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Abstract

Background: Pancreatic adenocarcinoma (PAAD) is a highly malignant tumor in urgent need of novel diagnostics, prognostic markers,
and treatments. Eukaryotic translation initiation factor 2 subunits (EIF2Ss), comprising Eukaryotic translation initiation factor 2 subunit
alpha (EIF2S1), Eukaryotic translation initiation factor 2 subunit beta (EIF2S2), and Eukaryotic translation initiation factor 2 subunit
gamma (EIF2S3), is a family of eukaryotic initiation factors that participate in early protein synthesis and are crucial for tumor initiation
and progression. However, the role of EIF2Ss in PAAD has yet to be reported. The aim of this study was therefore to analyze EIF2Ss in
relation to the diagnosis, prognosis, and treatment of PAAD. Methods: The cancer genome atlas (TCGA) database was used to investigate
gene expression and patient survival. Gene alterations, immune cell infiltration, and immune checkpoints in PAAD were also evaluated.
Univariate and multivariate analysis, nomograms, calibration curves, and Decision Curve Analysis (DCA) diagrams were used to develop
and evaluate a prediction model for patient outcome. Single-cell RNA-seq (scRNA) analysis, functional enrichment, co-IP assay, mass
spectrometry, and western blot were used to study the relationship between EIF2Ss and c-myc in PAAD. Results: EIF2Ss are over-
expressed in PAAD tissue and are associated with poor prognosis. The frequency of EIF2S1, EIF2S2, and EIF2S3 gene alteration in
PAAD was 0.2%, 0.4%, and 0.2%, respectively. High EIF2Ss expression was associated with Th2 cell infiltration, whereas low expression
was associated with pDC infiltration. Moreover, EIF2Ss expression was positively correlated with the expression of the NTSE, ULBPI,
PVR, CD44, ILIORB, and CD276 checkpoints. A prediction model developed using EIF2Ss and important clinicopathologic features
showed good predictive value for the overall survival of PAAD patients. ScCRNA-Seq data showed that EIF2Ss was associated with
enrichment for endothelial cells, fibroblasts, malignant cells, and ductal cells. EIF2Ss expression was also correlated with adipogenesis,
interferon-alpha response, epithelial-mesenchymal transition, myc targets, G2M checkpoint, oxidative phosphorylation, and hypoxia.
Functional enrichment analysis of EIF2Ss showed a close correlation with the myc pathway, and interactions between EIF2Ss and c-myc
were confirmed by co-IP assay and mass spectrometry. Importantly, knockdown of c-myc decreased the expression of EIF2S1, EIF2S2,
and EIF2S3 in PAAD cells. Conclusions: EIF2Ss were found to have significant clinical implications for the prognosis and treatment
of PAAD. Inhibition of c-myc caused the downregulation of EIF2S1, EIF2S2, and EIF2S3 expression.

Keywords: EIF2Ss; pancreatic adenocarcinoma; prognosis; immune infiltration; c-myc

1. Introduction (EIF2S3) [8,9]. These subunits are heavily involved in the
early stages of protein synthesis, and are also thought to be-
long to a family of oncogenes [10,11]. Overexpression of
EIF2S1 was reported to promote tumorigenesis of human
lymphoma and neuroblastoma, and to be closely associated
with the OS of these patients [12,13]. EIF2S2 is crucial
for the formation of pre-synthesis protein initiation com-
plexes, thereby supporting the high protein demand that oc-
curs during organelle synthesis in cancer cells [14]. EIF2S2
was also identified as a novel prognosis marker and as part
of strategy for combination therapy [15,16]. EIF2S3 is the
largest subunit of EIF2S and plays a decisive role in control-
) L . ling the protein translation rate [17-19]. Overexpression
Eukaryotic translation initiation factor 2 is composed of EIF2S3 was found in both the peripheral blood and tu-

of three subuglts, namely eukaryotic translation initiation mor tissues of PAAD patients [20], making it a non-invasive
factor 2 subunit alpha (EIF2S1), beta (EIF2S2), and gamma

Pancreatic adenocarcinoma (PAAD) is a highly ma-
lignant tumor with poor prognosis [1,2]. Despite extensive
research efforts to identify novel diagnostic and prognostic
biomarkers, most patients with PAAD are diagnosed at an
advanced stage [3—5]. Furthermore, there are no effective
therapeutic approaches for PAAD other than surgical resec-
tion, and hence the overall survival (OS) and progression
free survival (PFS) of patients with this cancer type remains
extremely poor [6,7]. Hence, there is an urgent need to find
new diagnostic markers and therapeutic targets for PAAD
that will allow early diagnosis and target-specific treatment.
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marker for diagnosis and prognosis. However, possible role
for EIF2Ss in the diagnosis, treatment, and prognosis of
PAAD have yet to be not been comprehensively investi-
gated.

