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Pancreatic adenocarcinoma (PAAD) has become one of the deadliest malignancies in the world. Since necroptosis
plays a crucial role in regulating the immune system, it is necessary to develop novel prognostic biomarkers
associated with necroptosis and explore its potential role in PAAD. The transcriptome RNA-seq data of PAAD
were downloaded from the TCGA and GTEx databases. A prognostic signature was constructed by the least
absolute shrinkage and selection operator (LASSO) Cox regression, and its prognostic value was evaluated by
nomogram and validated in an independent GEO cohort. We identified a total of 24 differentially expressed NRGs
in PAAD, and constructed a prognostic signature with 5 NRGs, which showed good performance in predicting the
prognosis of PAAD patients. The ROC curves for 1-, 3-, and 5-year survival rate were 0.652, 0.778, and 0.817,
respectively. This prognostic signature showed consistent prognosis prediction in an independent patient cohort.
Furthermore, the correlations between 5-NRGs signature and TMB, MSI, histopathological classification, immune
infiltration, immune types, and immunomodulators were all significant. Notably, the expression profiles of the
five NRGs in exosomes of serum were consistent with their expression in tumor tissues. These data suggested that
the 5-NRGs signature is a promising biomarker for predicting the prognosis of PAAD.

Introduction

Pancreatic adenocarcinoma (PAAD) is one of the most lethal malig-
nancies in the world, characterized with late diagnosis, poor therapeutic
options, and inferior prognosis [1]. In 2020, there are 60,430 new cases
of PAAD and 466,003 PAAD related deaths [2]. So far, surgery is the
most commonly used treatment for PAAD, but it’s limited for patients
with advanced disease. On the other hand, the commonly used combi-
nation chemotherapy (such as FOLFIRINOX and
gemcitabine/nab-paclitaxel) only increases the median survival by three
months or so, and it causes more severe side effects [3,4]. Recently,

immunotherapy has emerged as a novel strategy for treating PAAD.
However, the genetic heterogeneity of patients and physical and
chemical stimulation factors cause primary and acquired resistance
during immunotherapy [5]. Moreover, the prognosis of patients is hard
to predict regardless of the treatment strategy. Thus, it is an urgent need
to identify novel biomarkers to improve the prognostic prediction of
PAAD.

Necroptosis is a novel form of programmed cell death mediated by
tumor necrosis factor o (TNF-a), RIP1/RIP3, and MLKL [6,7], which is
different from apoptosis, pyroptosis, ferroptosis, autophagy, and ne-
crosis [8]. Necroptosis can lead to cell swelling, cell membrane
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perforation, disintegration, and release of danger-associated molecular
patterns (DAMPs) to induce innate and adaptive immune responses [9].
Increasing evidence has shown that necroptosis is widely involved in the
progress of various tumors and plays a vital role in patient prognosis,
cancer immune regulation, and therapeutic response [10,11]. Nec-
roptosis could induce an immunosuppressive tumor microenvironment
to promote the occurrence and metastasis of tumors. Studies have re-
ported that the activation of necroptosis could make cancer cells attract
specific tumor-associated macrophages and mediate the escape and
metastasis of cancer cells [12]. Similarly, Ando et al. [13] revealed that
necroptosis could promote pancreatic cancer cells migration and inva-
sion by releasing CXCL5. Interestingly, some studies showed that nec-
roptotic cells could be used as vaccines to specifically activate the
immune system to eliminate tumor cells [14]. Moreover, necroptotic
cells could trigger BATF37cDC1~ and CD8™ leukocyte-dependent anti-
tumor immunity [15]. In addition, the construction of
necroptosis-inducible polymeric nanobubbles promotes the maturation
of dendritic cells and the activation of CD8T cells, which enhances
antitumor immunity [16]. Notably, some studies found that the
necroptosis-related regulators might be prognostic biomarkers for some
malignancies [17-19]. Taken together, necroptosis-related genes
(NRGs) might be a promising prognostic signature for PAAD.

In this study, we comprehensively analyzed the expression profile of
NRGs in PAAD and identified 5 NRGs associated with the prognosis of
patients. Then, we constructed a prognostic signature based on 5 NRGs
by LASSO regression and evaluated its prognostic value through time
ROC, Cox regression, and an independent GEO cohort. We also analyzed
the correlations between NRGs and tumor immune features. Finally, we
examined the expression of five NRGs in serum samples using RT-qPCR,
which provided a noninvasive method for predicting prognosis.

Materials and methods
Datasets collection and preprocessing

The transcriptomic FPKM data and clinical information were
downloaded from The Cancer Genome Atlas (TCGA, https://portal.gdc.
cancer.gov/), including 178 PAAD tissue samples and 4 adjacent tissue
samples. Then, the transcriptomic TPM data of 167 normal pancreatic
tissues were obtained from the Genotype-Tissue Expression (GTEx,
https://www.gtexportal.org/). Meanwhile, the data of an independent
PAAD patient cohort was downloaded from the Gene Expression
Omnibus (GEO, GSE85916, https://www.ncbi.nlm.nih.gov/geo/). The
patient data with missing overall survival (OS) values or smaller OS
values (< a month) were excluded.

Identification and interaction analysis of the differentially expressed NRGs

A total of 133 NRGs were obtained from the Kyoto Encyclopedia of
Genes and Genomes (KEGG, https://www.kegg.jp/) (Table S4). The r
software package "limma" was used to analyze the differential expres-
sion of all NRGs in PAAD and normal tissues( |log2FC| > 1 and p <
0.05). Subsequently, a protein-protein interaction (PPI) network of
NRGs was constructed using STRING (https://cn.string-db.org/).
Moreover, we also analyzed NRGs mutations in PAAD with cBioPortal
(http://www.cbioportal.org/).

Functional enrichment analysis

The r software package "ggplot2” was used to perform functional
enrichment analysis in Gene Ontology (GO), including biological pro-
cess (BP), cellular component (CC) and molecular function (MF). Simi-
larly, this package was used to perform the enrichment analysis in the
Kyoto Encyclopedia of Genes and Genomes (KEGG).
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Construction and verification of the NRGs related prognostic signature

A prognostic signature was constructed to investigate the relation-
ship between NRGs and PAAD prognosis. In Kaplan-Meier survival
analysis, log-rank was used to test the difference between low-risk and
high-risk groups. ROC analysis was carried out to compare the accuracy
and risk score of NRGs prediction. A nomogram was established for
predicting the 1, 3 and 5-year recurrence rates. The p-value and hazard
ratio (HR) with 95% confidence interval (CI) were obtained by log-rank
test and univariate Cox proportional hazard regression. The least abso-
lute shrinkage and selection operator (LASSO) was used for feature se-
lection, and cross-validation was performed ten times. Similar methods
were used for independent validation in the cohort downloaded from
GEO. All the analyses were performed using R.4.1.1.

