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Abstract: To assess the role of ANOS1 in esophageal cancer (ESCA) progression, multi-omic analysis and experi-
mental validation were employed. It was revealed that ANOS1 expression is significantly enhanced in ESCA patients
and cell lines. The expression level of ANOS1 in ESCA patients can distinguish the malignancy from normal tissue
with an area under curve (AUC) >0.75. Moreover, increased expression of ANOS1 is associated with advanced T
stage and worse disease-free survival of ESCA patients. Therefore, a clinically applicable nomogram with ANOS1
was established with strong predictive power. Furthermore, high expression of ANOS1 in ESCA is correlated with
(i) the enrichment of epithelial-mesenchymal transition by gene set enrichment analysis, (ii) the involvement in
hypoxia, angiogenesis, WNT signaling pathway, and TGFp signaling pathway by gene set variation analysis, (iii)
the presence of the small insertion and deletion mutational signature ID9, associated with chromothripsis, in the
single-nucleotide polymorphism analysis, (iv) the amplification of 11g13.3 in the copy number variants analysis, (v)
the enrichment of cancer-associated fibroblasts and mesenchymal stromal cells in the tumor microenvironment.
All the results from multi-omic analysis indicate that ANOS1 plays a pivotal role in accelerating the progression of
ESCA. Results from in vivo and in vitro experiments show that the knockdown of ANOS1 hampers the proliferation
of ESCA cells, further validating the oncogenic role of ANOS1 in ESCA. Additionally, potential chemotherapeutics
with sensitivity were identified in the high-ANOS1 group. In conclusion, ANOS1 accelerates the progression of ESCA.
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Introduction

Esophageal cancer (ESCA) is one of the inva-
sive tumors, ranking seventh and sixth in global
morbidity and mortality, respectively. Over 70%
of esophageal cancer patients have esopha-
geal squamous cell carcinoma (ESCC), and the
incidence of ESCC is particularly high in some
parts of East Asia and Africa [1]. Due to the dif-
ficulty of early diagnosis, most ESCA patients
are diagnosed at a locally advanced stage. The
majority of patients experience recurrence and
metastasis, resulting in a 5-year survival rate
between 10% and 33% [2]. Therefore, early
diagnosis and treatment of esophageal cancer
are crucial for improving patients’ quality of life
and survival rates.

The ANOS1 gene encodes anosmin-1, an extra-
cellular matrix-associated glycosylated protein.

Anosmin-1 consists of an N-terminal cysteine-
rich domain, a whey acidic protein (WAP) do-
main, evolutionarily conserved fibronectin type
Il domains, and a histidine-rich C-terminal re-
gion [3]. ANOS1 promotes neurite outgrowth
and cell migration through the fibroblast growth
factor receptor 1 signaling pathway [4]. ANOS1
enhances the invasion of brain malignancy by
modulating cell adhesion, activating extracellu-
lar proteases in vitro, and promoting the prolif-
eration of cancer cells [5]. Anosmin-1 facilitates
colon cancer cell migration and exhibits an anti-
apoptotic capacity [6], which demonstrates the
multifunction of ANOS1 in neurodevelopment
and cancer progression. However, it is worth
noting that ANOS1 has also been reported as a
suppressor for hepatocellular cancer [7].

Although numerous studies have focused on
the role of anosmin-1, its function in ESCA
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remains unclear. In this study, we investigated
the potential role of ANOS1 in ESCA progres-
sion for the first time. Our findings demonstra-
te that ANOS1 is commonly overexpressed in
ESCA patients and cell lines, and its expression
level can effectively distinguish malignant from
normal tissue. Moreover, high ANOS1 expres-
sion is associated with advanced T stages and
worse disease-free survival (DFS) in ESCA
patients, which can be utilized for prognostic
prediction. Furthermore, elevated ANOS1 ex-
pression in ESCA correlates with (i) enrichment
of epithelial-mesenchymal transition (EMT) ba-
sed on gene set enrichment analysis (GSEA), (ii)
involvement in hypoxia, angiogenesis, WNT sig-
naling pathway, and TGF-B signaling pathway
based on gene set variation analysis (GSVA),
(iii) presence of the small insertion and dele-
tion (ID) mutational signature ID9, associated
with chromothripsis, in single-nucleotide poly-
morphism (SNP) analysis, (iv) amplification of
11913.3 based on copy humber variants (CNV)
analysis, (v) presence of cancer-associated
fibroblasts and mesenchymal stromal cells in
the tumor microenvironment.

Multi-omic analyses collectively suggest a piv-
otal role of ANOS1 in accelerating ESCA pro-
gression. Subsequent in vitro and in vivo ex-
periments further support the biological role of
ANOS1 in ESCA. Knockdown of ANOS1 signifi-
cantly impairs the proliferation of ESCA cells,
indicating its potential as a novel therapeutic
target for ESCA patients. Additionally, we identi-
fied potential chemotherapeutics, such as cis-
platin, docetaxel, cyclopamine, and vinorelbine,
with lower-half maximal inhibitory concentra-
tion (IC50) in the high-ANOS1 group.

Materials and methods
Data collection

Clinical information and RNA sequencing data
of ESCA were obtained from the TCGA data-
base (https://portal.gdc.cancer.gov/), including
185 cancer samples and 13 noncancerous
samples. The gene expression transcripts per
million (TPM) RNA sequencing data of normal
esophageal tissues (653 cases) from the
Genotype-Tissue Expression (GTEx) project
were downloaded using UCSC Xena (https://
xena.ucsc.edu/). The RNA-sequencing data
were normalized into TPM and transformed
using a log2 scale. The expression profile of
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GSE53625, which contains 179 ESCC cases,
was obtained from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.
nim.nih.gov/geo/).

Analysis of ANOS1 expression in ESCA and
normal tissues

The expression difference of ANOS1 between
the tumor and adjacent tissues was analyzed
by the two-sample Student’s t-test when the
data in each group were normally distributed;
otherwise, by the Mann-Whitney U test in TCGA
ESCA dataset and GSE53625.

Comparison between ANOS1 expression and
clinicopathological features

The ANOS1 expression was analyzed according
to clinical and pathological features, including
age, race, tumor location, histologic type, T
stage, N stage, and M stage in the TCGA ESCA
dataset.

Clinical utility of ANOS1 in diagnosis

The predictive value of ANOS1 for distinguish-
ing between benign and malignant cases was
analyzed using the receiver operating charac-
teristic curve (ROC). The performance of ANO-
S1 is considered poor when the area under the
curve (AUC) ranges from 0.5 to 0.6, fair when it
ranges from 0.6 to 0.7, and good when it is
greater than 0.7.

Survival analysis

Gene Expression Profiling Interactive Analysis
(GEPIA) [8] was used to investigate whether
ANOSL1 is associated with prognosis in ESCA.
Additionally, variables associated with overall
survival (OS) were evaluated in the univariable
and multivariable Cox regression analyses in
the TCGA cohort. Subsequently, a feasible
nomogram integrated with ANOS1 was con-
structed using the R package ‘rms’ [9]. The
discrimination power of the nomogram was
assessed using calibration curves.

Differentially expressed gene analysis

Based on the median expression level of
ANOS1, patients with ESCA in TCGA were
divided into the high- and low-ANOS1 expres-
sion groups. The differentially expressed genes
(DEGs) between these two groups were filtered
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using the thresholds of adjusted p-value < 0.05
and |log2-fold-change (FC)| >2, employing the
“limma” package in R.

Identification of hub genes

To identify the hub genes among the DEGs, we
utilized the Search Tool for the Retrieval of
Interacting Genes (STRING) database (https://
cn.string-db.org/). We established a protein-
protein interaction (PPI) network based on the
DEGs using a threshold interaction score of
>0.9. The “Degree” algorithm in Cytoscape
CytoHubba (v3.9.0) was then used to identify
the hub genes within this network. In addition,
we employed the GOSemSim package in R for
further identification of hub genes [10].

Functional enrichment analysis

Gene ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed using
Over Representation Analysis (ORA) and Gene
Set Enrichment Analysis (GSEA), respectively,
with the “clusterProfiler” package in R. Addi-
tionally, GSEA was employed to investigate the
enrichment of signaling transductions and bio-
logical functions using the Msigdb database
and HALLMARK gene set through clusterProfil-
er. Furthermore, Gene Set Variation Analysis
(GSVA) was implemented using the HALLMARK
gene set and KEGG gene set from the Msigdb
database with the “GSVA” package in R [11].
The threshold of statistical significance was
set as an adjusted p-value < 0.05 and |log2
(FC)| >0.1.