In the present study, we therefore evaluated the ex-
pression of EIF2Ss in PAAD, as well as their diagnostic and
prognostic significance. We also built a prognostic model
based on EIF2Ss that showed good prediction of survival
for PAAD patients. Importantly, knockdown of c-myc ex-
pression was observed to downregulate the expression of
EIF2S1, EIF2S2, and EIF2S3 in PAAD cells. Overall, these
research findings on EIF2Ss overexpression suggest new
options for improving the diagnosis, prediction of outcome,
and treatment of PAAD patients.

2. Materials and Methods

2.1 Data Collection and Processing

RNA-seq data (TPM) for 730 para-cancerous tissue
samples and 10,363 pan-cancer samples were obtained
from the Cancer Genome Atlas (TCGA) database (http
s://portal.gdc.cancer.gov/repository). For PAAD, 4 para-
cancerous tissue samples and 179 cancer samples were
downloaded from the TCGA Knowledge Base. Further-
more, 167 normal samples were retrieved from University
of California Santa Cruz Xena (UCSC Xena, http://xena.u
csc.edu/) take into account sample heterogeneity.

2.2 Gene Alterations

Gene alteration data including alteration frequency,
possible mutation sites, and alteration type were obtained
from the cBioPortal database (https://www.cbioportal.org
/). Details of the gene alteration types, such as amplifi-
cation, missense mutation, and deep deletion of the genes
were also examined.

2.3 Analysis of Immune Cell Infiltration

Immune cell infiltration and target gene expressions
in PAAD was assessed using R (v 3.6.3, The R Foundation
for Statistical Computing, Vienna, Austria). The Tumor
Immune Estimation Resource (TIMER) database (https:/
cistrome.shinyapps.io/timer/) was used to examine correla-
tions between immune cell infiltration and gene copy num-
ber variations, and also between immune cell infiltration
and gene expression levels. The Tumor-Immune System In-
teractions Database (TISIDB) (http://cis.Hku.hk/TISIDB/)
was used to analyze gene expression in different immune
cell subtypes, as well as correlations with lymphocytes and
immunostimulators. The correlation between 70 common
checkpoints and target genes was analyzed with R software
(v3.6.3).

2.4 Nomogram Construction

Univariate and multivariate Cox regression analyses
were used to identify appropriate genes for constructing
a nomogram. The parameters included T stage, N stage,

pathological stage, radiation therapy, residual tumor, histo-
logical grade, anatomic neoplasm subdivision, and the ex-
pression of EIF2S1, EIF2S2, and EIF2S3. Receiver Oper-
ating Characteristic (ROC) curves, Kaplan-Meier survival
curves, calibration curves, and Decision Curve Analysis
(DCA) diagrams were used to evaluate the predictive ability
of the prognostic model for patient survival.

2.5 scRNA Analysis

A scRNA-seq data source, tumor immune single-
cell hub (TISCH) (http://tisch.comp-genomics.org/home/),
focuses on the tumor microenviroment (TME) and pro-
vides cell-type specific annotations at the single-cell level,
thereby enabling research on TME in various types of ma-
lignancies. The TISCH was used to analyze PAAD scRNA
data obtained from the CRAO001160 and GSEI111672
databases. EIF2Ss expression in various cell types were
shown in T-SNE projection. The enrichment of cells in var-
ious pathways was also shown in TISCH.

2.6 Correlation of Related Genes and Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a previously
established gene collection that shows statistically signifi-
cant and continuous changes between two biological states
using a computerized method (https://www.gsea-msigdb.or
g/gsea/index.jsp). This was used to find all genes that have
been linked to EIF2Ss gene expression in previous research
and to investigate for possible survival differences between
high and low expression groups. Gene set permutation was
conducted 1000 times for each analysis. Highly correlated
genes were illustrated by heatmap using the R package (ver-
sion 3.3.3, ggplot2). The genes and correlated genes were
enriched using GSEA.

