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Objective: Pancreatic adenocarcinoma (PAAD) is a common malignant tumor worldwide.
S100 family (5100s) is wildly involved in regulating the occurrence, development, invasion,
metastasis, apoptosis, and drug resistance of many malignant tumors. However, the
expression pattern, prognostic value, and oncological role of individual S100s members in
PAAD need to be elucidated.

Methods: The transcriptional expression levels of S100s were analyzed through the
Oncomine and GEPIA, respectively. The protein levels of S100s members in PAAD were
studied by Human Protein Atlas. The correlation between S100 mRNA expression and
overall survival and tumor stage in PAAD patients was studied by GEPIA. The
transcriptional expression correlation and gene mutation rate of S100s members in
PAAD patients were explored by cBioPortal. The co-expression networks of S100s are
identified using STRING and Gene MANIA to predict their potential functions. The
correlation of S100s expression and tumor-infiltrating immune cells was tested by
TIMER. Pathway activity and drug target analyzed by GSCALite.

Results: 13 S100s members were upregulated in PAAD tissues. 15 S100s members
were associated with TP53 mutation. Expression levels of S100A3/A5/A6/A10/A11/A14/
A16/B/P/Z were significantly correlated with the pathological stage. Prognosis analysis
demonstrated that PAAD patients with low mRNA levels of ST00A1/B/Z or high levels of
S100A2/A3/A5/A10/A11/A14/A16 had a poor prognosis. Immuno-infiltration analysis
showed that the mRNA levels of S100A10/A11/A14/A16 were correlated with the
infiltration degree of macrophages in PAAD. Drug sensitivity analysis showed that
PAAD expressing high levels of S100A2/A6/A10/A11/A13/A14/A16 maybe resistant to
small molecule drugs.

Abbreviations: AKT, protein kinase B; AR, androgen receptor; CPTAC, clinical proteomic tumor analysis consortium; CTRP,
clinical trials reporting program; DEG, differentially expressed gene; EMT, epithelial-mesenchymal transition; ER, estrogen
receptor; GDSC, genomics of drug sensitivity in cancer; GEPIA, gene expression profiling interactive; GO, gene ontology; GTEx,
genotype-Tissue expression; HPA, the human protein atlas; IHC, Immunohistochemistry; KEGG, kyoto encyclopedia of genes
and genomes; MAPK, mitogen-activated protein kinase; mTOR, mechanistic target of rapamycin; OS, overall survival; PAAD,
pancreatic adenocarcinoma; PCA, principal component analysis; PI3K, phosphoinositide 3-kinase; RTK, receptor tyrosine
kinase; $100s, S100 family; TCGA, the cancer genome atlas; TPM, transcripts per million; TSC, Tuberous sclerosis complex.

Frontiers in Genetics | www.frontiersin.org

1 November 2021 | Volume 12 | Article 758725


http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2021.758725&domain=pdf&date_stamp=2021-11-03
https://www.frontiersin.org/articles/10.3389/fgene.2021.758725/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.758725/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.758725/full
https://www.frontiersin.org/articles/10.3389/fgene.2021.758725/full
http://creativecommons.org/licenses/by/4.0/
mailto:ningqiu@scsio.ac.cn
https://doi.org/10.3389/fgene.2021.758725
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2021.758725

Lietal

Prognostic Values of S100 Family

Conclusion: This study identifies the clinical significance and biological functions of the
S100s in PAAD, which may provide novel insights for the selection of prognostic

biomarkers.

Keywords: mRNA expression, S100 family, pancreatic cancer, biomarker, prognosis

INTRODUCTION

Pancreatic adenocarcinoma (PAAD) is a highly lethal disease and
has become the seventh leading cause of cancer-related deaths,
accounting for about 4.7% of global mortality (Sung et al., 2021).
PAAD is associated with a very poor prognosis, with a 5-years
survival rate of as low as 8% after diagnosis (Mishra et al., 2019).
The low survival rate is attributed to various factors, which is
mainly caused by the high rate of advanced PAAD since over 50%
of PAAD patients are diagnosed at an advanced stage (Ilic and
Ilic, 2016). Moreover, PAAD is characterized not only by early
recurrence and invasion but also the resistance to chemotherapy
and radiotherapy (Adamska et al., 2018). Although great strides
have been made on the screening, diagnosis and comprehensive
therapy combining surgery, chemotherapy, and radiotherapy,
PAAD remains a highly malignant tumor with limited
treatment options (Kamisawa et al, 2016). Conventional
treatments, such as surgery, have poor clinical outcomes, and
only about 20% of patients benefiting from radical surgery (Lai
et al, 2019). At present, there are no reported cases of good
efficacy of targeted therapy for pancreatic cancer driver genes
(Zhang et al, 2021). The prognosis of PAAD is largely
determined by early diagnosis and treatment. Therefore,
seeking for key genes and proteins related to the occurrence,
development, and metastasis of PAAD is of great significance in
improving the prognosis.

Invasion and metastasis are typical events during the malignant
progression of tumors, alongside tumor cell proliferation,
shedding, dissemination, angiogenesis, implantation, and other
aspects (Marchesi et al., 2010). Various proteins found to be
implicated in tumorigenesis and tumor development. Calcium-
binding proteins are a large family, which are responsible for
mediating the cell cycle progression, cell differentiation, enzyme
activation, muscle contraction, etc. (Donato, 1999). The S100
family (S100s) is one of the largest subfamilies of calcium-
binding proteins, which plays a key role in cell proliferation,
apoptosis, differentiation, and inflammation. So far, at least 20
members (S100A1-A14/A7A/A16/B/P/G/Z, etc) of the S100s have
been reported (Allgower et al., 2020a). However, these members
have some commonalities and differences in their respective
organizational structures, which may make them play different
roles in the occurrence and development of tumors. The
chromosomal regions encoding S100s genes have poor stability
and they are closely associated with the occurrence and
development of tumors. Once tumorigenesis initiates, the gene
in this region is easy to recombine and interfere with the S100s gene
(Engelkamp et al., 1993; Schifer et al., 1995; Marenholz et al., 2004;
Marenholz et al., 2006; Goh et al., 2017). Thus, S100s are usually
dysregulated in human malignant tumors, including PAAD
(Bresnick et al, 2015; Xue et al, 2015). S100s have distinct