Regulation network

The correlation between the DEGs and a total
of 318 transcription factors from http://www.
cistrome.org/ was determined using a cor-
relation coefficient (R) < 0.5 and p-value =
0.00001. Furthermore, the miRNAs that inter-
act with the DEGs, validated through lucifera-
se reporter assay, were obtained using the R
packages “multiMiR” and “mirtarbase” [12].
The long noncoding RNAs (IncRNAs) that inter-
act with these miRNAs were obtained from the
“starbase” database [13]. To visualize the cor-
relations among the DEGs, miRNAs, and Inc-
RNAs, we utilized the “ggalluvial” package.
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Somatic genomic alternation analysis

The somatic mutation data were downloaded
from the TCGA and analyzed using the R pack-
age “maftools” [14]. The analysis of somatic
genomic alterations with maftools was previ-
ously described [15]. For the analysis of single
base substitution (SBS) signatures, maftools
were utilized. Additionally, the doublet base
substitution (DBS) and indel (ID) mutational
signatures were estimatjed using the “sigmin-
er” package [16]. The extracted signatures
were compared against the catalog of somatic
mutations in cancer (COSMIC) mutational sig-
natures (https://cancer.sanger.ac.uk/cosmic).
Tumor mutational burden (TMB) values were
calculated as the number of mutations per
megabase (MB) and categorized as low (TMB <
6), intermediate (6 < TMB < 20), or high (TMB >
20) [17].

Copy number variation analysis

The masked CNV data were downloaded from
TCGA, and the common copy number variation
(CNV) regions were identified using the GISTIC
2.0 module in GenePattern (https://cloud.
genepattern.org/gp/pages/index.jsf).

Tumour microenvironment analysis

The characterization of cellular compositions in
the tumor microenvironment of ESCA patients
was performed using the “IOBR” package [18].
Subsequently, the correlations between ANOS1
expression and each infiltrating cell type were
calculated using the “corrplot” package in R.
The association between the infiltrating cell
type and OS was evaluated using Cox regres-
sion analysis, and the p-values for the correla-
tion were transformed into log10 values. In-
filtrating cell types with a correlation p-value
below 0.0001 were chosen and visualized.

The potential therapeutics concerning ANOS1
expression

The R package “pRRophetic” was used to
estimate potential chemotherapeutics for tre-
ating ESCA patients with high ANOS1 expres-
sion [19]. Furthermore, the TIDE website was
employed to calculate possible implications
for immunotherapy (https://tide.dfci.harvard.
edu/).
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Cell culture and transfection

In the study, the cell lines utilized included the
immortalized human esophageal epithelial cell
line (HEEC) and human esophageal squamous
cell carcinoma cell lines (TE10, TE13, KYSE150,
KYSE450, Ecal09), which were obtained from
the Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. These
cells were cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS,
Gibco Company) and 10% penicillin-streptomy-
cin (Sigma-Aldrich). The cells were incubated at
37°C with 5% CO,,.

Plasmid construction

The lentiviral expressing short hairpin RNA
(shRNA) targeting three different sequences of
ANOS1 gene (shANOS1-1: CTTCCGATCATTA-
TGTCCTAA, shANOS1-2: GCTTCATTCATCGTCC-
AGGAT, shANOS1-3: CGAGTTCAACTGACTGA-
CATA) and the negative control (TTCTCCGAA-
CGTGTCACGT) were synthesized and cloned
into GV811 (pFU-GW-012-SV40-puro), vector
with EcoRI sites (purchased from Shanghai
Genechem Co., Ltd.), recombinant vector was
detected by DNA sequencing.

Lentivirus production and infection

The viral vectors were transfacted into 293T
cells using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) together with
two helper plasmids psPAX2 and pMD2.G.
Infectious lentiviruses were harvested 72 h
post-transfection, rapid centrifugation to re-
move cell debris, and then filtered through
0.45 pm cellulose acetate filters. The virus titer
was determined by quantitative PCR analysis
and was approximately 1 x 10° transducing
units (TU)/mL medium. Then, the KYSE150 and
KYSE450 cells were infected at a multiplicity of
infection of 10 particles per cell. The infected
cells were treated with puromycin 72 hours
post-infection. After one week of drug selec-
tion, stably infected cell lines were obtained.

RNA extraction and quantitative real-time poly-
merase chain reaction (QRT-PCR)

Total cellular RNA was isolated using TRIzol
reagent (Vazyme Biotech, Nanjing, China). The
concentration and purity of the extracted RNA
were determined using a Bio-Spec-nano spec-
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trophotometer (Shimadzu, Japan). The RNA was
then reverse-transcribed into complementary
DNA (cDNA) using the Prime Script RT Master
Mix reagent (Takara Bio, Dalian, China). Sub-
sequently, the quantitative real-time PCR (qRT-
PCR) was carried out using the StepOnePlus
real-time PCR system (Thermo Fisher Scienti-
fic) and the TB Green® PreMix Ex Tag™ poly-
merase chain reaction system (Takara Bio,
Dalian, China). The 22T method was employed
to calculate the expression levels of the target
genes. For ANOS1, the primer sequences used
were sense: 5-CCATGACTGGGTTTCAAGTG-3’
and antisense: 5-GGACATAATGATCGGAAGGC-
3'. GAPDH was used as a reference gene.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was assessed using a Cell
Counting Kit-8 (CCK-8) assay from Beyotime
(Shanghai, China) following the provided proto-
cols. Cells (2000 cells per well) were seeded
into 96-well plates. At a specific time point,
CCK-8 solution was added to each well, and
the cells were further incubated at 37°C for 2
hours. The absorbance values were then mea-
sured at 450 nm using a microplate spectro-
photometer (Thermo, USA). These measure-
ments were used to determine the proliferation
capability of ESCC cells.

Clonogenic survival assay

Cells were seeded at a density of 300 cells per
well in 6-well plates and cultured in a 5% CO,
incubator at 37°C for 10 to 14 days. Afterward,
proliferating cell colonies were fixed using 1%
formaldehyde and stained with 1% crystal vio-
let. The number of colonies containing at least
50 cells was counted, and photographs were
taken for documentation purposes.

Xenograft mouse model

Female BALB/c nude mice aged 5-6 weeks
were obtained from the Jiangnan University
Animal Centre (Wuxi, China). The mice were
randomly divided into two groups with three
mice in each group: (i) sh-Control and (ii) sh-
ANOS1-1. To establish xenografts, the mice
were injected with 0.2 mL of PBS containing 5
x 10° cells into the right armpit. On day 14 aft-
er injection, the mice were euthanized. Tumor
weights were measured upon sacrificing the
mice. All animal experiments were approved by

Am J Cancer Res 2024;14(5):2343-2370



ANOS1 promotes progressions of ESCA

the Ethics Committee of Jiangnan University
(JN. No 20230315b0140531 [068]).

Immunohistochemistry analysis

A total of 112 cases of esophageal squamous
cell carcinoma (ESCC) and 68 cases of healthy
surrounding esophageal tissues, including 48
paired samples of ESCC and adjacent tissues,
were gathered for the evaluation of anosmin-1
expression levels utilizing immunohistochemis-
try (IHC) analysis. The study was conducted by
the approved protocol of the Ethics Committee
of Shanghai Outdo Biotech Company (JS W-03-
01). Written informed consent was obtained
from all participants, and the study adhered
to the principles outlined in the Helsinki
Declaration.

Specific antibodies against KAL1 (NBP3-
03937, Novus) were used as the primary anti-
body at a dilution of 1:500, with a Rabbit mono-
clonal [EPR20115] antibody serving as the
secondary antibody in the IHC assays. The
assays were performed following the manufac-
turer’s instructions using a biotin assay system
(Beijing Zhongshan lJingiao, China, Cat. Nos.
PV-9001, PV-9002).

For the IHC analysis, a grading system was
employed. An IHC score of O was assigned for
the absence of staining, a score of 1 for yellow
staining, and a score of 2 for brown staining.
Based on the percentage of positively stained
tumor cells in the visual field, a score of O was
given for less than 1% of cells, a score of 1 for
1-25%, a score of 2 for 25-75%, and a score of
3 for 75-100%. The overall score was calculat-
ed by multiplying the intensity score by the per-
centage of positive cells.