2.7 Cell Culture and Quantitative Real Time Polymerase
Chain Reaction (qRT-PCR)

The human pancreatic cancer cell lines SW1990 and
Capanl were purchased from the American Type Culture
Collection (Manassas, VA, USA). Short Tandem Repeat
(STR) profiling was used to authenticate the cell lines,
and all cells tested free of mycoplasma. Both cell lines
were cultured in an incubator at 37 °C with 5% COs in-
cubator and grown in Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) containing
1% penicillin (Sigma-Aldrich), 1% streptomycin (Sigma-
Aldrich), and 10% fetal bovine serum (Hyclone; Cytiva,
Logan, UT, USA). The total RNA of pancreatic cancer cells
was extracted by TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA). The reverse transcription of total RNA to DNA
was completed by the TaKaRa PrimeScript RT Reagent Kit
(TaKaRa, Kusatsu, Japan). SYBR Green Real-Time PCR
Master Mixes (Yeasen Biotechnology, Shanghai, China)
was usedto detect the expression of EIF2S1, EIF2S2, and
EIF2S3. The GAPDH served as an internal reference con-
trol.
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2.8 Co Immunoprecipitation (Co-IP) and Western Blot

SW1990 and Capanl pancreatic cancer cells were
washed twice with PBS, then cell lysis buffer (Beyotime,
Shanghai, China) supplemented with protease and phos-
phatase inhibitors (Beyotime, Shanghai, China) was added,
and the dish was placed on ice for 30 minutes. Cells were
scraped by a pre-cooled cell scraper and the suspension
transferred to a 1.5 mL EP tube and centrifuged at 14,000 g
for 15 minutes at 4 °C. The cell lysate supernatant was im-
mediately transferred to a new 1.5 mL EP tube and the rel-
ative protein concentration measured with a BCA Protein
Assay kit (Beyotime, Shanghai, China). A small amount
of cell lysate supernatant was taken as input. The corre-
sponding antibody was then added to the remaining cell
lysate supernatant and incubated for 24 hours at 4 °C. Next,
50 pL protein A/G magnetic beads (Beyotime, Shanghai,
China) were incubated with the complex overnight at 4
°C and then washed with lysis buffer. Finally, the in-
put, IgG, and IP fractions were subjected to western blot
analysis. Following electrophoresis with 10% SDS-PAGE,
the proteins were transferred onto polyvinylidene difluo-
ride (PVDF) membranes. The membranes were then treated
with the following primary antibodies: c-Myc (1:1000,
Proteintech, Chicago, IL, USA), EIF2S1 (1:1000, Pro-
teintech), EIF2S2 (1:1000, Proteintech), EIF2S3 (1:1000,
Proteintech), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:1000, Proteintech). These antibodies
were treated with the PVDF membrane overnight, washed,
and then incubated with a Horseradish Peroxidase (HRP)-
labeled secondary antibody solution for 1 hour. Finally,
enhanced chemiluminescence (ECL) luminescent solution
was added to the surface of the PVDF membranes, to visu-
alize the immunoblot bands in a pre-cooled LAS4000 lumi-
nescent imager (GE, Boston, MA, USA)..

2.9 LC-MS/MS Quantification

Pancreatic cancer cells were harvested, lysed with cell
lysis buffer, and then quantified and labeled as the in-
put sample. The IP sample was separated by SDS-PAGE,
and LC-MS/MS analysis was then performed (Shanghai
Genechem Co., Ltd.). Briefly, the bands from SDS-PAGE
were divided into 1 mm?® for each gel slice. The proteins
were then dissolved, and the peptide samples were desalted
and resuspended. Easy nLC chromatography was subse-
quently performed, with 0.1% formic acid aqueous solution
used as buffer A and 0.1% formic acid acetonitrile aque-
ous solution used as buffer B. A nanoliter flow rate Easy
nLC system was used to separate the experimental samples,
which were then subjected to mass spectrometry analysis
using a Q Active Plus mass spectrometer (Thermo Fisher
Scientific, MA, USA). Finally, the original graph file ob-
tained from Q Active Plus was converted, processed, and
analyzed.
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2.10 Statistical Analysis

Data were analyzed using R software version 3.6.3
(The R Foundation for Statistical Computing, Vienna, Aus-
tria), SPSS 20.0 (IBM Corp. Released 2011. IBM SPSS
Statistics for Windows, Version 20.0. IBM Corp., Armonk,
NY, USA), and GraphPad Prism 8.0.0 (GraphPad Prism
version 8.0.0 for Windows, GraphPad Software, Boston,
MA, USA, https://www.graphpad.com/). Student’s #-test
or one-way ANOVA were used to compare groups, and a
p-value < 0.05 was deemed statistically significant.