Analysis of the correlation between NRGs and immune features

The Tumor Immune Estimation Resource (TIMER, https://cistrome.
shinyapps.io/timer/) was used to analyze the correlation between
prognostic NRGs and immune infiltration and types. The "Gene" module
of TIMER generated the correlation between NRG expression and the
level of immune infiltration, and the "SCNA" module compared the level
of tumor infiltration with different somatic copy number changes of a
given NRG. We used the Tumor Immune System Interactions DataBase
(TISIDB, http://cis.hku.hk/TISIDB/index.php) to analyze the relation-
ship between NRGs and immunomodulators. In addition, Spearman
correlation analysis was performed to calculate the correlation between
NRG gene expression and TMB/MSIL.

Samples collection and processing

A total of 20 pairs of tumor tissues and serum samples were obtained
from patients who were histologically diagnosed with PAAD in Qilu
Hospital of Shandong University from November 2018 to December
2020. This study was approved by the Ethics Committee of Qilu Hospital
of Shandong University, and informed consent was obtained from each
patient. Tissue samples treated with RNA Keeper Tissue Stabilizer
(Vazyme, Nanjing, China) for 4 °C overnight, then stored at —80 °C.
Serum samples were separated by two centrifugation (6000 g for 10 min
followed by another centrifugation at 12,000 g for 10 min) and then
stored at —80 °C.

Exosomes isolation and identification

The exosomes were extracted from the serum as previously described
[20]. Firstly, 3 ml serum was mixed with 1 x phosphate-buffered saline
(PBS) and centrifuged at 10,000 g for 20 min. Then, the supernatants
were filtered through a 0.22 pm pore filter and centrifuged at 120,000 g
for 60 min. Afterward, the pellets were resuspended in ice-cold 1 x PBS
and centrifuged at 120,000 g for 60 min. Finally, the pellets(exosomes)
were resuspended with 1 x PBS. Exosomes were mounted on a carbo-
naceous copper grid and imaged on a transmission electron microscope
(TEM). Nanoparticle tracking analysis (NTA) was analyzed using Zeta-
View PMX 110(Particle Metrix, Meerbusch, Germany). Western blot
assay was used to detect the NRGs of exosomes, anti-CD63, anti-ALIX,
and anti-TSG101 (1:1000; Abcam, Cambridge, MA, USA).

RNA extraction

The total RNA was extracted from tissue and serum samples using
TRIzol and TRIzol LS Reagent (Invitrogen, Eugene, OR, USA), respec-
tively. The concentration of RNA was measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).


https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.gtexportal.org/
https://www.ncbi.nlm.nih.gov/geo/
https://www.kegg.jp/
https://cn.string-db.org/
http://www.cbioportal.org/
https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
http://cis.hku.hk/TISIDB/index.php

Z. Luo et al.
RT-qPCR

RNA was treated with gDNA wiper and then reverse transcribed into
c¢DNA using HiScript III RT SuperMix for qPCR(Vazyme, Nanjing,
China). qPCR was performed using ChamQ Universal SYBR qPCR Master
Mix(Vazyme, Nanjing, China). The positive control contained the target
gene and the negative template control contained all components except
cDNA. gPCR reaction was performed under the following conditions:
Stagel 95 °C for the 30 s to activate Taq DNA polymerase; Stage2 40
cycles with 95 °C for 10 s and 60 °C for 30 s; Stage3 melting curve
acquisition with 95 °C for 15 s, 60 °C for 60 s and 95 °C for 15 s. Each
reaction was performed in triplicate. The relative expression of target
genes were normalized to GAPDH and calculated using the 274Ct
method. The primer sequences are shown in Table S3.

Results
Differentially expressed NRGs in PAAD

The workflow for this study is shown in Fig. 1. First, the expression
profiling data of NRGs were normalized according to [21] (Fig. S1A-D).
The clinical information is shown in Table S1. A total of 24 NRGs were
significantly differentially expressed between normal and tumor tissues
(Fig. 2A, B). Next, a PPI network of NRGs was constructed (Fig. 2C), and
we used the tumor gene public database (Oncomine, https://www.onc
omine.org/resource/login.html) to examine the relationship between
NRGs and histopathological classification of PAAD. We found that 12
NRGs were associated with clinical subtypes (Table S2). Finally, we
analyzed the genetic changes of these genes and found 19 NRGs had a
mutation rate of >1%, among which IFNA1 and IFNA14 genes had the
highest mutation rate (7%). Missense mutation and truncated mutation
were the two most common mutation types (Fig. 2D).

Training cohort
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Functional enrichment analysis of NRGs

To further explore the function of NRGs, we performed GO and KEGG
enrichment analyses. As expected, these NRGs were mainly involved in
programmed necrotic-like cell death, necroptotic process, necrotic cell
death, response to the virus, receptor signaling pathway via jak-stat, etc.
(Fig. S2A, B). KEGG pathway analysis showed that these NRGs were
associated with necroptosis, nod-like receptor signaling pathway,
influenza A, hepatitis B, and inflammatory mediator regulation of trp
channels (Fig. S2C, D).