Statistical analysis

Statistical analyses were conducted using R
(4.1.3). Continuous variables were compared
using the Student’s t-test (for normally distrib-
uted data) or a Mann-Whitney U test (for non-
normally distributed data). Paired samples
were compared using the paired sample t-test
when the data met the assumptions of normal-
ity and homogeneity of variances, otherwise
using the Wilcoxon test. Alternatively, categori-
cal data were analyzed using either the chi-
square test or Fisher’s exact test, based on the
specific demands of the test. The correlation
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between continuous variables is evaluated
through the Pearson correlation test and sim-
ple linear regression analysis. Kaplan-Meier
survival analysis and the log-rank test were per-
formed to calculate the p-value. A significance
level of P < 0.05 was considered statistically
significant unless otherwise specified.

Results

Analysis of ANOS1 expression in ESCA and
normal tissues

The expression of ANOS1 was significantly
higher in the TCGA ESCA dataset compared to
normal esophageal tissues in GTEx (P < 0.001,
Figure 1A). A similar result was observed in
GSE53625, where ANOS1 expression was up-
regulated in tumors (P < 0.001, Figure 1B). In
normal esophageal tissue, the expression
of ANOS1 was lower in the mucosa compared
to the muscularis (P < 0.001, Figure 1C).

Furthermore, the associations between ANOS1
expression and clinicopathologic features were
analyzed. The clinical characteristics of the
patients concerning ANOS1 expression in the
TCGA ESCA dataset are shown in Table S1.
There was no significant difference in ANOS1
expression based on age (Figure 1D). ANOS1
levels were higher in Asian patients than in
White patients (P < 0.001, Figure 1E). When
the tumor was located in the lower third of the
esophagus, ANOS1 expression was lower com-
pared to the middle third of the esophagus (P <
0.001, Figure 1F). ANOS1 expression was sig-
nificantly increased in squamous cell carcino-
ma compared to adenocarcinoma (P < 0.001,
Figure 1G), and this result was also observed in
Whites (P < 0.001, Figure S1A). Compared to
the TO/T1 stage, ANOS1 expression was
increased in the T2, T3, and T4 stages (P <
0.001, P < 0.001, P = 0.006, respectively,
Figure 1H). Similar results were observed in
Whites, with increased ANOS1 expression in
the T2, T3, and T4 stages (P < 0.001, Figure
S1B). No significant difference in ANOS1
expression was observed according to the N
stage and M stage (Figure 1l and 1J). There
was a trend that ANOS1 expression was
enhanced in the N2 stage compared to the N1
stage in squamous cell carcinoma (P = 0.087,
Figure S1C). In adenocarcinoma, ANOS1 ex-
pression was increased in the T2 and T3 stages
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Figure 1. The association of ANOS1 with clinicopathological parameters in ESCA patients. The comparison of ANOS1
expression between ESCA tissue and normal tissue in TCGA and GTEx datasets (A) and GSE53625 dataset (B). The
expression of ANOS1 according to the anatomical sites of the esophagus in GTEx (C). The expression of ANOS1
based on age at diagnosis (D), race (E), tumor location (F), histologic type (G), T stage (H), N stage (1), and M stage
(J) in the TCGA ESCA dataset. The expression of ANOS1 according to the T stage (K) and N stage (L) in esophageal
adenocarcinoma.

compared to the TO/T1 stage (P = 0.003, P = stage compared to the NO stage (P = 0.046,
0.002, respectively, Figure 1K), and in the N1 Figure 1L).
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Figure 2. The clinical utility of ANOS1 in diagnosis and prognosis. The predictive value of ANOS1 for ESCA diagno-
sis was analyzed using ROC in TCGA and GTEx (A) and GSE53625 (B). Expression of ANOS1 in ESCA patients and
association with overall survival (C) and disease-free survival (D). Variables associated with overall survival were
evaluated in the univariable (E) and multivariable (F) Cox regression analyses in TCGA cohort. (G) A nomogram con-
structed to predict overall survival rates at 1, 1.5 and 2 years. (H) The nomogram calibration curves on consistency
between predicted and observed 1-, 1.5-, and 2-year overall survival. Low and high ANOS1 expression was defined
according to the median mRNA levels of respective cohort.

Clinical utility of ANOS1 in diagnosis and

prognosis

Since the expression of ANOS1 was signifi-
cantly enhanced in ESCA, its diagnostic effica-
cy for ESCA was evaluated using ROC curves.
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The performance of ANOS1 expression in dis-
tinguishing between normal tissue and tumor
was found to be good in the TCGA and GTEx
datasets (AUC = 0.79, Figure 2A) as well as in
the GSE53625 dataset (AUC = 0.76, Figure
2B). Although ANOS1 expression did not show a
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correlation with overall survival (OS) of patients
(Figure 2C), it was significantly associated with
disease-free survival (DFS) (P = 0.04, Figure
2D) in the TCGA ESCA dataset. Additionally,
ANOS1 expression was significantly associated
with worse OS in Asians (Figure S1D).

Furthermore, univariate analysis revealed that
pathologic T stage, pathologic M stage, gender,
and alcohol history were significantly related to
OS (Figure 2E). Multivariate Cox regression
analysis demonstrated that ANOS1 expression
and metastasis remained statistically signifi-
cant predictors (P < 0.05, Figure 2F). A nomo-
gram was constructed to predict 1-, 1.5-, and
2-year overall survival in ESCA (Figure 2G). The
nomogram calibration plot (Figure 2H) shows
that the nomogram was well calibrated, in-
dicating that the predicted probabilities for
each year closely matched the observed pro-
babilities.

Identification of DEGs and hub genes

To further investigate the mechanism of ANOS1
in cancer progression in ESCA, DEGs were iden-
tified between the high-ANOS1 and low-ANOS1
groups. Differential expression analysis re-
vealed 130 DEGs, with 61 genes upregulated
and 69 genes downregulated in the high-
ANOS1 group (Eigures S2 and 3A). The top 10
upregulated and downregulated genes are
highlighted in Figure 3A. Furthermore, to iden-
tify hub genes among the DEGs, the PPI net-
work was analyzed using the “Degree” algo-
rithm in Cytoscape CytoHubba (Figure 3B).
Additionally, a “GOSemSim” analysis was con-
ducted (Figure 3C). And the top 5 hub genes
identified were TFAP2C, NEUROG3, SOX2,
ZNF750, and GAS1. Then, the intersection of
hub genes derived from both “GOSemSim” and
“Degree” analyses, including SOX2, WNT3A,
and APOBEC1, were listed in Table S2. To
explore the potential impact of copy number
variations (CNVs) on the expression of these
hub genes, the CNV status of the hub genes
was assessed (Figure 3D). It was found that
some hub genes, such as SOX2 and WNT3A,
may be upregulated due to amplification.
Interestingly, the expression of ANOS1 showed
a strong negative association with the ex-
pression of Apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-like 1 (APOBEC1)
(Figure 3E). The APOBEC family is responsi-
ble for multiple cytosine deaminations in the
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genome [20]. Moreover, the expression of
ANOS1 was positively associated with the
expression of WNT3A (R = 0.47, P < 0.0001,
Figure S3A) and WNT7A (R = 0.36, P < 0.0001,

Figure S3B).

Functional enrichment analysis

Then, GO and KEGG analyses were performed
for the DEGs. The GO analysis revealed that the
DEGs were involved in the development and
morphogenesis of the embryo, as shown by
ORA (Figure S4A) and GSEA (Figure S4B).
Additionally, the GSEA results for GO analysis
demonstrated activated transcription activity
along with suppressed metabolism processes
and immune responses (Figure S4B). In the
KEGG analysis, the estrogen signaling path-
way was found to be significantly enriched ac-
cording to ORA (Figure S4C), while metabolic
pathways were significantly suppressed based
on GSEA (Figure S4D and S4E). Furthermore,
the GSEA analysis using MsigDB showed a sig-
nificantly enhanced WNT signaling transduc-
tion (Figure S4F). The HALLMARK analysis re-
vealed a significantly increased EMT (Figure
S4G). Moreover, GSVA identified an overre-
presentation of EMT, WNT signaling pathway,
TGFB signaling pathway, and other pathways
(Figure 4A and 4B). GSVA of the KEGG Path-
ways further uncovered suppression of meta-
bolic pathways in the high-ANOS1 groups
(Figure 4B).