3. Results

3.1 Expression of EIF2Ss in PAAD and Their Diagnostic
and Prognostic Value

The expression of EIF2Ss and their prognostic value
in many different cancer types were examined using TCGA
data. The expression of EIF2S1, EIF2S2, and EIF2S3 were
elevated in tumor tissue compared to the corresponding
normal tissue (Supplementary Fig. 1A-C). These genes
were also consistently overexpressed in PAAD (Fig. 1A—
C). Kaplan-Meier analysis revealed that high expression of
EIF2S1, EIF2S2 and EIF2S3 in PAAD patients was asso-
ciated with poor OS (Fig. 1D-F), disease-specific survival
(DSS) (Supplementary Fig. 1D), and progress-free inter-
val (PFI) (Supplementary Fig. 1E). The area under the
curve (AUC) for ROC analysis of EIF2S1, EIF2S2 and
EIF2S3 expression were 0.926, 0.971, and 0.881, respec-
tively (Fig. 1G-I). Moreover, time-dependent ROC curves
for EIF2Ss showed AUCs of 0.614, 0.646, and 0.754 for
EIF2S1 (Supplementary Fig. 1F), 0.674, 0.629, and 0.620
for EIF2S2 (Supplementary Fig. 1F), and 0.586, 0.655,
and 0.760 for EIF2S3 (Supplementary Fig. 1F).

We next examined the clinicopathological charac-
teristics of PAAD groups with differentially expressed
EIF2Ss. Patients with high expression of EIF2S1 pre-
sented with T3/T4 stage, stage [I/III/IV, PD, and G2/G3/G4
grades (Supplementary Fig. 2A-D). Patients with high
EIF2S2 expression presented with PD and G2/G3/G4
grades (Supplementary Fig. 2E,F). Patients with high ex-
pression of EIF2S3 presented with T3/ T4 stage, female
gender, residual tumor R1 and R2, and G2/G3/G4 grade
(Supplementary Fig. 2G-J). Possible associations be-
tween OS with clinical characteristics and EIF2Ss were
also investigated. High expression of EIF2S1 in patients
with T1/T2, NO, no radiotherapy, male, residual tumor RO,
G1/G2 grade, diabetes history and no family history of
cancer was associated with poor OS (Supplementary Fig.
3A). Low EIF2S2 expression in PAAD patients with T1/T2,
MO, PO, no radiation, PD, male, white, R1/R2 residual tu-
mor, G1/G2 grade, pancreatic cancer head, no alcohol his-
tory, and no cancer family history of cancer was associated
with good OS (Supplementary Fig. 3B). Furthermore,
poor OS was observed with high expression of EIF2S3 in
pancreatic cancer patients with NO stage, no radiation ther-
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apy, less than or equal to 65 years old, residual tumor of
R1/R2, G1/G2 grade, no smoker, and history of diabetes
(Supplementary Fig. 3C).

3.2 EIF2Ss Gene Alterations in PAAD

Data on EIF2Ss gene alterations were obtained from
the cBioPortal database. The distibution of alteration types
is shown in Fig. 2A—C. EIF2S1 and EIF2S2 showed am-
plification and deep deletions (Fig. 2D,E), whereas EIF2S3
showed missense mutations and deep deletions (Fig. 2F).

3.3 EIF2Ss and Immune Infiltration in PAAD

PAADs with high levels of EIF2Ss expression were
infiltrated with Th2 cells (Fig. 3A—C). In contrast, PAADs
with a low level of EIF2Ss expression were infiltrated with
pDC (Fig. 3A—C). High levels of EIF2S1 and EIF2S3 ex-
pression were associated with infiltration by T helper cells
and Th2 cells (Fig. 3A,C). Low EIF2S2 expression was
associated with infiltration by CD8+ T cells, cytotoxic
cells, iDC, mast cells, NK cells, pDC, T cells, TFH, Th17
cells, and Th2 cells (Fig. 3B). The relationship between im-
mune cell infiltration and EIF2Ss expression was also in-
vestigated using the TIMER database. EIF2S1, EIF2S2,
and EIF2S3 expression were all positively associated with
CDS8+ T cells (Fig. 3D-F). In addition, EIF2S1 expres-
sion was positively associated with B cells, macrophages,
neutrophils, and DCs (Fig. 3D). EIF2S3 expression was
positively associated with B cells, neutrophils, and DCs
(Fig. 3F).