expression and function patterns in tumorigenesis and tumor
development. For example, S100A4/A7/A8/A9/A13 was found
to have tumorigenesis role, however, S100A6/A8/A9 found to
have anti-tumor activity (Salama et al., 2008). S100s members
can also participate in the regulation of various biological functions
associated with the progress of PAAD. The expression of S100P/A4
have been proven to be related to the differentiation, metastasis,
prognosis, and drug resistance of pancreatic cancer. SI00A2/A10
have recently been suggested as negative prognostic biomarkers for
pancreatic cancer (Bachet et al., 2013; Bydoun et al., 2018a). S100P/
All are unfavorable to the prognosis of PAAD patients
undergoing surgical resection (Xiao et al, 2012; Camara et al,
2020). Collectively, the clinical significance of S100s members and
their potential application in the development of PAAD have been
highlighted, although their predictive potential and biological
characteristics need to be further validated. Moreover, the
relationship between S100s and immune cell infiltration and
drug resistance of PAAD remains unclear (Chen et al., 2021).

In our study, with the help of GEPIA, we systematically
evaluated the transcriptional expressions of the S100s and
their relationship with tumor stage and prognostic signature in
PAAD. Based on data mining and analyses, we also clarified the
gene mutation, potential biological roles, and drug resistance of
S$100s members in PAAD. Besides, we also assessed the
correlation between S100s mRNA expression and immune cell
infiltration in PAAD using the tool TIMER.

MATERIALS AND METHODS

Oncomine

Oncomine gene expression array database (Adamska et al., 2018;
Ma et al., 2019) was used to analyze the mRNA level of S100s
members in various cancers. The student’s t-test was used to
generate a p-value for the comparison between clinical cancer
specimens and pair control tissues. The thresholds for each S100s
member were set at fold change:2; p-value: 0.001; gene rank: 10%.

Gene expression profile Interactive Analysis
Gene expression profile Interactive Analysis (GEPIA) is a
bioinformatics analysis tool for evaluating RNA expression,
which contains 9,736 tumors and 8,587 normal samples from
the Cancer Genome Atlas and Genotype-tissue Expression
dataset (Tang et al., 2017). The database delivers rapid and
customizable functionalities, including differential expression
analysis, profiling plotting, correlation analysis, patient survival
analysis, similar gene detection, and dimensionality reduction
analysis.
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A11A13/14/A16/P were higher in tumor than in normal pancreatic tissues.

FIGURE 1 | The mRNA expression of the S100 family members (S100s) in 20 different cancer types using ONCOMINE. Color was determined by the best gene
rank percentile gene for analyses within the cell; blue represented down-expression and red represented over-expression. The numbers in colored cells represents the
quantities of datasets which satisfies the threshold: gene rank percentile (10%), P-value (0.001), and fold change (2.0). The mRNA expression of S100A2/A4/A6/A10/

cBioPortal

CBioPortal is a bioinformatics analysis tool, providing a
comprehensive analysis of complex cancer genomics and
clinical characteristics (Gao et al, 2013). The pancreatic
adenocarcinoma (TCGA, Firehose Legacy) dataset including
data from 186 cases with pathology reports was chosen for
further analyses of the S100s. We used it to analyze the
genetic mutation, co-expression, and pathway of S100s.

STRING and GeneMANIA

STRING is a comprehensive publicly available bioinformatics
database, providing network prediction of protein-protein
interactions based on physical and functional correlations
(Szklarczyk et al., 2019). We used it to construct the S100s
interaction relationship network and explore the interaction
among the S100s to predict the core proteins and key candidate
genes. GeneMANIA is a flexible prediction platform, which can
construct gene interaction networks by predicting co-expression,
physical interactions, interactions, shared protein domains, and
pathways (Warde-Farley et al., 2010). We use it to establish S100s
gene co-expression networks to predict their potential function.

TIMER

TIMER is a useful and flexible web interface, providing six main
analysis modules to systematically evaluate the infiltration and
clinical effects of distinct immune populations in the tumor
microenvironment (Li et al., 2020a). We used TCGA_PAAD
datasets to evaluate the correlation between S100s expression and

the abundance of immune infiltrating cells by Spearman
correlation analysis.

GSCALite

GSCALite is a comprehensive publicly available bioinformatics
database for genomic set cancer analysis, including expression,
single nucleotide variation (SNV), copy number variation (CNV),
methylation, small molecular drug targets, and cancer pathway
activity analysis. The pathway activity module represents the
correlation between gene expression and the pathway activity
group (inhibition and activation) determined by the pathway
score. Genome aberration not only affects the clinical therapeutic
response but also provides a large number of research targets for
the study of potential drug targets (Liu et al., 2018). GSCALite
database integrates the drug sensitivity and gene expression
profile data of cancer cells in GDSC and CTRP. Researchers
can use this database to mine potential biomarkers and predict
valuable small drugs, which is conducive to better research design
and clinical trials in the future. We used it to analyze the pathway
activity and drug targets of the S100s.

Human Protein Atlas

The Human Protein Atlas (HPA) is a valuable platform for
studying the localization and expression of proteins, as it
contains more than 10 million immunohistochemistry images
and 82,000 high-resolution immunofluorescence images (Thul
and Lindskog, 2018). The protein levels of S100s members in
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TABLE 1 | Significant changes in the transcriptional expression of the S100 gene family members between PAAD and pancreatic normal samples (OnCOMine database).