Establishment of the prognostic signature of NRGs in PAAD

The prognostic significance of NRGs was first analyzed by Kaplan-
Meier (KM) survival curve, and five of them were significantly associ-
ated with overall survival (OS): the PAAD patients with low expression
of CAMK2B (Fig. S3A), PLA2G4C (Fig. S3C), STAT4 (Fig. S3D), and high
expression of CHMP4C (Fig. S3B), TNFSF10 (Fig. S3E) had poor survival
prevalence. Based on these findings, we constructed a prognostic
signature from the five NRGs using LASSO Cox regression analysis
(Fig. 3A, B): the risk score = (—0.3286) x PLA2G4C + (—0.0367) x
CAMK2B + (0.4996) x TNFSF10 + (—0.1334) x STAT4 + (0.1341) x
CHMP4C). Based on the risk score, the PAAD patients were divided into
low-risk and high-risk groups. The survival status, risk score distribu-
tion, and the expression of five NRGs were shown in Fig. 3C. A high-risk
score is positively correlated with patient’s death risk and negatively
correlated with the survival time. PAAD patients with high-risk scores
had a significantly shorter survival time than those with low-risk scores
(Fig. 3D), and the area under ROC curves of 1-, 3-, and 5-year survival
were 0.652, 0.778, and 0.817, respectively (Fig. 3E). Univariate and
multivariate analyses showed that TNFSF10, tumor grade, and radiation
therapy were independent factors influencing the prognosis of PAAD

Testing cohort
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(Fig. S4A, C). Finally, a nomogram was developed to predict the 1-, 3-
and 5-year overall recurrence rate in PAAD patients (Fig. S4B).

Verification of the prognostic signature based on the geo cohort

To verify the accuracy of the prognostic signature, a total of 80 PAAD
tissues from GSE85916 were used as the verification group. The ChIP
data of these tissues were analyzed (Fig. S1E, F), and one unqualified
tumor tissue sample was excluded. According to the median risk score,
39 patients in the GEO cohort were included into low-risk groups, and
40 patients were classified into high-risk groups. The survival status, risk
score distribution, and NRGs expression of these patients are shown in
Fig. 4A. The KM survival analysis showed a significant difference in the
survival rate between low-risk and high-risk groups. The patients in low-
risk group had longer survival time and lower mortality prevalence
(Fig. 4C). Moreover, the ROC curve showed that our model had a good
prediction performance (1y=0.72, 2y=0.62, 3y=0.75) (Fig. 4B).

The relationship between NRGs and tumor immune infiltration in PAAD

Necroptosis plays an important role in the development of the tumor

immune microenvironment. The activation of necroptosis can induce
autologous antitumor immune response [14,15]. In this study, we used
the TIMER database to investigate the correlation between the prog-
nostic NRGs and immune infiltration in PAAD. Our results showed that
the expression of CAMK2B was positively associated with the abundance
of CD4™T cell (Cor = 0.276) and macrophages (Cor = 0.186)(Fig. 5A),
and the expression of CHMP4C was negatively associated with B cell
(Cor = 0.187) and CD8™ T cell (Cor = 0.283), which was the opposite of
CD4™T cell (Cor = —0.286)(Fig. 5B). Interestingly, STAT4 (Fig. 5C),
TNFSF10 (Fig. 5D), and PLA2G4C (Fig. 5E) were positively associated
with the abundance of six types of immune cells (B Cell, CD8'T Cell,
CD4" T Cell, Macrophage, Neutrophil, and Dendritic Cell). Furthermore,
we used bilateral Wilcoxon rank-sum test to compare the infiltration
level of each SCNA category (arm-level deletion (—1), dipped/normal
(0), arm-level gain (1), and high amplification (2)) with the normal
level. The results showed that NRGs were highly correlated with the
level of immune infiltration in tumors with different somatic copy
number variations. In particular, compared with the normal levels, the
infiltration levels of 5 prognostic NRGs showed statistical difference in
Arm-level gain (1) mutation of CD4™T Cell by a two-sided Wilcoxon
rank-sum test (Fig. S5).



Z. Luo et al.

<
w
w

6
TNFSF10
3]
£ o
L <
2
£ o
g o
Q
N
=}
T
< . T PLA2GA(
=3
T [ T T 1
0.0 0.5 1.0 1.5
L1 Norm
RiskType L
® High risk
® Low risk
3
2
1=}
2
£
iz 2
-4
[ 4
1 5
[ 4
°
° Status
o Alive
LJ
61 o ° ® Dead
® ° o
® .
) 4 L °
£ & s . .
= ® o 0
° °
° oo e o o L
L]
2 ° L o .
.u"“.\o.':o‘ ‘ ) ¥
(] o,
o, "o
’: .'0 0.0.'.:". o..*
0 o °® L]
CHMPAC JIT
st LY L L |
ot LI I L
CAMK2B | |
s I 111 A OO Y VER RN

z-score of expression - .

=2-101 2

Fig. 3. The construction of prognostic signature based on NRGs.

Translational Oncology 22 (2022) 101462

o

6 6 6 6 6 6 6 6 5 5 5 5 5 5 422

10.6

000000000000000000000000

Partial Likelihood Deviance
10.4
|
.
S

w)

1.00
=== High groups

== Low groups

0.75

0501 =-=-=--- -

Overall survival probability

'
s l
' . !
' e T
L !
0.00 Median time:1.3 and 2

High groups 4 89 13 2 0 0
Low groups 4 89 23 9 2 0
0 2 4 6 8

1.00

True positive fraction

025 Type

— 1-Years, AUC=0.652,95%CI(0.571-0.733)
— 3-Years. AUC=0.778.95%CI(0.682-0.875)
0.00 — 5-Years AUC=0.817.95%CI(0.666-0.969)

0.00 025 0.50 0.75 1.00
False positive fraction

(A) LASSO coefficient distribution of five NRGs. (B) 10-fold cross-validation error rate. (C) The risk score, survival status distribution, and expression of five
prognostic NRGs in PAAD. (D, E)OS and ROC curve of predictive value for patients with high-risk/low-risk groups in PAAD.

NRGs were associated with immune subtypes and immunomodulators in
PAAD

Immunotherapy is a novel treatment strategy for malignancies,
which exerts an antitumor effect by activating the immune system.
However, only a few patients respond well to immune checkpoint re-
agents in most cancers [22]. Therefore, we used the TISIDB database to
analyze the correlation between NRGs and the immunomodulators, such
as immuneinhibitor (CD160, CTLA4), immunostimulatory (CD27,
CD28), and MHC molecule (HLA-DPA1, HLA-DRA). As a result, except
CAMK2B, which was only associated with CD160 and CD28 (Fig. S6A),
the other four NRGs, including CHMP4C (Fig. S6B), PLA2G4C (Fig. S6C),
STAT4 (Fig. S6D), and TNFSF10 (Fig. S6E), were all significantly asso-
ciated with immunomodulators and immune subtypes across all human
cancers (Fig. S7).