3.4 EIF2Ss Correlations with Immune Checkpoints,
Subtypes, Lymphocytes, and Immunostimulators

Correlations between the expression levels of EIF2S1,
EIF2S2, and EIF2S3 with the expression of 70 com-
mon immune checkpoints in PAAD are presented in
Fig. 4A. The expression of EIF2S1 was positively as-
sociated with CD44, NTSE, CD274, IL2RA, NRPI,
ENTPD1, CD86, PDCD1LG2, PVR, TGFBR1, TN-
FSF4, TNFSF13B, CD80, ULBP1, CD276, HAVCR?2,
MICB, CSFIR, CD28, RAETIE, ICOS, TIGIT, TN-
FRSF9, LAIR1, CD96, IL10, CD200R1, CXCR4, TN-
FSF18, IL10RB, IL6, TNFSF15, IDO1, CD70 and CD244
(Supplementary Fig. 4A). The expression of EIF2S2 was
positively associated with NT5E, ULBP1, PVR, CD44,
IL10RB and CD276 (Supplementary Fig. 4B). Finally,
the expression of EIF2S3 was positively correlated with that
of CD44, NT5SE, MICB, IL2RA, TNFSF4, CD274, NRPI,
PDCDI1LG2, TNFSF13, ENTPDI1, TNFSF13B, RAETIE,
TNFRSF9, TNFRSF15, CD86, TGFBRI, 1COS, TIGIT,
CD40, CD9%6, CD80, CD28, CD276, HAVCR2, CD200R1
and IDO1 (Supplementary Fig. 4C). The expression lev-
els of EIF2S1, EIF2S2, and EIF2S3 in PAAD also corre-
lated with the immune subtypes C1 (wound healing), C2
(IFN-gamma dominant), C3 (Inflammatory), and C6 (TGF-
b dominant) (Fig. 4B-D).

A heatmap generated with the TISIDB database
showed the correlations between EIF2Ss, lymphocytes and
immunostimulators in 30 cancer types (Supplementary
Fig. 5A-F). In PAAD, most lymphocytes and immunos-
timulators were positively correlated with the expression
of EIF2S1, EIF2S2, and EIF2S3. The expression of
EIF2S1 was also positively correlated with an abundance
of Act—CD4 cells, Tcm—CD4 cells, Tcm—CDS8 cells,
and Th2 cells (Supplementary Fig. 5G-J). EIF2S2 and
EIF2S3 expression were positively associated with an abun-
dance of CD56dim cells and Act CD4 cells, respectively
(Supplementary Fig. SM,0). EIF2S1 expression was also
positively correlated with expression of the IL2RA and
NTSE immunostimulators (Supplementary Fig. 5K,L).
Finally, the expression of EIF2S2 was positively associated
with NTSE (Supplementary Fig. 5N).

3.5 Construction of a Nomogram for PAAD

Optimization of a prognostic model for patient out-
come could improve its accuracy and therefore its clini-
cal value, especially in PAADs with high expression of
EIF2Ss. We therefore built a model using univariate
and multivariate Cox regression analysis, and incorpo-
rated important clinicopathologic features (T stage, N stage,
pathological stage, radiation therapy, residual tumor, his-
tologic grade, anatomic neoplasm subdivisions), as well
as EIF2Ss (Supplementary Fig. 6A,B). This nomogram
was predictive of 1-year, 2-year, and 3-year OS probability
(Fig. 5A). Subsequently, the predictive efficacy and value
of the nomogram were verified by ROC curves, calibration
curves, and DCA diagrams. The AUC of ROC curves for
1-year, 2-year, and 3-year OS were 0.749, 0.824, and 0.807,
respectively (Fig. 5B). Furthermore, the calibration curves
(Fig. 5C-E) and DCA diagram (Fig. SF—H) showed good
consistency between the prediction and the actual state.

3.6 scRNA-Seq Analysis of EIF2S1, EIF2S2, and EIF2S3
in PAAD

Correlations between immune cell infiltration and
EIF2Ss expression were further verified by scRNA-
Seq data obtained from PAAD CRA001160 and
PAAD GSE111672 (Fig. 6A,E). The results showed
that EIF2S1, EIF2S2, and EIF2S3 were highly expressed
in endothelial cells, fibroblasts, malignant cells, and ductal
cells (Fig. 6B-D,F-K). Enrichment analysis of EIF2Ss in
PAAD CRA001160 and PAAD GSE11167 indicated that
adipogenesis and interferon-alpha response were mainly
associated in endothelial cells; the epithelial-mesenchymal
transition was mainly associated in fibroblasts; myc tar-
gets, G2M checkpoint, and interferon-alpha response were
mainly enriched in malignant cells; oxidative phosphoryla-
tion, interferon-alpha response, and hypoxia were mainly
enriched in ductal cells (Supplementary Figs. 7,8).
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Fig. 1. Expression of EIF2Ss in Pancreatic adenocarcinoma (PAAD) and their prognostic and diagnostic value. (A—C) Differential
expression of EIF2S1, EIF2S2, and EIF2S3 in PAAD tumor and normal tissue. (D-F) OS curves for PAAD patients with low (n = 89)
or high (n = 90) expression levels of EIF2S1, EIF2S2, and EIF2S3. (G-I) ROC curves indicate the diagnostic value of EIF2S1, EIF2S2,
and EIF2S3 expression in PAAD. ***p < 0.001. PAAD, pancreatic adenocarcinoma; EIF2S1, eukaryotic translation initiation factor 2
subunit alpha; EIF2S2, eukaryotic translation initiation factor 2 subunit beta; EIF2S3, eukaryotic translation initiation factor 2 subunit

gamma; OS, overall survival; ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence interval.

