knockdown AHNAK2, EVPL and LAMAS. (A-C) Highly expressed AHNAK2 (A), EVPL (B) and LAMAS5 (C) in ESCC. Expression of
AHNAK2, EVPL and LAMAS5 were analyzed in esophageal cancer of TCGA pancancer database, including ESCC and esophageal adenocarcinoma (EAC). (D-F) Volcano plot
showed the different expressional genes (DEGs) in siRNA-AHNAK2 (D), siRNA-EVPL (E) and siRNA-LAMAS (F) transfected KYSE-150 cells. (G and H) Heatmap showed
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Figure 5 DAVID-KEGG analyses of siRNA-AHNAK?2 and siRNA-EVPL transfected KYSE-150 cells. (A) DAVID-KEGG analysis of the downregulated genes in siRNA-
AHNAK? transfected KYSE-150 cells, p-value < 0.01. (B) DAVID-KEGG analysis of the upregulated genes in siRNA-EVPL transfected KYSE-150 cells, p-value < 0.01. (C)
DAVID-KEGG analysis of the downregulated genes in siRNA-EVPL transfected KYSE-150 cells, p-value < 0.01.

the signaling pathways of TNF, RELA and TLR were
predicted to be significantly inhibited in siRNA-EVPL
(Figure 7D-F). Furthermore, the regulator effector of
IPA showed the potential functional variations by
siRNA-AHNAK2 and siRNA-EVPL. In siRNA-
AHNAK?2, the inhibited signaling (such as ERKI1/2,
IKK complex, IL32, et al) repressed the expression of
multiple target genes (such as DDXS58, IL23A, CCLS,
CCL3, et al), then inhibited the function of cancer cells
(such as migration of granulocytes and recruitment of
mononuclear leukocytes) (Figure 8A). In siRNA-EVPL,
the inhibited signaling of TLR4, IL1A, TNF and RELA
will repress the expression of IL1B, CCL3, CCLS and
IR7R and other genes, then inhibited the functions (such
as interaction of mononuclear leukocytes, cell move-
ment of granulocytes, adhesion of immune cells, et al)
(Figure 8B). Furthermore, the correlations between
AHNAK?2, EVPL and interleukins and chemokines in
ESCC tissues were also investigated in the ESCC-
TCGA transcriptome database (RNA-seq of 95 ESCC
tissues) (Supplementary Table S2). The results showed
that the expression level of AHNAK2 and EVPL

significantly correlated a large number of interleukins,

interleukin receptors and chemokines (|Spearman
Correlation| > 0.3, p-value < 0.01), and they also had
interrelated interleukins and interleukin receptors, such
as IL36RN, IL17RE, IL36G, IL36B, IL4I1, IL18 and
IL1A (Figure 9A-D and Supplementary Table S2). In
summary, these results suggested that knockdown of
AHNAK?2 and EVPL in KYSE-150 cells will repress

the potential immune response of cancer cells through

controlling the expression of interleukins and chemo-
kines by inhibiting the NF-xB and TNF signaling
pathways.

Discussion

Radiotherapy is a standard therapeutic option for ESCC
patients. However, the local recurrence and distant
metastasis often occur, usually due to the evolution of
tumor cells and tumor microenvironment to
radioresistance.*® The longitudinal scWES and bulk
WES profiles of ESCC during radiotherapy provide sig-
nificant genomic resources for ESCC evolution and

heterogeneity.'> Previous bulk-WES analyses have
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that and

(CRT) did not impact the tumor mutational burden, but

shown chemotherapy chemoradiotherapy

significantly impacted the tumor immune
microenvironment.'>'* Meanwhile, therapeutic resistant
related genomic mutations and epigenetic alterations
were significantly enriched.'”™!” However, these findings
from previous datasets require further validations in
larger radiotherapy treated ESCC cohorts using higher
resolution sequencing approaches.

In the present work, we reported three newly identi-
fied radioresistant genes — AHNAK2, EVPL and
LAMAS5,"® % in which the mutations in these genes
may cause loss of function and contributed to
radioresistance.”** Using the RNA-seq analyses, mas-
sive signaling pathways were identified to be influenced
in the siRNA-AHNAK2 and siRNA-EVPL treated
KYSE-150 cells; however, this observation was not
found in siRNA-LAMAS treated cancer cells (p-value
< 0.01). Although the mutations (or reductions) of

AHNAK2 or EVPL could significantly cause the

radioresistance of cancer cells, the transcriptional
changes of these cancer cells may play vital roles in
the resistance of cancer during radiotherapy. The IPA
upstream analysis showed that knockdown of 4AHNAK?2
or EVPL genes in ESCC significantly repressed the
expression of interleukins, interleukin receptors and che-
mokines, which may significantly influence the tumor
microenvironment.

Previously, Hou et al 2018 demonstrated that inhibit-
ing the canonical NF-kB pathway dampened the thera-
peutic effect of radiotherapy,?® which is consistent with
the effect caused by siAHNAK2 or siEVPL in ESCC.
Previous studies have shown that radiotherapy could
modulate host immune response functioning by trigger-
ing recruitment and activation of antigen-presenting
cells and priming of tumor antigen-specific T-cell

responses,27’28

and a combination of radiotherapy and
immunotherapy may result in an enhanced antitumor
effect.?’ Nevertheless, the radioresistance proposed in

our study by AHNAK2 and EVPL indicated that
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radiotherapy may reduce the immune response of tumor
cells, thereby restricting the antitumor immune response.
This reduction in immune response may be due to
changes in the transcriptome of the tumor cells, result-

ing in remodeling the tumor microenvironment.’*

In summary, we demonstrated that mutations in
AHNAK?2, LAMAS5 and EVPL genes were correlated
with ESCC
a mechanistic clue that loss of function in specific

radioresistance  in and provided

gene may reshape the transcriptome profiles in tumor
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cells and reduce their potential immune response and
thereby impact the overall resistance to radiotherapy.
Our study provides a novel rationale for designing an
actionable strategy to minimize radioresistance in the
clinic.
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