The correlation analysis between NRGs and TMB, MSI

Studies have shown that tumor mutational burden (TMB) can predict
immune response for many malignancies [23]. Also, microsatellite
instability (MSI) is a predictive biomarker for tumor immunotherapy

[24]. To determine whether NRGs could be used as response biomarkers
for the prognosis of PAAD, we analyzed the association between NRGs
and TMB/MSI. The results showed that TMB was positively correlated
with CHMP4C (Fig. S8B), TNFSF10 (Fig. S8E), and negatively correlated
with CAMK2B (Fig. S8A), PLA2G4C (Fig. S8C), and STAT4 (Fig. S8D),
while MSI was negatively correlated with PLA2G4C (Fig. S8H) and
TNFSF10 (Fig. S8J).

Identification of exosomes in serum and exo-nrgs associated with paad
tissues

The exosomes extracted from the serum of PAAD patients showed a
typical saucer-like shape under the transmission electron microscope
(TEM) (Fig. 6A). The results of nanoscale tracking analysis (NTA)
showed that the exosomal particle size was mainly distributed around
150 nm (Fig. 6B). In addition, Western blot assay showed that the
classical markers of exosomes (CD63, ALIX, and TSG101) were highly
expressed in the pellets we extracted (Fig. 6C). Next, we measured the
expression levels of these 5 NRGs in serum exosomes to test if they could
be effectively detected. As shown in Fig. 6D-H, the levels of 5 Exo-NRGs
were significantly associated with their expression levels in tumor
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tissues (r > 0.4, P < 0.05). In addition, the relationships between risk
scores and clinicopathological variables were analyzed in Table S5. We
found that risk scores calculated from both tissue and serum samples
were increased in TNM stage II compared with TNM stage I (p = 0.015,
and p<0.001). And risk scores calculated from tissue while not serum
were significant associated with local invasion (p = 0.036, and p =
0.052). No significant associations were observed between risk scores
and age, gender, tumor size, differentiation, and lymph nodes
metastasis.

Discussion

This study presents several new findings. First, a 5-NRGs panel was
identified and validated for the prediction of PAAD prognosis. Second,
we found significant associations between the 5 NRGs and TMB, MSI,
histologic classification, and immune features, providing scientific ref-
erences for clinical immunotherapy. Third, we were able to use the
liquid biopsy method to noninvasively detect those NRGs in the exo-
somes of serum, suggesting that this method was suitable for dynamic
monitoring of treatment response in clinical practice.

As a subtype of regulated necrosis, necroptosis plays a vital role in
the occurrence and development of many diseases, especially cancers
[25]. Increasing evidence has shown that the critical regulators in the
necroptosis pathway could participate in the progress of malignancies
[26-28], indicating that NRGs might serve as potential prognostic
markers [29]. In this study, we identified 24 NRGs from differential

expression analysis and investigated their mutation types and cellular
functions. These regulators were mainly involved in inducing inflam-
mation response and immune defense. KM survival analysis showed that
5 NRGs were significantly associated with the survival of PAAD patients.
Among them, calmodulin-dependent protein kinase II beta (CAMK2B),
phospholipase A2 group IVC (PLA2G4C), and signal transduction and
activator of transcription 4 (STAT4) were protective factors, and chro-
matin modification protein 4C (CHMP4C) and tumor necrosis factor
superfamily member 10 (TNFSF10) were risk factors. It has been re-
ported that CHMP4C can be used to predict the prognosis of osteosar-
coma [30]. Interestingly, CHMP4C disruption is beneficial to increase
the radiosensitivity of human lung cancer cells, which provides a po-
tential therapeutic strategy for non-small cell lung cancer [31]. Studies
have found that leukemia inhibitory factor (LIF) could prevent
STAT3-dependent Il 17a/11 17f promoter activation by inducing STAT4
activation, which effectively inhibited Th17 accumulation and pro-
moted the repair of damaged intestinal epithelium in colitis [32].
Additionally, activating STAT4 may help alleviate the lymphatic
metastasis in HNSCC patients [33]. TNFSF10/TRAIL could transform
cells and induce necrosis-like apoptosis in tumor cells through
combining with TRAIL-R [34]. However, regardless of the progress on
NRGs research, the detailed molecular mechanisms underlying the role
of NRGs in cancer still need further investigation.

Although some mRNAs and ncRNAs have the potential to predict the
prognosis of malignancies, the performance of a single marker is limited,
and the combination of multiple markers can greatly enhance the
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prediction value. Based on these 5 prognostic NRGs, we used LASSO Cox
regression analysis to construct a necroptosis-related prognostic signa-
ture. Meanwhile, a nomogram and GEO cohort were used to evaluate the
effectiveness of the prognostic signature. As respected, the results
showed that this necroptosis-related prognostic signature had a good
performance in predicting the prognosis of PAAD patients. Although
other prognostic signatures of PAAD have been identified, such as m6A-
related prognostic signature [35], immune-related prognostic signature
[36], and ferroptosis-related prognostic signature [37], there is still a
lack of effective signatures for evaluating the prognosis of PAAD. Wu
etal. [38] reported that NRGs played important roles in the prognosis of
PAAD. However, when identifying differential genes, they did not have
enough paracancerous tissues, which might lead to data deviation. In
contrast, we combined the datasets from TCGA and GTEx to overcome
the problem and incorporated more NRGs. Moreover, we performed
external validation using an independent cohort, and the results were
further validated by RT-qPCR.

The development of immune checkpoint inhibitor (ICI) has provided
a new powerful method for tumor treatment. Unfortunately, many
cancer patients are resistant to this therapeutic strategy [39]. Recently,
Shi et al. [40] construct a signature based on NRGs for prediction of

pancreatic cancer prognosis, but whether it can reflect the immune
infiltration has not been illuminated. In this study, we found that the 5
NRGs enrolled in our model were closely correlated with immune
infiltration. It has been reported that CAMK2B may remodel the tumor
microenvironment and affect the prognosis of kidney renal papillary cell
carcinoma [41]. A previous study also found that the deficiency of
STAT4 mediated immunosuppression promoted lymphatic metastasis of
HNSCC [42]. Nevertheless, most pancreatic cancers are multi-resistant
to TRAIL therapy, which limits its further clinical application [43]. In
addition, the 5 NRGs were significantly correlated with immune sub-
types and immunomodulators, suggesting that the 5-NRGs signature can
serve as a candidate biomarker for dynamic monitoring of immuno-
therapy. Altogether, these results confirmed that NRGs played a vital
role in the tumor immune microenvironment, which may provide a new
strategy for monitoring the resistance of ICI treatment.