Gene Type of pancreatic Fold change
cancer vs normal
samples
S100A2 Pancreatic carcinoma vs normal 7.68
S100A4 Pancreatitis vs normal 2.57
Pancreatic adenocarcinoma vs normal 4.44
Pancreatic ductal adenocarcinoma vs normal 4.37
Pancreatic carcinoma vs normal 4.86
S100A6 Pancreatic carcinoma vs normal 9.15
Pancreatic ductal adenocarcinoma vs normal 5.92
Pancreatic carcinoma vs normal 4.76
S100A10 Pancreatic carcinoma vs normal 4.30
Pancreatic adenocarcinoma vs normal 7.58
Pancreatitis vs normal 2.97
Pancreatic ductal adenocarcinoma vs normal 3.10
Pancreatic adenocarcinoma vs normal 5.54
Pancreatic carcinoma vs normal 3.54
S100A11 Pancreatic carcinoma vs normal 7.52
Pancreatic ductal adenocarcinoma vs normal 4.43
Pancreatitis vs normal 5.45
Pancreatic adenocarcinoma vs normal 18.29
Pancreatic adenocarcinoma vs normal 7.20
Pancreatic carcinoma vs normal 4.95
S100A13 Pancreatic carcinoma vs normal 2.68
Pancreatic ductal adenocarcinoma vs normal 2.19
S100A14 Pancreatic carcinoma vs normal 6.46
S100A16 Pancreatic Carcinoma vs Normal 4.40
Pancreatic Ductal Adenocarcinoma vs Normal 2.33
S100P Pancreatic Adenocarcinoma vs Normal 24.02
Pancreatic Adenocarcinoma vs Normal 20.31
Pancreatic Carcinoma vs Normal 77.93
Pancreatic Carcinoma vs Normal 17.73
Pancreatic Ductal Adenocarcinoma vs Normal 13.18

t-test P Value Reference Tumor samples  Normal samples
6.38 2.97E-08  Pei 36 16
5.70 4.45E-04 Logsdon 10 5
5.74 6.52E-05 Logsdon 10 5
7.61 1.54E-10  Badea 36 36
5.57 3.49E-06  Pei 36 16
9.15 4.98E-12  Pei 36 16
9.02 1.32E-12  Badea 36 36
4.84 2.31E-04 Segara 12 6
8.15 8.32E-07  Segara 12 6
10.08 2.79E-06 Logsdon 10 5
513 4.89E-04 Logsdon 10 5
8.38 1.31E-11 Badea 36 36
6.07 7.36E-04 lacobuzio-Donahue 17 5
6.06 2.05E-06  Pei 36 16
7.65 7.48E-07  Segara 12 6
10.45 1.19E-14  Badea 36 36
5.51 7.60E-04 Logsdon 10 5
10.08 9.25E-05 Logsdon 10 5
6.01 8.54E-04 lacobuzio-Donahue 17 5
5.83 6.35E-06  Pei 36 16
6.00 1.85E-05 Segara 12 6
7.26 3.32E-10  Badea 36 36
6.50 4.85E-07  Pei 36 16
7.26 9.46E-08 Pei 36 16
6.94 1.05E-09  Badea 36 36
11.30  2.13E-08  lacobuzio-Donahue 17 5
15.50 4.88E-10 Logsdon 10 5
10.19 1.61E-12 Pei 36 16
6.94 1.23E-05  Segara 12 6
8.44 8.53E-13  Badea 36 36

normal and PAAD pancreatic tissues were compared using
representative immunohistochemical images of HPA.

UALCAN

UALCAN is a user-friendly online website for analyzing cancer
OMICS data (TCGA, MET500, and CPTAC) (Sighoko et al,
2011). We used it to analyze the relationships between S100s
mRNA expression and TP53 mutation.

RESULTS

Expression Level of the S100s Members in

Pancreatic Adenocarcinoma

Transcriptional levels of the S100s members between tumor and
normal samples in twenty types of cancers were assessed by the tool
ONCOMINE. As shown in Figure 1, nine S100s members,
including S100A2/A4/A6/A10/A11/A13/A14/A16/P were
significantly upregulated in pancreatic cancer (fold change = 2,
p < 0.001). Then, through the oncology database, we further
studied the significant differences in S100s transcription levels
between distinct subtypes of pancreatic cancer and normal control
tissues, as demonstrated in Table 1. In Pei’s dataset, the mRNA
expression level of S100A2 was overexpressed in pancreatic
carcinoma versus normal samples with a fold change of 7.68

(Table 1). In Logsdon’s datasets, SI00A4 was found to be
higher expressed in pancreatitis (fold change = 2.57), and
pancreatic adenocarcinoma (fold change = 4.44) versus normal
tissues. Badea et al. reported that S100A4 was increased in
pancreatic ductal adenocarcinoma (fold change = 4.37), and Pei
et al. showed that SI00A4 also overexpressed in Pancreatic
carcinoma (fold change = 4.86) compared to normal samples.
In Badea’s dataset, S100A6 was found higher expressed in
pancreatic ductal adenocarcinoma compared to normal tissues
(fold change = 5.92). Overexpression of SI00A6 in pancreatic
carcinoma was also found in Pei’s dataset (fold change = 9.15) and
Segara’s dataset (fold change = 4.76). Additionally, in Logsdon’s
datasets, S100A10/A11 were overexpressed in pancreatic
adenocarcinoma (fold change = 7.58 and 1829), and
pancreatitis (fold change = 2.97 and 5.45) compared to normal
samples. According to Segara’s dataset, SI00A10/A11 were also
found higher expressed in pancreatic carcinoma (fold change = 4.3
and 7.52). In Badea’s datasets, higher expressed SI00A10/A11 were
found in pancreatic ductal adenocarcinoma ((fold change = 3.1 and
4.43). In Tacobuzio-Donahue’s dataset, SI00A10/A11 were showed
overexpressed in pancreatic adenocarcinoma (fold change = 5.54
and 7.20). Additionally, in Pei’s datasets, SI00A10/A11/A14/A16/P
were found higher expressed in pancreatic carcinoma (fold change
=3.54,4.95, 6.46, 4.40, 77.93) in comparison with normal samples.
S100A13/P were significantly upregulated in pancreatic carcinoma,
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FIGURE 2| The transcription levels of the S100 family members in Pancreatic adenocarcinoma patients using GEPIA. Box plots from GEPIA gene expression data
compared the expression of specific S100 family members in PAAD and normal tissues. Select log2 (TPM + 1) transformed expression data for plotting. Blue color
represents normal tissue and red color represents tumor tissue. The levels of ST00A2/A3/A4/A6/A8/A9/A10/A11/A13/A14/A16/B/P in PAAD tissues were higher than
that in normal paired samples as determined by Student’s t-test. p < 0.05 was considered to be statistically significant. Abbreviation: num, sample number; T,
tumor; N, normal; TPM, Transcripts per million. * Demonstrate that the results were statistically significant.
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FIGURE 3 | Representative immunohistochemistry images (IHC) of the S100 family members in PAAD and normal pancreatic tissues using HPA database. The
expression of ST00A5 protein was not shown in the database. The expression of SO0A7/A7A/A8/A9/A12/A14/A16/B/P/G/Z proteins were not detected in normal
pancreatic tissues. The remain of S100 protein was expressed at low to moderate levels in some normal pancreatic tissues. Low protein expression of S100A2/A3/A7/
A7A/A8/A13 were detected in PAAD tissues. Medium protein expression of S100A1/A4/A6/A9/A11/A16/B were detected in PAAD tissues. High protein