Regulation network

Since the GO analysis showed activation of
transcription activity, the regulation of tran-
scription was further explored, resulting in the
identification of 21 transcription factors based
on the DEGs (Figure 5A). Additionally, the
expressions of SOX2, TCF7L1, and TFAP2C
were strongly positively associated with ANOS1
expression (Figure 5B-D). Conversely, PDX1 lev-
els showed a strong negative association with
ANOS1 levels (Figure 5E). Moreover, post-tran-
scriptional regulations by miRNA and IncRNA
were inferred (Figure 5F), revealing the involve-
ment of LINCOO641 and TUG1 in the post-tran-
scriptional regulation of the DEGs. Notably, the
expression of ANOS1 was found to be positively
associated with the expression of LINCOO641
(R=10.13, P=0.02, Figure S3C) and TUG1 (R =
0.45, P < 0.01, Figure S3D).

Am J Cancer Res 2024;14(5):2343-2370
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Somatic mutation analysis according to the
ANOS1 expression

In the somatic mutation landscape of the low-
ANOS1 group, the top three variant classifica-
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tions were missense mutation, frameshift de-
letion, and nonsense mutation. SNP was the
most frequent variant type, with single nucleo-
tide variants (SNVs) predominantly occurring
as C>T mutations (Figure 6A). Similarly, in the
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high-ANOS1 group, the top three variant classi- high-ANOS1 group (Figure 6A and 6B). Con-
fications were missense mutation, nonsense sistent with the variant count, the tumor muta-
mutation, and frameshift deletion. SNP was tional burden (TMB) was calculated as 1.96
also the most frequent variant type, with SNVs mutations per megabase (Mb) in the low-
of C>T occurring predominantly (Figure 6B). ANOS1 group and 1.63 mutations per Mb in the
The median number of variants per sample was high-ANOS1 group (Eigure S5C and S5D). The
98 in the low-ANOS1 group and 81.5 in the top five mutated genes in the low-ANOS1 group
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were TP53, TTN, MUC16, CSMD3, and SYNE1,
while in the high-ANOS1 group, they were TP53,
TTN, CSMD3, FLG, and NFE2L2 (Figure 6C and
6D). All 75 patient samples (100%) in the low-
ANOS1 group had somatic mutations (Figure
6C), and 75 samples (98.68%) in the high-
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ANOS1 group also had somatic mutations
(Figure 6D).

Since cancer progression is driven by prolifera-

tively advantageous driver mutations rather
than selectively neutral passenger mutations

Am J Cancer Res 2024;14(5):2343-2370
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[24, 22], the driver mutations were assessed
(Figure 6E and 6F). In the low-ANOS1 group,
the driver gene COL3A1 was identified, while
in the high-ANOS1 group, the top driver genes
were KPNB1, PIK3CA, and NFE2L2 (Figure 6E
and 6F). Additionally, CDKN2A was also identi-
fied as a mutation driver in the high-ANOS1
group, which is consistent with previous re-
ports [23]. Notably, the H1047R, H1047L, and
M104 3l mutations of PIK3CA were exclusively
identified in the high-ANOS1 group (Figure 6G).
Interestingly, the expression of ANOS1 showed
a strong positive correlation with the expres-
sion of PIK3CA (Figure 6H) and a positive
association with the expression of NFE2L2
(Figure 6l). Furthermore, the top five pathways
affected by mutations were the RTK-RAS, WNT,
NOTCH, Hippo, and PI3K signaling pathways
(Figure S5A and S5B). The co-occurrence and
mutual exclusivity of mutations were displayed
in Figure S5E and S5F.

Mutational signature analysis

SNPs are divided into two categories based on
base substitutions, including two types of tran-
sitions (Ti) (A>G/G>A and T>C/C>T) and four
types of transversions (Tv) (C>A/A>C, C>G/
G>C, T>A/A>T, and T>G/G>T). Figure 7A and 7B
show the fractions of these conversions in each
group. The top three conversions in the low-
ANOS1 group are C>T, C>A, and T>C, while in
the high-ANOS1 group, they are C>T, C>A, and
C>G (Figure 7A and 7B). Given that the fre-
quency of each SNV class differs between the
groups, the single base substitution (SBS) sig-
natures contributing to the high mutation rate
were further identified using maftools. In the
low-ANOS1 group, SBS6, SBS2, SBS17b, and
SBS40 signatures were identified (Figure 7C),
whereas in the high-ANOS1 group, the signa-
tures of SBS13, SBS5, SBS1, and SBS17b
were observed based on the SBS signature
analysis (Figure 7D) [24]. The SBS2 signature is
predominantly characterized by C>T mutations,
while the SBS13 signature is characterized by
C>G and C>A mutations [25], which partially
reflects the higher frequency of C>G mutations
in the high-ANOS1 group compared to the low-
ANOS1 group (Figure 7D). The APOBEC signa-
tures (SBS2 in the low-ANOS1 group and SBS13
in the high-ANOS1 group) were identified, indi-
cating the presence of APOBEC-associated
mutations. To further explore the status of
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APOBEC-associated mutations in the low/high-
ANOS1 groups of ESCA patients, the analysis
was performed (Figure 7E and 7F). In the low-
ANOS1 group, 12% of patients (9 out of 75
samples) showed enrichment for APOBEC-
associated mutations. However, there was no
difference in the mutation load between
APOBEC-enriched and non-APOBEC-enriched
samples (Figure 7E). In contrast, in the high-
ANOS1 group, 30% of patients (23 out of 76
samples) exhibited enrichment for APOBEC-
associated mutations, and the mutation load
was significantly higher in the APOBEC-enrich-
ed samples compared to the non-APOBEC-
enriched samples (Figure 7F). It is worth not-
ing that APOBEC enzymes deaminate cytidines
and predominantly target a tCw motif [26]. The
tCw loads in the APOBEC-enriched samples
were 0.26 in the low-ANOS1 group and 0.31 in
the high-ANOS1 group (Figure 7E and 7F).

Moreover, the doublet base substitution (DBS)
mutational signatures were extracted in the
low-ANOS1 group (Figure 8A) and the high-
ANOS1 group (Figure 8B). These extracted DBS
signatures were then compared against the
COSMIC DBS signatures, and the respective
cosine similarity and etiology of each DBS sig-
nature were summarized in Table S3. In the
low-ANOS1 group, the presence of DBS4 (simi-
larity 0.703) and DBS2 (similarity 0.966) were
identified (Figure 8A). In the high-ANOS1 gr-
oup, DBS1 (similarity 0.666), DBS2 (similarity
0.626), and DBS4 (similarity 0.642) were iden-
tified (Figure 8B).

Additionally, the ID mutational signatures were
explored based on the expression level of
ANOS1 (Figure 8C and 8D). The extracted ID
signatures were compared against the COSMIC
ID signatures, and their respective cosine simi-
larity values were summarized in Table S4. In
the low-ANOS1 group, the presence of ID2 was
identified with the highest similarity (0.809)
(Figure 8C). It has been reported that ID2 is
elevated in tumors with defective DNA mis-
match repair [27]. In the high-ANOS1 group,
ID8 (similarity of 0.742) and ID9 (similarity of
0.758) were identified (Figure 8D).

Copy number variant analysis
GISTIC analysis revealed significant regions

of recurrent focal chromosomal copy number
loss/deletion and gain/amplification. In the

Am J Cancer Res 2024;14(5):2343-2370
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non-enriched samples are displayed in the boxplots in the left panel. The standard deviation is demonstrated by the error bars. The top 10 differentially mutated
genes between APOBEC-enriched and non-enriched samples are displayed in the bar plots. SNVs, single-nucleotide variants.
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Figure 9. Copy number variant analysis. G-scores of significant recurrent copy number variant (CNV) assigned by
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low-ANOS1 group, several deletions were iden-
tified, including 9921.3 (CDKN2A), 16qg23.1
(WWOX), 4922.1 (CCSER1), and 5q11.2 (PD-
E4D, PART1) (Figures 9A, 9B, S6A and S6B).
In the high-ANOS1 group, the most prevalent
amplification was observed in 11q13.3, while
the most prevalent deletion corresponded to
9g21.3 (CDKN2A) (Figures 9C, 9D, S6C and
S6D). The loss of CDKN2A in both groups is
consistent with previous studies [28]. Addi-
tionally, the expression of CDKN2A was found
to be negatively associated with the expres-
sion of ANOS1 (R = -0.23, P = 0.04, Figure
S3E). Furthermore, it is worth noting that
the 11q13.3 region harbors genes such as
FGF3/4/19, CCND1, and FADD, among others
[29]. Intriguingly, the expression of ANOS1 was
positively associated with the expression of
FGF3 (R = 0.27, P = 0.001, Figure S3F), FGF4
(R =0.25, P =0.002, Figure S3G), FGF19 (R =
0.22, P = 0.01, Figure S3H), CCND1 (R = 0.26,
P = 0.001, Figure S3l), FADD (R = 0.26, P =
0.001, Figure S3J).
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Tumour microenvironment analysis based on
the ANOS1 expression