In previous study, we have reported an exosomal RNAs panel for
predicting the prognosis in patients with colorectal cancer [44].
Although tissue biopsy is the gold standard for malignancy diagnosis, it
is not suitable for longitudinal clinical monitoring because it is difficult
to obtain clinical samples and the operation is complex [45]. Therefore,
non-invasive sampling such as liquid biopsy is essential for early
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detection, dynamic treatment management, and evaluation of clinical
outcomes. Currently, exosomes have become a new focus of cancer
liquid biopsy. The exosomes contain tumor-derived DNA, RNAs, lipids,
proteins, metabolites, and so on, and they are stably present in human
biofluids such as blood, saliva, urine, and cerebrospinal fluid [46].
Exosomes have become a platform with comprehensive
cross-applications. Studies have found that extracellular vesicle-derived
proteins can be used as reliable biomarkers for cancer detection and
cancer type classification [47]. Krug et al. [48] also revealed the com-
bination of exosomal RNAs and ctDNA could improve the sensitivity of
EGFR mutation detection in plasma. To better understand whether
circulating exosomal NRGs can represent their levels in tumor tissues,
we examined the expression of 5 NRGs in matched tissue and serum
samples from PAAD patients. The results showed that all 5 NRGs had
consistent expression levels in serum exosomes and tumor tissues.
Notably, CHMP4C was significantly over-expressed in paired tumor
tissues and serum exosomes, which is consistent with previous studies
[49]. These findings might provide a novel strategy to replace tissue
biopsies with liquid biopsies.

Serveral studies have recently reported the association between
NRGs and pancreatic cancer [38,40,50]. Consistent with these studies,
we found that TNFAIP3, CHMP4C, IFNA1, BCL2 were mutation-prone
necroptosis-related regulators, which provided a basis for targeting
strategy of PAAD. Moreover, our study has some advantages. First, we
have used the samples collected from our hospital to detect the
expresstion of NRGs, while the current published papers only used
bioinformatics analysis based on open databases. Second, we provided
preliminary experimental data demonstrating the use of inexpensive

RT-qPCR method instead of NGS to detect these genes. Moreover, we
could detect them in exosomes of serum, which might be more suitable
in clinical practice for preoperative assessment of the prognosis of
PAAD. Some limitations should also be point out. First, our key findings
were obtained by mostly open databases. These results should be veri-
fied by further studies using large case series and clinical samples.
Second, the PAAD patients enrolled in this study had not been followed
up enough, and the sample size was also small. Third, further experi-
ments should be performed to explore the underlying molecular mech-
anism of NRGs in the tumorigenesis and development of PAAD.

Conclusions
We constructed a necroptosis-related signature, which was not only a
promising biomarker for predicting the prognosis of PAAD, but also a

possible therapeutic target. These findings provide useful insights for the
prediction of clinical outcomes and therapeutic responses in PAAD.

Ethical approval statement

This study was reviewed and approved by the Ethics Committee of
Qilu Hospital of Shandong University, and all the participants signed an
informed consent form.

Declaration of Competing Interest

All authors declare no conflict of interest.



Z. Luo et al.
Acknowledgements

This work was supported by National Natural Science Foundation of
China (grant numbers 82172339, 81972005), Natural Science Founda-
tion of Shandong Province (grant numbers ZR2020MH238,
ZR2021MH110), and Shandong Medical and Health Technology
Development Project (grant number 2018WS327).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tranon.2022.101462.

References

[1] A. Pourshams, S.G. Sepanlou, K.S. Ikuta, C. Bisignano, S. Safiri, G. Roshandel,

M. Sharif, M. Khatibian, C. Fitzmaurice, M.R. Nixon, et al., The global, regional,
and national burden of pancreatic cancer and its attributable risk factors in 195
countries and territories, 1990-2017: a systematic analysis for the global burden of
disease study 2017, Lancet Gastroenterol. Hepatol. 4 (2019) 934-947, https://doi.
org/10.1016/52468-1253(19)30347-4.

[2] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray,
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries, Ca-a Cancer J. Clinicians 71 (2021)
209-249, https://doi.org/10.3322/caac.21660.

[3] T. Conroy, F. Desseigne, M. Ychou, O. Bouche, R. Guimbaud, Y. Becouarn,

A. Adenis, J.L. Raoul, S. Gourgou-Bourgade, C. de la Fouchardiere, et al.,
FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer, N. Engl. J. Med.
364 (2011) 1817-1825, https://doi.org/10.1056/NEJMoal011923.

[4] C. Casanova-Martinez, E.Y. Romero-Ventosa, S. Gonzalez-Costas, C. Arroyo-Conde,
G. Pineiro-Corrales, Evaluation of the use of nab-paclitaxel and gemcitabine in
clinical practice, J. Cancer Res. Therapeut. 14 (2018) S730-S735, https://doi.org/
10.4103/0973-1482.188292.

[5] A.S. Bear, R.H. Vonderheide, M.H. O’Hara, Challenges and opportunities for
pancreatic cancer immunotherapy, Cancer Cell 38 (2020) 788-802, https://doi.
0rg/10.1016/j.ccell.2020.08.004.

[6] Y. Cho, S. Challa, D. Moquin, R. Genga, T.D. Ray, M. Guildford, F.K.M. Chan,
Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates programmed
necrosis and virus-induced inflammation, Cell 137 (2009) 1112-1123, https://doi.
0rg/10.1016/j.¢ell.2009.05.037.

[7] A. Linkermann, D.R. Green, Necroptosis, New England J. Med. 370 (2014)
455-465, https://doi.org/10.1056/NEJMral310050.

[8] L. Galluzzi, I. Vitale, S.A. Aaronson, J.M. Abrams, D. Adam, P. Agostinis, E.

S. Alnemri, L. Altucci, I. Amelio, D.W. Andrews, et al., Molecular mechanisms of

cell death: recommendations of the nomenclature committee on cell death 2018,

Cell Death Differ. 25 (2018) 486-541, https://doi.org/10.1038/541418-017-0012-

4.