S100A3 S100A4

200um 200um 2o

S100A16

with fold changes of 2.68 and 17.73 in Segara’s dataset. Higher
expressed S100A13/16/P were found in pancreatic ductal
adenocarcinoma (fold change = 2.19, 2.33, 13.18) of Badea’s
datasets. S100P in pancreatic adenocarcinoma showed a similar
trend, with 24.02 and 20.3-fold changes in Iacobuzio-Donahue’s
and Logsdon’s datasets, respectively. According to ONCOMINE
analysis, there was no significant difference in mRNA expression of
S100A1/A3/A5/A7/A7A/A8/A9/A12/B/G/Z between patients with
PAAD and normal controls.

Next, we utilized the Gene Expression Profiling Interactive
(GEPIA) dataset to confirm the mRNA expression levels of
differentially ~expressed S100s factors in PAAD and

corresponding control tissues shown in the Oncomine
database. We found that the transcription levels of S100A2/
A3/A4/A6/A8/A9/A10/A11/A13/A14/A16/B/P were all highly
expressed in PAAD tissues as compared with normal
pancreatic tissues. Other S100 gene family members including
S100A1/A5/A7/A7A/A12/G/Z have indicated no significant
differences between PAAD and normal tissues (Figure 2 and
Supplementary Figure S1).

After detecting the transcriptional level of the S100s in
pancreatic adenocarcinoma tissues, we used the HPA to study
its protein expression level. As shown in Figure 3, the expression
of S00A7/A7A/A8/A9/A12/A14/A16/B/P/G/Z protein was not
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FIGURE 4 | Violin plot demonstrated the correlation between S100s transcription level and tumor stages in patients with PAAD (calculated data form TCGA-
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FIGURE 5 | Correlation between S100s mRNA expression and TP53 mutation in PAAD (UALCAN). The significance of difference between TP53-mutant and TP53-
nonmutant estimated by Student’s t-test with p value. The sample number N and the Student’s t-test p value are marked on the figure, respectively.

detected in normal pancreatic tissues, while the remaining S100
protein was expressed at low to moderate levels in some normal
pancreatic tissues. The expression of SI00A5 protein was not
shown in the database. Low expression (protein expression scored

<25%) of S100A2/A3/A7/A7A/A8/A13 protein was detected in
PAAD tissues. Medium expression (protein expression scored
ranged from 25 to 75%) of S100A1/A4/A6/A9/A11/A16/B
protein was detected in PAAD samples. High expression
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FIGURE 6 | Kaplan-Meier survival analysis showed that higher mRNA expression of S100A2/A3/A5/A10/A11/A14/A16 was significantly associated with shorter
survival time, while higher expression of S100A1/B/Z was associated with longer survival time (GEPIA,n = 178). The p-value was less than 0.05.
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FIGURE 6 | Continued.

(protein expression scored >75%) of S100A10/A14/P protein was
observed in PAAD tissues. However, due to the small size of the
PAAD immunohistochemical results in the HPA database, the
conclusion remains to be further verified.

The Relationship Between the mRNA
Expression Levels of the S100s Members
and Clinical Characteristics in Pancreatic

Adenocarcinoma

To evaluate the clinical significance of the differentially expressed
S100 gene in the progression of PAAD patients, we analyzed the
correlation between the transcriptional expression level of S100s
members and clinicopathological features. The original data we
used were derived from TCGA databases. We found that the
transcriptional levels of S100A3/A5/A6/A10/A11/A14/A16/B/P/
Z were correlated with tumor stage (Figure 4). There was no
significant correlation between the remaining S100s members
and the tumor stage.

We then explored the prognostic value of S100 family members
in pancreatic cancer of different TP53 status. We found that the
high expression of S100A2/A3/A4/A5/A6/A10/A11/A13/A14/
A16/P in pancreatic cancer was positively correlated with TP53
mutation, while the high expression of S100A1/A12/B/Z was
negatively correlated with TP53 mutation (Figure 5).