First, the correlation between cell types or
scores and OS was calculated using univariate
Cox regression analysis. Eosinophils_CIBERS-
ORT and T cells yd (Tgd)_cells_xCell showed a
positive association with prognosis [HR (95%
Cl) 1.85 (1.16-2.95), P = 0.01; HR (95% ClI)
1.99 (1.02, 3.89), P = 0.04; respectively]
(Table S5). On the other hand, Dendritic_cells_
activated_CIBERSORT showed a negative as-
sociation with OS [HR (95% CI) 0.68 (0.48,
0.97), P = 0.03] (Table S5). Next, the relation-
ship between the expression of ANOS1 and cell
types or scores was estimated. As shown in
Figures S7 and 10A, fibroblasts by MCPcounter
[30] and xCell [31], cancer-associated fibro-
blasts (CAFs) by EPIC [32], stromal score
by estimate [33], Mesenchymal stromal cells
(MSC) by xCell analysis showed a positive re-
lationship with ANOS1 expression, which is
consistent with the findings of amplification of
11913.3 (FGF3/4/19) and enrichment of the
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EMT signature in the high-ANOS1 group. tion with macrophage_TIMER and macropha-
Moreover, ANOS1 exhibited a positive associa- ges_M2, while it displayed a negative associa-
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tion with IPS_IPS (immunophenoscore) [34]
(Figure 10A) suggests the presence of an
immunosuppressive TME in the high-ANOS1
group. Moreover, Dendritic_cells_resting_CIB-
ERSORT was found to be enhanced in the high-
ANOS1 group, while neutrophils_CIBERSORT
were decreased (Figure S8B). However, immune
function GSEA analysis revealed an enhance-
ment in APC co-stimulation, T cell co-stimula-
tion, and T cell co-inhibition. Therefore, further
exploration is needed to understand whether
ANOS1 is associated with a suppressed im-
mune response (Figure S8A). Since MSI can
serve as a predictor of the outcome of immuno-
therapy, the MSI status was evaluated accord-
ing to the ANOS1 groups (Figure 10B). In the
low-ANOS1 group, 24% of patients had MSI-L
(microsatellite instability-low) and 4% had
MSI-H (microsatellite instability-high), whereas
in the high-ANOS1 group, 20% of patients had
MSI-L (Figure 10B). Additionally, the predicted
outcome of immunotherapy did not differ bet-
ween the high- and low-ANOS1 groups based
on the tumor immune dysfunction and exclu-
sion (TIDE) analysis (Figure 10C).

Correlation analysis between the ANOS1 ex-
pression and chemotherapy sensitivity

Chemotherapy continues to play a crucial role
in the treatment of ESCA patients. We exam-
ined the correlations between ANOS1 expres-
sion and the sensitivity of chemotherapeutic
agents in the TCGA ESCA dataset. BMS-
754807, Lisitinib, and VX-11e exhibit signifi-
cantly higher IC50 values in the high ANOS1
group compared to the low ANOS1 group
(Figure S9). To identify potential sensitive drugs
for patients with high ANOS1, the analysis
revealed that the high-ANOS1 group exhibited
a lower IC50 for cisplatin, docetaxel, cyclopa-
mine, and vinorelbine (P < 0.05, Figure S10).
The predicted sensitivity of other chemothera-
py drugs is shown in Figure S9. These findings
provide a novel insight into drug sensitivity in
ESCA. Moreover, the druggable targets were
also assessed in Figure S5G and S5H. Notably,
PIK3CA and NFE2L2 may serve as potential
therapeutic targets in the high ANOS1 group

(Figure S5H).

Knockdown of ANOS1 attenuates ESCA cell
proliferation

We conducted an RT-qPCR assay to confirm the
expression level of ANOS1 in HEEC, KYSE150,
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KYSE450, TE10, TE13, and Ecal09 cell lines.
The results demonstrated that ANOS1 was
highly expressed in KYSE150 and KYSE450
cell lines compared to HEEC cells (Figure 11A).
Therefore, KYSE150 and KYSE450 cell lines
were employed for further in vitro experiments.
Subsequently, three shRNA sequences (desig-
nated shANOS1-1, shANOS1-2, and shANOS1-
3) were designed, packed into lentivirus, and
used to infect KYSE150 and KYSE450 to
ensure efficient knockdown. shANOS1-1 and
shANOS1-2 were chosen due to their better
knockdown efficiency (Figure 11B). As observ-
ed in Figure 11B, the expression of ANOS1 was
significantly downregulated in KYSE150 and
KYSE450 cells after sh-ANOS1 infection. CCK-
8 assays showed that KYSE150 and KYSE-
450 cells with sh-ANOS1 exhibited a markedly
reduced growth rate compared to the negative
control (Figure 11C). Moreover, the knockdown
of ANOS1 significantly suppressed the prolifer-
ation of KYSE150 and KYSE450 cells in colony
formation assays (Figure 11D and 11E). KYS-
E150 cells were then selected for further in
vivo experiments. As depicted in Figure 11F
and 11G, silencing ANOS1 led to a significant
decrease in tumor growth. The tumor weight
was significantly lower in the sh-ANOS1 group
compared to the negative controls (Figure
11G). In addition, we examined the expression
of anosmin-1 using IHC staining and observed
its presence in both the cytoplasm and nucleus
(Figure 11H). Subsequently, we collected 48
pairs of esophageal cancer tissues and corre-
sponding surrounding normal esophageal tis-
sues to compare the expression levels of anos-
min-1 in the cell nucleus (Figure 11l). The IHC
score of anosmin-1 in the nucleus was higher in
the esophageal tissues than in the surround-
ing tissues (P < 0.001, Figure 111). However,
the IHC score for anosmin-1 in the cell nucleus
exhibits limited discriminatory power between
healthy esophageal tissues and esophageal
cancer (AUC = 0.68, Figure 11J). Furthermore,
we analyzed the expression of anosmin-1 in the
cytoplasm using 112 cases of ESCC and 68
cases of healthy surrounding esophageal tis-
sues, revealing a significant increase in anos-
min-1 expression in the cytoplasm (Figure 11H
and 11K). The IHC score for anosmin-1 in the
cytoplasm effectively distinguished between
esophageal cancer and healthy esophageal tis-
sues, with an AUC of 0.96 (Figure 11L).
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Discussion

In 2020, there were a total of 604,000 new
cases of esophageal cancer, making it the
seventh most common cancer worldwide [1].
Squamous cell carcinoma of the esophagus
has the highest regional incidence in East Asia,
particularly in China [1]. Risk factors for squa-
mous cell carcinoma in low-income countries
include betel quid chewing, consumption of
pickled vegetables, consumption of very hot
food and beverages, as well as heavy drinking
and smoking in high-income countries [1]. On
the other hand, adenocarcinoma accounts for
two-thirds of all esophageal cancers in high-
income countries. Its main risk factors include
excess body weight, gastroesophageal reflux
disease, and Barrett’'s esophagus [1]. Un-
fortunately, esophageal cancer is associated
with a high mortality rate, with a total of
544,000 deaths reported in 2020, making it
the sixth leading cause of cancer-related dea-
ths [1]. Despite improvements in treatment,
the 5-year overall survival rate remains around
10% [35]. The lack of early clinical symptoms
often leads to a late-stage diagnosis of esopha-
geal cancer [35]. Therefore, there is an urgent
need to develop diagnostic biomarkers for early
detection of esophageal carcinogenesis.

The lack of mutation of ANOS1 and its product
anosmin-1 were initially identified in X-linked
Kallmann syndrome (KS), which is character-
ized by anosmia and hypogonadotropic hypo-
gonadism [36]. Anosmin-1 plays a crucial role
in cell adhesion, cell migration, axonogenesis,
and neuron migration, which helps explain the
symptoms observed in KS patients [36]. More
recent research has revealed that ANOS1 is
abnormally overexpressed and is involved in
the migration and metastasis of cancer cells. It
can also serve as a biomarker for diagnosis
and prognosis prediction in various types of
cancer [5, 37, 38]. However, it's worth noting
that ANOS1 has also been reported as a sup-
pressor for hepatocellular cancer [7]. However,
the mechanism and function of ANOS1 have
not been fully characterized yet. Therefore, in
our study, we utilized multi-omic data, including
transcriptome, SNP, and CNV, to investigate the
role of ANOS1 in ESCA.