Vol 39. Volume 39 A.G. Snyder, A. Oberst, The antisocial network: cross talk

between cell death programs in host defense, in: WM Yokoyama (Ed.), In Annual

Review of Immunology, Annual Reviews, Palo Alto, 2021, pp. 77-101. Vol 39.

Volume 39Annual Review of Immunology].

[10] A. Najafov, H.B. Chen, J.Y. Yuan, Necroptosis and Cancer, Trends Cancer 3 (2017)
294-301, https://doi.org/10.1016/j.trecan.2017.03.002.

[11] Y.T. Gong, Z.Y. Fan, G.P. Luo, C. Yang, Q.Y. Huang, K. Fan, H. Cheng, K.Z. Jin, Q.
X. Ni, X.J. Yu, C. Liu, The role of necroptosis in cancer biology and therapy, Mol.
Cancer 18 (2019) 17, https://doi.org/10.1186/512943-019-1029-8.

[12] L. Seifert, G. Werba, S. Tiwari, N.N.G. Ly, S. Alothman, D. Alqunaibit, A. Avanzi,
R. Barilla, D. Daley, S.H. Greco, et al., The necrosome promotes pancreatic
oncogenesis via CXCL1 and Mincle-induced immune suppression, Nature 532
(2016) 245, https://doi.org/10.1038/nature17403. -+.

[13] Y. Ando, K. Ohuchida, Y. Otsubo, A. Sagara, S. Kibe, S. Takesue, M. Nakayama,
K. Shindo, T. Moriyama, K. Nakata, et al., Necroptosis in pancreatic cancer
promotes cancer cell migration and invasion by release of CXCL5, Pancreas 48
(2019) 1403-1404.

[14] T.L. Aaes, A. Kaczmarek, T. Delvaeye, B. De Craene, S. De Koker, L. Heyndrickx,
1. Delrue, J. Taminau, B. Wiernicki, P. De Groote, et al., Vaccination with
necroptotic cancer cells induces efficient anti-tumor immunity, Cell Rep. 15 (2016)
274-287, https://doi.org/10.1016/j.celrep.2016.03.037.

[15] A.G. Snyder, N.W. Hubbard, M.N. Messmer, S.B. Kofman, C.E. Hagan, S.L. Orozco,
K. Chiang, B.P. Daniels, D. Baker, A. Oberst, Intratumoral activation of the
necroptotic pathway components RIPK1 and RIPK3 potentiates antitumor
immunity, Sci. Immunol. (2019) 4, https://doi.org/10.1126/sciimmunol.
aaw2004.

[16] W. Um, H. Ko, D.G. You, S. Lim, G. Kwak, M.K. Shim, S. Yang, J. Lee, Y. Song,
K. Kim, J.H. Park, Necroptosis-inducible polymeric nanobubbles for enhanced
cancer sonoimmunotherapy, Adv. Mater. 32 (2020) 7, https://doi.org/10.1002/
adma.201907953.

[17]1 Z. Zhao, H. Liu, X. Zhou, D. Fang, X. Ou, J. Ye, J. Peng, J. Xu, Necroptosis-related
IncRNAs: predicting prognosis and the distinction between the cold and hot tumors
in gastric cancer, J Oncol (2021), https://doi.org/10.1155/2021/6718443, 2021:
6718443.

[9

—_

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Translational Oncology 22 (2022) 101462

N. Wang, D.S. Liu, Identification and validation a necroptosis-related prognostic
signature and associated regulatory axis in stomach adenocarcinoma, Oncotargets
and Therapy 14 (2021) 5373-5383, https://doi.org/10.2147/0tt.5342613.

Y. Huang, Y. Zou, Q. Xiong, C. Zhang, J.M. Sayagués, V.G. Shelat, X. Wang,
Development of a novel necroptosis-associated miRNA risk signature to evaluate
the prognosis of colon cancer patients, Ann. Transl. Med. 9 (2021) 1800, https://
doi.org/10.21037/atm-21-6576.

C. Zhang, Z. Zhu, J. Gao, L. Yang, E. Dang, H. Fang, S. Shao, S. Zhang, C. Xiao,
X. Yuan, et al., Plasma exosomal miR-375-3p regulates mitochondria-dependent
keratinocyte apoptosis by targeting XIAP in severe drug-induced skin reactions,
Sci. Transl. Med. (2020) 12, https://doi.org/10.1126/scitranslmed.aaw6142.

D. Aran, R. Camarda, J. Odegaard, H. Paik, B. Oskotsky, G. Krings, A. Goga,

M. Sirota, A.J. Butte, Comprehensive analysis of normal adjacent to tumor
transcriptomes, Nat. Commun. 8 (2017) 1077, https://doi.org/10.1038/s41467-
017-01027-z.

S. Billan, O. Kaidar-Person, Z. Gil, Treatment after progression in the era of
immunotherapy, Lancet Oncol. 21 (2020) E463-E476.

A. Passaro, A. Stenzinger, S. Peters, Tumor mutational burden as a pan-cancer
biomarker for immunotherapy: the limits and potential for convergence, Cancer
Cell 38 (2020) 624-625, https://doi.org/10.1016/j.ccell.2020.10.019.

R. Cohen, E. Hain, O. Buhard, A. Guilloux, A. Bardier, R. Kaci, P. Bertheau,

F. Renaud, F. Bibeau, J.F. Flejou, et al., Association of primary resistance to
immune checkpoint inhibitors in metastatic colorectal cancer with misdiagnosis of
microsatellite instability or mismatch repair deficiency status, JAMA Oncol. 5
(2019) 551-555, https://doi.org/10.1001/jamaoncol.2018.4942.

S. Philipp, J. Sosna, D. Adam, Cancer and necroptosis: friend or foe? Cell. Mol. Life
Sci. 73 (2016) 2183-2193, https://doi.org/10.1007/500018-016-2193-2.

M. Akimoto, R. Maruyama, Y. Kawabata, Y. Tajima, K. Takenaga, Antidiabetic
adiponectin receptor agonist AdipoRon suppresses tumour growth of pancreatic
cancer by inducing RIPK1/ERK-dependent necroptosis, Cell Death. Dis. 9 (2018)
18, https://doi.org/10.1038/s41419-018-0851-z.

S. Hannes, R. Karlowitz, S.J.L. van Wijk, The Smac mimetic BV6 cooperates with
STING to induce necroptosis in apoptosis-resistant pancreatic carcinoma cells, Cell
Death. Dis. 12 (2021) 11, https://doi.org/10.1038/541419-021-04014-x.