Prognostic Values of S100s in Patients With

Pancreatic Adenocarcinoma

To further explore the key role of S100s members in the survival of
PAAD, we used the GEPIA database to analyze the relationship
between the expression of S100 factors and the overall survival
(OS) of patients with PAAD. As displayed in Figure 6, we found
that the high transcriptional levels of SI00A2 (Hazard ratio (HR) =
1.6, p = 0.025), S100A3 (HR = 1.6, p = 0.02), S100A5 (HR = 1.6, p =
0.031), SI00A10 (HR = 1.9, p = 0.0017), S100A11 (HR = 1.6, p =
0.018), S100A14 (HR = 1.7, p = 0.014) and S100A16 (HR=23,p =
5.6e-05) were significantly associated with poor OS in PAAD, while
low mRNA expression of S1I00A1 (HR = 0.64, p = 0.032), S100B
(HR = 0.57, p = 0.0079) and S100Z (HR = 0.61, p = 0.017) were
associated with worse OS. However, the statistical significance of
S100A4 (HR = 1.2, p = 0.39), S100A6 (HR = 1.4, p = 0.11), S1I00A7
(HR =1, p = 0.94), SI00A8 (HR = 1.4, p = 0.098), S100A9 (HR =
1.2, p = 0.41), SI00A12 (HR = 0.96, p = 0.87), S100A13 (HR = 1.4,
p=0.11),S100P (HR = 1.3, p = 0.27) was not detected. The GEPIA
databases did not provide the survival analysis results of SI00A7A
and S100G in the majority of PAAD molecular subtypes. Thus, the
PAAD patients with low mRNA levels of the SI00A1/B/Z or high
mRNA levels of SI00A2/A3/A5/A10/A11/A14/A16 were predicted
to have worse OS.
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Genetic Mutation and Interaction Networks
Analysis of S100s Members in Pancreatic

Adenocarcinoma

The S100 alterations and correlations were analyzed by the tool
cBioPortal for Pancreatic Adenocarcinoma (TCGA, Firehose
Legacy). S100s were altered in 70 samples of 149 patients with
PAAD, accounting for 47% (Figure 7A). As shown in Figure 7B,
the genetic alteration rates of the S100 gene family members in
PAAD ranges from 0 to 16% individually (S100A1, 6%; S100A2,
9%; S100A3, 9%; S100A4, 13%; S100A5, 11%; S100A6, 10%;
S100A7, 5%; S100A7A, 5%; S100A8, 6%; S100A9, 7%; S100A10,
14%; S100A11, 9%; S100A12, 6%; S100A13, 10%; S100A14, 16%;
S100A16, 13%; S100B, 0%; S100G, 2.7%; S100P, 8%; S100Z, 3%).

Meanwhile, the transcriptional expression correlation of S100s
members individually in patients with PAAD (TCGA, Firehose
Legacy) was calculated by the cBioPortal database, and Pearson
correlation analysis was carried out. The statistical significance is
as follows: SI00A6 with SI00A10/A11/A13/A14/A16/P; S100A7
with SI00A7A/A8; SI00A7A with SI00A8; SI00A8 with S100A9;
S100A10 with S100A11/A14/A16; S1I00A11 with S100A13/A14/
A16; SI00A12 with S1I00A13; SI00A13 with S1I00A16; S100A14
with S100A16 (Figure 7C).

The interaction relationship and potential regulatory mechanism
of §100s factors in PAAD were mined by using the GeneMANIA
database, and the gene interaction network was constructed. The
network consists of 40 genes, including 20 members of the S100s and
another 20 genes extracted from the GeneMANIA. The analysis
illustrated that there was a close genetic relationship among the
members of the S100s. The results displayed that the S100s was co-
expressed interactively with TCHHL1, S100A7L2, HRNR, FLG2,
RPTN, TCHH, FLG, CRNN, SNTN, CABP7, CALN1, KCNIP4,
GUCAI1C, KCNIP2, CALML5, SRI, SDF4, EFCAB11, CIB4,
EFCAB7 (Figure 7D). The functions of the S100s were mainly
associated with granulocyte chemotaxis, sequestering of metal ions,
regulation of water loss via the skin, granulocyte migration, and
response to fungus (Figure 7D).

We used the tool STRING to construct a protein-protein
interaction network of the S100s to explore their potential
interactions. The networks contained 30 nodes and 122 edges
(Figure 7E). The top five proteins most associated with S100s
were ANXA2, AGER, AHNAK, HLTF, and S100PBP. The main
biological processes involved in the PPI network were positive
regulation of response to external stimulus, regulated exocytosis,
astrocyte differentiation, myeloid leukocyte activation, and cell
activation involved in the immune response. An IL-17 signaling
pathway is the main pathway of KEGG.

Cancer Pathway Activity and Drug
Sensitivity Analysis of the S100s in

Pancreatic Adenocarcinoma

We further analyzed the role of the S100s in canonical cancer-
related pathways using GSCALite and Cbioportal databases.
Firstly, we used the platform GSCALite to analyze the
activities of ten well-known tumor-related pathways, such
as RTK, RAS/MAPK, TSC/mTOR, cell cycle, DNA damage

Prognostic Values of S100 Family

response, EMT, hormone ER, hormone AR, PI3K/AKT, and
apoptosis pathway. We found that most members of the
S100s were associated with the activation of EMT,
apoptosis, RTK, and RAS/MAPK pathway; and the
inhibition of Hormone AR, DNA Damage Response, and
RTK pathway (Figure 8A). Furthermore, we also analyzed
the cancer pathway of the S100s based on cBioPortal.
Through the analysis of the proportion of gene changes in
ten typical carcinogenic signaling pathways, we found that
the S100 alterations were closely related to the carcinogenic
changes of key gene loci such as KRAS, CDKN2A, TP53,
MYC, SMAD4 (with more than 10% mutation)
(Supplementary Figure S2).

Gene mutations may affect clinical therapeutic responses
and become potential drug targets. GSCALite was an publicly
available platform that integrated the drug sensitivity and gene
expression profile data of cancer cell lines in GDSC and CTRP,
which was helpful for researchers to mine and predict valuable
small drugs. Drug sensitivity indicated that the high
expression of S100A2/A6/A10/A11/A13/A14/A16 was
resistant to small molecule drugs or high expression of
S100A1/A7/A9/B/Z were sensitive to small molecule drugs
(Figure 8B).