We observed that ANOS1 expression was ele-
vated in ESCA tissues compared to normal
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esophageal tissue. This finding was further vali-
dated in vitro, where ANOS1 expression was
higher in ESCA cell lines compared to immortal-
ized esophagus epithelial cells. ANOS1 expres-
sion could accurately differentiate between
normal and cancerous esophageal tissue, with
an AUC>0.7 in both TCGA and GSE53625 data-
sets. Furthermore, high ANOS1 expression was
associated with advanced T stages and worse
DFS, leading us to develop a clinically applica-
ble monogram for predicting prognosis.

In our transcriptome analysis, we discovered
that high ANOS1 expression was associated
with enrichment in pathways related to EMT,
hypoxia, angiogenesis, WNT signaling, and
TGFB signaling. Additionally, ANOS1 expression
showed a positive correlation with several tran-
scription factors, including SOX2, TCF7L1, and
TFAP2C. Of these differentially expressed tran-
scription factors, SOX2 plays a key role in repro-
gramming somatic cells into induced pluripo-
tent stem cells [39], which is amplified in ESCA
and enhances proliferation and anchorage-
independent growth [40]. TFAP2C and its prod-
uct, the transcription factor AP-2y, are known to
play roles in maintaining pluripotency and in-
hibiting somatic differentiation in germ cells
[41, 42]. In breast cancer, the AP-2y homodi-
mer promotes tumor growth by upregulating
the expression of EGFR [43, 44]. Additionally,
through complex formation with KDM5B and
MYC, the AP-2y homodimer suppresses the
expression of CDKN1A, facilitating cell cycle
progression and carcinogenesis [45]. The in-
creased expression of SOX2 and TFAP2C in
the high-ANOS1 group suggests a potential
increase in stemness. Furthermore, our analy-
sis identified the involvement of IncRNAs in
post-transcriptional regulations. For example,
TUG1 has been reported to promote colony
formation and invasion in vitro, as well as tu-
mor growth and metastasis in oral squamous
cell carcinoma in vivo [46, 47]. Additionally,
LINCO0641 was shown to regulate tumor cell
proliferation, invasion, metastasis, and apopto-
sis [48]. These findings highlight the potential
importance of IncRNAs in the context of ANOS1
and ESCA.

We further analyzed the SNP data, consider-
ing the negative association between ANOS1
expression and APOBEC1. The APOBEC family
of cytosine deaminases is responsible for
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endogenous mutagenesis [26, 49]. APOBEC
signatures are characterized by C>T and C>G
mutations in the tCw context (w =AorT) [49]. A
slightly higher mutation burden was observed
in the low-ANOS1 group (median tumor muta-
tional burden [TMB] of 1.96/MB and median
98 variants per sample) compared to the high-
ANOS1 group (median TMB of 1.63/MB and
median 81.5 variants per sample) may be at-
tributed to the negative association between
ANOS1 expression and APOBECL. Interestingly,
the low-ANOS1 group exhibited two specific
mutational signatures, SBS6 and ID2, which
are associated with defective mismatch repair
and microsatellite instability [25]. This finding
aligns with the observation that 24% of pa-
tients in the low-ANOS1 group had MSI-L (mic-
rosatellite instability-low) and 4% had MSI-H
(microsatellite instability-high).

In addition to endogenous mutagens, oxidative
stress caused by gastroesophageal reflux is a
well-known external mutagen that can lead to
DNA damage [50-52]. The SBS17b signature,
observed in both the high- and low-ANOS1
groups, is active across esophageal cancers
and is associated with Barrett’s esophagus or
tumors exposed to Capecitabine/5-FU [53].
This signature appears early during the devel-
opment of ESCA [54] and is speculated to be
caused by oxidative damage resulting from gas-
troesophageal reflux [23, 28]. Oxidative stress
induced by a low pH bile acid cocktail can oxi-
dize dGTP to 8-0xo-dGTP, leading to T>G trans-
versions at TT sites [28, 55].

Furthermore, signatures SBS1, SBS5, and
SBS40 are likely the result of accumulated
mutations over a lifetime, as they show a sig-
nificant association with age at diagnosis [56].
SBS1, identified in the high-ANOS1 group, is
reflective of biological cell aging [57] and is
caused by the deamination of 5-methylcyto-
sine to thymine [58]. There is a female-domi-
nated bias in the proportion of samples posi-
tive for SBS1 [58]. SBS40, found in the low-
ANOS1 group, and SBS5, found in the high-
ANOS1 group, are also associated with age at
diagnosis and have been identified through
extensive screening of cancer samples [24, 56,
59], although their underlying causes have not
yet been determined.

We further estimated the DBS and ID concern-
ing ANOS1 expression. In both the high- and
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low-ANOS1 groups, we identified DBS2 and
DBS4. DBS2 is associated with exposure to
tobacco smoking and mutagens like acetalde-
hyde [24]. It exhibits transcriptional strand
bias, with more GG>TT mutations than CC>AA
on untranscribed gene strands, indicating dam-
age to guanine and repair through transcrip-
tion-coupled nucleotide excision repair [24].
DBS4 correlates with age at cancer diagnosis
[24]. Additionally, in the high-ANOS1 group, we
identified DBS1, which also shows transcrip-
tional strand bias, with more CC>TT mutations
than GG>AA on untranscribed strands, indicat-
ing damage to cytosine and repair via transcrip-
tion-coupled nucleotide excision repair [24].

Furthermore, we extracted and matched the ID
signatures. In the high-ANOS1 group, we found
ID8 and ID9. Notably, ID9, which is associated
with chromothripsis [27], has been linked to
cancer samples characterized by extensive
genomic rearrangements occurring in a single
catastrophic event, leading to multiple genomic
aberrations [60]. Chromothripsis is associat-
ed with increased cancer aggressiveness and
poor prognosis [27], consistent with our find-
ings that high ANOS1 expression is associated
with advanced T stages and worse DFS. ID9
was also significantly associated with hypoxia
score [61], aligning with our GSEA results show-
ing enrichment of hypoxia in the high-ANOS1
group. The relationship between ANOS1 and
chromothripsis needs further investigation. As
for ID8, present in the high-ANOS1 group, it
may be associated with DNA double-strand
break repair through non-homologous end-join-
ing mechanisms, leading to deletions longer
than 5 base pairs in most tumors. In a small
number of cases, ID8, along with ID17, may be
linked to the somatic mutation p.K743N of
TOP2A, resulting in deletions of 6 to 8 base
pairs [24]. Regarding ID2, identified in the low-
ANOSL1 group, it is associated with age at diag-
nosis in non-hypermutated samples in a clock-
like behavior [24], although it is not directly
related to ANOS1.

In addition to the SNP analysis, we also explor-
ed the CNV data. As a result, we identified
amplification of the 11q13.3 region in the high-
ANOS1 group, which is associated with chro-
mosomal instability [62]. This region contains
oncogenes such as FGF3/4/19, CCND1, and
FADD [29], which have been linked to node
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metastasis in ESCC [63]. Interestingly, we
observed that ANOS1 expression tended to be
higher in the N2 stage compared to the N1
stage in ESCC.

Although there was no difference in the predict-
ed outcome of immunotherapy, we found that
cisplatin, docetaxel, cyclopamine, and vinorel-
bine exhibited higher sensitivity in the high-
ANOS1 group. The high expression of ANOS1
promotes esophageal cancer progression, yet
in our predictions, it appears to be sensitivity to
specific chemotherapeutic drugs. Possible rea-
sons for this contradiction may due to the in-
teraction between the mechanisms of specific
chemotherapeutic agents and the functionality
of the ANOS1 gene. This seemingly paradoxical
scenario is also evident in individuals carrying
germ-line BRCA1 and BRCA2 mutations, with a
significantly elevated lifetime risk of developing
breast cancer. However, compared to breast
cancer cells without BRCA1 pathogenic vari-
ants, breast cancer cells with BRCA1 pathogen-
ic variants exhibit increased sensitivity to plati-
num-based chemotherapeutic agents, which
disrupt DNA structure [64]. Additionally, these
chemotherapeutic agents might have the ca-
pability to interfere with the expression of
ANOS1, consequently leading to cellular apop-
tosis. Moreover, the elevated ANOS1 expres-
sion promote tumor cell growth and render
them more sensitive to certain chemothera-
peutic agents. More experiments are needed to
validate the impact of ANOS1 expression on
chemosensitivity. These findings may provide
novel insights for the treatment of ESCA.