3.7 Correlations between EIF2Ss and c-Myc in PAAD

The scRNA-Seq data analysis in PAAD showed that
myc targets were enriched in malignant cells with EIF2Ss
expression. Hence, interactions between EIF2Ss and c-
myc were further investigated. The results of GSEA
functional enrichment analysis are shown in Fig. 7A-C.
The spearman correlation coefficients for EIF2S1, EIF2S2,
and EIF2S3 with c-myc were 0.488, 0.255, and 0.4, re-
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spectively (Fig. 7D-F). Myc was upregulated in tumor
tissue compared with normal tissue (Fig. 7G). Kaplan-
Meier analysis showed that high myc expression was as-
sociated with poor OS (Fig. 7H). Mass spectrum anal-
ysis confirmed that EIF2S1, EIF2S2, and EIF2S3 pro-
teins were co-immunoprecipitated with myc (Fig. 71). The
mass spectrogram showed the EIF2S1 peptide sequence
was GVFNVQMEPK (Fig. 7J), the EIF2S2 peptide se-
quence was EYVTCHTCR (Fig. 7K), the EIF2S3 pep-
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Fig. 2. EIF2Ss gene alterations in PAAD. (A-C) The location of gene alteration types in EIF2S1, EIF2S2 and EIF2S3. (D-F) Gene

alteration types and proportions in EIF2S1, EIF2S2, and EIF2S3.

tide sequence was VGQEIEVRPGIVSK (Fig. 7L). Co-
immunoprecipitation experiments using SW1990 and Ca-
panl cell lysis protein were used to further confirm the
interaction between c-myc and EIF2Ss, c-myc was again
found to co-immunoprecipitate with EIF2S1, EIF2S2, and
EIF2S3 (Fig. 7M). Western blot analysis also showed that
EIF2S1, EIF2S2, and EIF2S3 co-immunoprecipitated with

c-myc (Fig. 7N). Moreover, knock down of c-myc was ob-
served to downregulate the expression of EIF2S1, EIF2S2,
and EIF2S3 (Fig. 70). Overexpression of c-myc was ob-
served to upregulate the expression of EIF2S1, EIF2S2, and
EIF2S3 (Fig. 7P). In the meanwhile, the RT-qPCR results
were also verified this point (Fig. 7Q-R).
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Fig. 4. EIF2Ss correlations with immune checkpoints, subtypes, lymphocytes, and immunostimulators. (A) Correlations between
the expression of 70 common immune checkpoints and the expression of EIF2S1, EIF2S2, and EIF2S3 in PAAD. (B-D) Correlations
between EIF2S1, EIF2S2, and EIF2S3 expression and immune subtypes.

4. Discussion

Despite advances in surgery, chemotherapy, targeted
therapy, and immunotherapy, the outcome for PAAD pa-
tients remains poor [21]. The OS of PAAD patients is gen-
erally much shorter than that of other tumor types, partly
due to the late onset of clinical symptoms and diagnosis
[22]. Furthermore, the occult characteristics of PAAD, high
tumor heterogeneity, and strong resistance to drug ther-
apy and immunotherapy all contribute to its poor prognosis
[23,24].

In the present work, we comprehensively studied
the diagnostic, prognostic, and treatment significance of
EIF2Ss in PAAD. Our results show that EIF2S1, EIF2S2,
and EIF2S3 are highly expressed in the tumor tissue of
PAAD compared with corresponding normal tissue, while
also being associated with worse prognosis. EIF2Ss are
important gene family that combined with GTP and ini-
tiator tRNA to form a 40S ribosomal subunit that func-
tions in the early stages of protein synthesis [25-27]. Cor-
relations between members of EIF2Ss and various other
tumor types have been reported previously. Both in sil-
ico and immunohistochemical studies reported high expres-
sion of EIF2S1 and EIF2S2 in intestinal-type adenocarci-
noma [28]. EIF2S1 was shown to interact with ERh and to