Correlation Between S100s and Immune
Cell Infiltration in Patients With Pancreatic

Adenocarcinoma

In recent years, studies have shown that the enrichment of
immune cells in the tumor microenvironment is closely related
to tumor proliferation and development (de Visser et al., 2006;
Leietal., 2020). To evaluate the effect of the S100s on the degree
of immune cell infiltration in the tumor microenvironment, we
used TIMER to analyze the correlation between the expression
level of the S100s members and immune infiltrating cells in
PAAD. As shown in Figure 9, SI00A3 was positively correlated
with the abundance of CD4" T cells, neutrophils, and dendritic
cells. S100A4 showed a significant correlation with the
abundance of neutrophils, and dendritic cells. SI00A5 was
negatively correlated with the infiltration of CD8" T cells
and macrophages. S100A14 was also negatively associated
with the infiltration of CD4+cells, macrophage, and
dendritic cell. Except for B cells and CD4" T cells, SI00A6
was negatively correlated with the abundance of the other
immune cells (CD8" T cells, macrophages, neutrophils, and
dendritic cells. For SI00A7/A10/A11, the expression of these
genes was negatively associated with the abundance of
macrophages. Meanwhile, the expression of S100A13/P was
associated with the infiltration of CD4" T cells and
macrophages. Besides, SI00A1/A16 showed a significant
correlation with the infiltration of CD8" T cells, CD4"
T cells, macrophages, and dendritic cells. Interestingly, the
expression of S100A12/B/Z was associated with the
infiltration of these six immune cells (B cells, CD8 + T cells,
CD4 + T cells, macrophages, neutrophil, and dendritic cells).
Except for B cells, SI00A8 and S100A9 was positively correlated
with the infiltration of the other immune cells (CD8" T cells,
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CD4" T cells, macrophages, neutrophil, and dendritic cells). In
conclusion, the above results suggested that the S100s may play
an important role in the immune infiltration of PAAD.

Differential Expression Analysis of Samples
with High Expression of the Significant S100
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Genes (top 25 percentile) vs Low Expression

(bottom 25 percentile) Samples

We selected five S100 genes (S100A2/A10/A11/A14/A16 by using
the above analysis, which were highly expressed in PAAD and
associated with poor prognosis and chemoresistance of PAAD,
for further differential expression analysis between the high (top
25 percentile) and low samples (bottom 25 percentile). We
downloaded pancreatic cancer samples and normal samples
from the TCGA and the GEXT database respectively. We used
Wilcox. test to analyze differentially expressed genes in samples.
The screening condition was FDR = 0.05 and logFC = 1.5. We
found that the differentially expressed genes of these five S100
genes were 1,048, 1858, 2,492, 1,668, and 2,482, respectively
(Figure 10A and Figure 10B). We enriched the GO and
KEGG signal pathways of these differential genes respectively.
We found that there were many similarities in the signal
pathways enriched by these genes (Figure 11A and
Figure 11B). We also found that there were significant
differences between the high and low expression samples by
using the principal component analysis (PCA). (Figure 12).

DISCUSSION

The transcription and protein expression levels of multiple
S100s members have been confirmed to have changed in
various of tumors (Allgower et al, 2020b). Emerging
evidence displayed that the biological characteristics of most
$100s members are complex and multifactorial, and these
members are actively involved in the process of

tumorigenesis and progression, such as tumor cell
proliferation, angiogenesis, metastasis, immune escape and
drug resistance (Donato, 2001; Chen et al., 2014; Bresnick
et al, 2015; Moravkova et al.,, 2016; Zhang et al., 2017; Ma
etal., 2019). In this study, we evaluated the expression, genomic
mutation, prognostic value, potential function, relationship
with immune infiltration, and involvement in the regulation
of drug resistance of the S100s in PAAD. We hope that our
results will help to reveal the role of the S100s in cancer and
provide new theoretical knowledge for the identification of
tumor prognostic biomarkers and therapeutic targets. We
found that the transcription levels of 13 S100s members were
overexpressed in PAAD patients. The high expression of
S100A2/A3/A4/A5/A6/A10/A11/A12/A13/A14/A16/P was
positively associated with TP53 mutation. Combined with the
transcriptional expression profile, we concluded that high
mRNA expression of S100A2/A3/A10/A11/A14/A16 was
correlated with poor OS, while high expression of S100B was
related to better OS. Moreover, the high expression of SI00A2/
A6/A10/A11/A13/A14/A16 was resistant to small drugs. These
findings suggested that S100A2/A10/A11/A14/A16 may have
the potential to become a biomarker for prognosis or treatment
of PAAD.

S100A2 is a well-studied S100s member in cancer, which is
closely related to the occurrence of various human tumorigenesis
(Wolf et al., 2011). SI00A2 seems to have both carcinogenic and
anticancer effects in cancer. Previous studies have shown that
S100A2 plays an anticancer role in oral cancer, prostate cancer,
breast cancer, and lung cancer, while it acts as a cancer promoter
in ovarian cancer, gastric cancer, and esophageal squamous
carcinoma (Liu et al., 2000; Rehman et al., 2005; Bulk et al,,
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FIGURE 9 | Correlations between S100 gene mRNA expression and immune infiltration abundance in PAAD (TIMER database, n=179). The mRNA expression of
some S100s factors was correlated with the infiltration abundance of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and dendritic cells.

Frontiers in Genetics | www.frontiersin.org 16 November 2021 | Volume 12 | Article 758725


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Lietal Prognostic Values of S100 Family

5T ol r T 1l e Neatrophil Dendrtic Cal
T partalcor - 005|| 418 ,  partialcor— 0111 partialcor =.0.16 ;
! l‘l e 5.14e-01 p= 15201 3e-02
10 & '
f
z 1
S100A10 & 5|
$° ¥
£ f i
o
i ' NI ) |
Purity Boal Co5: T Cell. T TGl Macrophage
T cor=003 partial cor parial.cor - D partalcor ~-0102 partial.cor —
t o GaGseor Pty PRt S% d2e y P sser P52
‘ RO "
N noog
f 4 '
= P AR
£ 10]a
S100A11 g |2 : A f
w =] 1 i)
L 1 i f '
h (% R
S &
8 ¥ 1 I3 =
Purity B Cell CD8+ T Cell Neutrophil Dendritic Cell
Cor = 007 partialcor - 0225 partialcor = 0.3 partialcor - 0.401 partial
p=g6ieol p=3 b= 12500 >~ 3.196-08
J 73 1
= $ K 3
zo | . gt
S100A12 S |2 b P o i
R E [N L oty '
& st A I
i e 0
1 k. " 1 M a\‘ '
1 1, 1 o 1
of [ PR b L,