Conclusion

In summary, our study reveals that ANOS1
expression is increased in ESCA. Importantly,
we demonstrate that ANOS1 accelerates the
progression of ESCA through multi-omic analy-
sis and experimental validation. While further
investigation is needed to understand the path-
ological role of ANOS1 and its regulation during
the development of ESCA, our data provide a
rationale for exploring ANOS1 as a biomarker
and a potential therapeutic target in ESCA.
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Table S1. The clinicopathologic characteristics of ESCA patients concerning ANOS1 expression

High-ANOS1 Low-ANOS1 p Value
Case number 76 77
Age > 60 (%) 32 (42.1) 44 (57.1) 0.089
Gender (%) 0.527
Female 10 (13.2) 14 (18.2)
Male 66 (86.8) 63 (81.8)
Race (%) 0.007
Asian 31 (40.8) 13 (16.9)
Black 1(1.3) 2 (2.6)
White 38 (50.0) 48 (62.3)
Unknown 6 (7.9) 14 (18.2)
Histologic type (%) <0.001
Squamous cell carcinoma 60 (78.9) 25 (32.5)
Adenocarcinoma 16 (21.1) 52 (67.5)
Tumor location (%) 0.003
Lower third of esophagus 39 (51.3) 61(79.2)
Middle third of esophagus 28 (36.8) 13 (16.9)
Upper third of esophagus 3(3.9) 2(2.6)
Unknown 6 (7.9) 1(1.3)
T stage (%) <0.001
T1 4 (5.3) 23(29.9)
T2 23(30.3) 18 (23.4)
T3 45 (59.2) 36 (46.8)
T4 4 (5.3) 0 (0.0)
N stage (%) 0.189
NO 36 (47.4) 33(42.9)
N1 26 (34.2) 37 (48.1)
N2 6 (7.9) 5 (6.5)
N3 6 (7.9) 2 (2.6)
Unknown 2(2.6) 0 (0.0)
M stage (%) 0.567
MO 65 (85.5) 63 (81.8)
M1 5 (6.6) 4 (5.2)
Unknown 6 (7.9) 10 (13.0)
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Figure S1. Association of ANOS1 with clinicopathological parameters in the TCGA ESCA patients. Comparison of
ANOS1 expression in white ESCA patients according to histologic subtypes (A) and T stages (B). Comparison of
ANOS1 expression in squamous cell carcinoma according to N stages (C). Comparison of overall survival based on
the expression of ANOS1 in Asian patients (D).

iR 2
o0 8
¥

i
;k]

- ANOS1

mr R g i TR = g

| il S 5 X high
7k

0

.
o
Egéa

{2

»
L
-
=
-
.
=
=a=
:
o
L
e
%

&

&)

|-

=
:
.
25
¢

2

» e
m
i~

= cmm
"
"
=
nm
.
-
»
-
=
"
=R
"
55 gnnﬁé

|

.

" iy
5
-n
i

-t
.
A
k]
=

S8

>0
0

5
.
N
-
TR
sy

u
=
]
=
-
™
]
-
u
e xz
&
3

i

=
&

Figure S2. Heatmap of 51 differentially expressed genes concerning the ANOS1 groups.
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Table S2. The intersection of the hub genes in the “GOSemSim” and “Degree” algorithms

Only Degree Degree AND GOSemSim
NUDT11 SFRP2
FOXI3 NKX3-2
SPSB4 GAS1
GPR27 IRX6
KERA NPBWR1
KLRG2 EN1
RPRM HAND2
METTL11B TFAP2C
GDF6 LPAR3
SHISA2 EN2
NGB FOXD3
PPP1R14C HOXD13
FAM181B DLX6
KRTAP19-1 WNT3A
S1PR5 FOXL2
FAM155B DMRT3
ZBED9 SOX1
CLCA2 HOXD10
C110RF87 NPPC
NKX2-8 DLX5
NKX1-2 FOXE1
KRT75 CALML3
ZNF750 CAPNS2
GBP6 GPR87
FAM83C CALML5S
LYeD WNT7A
RNF186 ALX1
TMEM82 KRT31
SMIM6 KRT14
HKDC1 NKX2-5
DEGS2 SOST
CCL15 CLDN8
CLRN3 SOX2
BTNL3 DSG3
ANKS4B IVL
GJB1 AKR7A3
GOLT1A FOXA3
METTL7B APOBEC1
LRRC66 IHH
SSTR1 TM4SF5
CT83 GUCA2B
TM4SF20 NROB2
R3HDML PDX1
SMIM24 ALPI
TMEM229A GUCY2C
C90RF152 FOXJ1
C20RF72 FABP2
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oTC NAT2
PF4 KRT20
PIGR CDX2
GDF15 CLDN3
PRR15L LEFTY1
NCMAP ATOH1
AC020914.1 TFF3
S100P TFF1
SEMG1 TMASF4
KLHDC7A NEUROG3
ARL14 CYP2C9
VNN1 REG1A
KCNJ3 EFNA2
LRRC26 AQP5
ONECUT2 ITLN1
C110RF86 GUCA2A
MUC5AC
OLFM4
CEACAM6
PCK1
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Figure S3. The correlation between the expression of ANOS1 and other genes. The correlation between the expres-
sion of ANOS1 and WNT3A (A), WNT7A (B), LINCOO641 (C), TUG1 (D), CDKN2A (E), FGF3 (F), FGF4 (G), FGF19 (H),
CCND1 (I), and FADD (J).



ANOS1 promotes progressions of ESCA

HOXD13
FOXJ1

DLxg embryonic limb morphogenesis LEFTY1

HAND2
embryomc appendage morphogenesis
DLX5 ENfy SWNT7A
category
pattern spemﬂcahon process cell fate commitment
bryoni d
chx2 \ SFRP2 — Morphogenesrs o
ALX1 IHH \ — embryonic limb morphogenesis
embryonic organ development HOXD10 DMRT3— embryonic organ development
EN2 pattern specification process
- SOX1
NEX32 WNT3A i
size
°
FgXL2 NKX2-5 cell fate commitment PY g
cAs1 @ 9
FOXE1 ATORN : 12
SOX2 15
ONECUT2
C
NEUROG3

Estrogen signaling pathway

Maturity onset diabetes of the yowg

PDX1
category
FOXA3 Estrogen signaling pathway
CALML3  — Maturity onset diabetes of the young
size
e 3
[ 2
(X
KCNJ3
®:
CALMLS
@
TEF1 KRT31

KRT20 KRT14

activated suppressed
epidermis development [ ] transporter activity
skeletal system development [ ]
tissue development ] carbohydrate
animal organ morphogenesis [ ] metabolic process
9 phog lipid metabolic ®
epithelium development [ ] process
supramolecular fiber ° cellular lipid °
organization metabolic process
embryonic morphogenesis
v pheg ¢ organic substance o
neurogenesis [ ] transport
neuron projection development [ ) organic acid °
metabolic process
developmental growth ° organic substance °
generation of neurons [ ] catabolic process
neuron differentiation [ ] oxoacid metabolic °
DNA-binding transcription activator process
activity, RNA'polymerase ll-specific [ carboxyiic acid
DNA-binding transcription : *
activator ac?lvny [ ] metabolic process
embryonic organ development | @ smal! molecule )
RNA polymerase Il transcription regulatory metabolic process
region sequence-specific DNA binding o .
RNA polymerase Il cis-regulatory region nitrogen compound
sequence-specific DNA'binding ® transport
transcription ms regéjlatory ° "
inding homeostatic process
lranscnptlon regtjlatory Y
region nucleic acid binding .
embryo development 1@ Immune response
025 030 035 040 045 020 024 028
GeneRatio
D PLA2G2E
e ENPP4
PLA2G12B VNN1
FUT2 STS
PNMT
RPIA
[ ] NANS AGMAT
GuCY2C size
RDH8 GPX2
czpzce @ o
DPM3 . 20
URrAD JKL2 [ ES
PLA2G2F LDHALEB
DEGS2 . 20
ATP4B ECHS1
ALPP . 50
PLA2GH4A- y L
Metabolic:pathways NATZ  fold change
ACOT4
PLA2G2C cDA AGXT »
cox4l2
ALG11 2
TMEM86B ACER2
FUT4 SPR -3
B3GALT4 GALNT4
GSTA2
UGT2817 Nears category
HSD11B2 i
GAINT12 cA3 Metabolic pathways
MOGAT1 HKDC1
® ALPI
®
UGT1A9
UGT1A8
PCK1 [ J FBP2
QoTC