up-regulate the expression of ATF4 and CHOP mRNA in
bladder cancer [29]. EIF2S2 was associated with the clin-
icopathological characteristics and poor prognosis of HCC
[30]. Moreover, the mRNA level of EIF2S2 in colorectal
cancer (CRC) was consistent with immunohistochemistry
findings and closely correlated with Fluorodeoxyglucose
(FDG) uptake [31]. The blood EIF2S3 expression level
was proposed as a marker for blood-based detection assays
in CRC patients [32]. All of the above studies found that
EIF2Ss were upregulated in the tumor tissues or blood sam-
ples of patients with various cancer types. However, the ex-
pression levels of EIF2S1, EIF2S2, and EIF2S3 in PAAD
have not yet been reported. The present research first found
that EIF2S1, EIF2S2, and EIF2S3 are highly expressed in
PAAD compared with normal tissue, and have significant
prognostic value for OS in this cancer type. Moreover,
patients with histological grade G2, G3, and G4 tumors
showed high expression of EIF2S1, EIF2S2, and EIF2S3.
The high expression of EIF2Ss family members has been
associated with a higher degree of pathological malignancy,
thereby indicating poor prognosis and patient outcome. Pa-
tients with T3 or T4 stage tumors in the present study also
showed higher expression of EIF2S1 and EIF2S3 than those
with T1 or T2 stage tumor, again indicating that elevated
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Fig. 5. Construction of a nomogram for PAAD. (A) The nomogram was used to predict the OS of PAAD patients at 1-year, 2-year,

and 3-years. (B) ROC curves indicate the diagnostic value of the nomogram. (C-E) Calibration curves for the nomogram predict OS at

1-year, 2-year, and 3-years. (F-H) Decision Curve Analysis (DCA) diagrams for the nomogram predict OS at 1-year, 2-year, and 3-years.

of EIF2Ss expression may be involved with tumor progres-
sion. Patients with PD also presented with high EIF2S1 and
EIF2S2 levels, suggesting that overexpression of EIF2Ss
may enhance tumor progression. Together, these findings
implicate the EIF2Ss gene family in the malignant evolution
of PAAD, and suggest that EIF2Ss expression has prognos-
tic and diagnostic utility in this disease.
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The present study, also revealed for the first time a
close relationship between EIF2Ss family members and im-
mune infiltration. Our findings indicate that high EIF2S1,
EIF2S2 and EIF2S3 expression are associated with the in-
filtration of Th2 cells. The participation of Th2 cells in hu-
moral immunity is closely correlated with poor prognosis
in PAAD [33,34]. Th2 cells have been shown to prompt
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Fig. 6. SCRNA-Seq analysis of EIF2S1, EIF2S2, and EIF2S3 in PAAD. (A) The t-SNE projection of all cells in scRNA-Seq data of
PAAD CRAO001160. (B-D) The expression of EIF2S1, EIF2S2, and EIF2S3 in scRNA-Seq data of PAAD CRA001160. (E) The t-SNE
projection of all cells in sScRNA-Seq data of PAAD GSE111672. (F-H) The expression of EIF2S1, EIF2S2, and EIF2S3 in scRNA-Seq
data of PAAD GSE111672. (I-K) Cells enrichment for EIF2S1, EIF2S2, and EIF2S3 in scRNA-Seq data of PAAD CRA001160 and

PAAD_GSE111672.

the tumorigenesis of pancreatic cancer via enhanced DC
capacity [35]. Collectively, these results suggest that el-
evated expression of EIF2Ss in PAAD may contribute to
the infiltration and migration of Th2 cells. In contrast, low
expression of EIF2Ss in PAAD was associated with infil-
tration of pDC cells. In human metastatic melanoma, in-
creased pDC cell infiltration is associated with improved
survival and anti-tumor immunity [36,37]. Compared to
conventional dendritic cells, pDCs were was closely corre-
lated with better DSS and DFS, tumor-infiltrating lympho-
cytes, and cancer immunity in PAAD [38]. Moreover, it has
also been reported that pDCs enhance anti-cancer immunity
when combined with anti-PD-L1 antibodies in triple nega-
tive breast cancer [39]. Together, these findings indicate
that low expression of EIF2Ss and infiltration with pDC
cells may improve the efficacy of immunotherapy and in-
crease OS in some tumors types. TIMER database analysis
revealed the EIF2Ss expression level was positively corre-
lated with CD8+ T cell infiltration. CD8+ T cells are effec-
tor toxic T cells and participate in the killing of tumor cells
[40—42]. CD8+ T cells have also been reported to favor an
antitumor response by altering the TME and increasing the
efficacy of immunotherapy [43—45]. Furthermore, chang-
ing the TME in PAAD can significantly improve therapeu-
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tic efficacy and therefore also the prognosis of the disease.
[46]. Thus, further research is warranted regarding possi-
ble correlations between EIF2Ss expression, TME and re-
sponse to immunotherapy.