S. Martens, J. Bridelance, R. Roelandt, P. Vandenabeele, N. Takahashi, MLKL in
cancer: more than a necroptosis regulator, Cell Death Differ. 28 (2021) 1757-1772,
https://doi.org/10.1038/541418-021-00785-0.

J.H. Lim, S. Oh, L. Kim, Y.J. Suh, Y.J. Ha, J.S. Kim, H.J. Kim, M.H. Park, Y.S. Kim,
Y. Cho, et al., Low-level expression of necroptosis factors indicates a poor prognosis
of the squamous cell carcinoma subtype of non-small-cell lung cancer, Transl. Lung
Cancer Res. 10 (2021) 1221-1230, https://doi.org/10.21037/tlcr-20-1027.

Y.M. Zhang, R. He, X. Lei, L.H. Mao, P. Jiang, C.L. Ni, Z.Y. Yin, X.Y. Zhong,

C. Chen, Q.P. Zheng, D.P. Li, A novel pyroptosis-related signature for predicting
prognosis and indicating immune microenvironment features in osteosarcoma,
Front. Genetics 12 (2021) 16, https://doi.org/10.3389/fgene.2021.780780.

K. Li, J.X. Liu, M. Tian, G. Gao, X.S. Qi, Y. Pan, J.L. Ruan, C.X. Liu, X. Su, CHMP4C
disruption sensitizes the human lung cancer cells to irradiation, Int. J. Mol. Sci. 17
(2016) 12, https://doi.org/10.3390/ijms17010018.

Y.A.S. Zhang, D.Z.E. Xin, Z.Z. Wang, X.Y. Song, Y.Y. Sun, Q.L.C. Zou, J.C. Yue, C.
X. Zhang, J.X.M. Zhang, Z. Liu, et al., STAT4 activation by leukemia inhibitory
factor confers a therapeutic effect on intestinal inflammation, EMBO J. 38 (2019)
20, https://doi.org/10.15252/embj.201899595.

K. Anderson, N. Ryan, G. Volpedo, S. Varikuti, A.R. Satoskar, S. Oghumu, Immune
suppression mediated by STAT4 deficiency promotes lymphatic metastasis in
HNSCC, Front. Immunol. 10 (2020) 13, https://doi.org/10.3389/
fimmu.2019.03095.

D. de Miguel, J. Lemke, A. Anel, H. Walczak, L. Martinez-Lostao, Onto better
TRAILs for cancer treatment, Cell Death Differ. 23 (2016) 733-747, https://doi.
org/10.1038/cdd.2015.174.

W. Gao, L. Cheng, S. He, W. Li, C. Zhou, B. Zhou, J. Liu, J. Xu, X. Yu, H. Zhu,
Multiomics integrative analysis for gene signatures and prognostic values of m(6)a
regulators in pancreatic adenocarcinoma: a retrospective study in the cancer
genome atlas project, Aging (Albany NY) 12 (2020) 20587-20610, https://doi.org/
10.18632/aging.103942.

R. Tang, X. Liu, C. Liang, J. Hua, J. Xu, W. Wang, Q. Meng, J. Liu, B. Zhang, X. Yu,
S. Shi, Deciphering the prognostic implications of the components and signatures
in the immune microenvironment of pancreatic ductal adenocarcinoma, Front.
Immunol. 12 (2021), 648917, https://doi.org/10.3389/fimmu.2021.648917.

X. Yu, Q. Zheng, M. Zhang, Q. Zhang, S. Zhang, Y. He, W. Guo, A prognostic model
of pancreatic cancer based on ferroptosis-related genes to determine its immune
landscape and underlying mechanisms, Front. Cell Dev. Biol. 9 (2021), 746696,
https://doi.org/10.3389/fcell.2021.746696.

Z. Wu, X. Huang, M. Cai, P. Huang, Z. Guan, Novel necroptosis-related gene
signature for predicting the prognosis of pancreatic adenocarcinoma, Aging
(Albany NY) 14 (2022) 869-891, https://doi.org/10.18632/aging.203846.

M. Nishino, N.H. Ramaiya, H. Hatabu, F.S. Hodi, Monitoring immune-checkpoint
blockade: response evaluation and biomarker development, Nat. Rev. Clin. Oncol.
14 (2017) 655-668, https://doi.org/10.1038/nrclinonc.2017.88.

H. Shi, Q. Peng, X. Zhou, Y. He, S. Sun, An efficient signature based on necroptosis-
related genes for prognosis of patients with pancreatic cancer, Front. Genet. 13
(2022), 848747, https://doi.org/10.3389/fgene.2022.848747.

Q. Jia, X. Liao, Y. Zhang, B. Xu, Y. Song, G. Bian, X. Fu, Anti-tumor role of CAMK2B
in remodeling the stromal microenvironment and inhibiting proliferation in
papillary renal cell carcinoma, Front. Oncol. 12 (2022), 740051, https://doi.org/
10.3389/fonc.2022.740051.