Count
e 25

® 50
@75

@ 100
@ 125

pvalue
0.004
0.003
0.002



ANOS1 promotes progressions of ESCA

E mewore pathways F GO_CANONICAL_WNT_SIGNALING_PATHWAY 2 G

0. pvalue  p.adjust GO_CELL_\(}:\ELL_SlGN.ALlN’_(‘E_BVY_‘./\_/NT EJ LXE o
- Metabolic pathways 0002268 0.006803 N OF _WNT_SIGNALING__PATHWAY ss0se-05 001 N
3 -0, i a i
I3 2 § o
2
50 H |
E < oz H
a £
g—Da E o2
€
2-04

L0000 0 A R e

2000 £ £ 3
in Ordered Dataset in Ordered Dataset

Rank in Ordered Dataset -

Figure S4. The functional enrichment analysis based on DEGs in ESCA. The low-ANOS1 and high- ANOS1 groups exhibits different biological function by ORA (A) and
by GSEA (B), KEGG pathway by ORA (C), and by GSEA (D), metabolic pathway by GSEA (E), WNT pathway in MsigDB by GSEA (F) and EMT in HALLMARK by GSEA (G).
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Figure S5. Single-nucleotide polymorphism analysis concerning ANOS1 group. The enrichment of oncogenic signal-
ling pathways in the low-ANOS1 group (A) and in the high-ANOS1 group (B) displayed in fraction of pathway affected
and fraction of samples affected. The tumour mutation burden of each patient in the low-ANOS1 group (C) and
in the high-ANOS1 group (D). Mutually exclusive and co-occurring gene pairs in the low-ANOS1 group (E) and in
the high-ANOS1 group (F) displayed in a triangular matrix. Asterisk stands for P < 0.001 and dot for P < 0.05. The
potential drug-target categories based on single-nucleotide polymorphism in the low-ANOS1 group (G) and in the
high-ANOS1 group (H).
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Table S3. The exacted DBS signatures matched against the COSMIC signatures

High-ANOS1 group Low-ANOS1 group
COsMIC COsSMIC
Exacted DBS  Aetiology Similarity ~_*acted DBS  Aetiology Similarity
signatures . signatures .
signatures signatures
Sigl DBS4 Unknown 0.642 Sigl DBS4 Unknown 0.642
Sig2 DBS6 Unknown 0.436 Sig2 DBS4 Unknown 0.703
Sig3 DBS6 Unknown 0.167 Sig3 DBS11  Possibly related to 0.424
APOBEC mutagenesis
Sigd DBS1 Ultraviolet light exposure 0.666 Sigd DBS8 Unknown 0.229
Sigb DBS2 Tobacco smoking and 0.626 Sigb DBS2 Tobacco smoking and 0.966

other mutagens

other mutagens

Table S4. The exacted ID signatures matched against the COSMIC signatures

High-ANOS1 group Low-ANOS1 group

Exacted signatures CO_SMIC DBS Similarity Exacted signatures CO_SMIC DBS Similarity
signatures signatures

Sigl ID14 0.238 Sigl ID2 0.809

Sig2 ID9 0.758 Sig2 ID8 0.39

Sig3 ID8 0.313 Sig3 ID3 0.53

Sigd ID8 0.742 Sigd ID11 0.467
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Table S5. The correlation between cell types or scores and OS by univariable Cox regression

ID Hazard_ratio Low_ClI Ligh_ClI p_value
Eosinophils_CIBERSORT 1.847598797 1.159341303 2.944448977 0.009829426
Dendritic_cells_activated_CIBERSORT 0.681124915 0.480005558 0.966512037 0.031497253
Tgd_cells_xCell 1.994187034 1.02339103 3.885887027 0.042570993
CD4+_Tem_xCell 1.33442463 0.999408748 1.78174255 0.050470541
T_cells_follicular_helper_CIBERSORT 1.306668441 0.994852491 1.716216656 0.054497128
Macrophages_EPIC 1.284582116 0.990724577 1.665600362 0.058804848
Erythrocytes_xCell 1.530156503 0.980125667 2.38885584 0.061256995
Monocytic_lineage_MCPcounter 1.260103032 0.98331606 1.614800894 0.067698734
pDC_xCell 1.426653273 0.969276811 2.099853767 0.071586905
CLP_xCell 1.284455651 0.963873961 1.711661884 0.087487816
Neutrophils_xCell 1.373223503 0.950397683 1.984161813 0.091213339
Chondrocytes_xCell 0.694440409 0.452410083 1.065952107 0.095347294
CP_IPS 0.808953577 0.629683897 1.039260957 0.097179615
Neurons_xCell 1.601309552 0.89904347 2.852133812 0.109906122
CD4+_memory_T-cells_xCell 1.613724315 0.894911267 2.909904321 0.111641674
MHC_IPS 1.236171385 0.943087034 1.62033793 0.12464365
IPS_IPS 1.260065144 0.934409277 1.699217042 0.129704088
EC_IPS 1.211905719 0.940093066 1.562308588 0.138016614
MPP_xCell 2.171898663 0.776774239 6.072734609 0.139287775
Skeletal_muscle_xCell 1.274843515 0.913143065 1.779815289 0.15379159
CD8+_naive_T-cells_xCell 1.25999293 0.915188075 1.734705932 0.15657467
T_cells_MCPcounter 1.19677091 0.932290419 1.536281593 0.158620078
Neutrophil_TIMER 1188224369 0.927763942 1.52180645 0.171919701
T_cell_CD8_TIMER 1.198028178 0.923921369 1.553456346 0.17287549
naive_B-cells_xCell 1.415499224 0.858811693 2.333035367 0.172896276
Other_quantiseq 0.808237136 0.589577995 1.107991264 0.185901216
Plasma_cells_xCell 1.240585846 0.90123233 1.707720851 0.186108799
Preadipocytes_xCell 0.797382383 0.569242613 1.116955495 0.187926643
Mast_cells_activated_CIBERSORT 1.209655566 0.900934851 1.624164707 0.205496045
ImmuneScore_estimate 1.171668918 0.91056984 1.507636199 0.218080687
Th2_cells_xCell 1.166702755 0.901630404 1.509704322 0.240997314
CD8_T_cells_MCPcounter 1175090233 0.88916258 1.552963526 0.256721959
Astrocytes_xCell 0.826595733 0.593430148 1.151374779 0.260034643
T_cells_CD8_quantiseq 1.246647254 0.848232667 1.832197032 0.261802697
Macrophages_xCell 1.190892645 0.864430886 1.64064625 0.285184874
Dendritic_cells_resting_CIBERSORT 1.194509518 0.86040683 1.658346888 0.288334525
Macrophages_M2_xCell 1.203342543 0.849624757 1.704320955 0.297260942
DC_TIMER 1.148156715 0.885422327 1.488853175 0.29737182
Macrophage_TIMER 1.145003395 0.883344274 1.484169664 0.306346379
Macrophages_M1_xCell 1.155759808 0.874683321 1.52715926 0.308587001
Keratinocytes_xCell 0.869773528 0.663518797 1.140142516 0.312359961
Macrophages_M1_quantiseq 1.2122802  0.833444087 1.763313587 0.313954665
Fibroblasts_xCell 0.816473298 0.549689147 1.212737509 0.315158701
Megakaryocytes_xCell 0.852288796 0.622229487 1.167408822 0.319400353
aDC_xCell 1.142412246 0.877446884 1.487390021 0.322708775
T_cells_CD4_naive_CIBERSORT 1.578361016 0.613024946 4.063820752 0.344237477
Neutrophils_MCPcounter 1.144990828 0.863971636  1.51741555 0.3460217
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NK_cells_MCPcounter
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Figure S7. The correlation between the ANOS1 and cell types by different algorithms.
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group.
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Figure S9. The comparison on chemosensitivity by the ANOS1 expression.
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Figure S10. Potential chemotherapy drugs for esophageal cancer patients with high ANOS1 expression. The association between the ANOS1 expression and the es-

timated half inhibitory centration (IC50) for chemotherapeutics, including (A) cisplatin, (B) docetaxel, (C) cyclopamine, and (D) vinorelbine. The comparison between
the ANOS1 group and the estimated IC50 for (E) cisplatin, (F) docetaxel, (G) cyclopamine, and (H) vinorelbine.
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