Pu;llz B Cell Dendritic Cell
1 scor-80051[ % partialcor = -0037]| 8+ T s partial 01
i} 27e01 - % 00201
g f
9 W
o .
S100A13 £ &
z
& i | R
S )
& 1 l‘.
° 1 i 1 i
i f :
Pw B Cell CD8+ T Cell

partiaLcor - 0117
1 = 5.59%-02,

S100A14

Purity B Cal D5, 1 Cel CD T Call ‘Macrophage
T cor-0004| ¢ bartial cor = T partialcor partial.cor part \ a0
4 4p=052e01 ' T5icbi ™ o a2} v 2
1, '
? ul Sheh ! I :
L Al w
S100A16 ; P i AT ., i fi,
i f ' |
1 i - ]
' i
h e
bl i L2 : 3
B Cal OB+ T Cell. CD T Cell. Macrophage Neatrophil ‘Dendritc Cel
partatcor =024l partialcor = 02414 ¥ partial cor = 05071 pprtalpor0rs T partial.cor = 0459
.04 p=148¢03 p= 19912 121608 p = 4.08e-10
' [
K o s
ik
$100B : Iy T A0
1 ll\,
B Cal CDB- T Cell Neutrophil Dendric Cell
partial.cor = 0.06¢ T partialcor =0.12 T par T partialcor =01 Wartal.cor = 0.05
p=391e01 p= 106601 D Gseo1] P 87601
' ' ' '
' ' ' '
S$100G 4 " 7 Y
i npty
| I AL i
e om
1
Purity B Cell DB+ T Cell _I DA+ T Cell Dendritic Cell
9: artial.cor =001 *parualcor -
‘J 4 p=847e01 “ . Hmm
o
i )
=
£
3
S100P %

Purity | B Call
25! cor=-081 g \\m \m\ 0.2

Macrophage Neutrophil
partia 03 T [ mvhm n 19 T ‘nm hm 0.45:
p1.29 I ' 1.29¢ us 1 p=3.12e:05 12 4.63¢-10}
20
1 1 * . 1 . 1
' 4 [
i '
= E T Yoo ' ity taa'n o
E ) ' ' ' '
$1002 ¢ teya : ¥yl i
. ) ieeh
Eoo ¥ . " v Y I
£ ' g '
4 b R
05
0% 050 0 %00 o1 02 03 o4 T 0z 03 od o102 03 04 0500 O 0z 03 00 o1 o G207 04 06 08
Infiltration Level

FIGURE 9 | Continued.

2009; Donato et al,, 2013; Gross et al., 2014; Bresnick et al., 2015).  (Zhuang et al., 2021). A large retrospective study suggests that
Overexpression of SI00A2 was related to advanced histological =~ S100A2 may have the potential to become a biomarker for
grade, high T stage, and poor prognosis in pancreatic cancer  predicting pancreatectomy or replication therapy in patients
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FIGURE 11 | Functional enrichment analysis of differential genes in samples with significant S100 gene high expression (top 25%) and low expression (bottom

25%) samples (calculated data from TCGA-PAAD, n=178). (A) GO enrichment analysis (BP: biological process; CC: cellular component; MF: molecular function). (B)

Top 30 most significant KEGG pathways.
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with pancreatic cancer (Jamieson et al., 2011; Bachet et al., 2013).
S100A2 is regulated by cell cycle progression and tumor
suppressor gene p53, and it can interact with RAGE in vitro
(Leclerc et al., 2009; Donato et al., 2013). According to the
signaling pathway activated by S100A2/RAGE in pancreatic
cancer cells, SI00A2 can be used as either a tumor suppressor
or a tumor promoter (Leclerc et al., 2009). Our results showed
that SI00A2 was significantly up-regulated in PAAD. Moreover,

high S100A2 mRNA expression was related to worse OS, drug
resistance, and high TP53 mutation.

S100A10 plays an important role in the progression of
various cancers. S100A10 is up-regulated by the Smad4-
dependent transforming growth factor-p 1 signaling pathway
(Bydoun et al., 2018a). Previous studies have shown that the
overexpression of S100A10 is usually related to tumor size,
pathological TNM stage, lymphovascular invasion, lymph node
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FIGURE 12 | The PCA plots showed the genes in samples with significant S100 gene high expression (top 25%) and low expression (bottom 25%) samples
(calculated data from TCGA-PAAD, n=178). The red dot and green dot indicate the smaples with the high expression of the significant S100 genes (top 25 percentile)
and the low expression (bottom 25 percentile) samples, respectively.

metastasis, poor prognosis, and drug resistance in many
malignancies (Zhang et al., 2004; Saiki and Horii, 2019).
Overexpression of S100A10 is associated with a poor
prognosis of pancreatic ductal adenocarcinoma (Bydoun
et al., 2018b). Meanwhile, Bydoun et al. (2018) demonstrated
that SI00A10 is involved in a new mechanism of plasminogen
activation during the epithelial-mesenchymal transition (EMT)
(Bydoun et al., 2018a). In our study, we found that the mRNA
level of S100A10 was highly expressed in pancreatic cancer and

was related to the high tumor stage. Overexpression of SI00A10
is associated with poor prognosis, high TP53 mutation, and
drug resistance. In addition, SI00A10 may be related to the
activation of RAS/MAPK, EMT, and SMAD4-dependent TGEF-
B1 pathways.