https://doi.org/10.1016/j.tranon.2022.101462
https://doi.org/10.1016/s2468-1253(19)30347-4
https://doi.org/10.1016/s2468-1253(19)30347-4
https://doi.org/10.3322/caac.21660
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.4103/0973-1482.188292
https://doi.org/10.4103/0973-1482.188292
https://doi.org/10.1016/j.ccell.2020.08.004
https://doi.org/10.1016/j.ccell.2020.08.004
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1056/NEJMra1310050
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0009
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0009
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0009
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0009
https://doi.org/10.1016/j.trecan.2017.03.002
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1038/nature17403
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0013
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0013
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0013
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0013
https://doi.org/10.1016/j.celrep.2016.03.037
https://doi.org/10.1126/sciimmunol.aaw2004
https://doi.org/10.1126/sciimmunol.aaw2004
https://doi.org/10.1002/adma.201907953
https://doi.org/10.1002/adma.201907953
https://doi.org/10.1155/2021/6718443
https://doi.org/10.2147/ott.S342613
https://doi.org/10.21037/atm-21-6576
https://doi.org/10.21037/atm-21-6576
https://doi.org/10.1126/scitranslmed.aaw6142
https://doi.org/10.1038/s41467-017-01027-z
https://doi.org/10.1038/s41467-017-01027-z
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0022
http://refhub.elsevier.com/S1936-5233(22)00121-8/sbref0022
https://doi.org/10.1016/j.ccell.2020.10.019
https://doi.org/10.1001/jamaoncol.2018.4942
https://doi.org/10.1007/s00018-016-2193-2
https://doi.org/10.1038/s41419-018-0851-z
https://doi.org/10.1038/s41419-021-04014-x
https://doi.org/10.1038/s41418-021-00785-0
https://doi.org/10.21037/tlcr-20-1027
https://doi.org/10.3389/fgene.2021.780780
https://doi.org/10.3390/ijms17010018
https://doi.org/10.15252/embj.201899595
https://doi.org/10.3389/fimmu.2019.03095
https://doi.org/10.3389/fimmu.2019.03095
https://doi.org/10.1038/cdd.2015.174
https://doi.org/10.1038/cdd.2015.174
https://doi.org/10.18632/aging.103942
https://doi.org/10.18632/aging.103942
https://doi.org/10.3389/fimmu.2021.648917
https://doi.org/10.3389/fcell.2021.746696
https://doi.org/10.18632/aging.203846
https://doi.org/10.1038/nrclinonc.2017.88
https://doi.org/10.3389/fgene.2022.848747
https://doi.org/10.3389/fonc.2022.740051
https://doi.org/10.3389/fonc.2022.740051

Z. Luo et al.

[42]

[43]

[44]

[45]

[46]

K. Anderson, N. Ryan, G. Volpedo, S. Varikuti, A.R. Satoskar, S. Oghumu, Immune
suppression mediated by STAT4 deficiency promotes lymphatic metastasis in
HNSCC, Front. Immunol. 10 (2019) 3095, https://doi.org/10.3389/
fimmu.2019.03095.

K.Y. Yuan, Y. Sun, T. Zhou, J. McDonald, Y.B. Chen, PARP-1 regulates resistance of
pancreatic cancer to TRAIL therapy, Clin. Cancer Res. 19 (2013) 4750-4759,
https://doi.org/10.1158/1078-0432.Ccr-13-0516.

Y. Zhang, H. Liu, X. Liu, Y. Guo, Y. Wang, Y. Dai, J. Zhuo, B. Wu, H. Wang,

X. Zhang, Identification of an exosomal long non-coding RNAs panel for predicting
recurrence risk in patients with colorectal cancer, Aging (Albany NY) 12 (2020)
6067-6088, https://doi.org/10.18632/aging.103006.

M.J. Overman, J. Modak, S. Kopetz, R. Murthy, J.C. Yao, M.E. Hicks, J.

L. Abbruzzese, A.L. Tam, Use of research biopsies in clinical trials: are risks and
benefits adequately discussed? J. Clin. Oncol. 31 (2013) 17-22, https://doi.org/
10.1200/jco.2012.43.1718.

W. Yu, J. Hurley, D. Roberts, S.K. Chakrabortty, D. Enderle, M. Noerholm, X.

O. Breakefield, J.K. Skog, Exosome-based liquid biopsies in cancer: opportunities

10

[47]

[48]

[49]

[50]

Translational Oncology 22 (2022) 101462

and challenges, Ann. Oncol. 32 (2021) 466-477, https://doi.org/10.1016/j.
annonc.2021.01.074.

A. Hoshino, H.S. Kim, L. Bojmar, K.E. Gyan, M. Cioffi, J. Hernandez, C.

P. Zambirinis, G. Rodrigues, H. Molina, S. Heissel, et al., Extracellular vesicle and
particle biomarkers define multiple human cancers, Cell 182 (2020) 1044-1061,
https://doi.org/10.1016/j.cell.2020.07.009. .e1018.

AK. Krug, D. Enderle, C. Karlovich, T. Priewasser, S. Bentink, A. Spiel,

K. Brinkmann, J. Emenegger, D.G. Grimm, E. Castellanos-Rizaldos, et al., Improved
EGFR mutation detection using combined exosomal RNA and circulating tumor
DNA in NSCLC patient plasma, Ann. Oncol. 29 (2018) 700-706, https://doi.org/
10.1093/annonc/mdx765.

1.V. Miller, T.G. Grunewald, Tumour-derived exosomes: tiny envelopes for big
stories, Biol. Cell 107 (2015) 287-305, https://doi.org/10.1111/boc.201400095.
J. Ma, Y. Jin, B. Gong, L. Li, Q. Zhao, Pan-cancer analysis of necroptosis-related
gene signature for the identification of prognosis and immune significance, Discov.
Oncol. 13 (2022) 17, https://doi.org/10.1007/s12672-022-00477-2.


https://doi.org/10.3389/fimmu.2019.03095
https://doi.org/10.3389/fimmu.2019.03095
https://doi.org/10.1158/1078-0432.Ccr-13-0516
https://doi.org/10.18632/aging.103006
https://doi.org/10.1200/jco.2012.43.1718
https://doi.org/10.1200/jco.2012.43.1718
https://doi.org/10.1016/j.annonc.2021.01.074
https://doi.org/10.1016/j.annonc.2021.01.074
https://doi.org/10.1016/j.cell.2020.07.009
https://doi.org/10.1093/annonc/mdx765
https://doi.org/10.1093/annonc/mdx765
https://doi.org/10.1111/boc.201400095
https://doi.org/10.1007/s12672-022-00477-2

	A panel of necroptosis-related genes predicts the prognosis of pancreatic adenocarcinoma
	Introduction
	Materials and methods
	Datasets collection and preprocessing
	Identification and interaction analysis of the differentially expressed NRGs
	Functional enrichment analysis
	Construction and verification of the NRGs related prognostic signature
	Analysis of the correlation between NRGs and immune features
	Samples collection and processing
	Exosomes isolation and identification
	RNA extraction
	RT-qPCR

	Results
	Differentially expressed NRGs in PAAD
	Functional enrichment analysis of NRGs
	Establishment of the prognostic signature of NRGs in PAAD
	Verification of the prognostic signature based on the geo cohort
	The relationship between NRGs and tumor immune infiltration in PAAD
	NRGs were associated with immune subtypes and immunomodulators in PAAD
	The correlation analysis between NRGs and TMB, MSI
	Identification of exosomes in serum and exo-nrgs associated with paad tissues

	Discussion
	Conclusions
	Ethical approval statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