The present study is also the first to correlate the
expression of EIF2Ss with 70 common immune check-
points. Our results indicate that NTSE, ULBP1, PVR,
CD44, IL10RB, and CD276 are all positively correlated
with the expression of EIF2S1, EIF2S2, and EIF2S3. Of
note, a close association was observed between EIF2Ss and
the CD276 and CD44 immune checkpoints, both of which
are cancer stem cell markers involved in the early growth
and metastasis of tumors [47,48]. CD276 and CD44 are
also closely associated with eacape from immunosurveil-
lance by cancer stem cells [49,50]. Immune checkpoint in-
hibitors, such as PD-I, PD-L1, CTLA-4 and others are only
weakly associated with the clinical response to treatments
for PAAD [51,52]. Other immune checkpoint inhibitors
that target cancer stem cells, such as CD276 and CD44, may
be more relevant for the treatment of PAAD.

EIF2Ss were further analyzed in the present study
by using scRNA-Seq data. The PAAD CRA001160 and
PAAD _GSE111672 datasets revealed that EIF2S1, EIF2S2,
EIF2S3 were all highly expressed in endothelial cells, fi-
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Fig. 7. Correlation of EIF2Ss with c-myc in PAAD. (A-C) GSEA functional enrichment analysis of EIF2Ss. (D-F) Spearman value
correlation coefficients for EIF2S1, EIF2S2, and EIF2S3 with c-myc. (G) Upregulated of myc in pancreatic cancer tissue compared with
normal tissue. (H) Kaplan—Meier survival analysis for myc expression in PAAD patients. (I) The mass spectrum assay confirmed co-
immunoprecipitation of myc with EIF2S1, EIF2S2, and EIF2S3. (J-L) The mass spectrogram of EIF2S1, EIF2S2, and EIF2S3. (M,N)
Co-immunoprecipitation of myc with EIF2Ss. (O) Knockdown of c-myc decreased the expression of EIF2S1, EIF2S2, and EIF2S3
(western blot results). (P) Overexpression of c-myc increased the expression of EIF2S1, EIF2S2, and EIF2S3 (western blot results). (Q)
Knockdown of c-myc decreased the expression of c-myc, EIF2S1, EIF2S2, and EIF2S3 (RT-qPCR results). (R) Overexpression of c-myc
increased the expression of c-myc, EIF2S1, EIF2S2, and EIF2S3 (RT-qPCR results).
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broblasts, malignant cells and ductal cells. A poor immune
microenvironment was found to be closely related to malig-
nant cells, cancer-associated fibroblasts (CAF), and some
tumor-infiltrating lymphocytes (TILs) [53—55]. These cells
may promote tumor progression, metastasis, and poor re-
sponse to immunotherapy in PAAD [56,57]. Thus, alter-
ing the immune microenvironment could benefit PAAD pa-
tients that have high EIF2Ss expression. In the current
study, scRNA-seq analysis also revealed that the malig-
nant cells with high EIF2Ss expression were mainly en-
riched with targets for myc. The functional enrichment of
EIF2Ss was shown to be closely related to the myc pathway.
Further research on the interaction between EIF2Ss and c-
myc is therefore warranted. Mass spectrometry and west-
ern blotting confirmed that EIF2Ss co-immunoprecipitated
with c-myc. Moreover, western blot results showed the ex-
pression of EIF2Ss was regulated by c-myc. Knockdown
of c-myc in PAAD cells downregulated the expression of
EIF2Ss, whereas overexpression of c-myc upregulated the
expression of EIF2Ss. Meanwhile, these findings were also
confirmed at the transcriptional level by RT-qPCR. These
results suggest that PAAD patients with high EIF2Ss ex-
pression may benefit from targeted c-myc treatment. There-
fore, it is important to detect the level of EIF2Ss expression
in pancreatic cancer tissues, as this may have implications
for its treatment. However, whether there are also corre-
lations between EIF2Ss and c-myc in other cell types in
the TME requires further investigation. In summary, tar-
geted therapy against EIF2Ss may be beneficial for PAAD
patients.

The present study has some limitations. First, the
mechanism responsible for the overexpression of EIF2Ss
in PAAD requires further research. Second, the accuracy
and utility of the predictive model in clinical practice needs
further verification. Finally, more research is needed to de-
termine the efficacy of immunotherapy in PAAD patients
with high expression of EIF2Ss.

5. Conclusions

In this study, EIF2Ss were found to be overexpressed
in PAAD patients and to be associated with poor prognosis.
EIF2Ss expression in PAAD was positively correlated with
TILs, chemokines, and immune checkpoints. Moreover, a
prognosis model consisting of EIF2Ss and important clini-
cal characteristics showed excellent predictive value for OS
in PAAD. Importantly, this research is the first to show that
knockdown of c-myc expression can downregulate the ex-
pression of EIF2Ss in PAAD. Overall, these results demon-
strate the involvement of EIF2Ss in the diagnosis, progno-
sis, and treatment of PAAD, and should prompt further clin-
ical studies involving this gene family.
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