S100A11 has been shown to play a dual role in tumors, such as
inhibiting cancer of the bladder and kidney or promoting cancer
of the pancreas (Yao et al., 2007; Donato et al., 2013; Gross et al.,
2014; Bresnick et al., 2015). Previous studies have shown that
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S100A11 increases in the early stages of pancreatic cancer, but
decreases as cancer progress (Ohuchida et al, 2006).
Overexpression of S100A11 is associated with an unfavorable
prognosis of patients with pancreatic ductal carcinoma
undergoing surgical resection (Xiao et al., 2012). SI00A11 can
also promote the proliferation and viability of pancreatic cancer
cells by up-regulating the PI3K/AKT signaling pathway, which is
considered to be a promising new drug target for targeted therapy
of pancreatic cancer (Xiao et al., 2018). In addition, S100A11 is
considered as a molecular marker for early diagnosis of pancreatic
cancer or for screening patients with high-risk lesions that have
progressed to pancreatic cancer (Ohuchida et al., 2006). Our
results displayed that S100A11 mRNA expression was
significantly higher than that in normal pancreatic tissues.
Overexpression of S100A11 is associated with tumor stage,
drug resistance, high TP 53 mutation, and shorter overall
survival.

S100A14 plays an important role in the occurrence and
development of various human cancers (Zhao et al., 2013;
Tanaka et al., 2015; Al-Ashkar and Zetoune, 2020; Li et al,
2020b; Zhu et al., 2021). Gene expression microarray showed
that the SI00A14 expression in pancreatic cancer tissues was
significantly higher than that in corresponding non-tumor tissues
(Ohuchida et al., 2006; Zhuang et al., 2021). Studies show that
S100A14 protein is often overexpressed in pancreatic ductal
adenocarcinoma (PDAC) cell lines and High
expression of S100A14 was significantly correlated with
advanced tumor stage and shorter overall survival in patients
with pancreatic cancer (Ohuchida et al.,, 2006; Zhuang et al.,
2021). Transient silencing of S100A14 can inhibit the
proliferation, clone formation, migration, and invasion of
high-level endogenous S100A14 cells (Ohuchida et al., 2006).
Continuous knockout of S100A14 by transduction of lentivirus-
carrying shRNAs inhibited the formation of subcutaneous
tumors in nude mice and made PDAC cells more sensitive to
gemcitabine treatment (Ohuchida et al, 2006). Our results
indicate that S1I00A14 is highly expressed both in mRNA and
protein levels of pancreatic cancer. High expression of S100A14
was associated with poor overall survival, tumor stage, high TP53
mutation, and drug resistance. In addition, S100A14 was
negatively correlated with the infiltration of CD4 + T cells,
macrophages, and dendritic cells.

S100A16 is a new member of the S100 protein family, which is
functionally expressed in various tumors. The expression of
S100A16 in PDAC was up-regulated, and it was negatively
correlated with the prognosis of patients with PDAC (Zhuang
et al,, 2021). SI00A16 can promote the proliferation, migration,
and invasion of PDAC cells through AKT and ERK1/2 signaling
pathways mediated by fibroblast growth factor 19 (FGF19) (Fang
et al, 2021). S100A16 can also regulate the cell cycle and
apoptosis of pancreatic cancer cells (Fang et al, 2021).
Moreover, previous studies have shown that S100A16 can
induce EMT and promote the metastasis of human PDAC
cells by enhancing the expression of TWIST1 and activating
the STAT3 signaling pathway (Li et al., 2021). Similar to these
results, our results suggest that S100A16 is highly expressed in
pancreatic cancer. High expression of S100A16 was associated

tissues.
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with worse overall survival, tumor stage, high TP 53 mutation,
and drug resistance.

In the current study, we also found that the expression of the
S100s was correlated with the infiltration of certain immune cells
in PAAD. Limited studies have been used to elucidate the role of
the S100s in immune infiltration. Previous studies have shown
that the higher expression of S1000A6/A10/A11/A14/A16 may
damage the infiltration and cytotoxicity of CD8* T cells by
stimulating the adhesion-Ras signal transduction pathway in
pancreatic cancer (Zhuang et al., 2021). SI00A10 expressed on
the surface of macrophages plays an important role in the
interaction with tumor microenvironment and tumor growth
(O’Connell et al., 2010). SI00A16 is negatively correlated with
immune activity (T cells, cytokines, chemokines, cell adhesion
molecules, co-receptors, signal adapters, JAK/STAT pathway)
and infiltration (macrophages and T cells), resulting in
extensive  immunosuppression (Chen et al, 2021).
Consequently, our results contain an unconventional function
of the S100s and provide new insights into the infiltration of
immune cells in PAAD.

It is undeniable that our research has certain shortcomings.
First, all the results are mined from the published database, so the
quality of the database determines the reliability of our results.
Second, our conclusions need to be verified by further
experiments and multicenter clinical cohort samples. Third,
this study did not explore the detailed mechanism of the
predicted S100s members in pancreatic cancer, especially the
impact on tumor immune microenvironment and drug
sensitivity. To solve these problems, further in vivo and
in vitro experiments are needed to verify these results.

CONCLUSION

In this study, we systemically investigated the transcription and
protein level, genetic mutations, prognostic value, enriched signal
pathways, and the correlation with immune infiltration cells of
each S100s member in PAAD patients. We evaluated the
expression, genomic mutation, prognostic value, potential
function, relationship  with infiltration, and
involvement in the regulation of drug resistance of the S100s
in PAAD. We found that 13 S100s members were overexpressed
in PAAD patients. Combined with the transcriptional expression
profile, we concluded that high mRNA expression of SI00A2/A3/
A10/A11/A14/A16 were significantly correlated with the poor OS
of PAAD, while a high expression of S100B is favorable to the
prognosis of PAAD. Overexpression of SI00A2/A3/A4/A5/A6/
A10/A11/A13/A14/A16/P in pancreatic cancer is positively
correlated with TP53 mutation, while the high expression of
S100A1/B/Z is negatively correlated with TP53 mutation.
Immuno-infiltration analysis showed that the mRNA levels of
S100A10/A11/A14/A16 were significantly correlated with the
infiltration degree of macrophages in PAAD. Moreover, PAAD
patients expressing high levels of SI00A2/A6/A10/A11/A13/A14/
Al6 were resistant to small molecule drugs. These findings
suggested that S100A2/A10/A11/A14/A16 may be prognostic
and therapeutic targets of PAAD. We hope that our results

immune
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will help to reveal the role of the S100s in cancers and provide new
theoretical knowledge for identifying tumor prognostic
biomarkers and therapeutic targets.
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