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Single-minded homolog 2 (SIM2) has been identified as a potential contributor
to the development of solid tumors. Despite this, there is a lack of comprehensive
research regarding its biological role and underlying mechanism within pancreatic
cancer (PC), as well as its prognostic impact.

This study systematically evaluated the expression level and clinical significance
of SIM2 in patients with PC using various databases, including The Cancer Ge-
nome Atlas, KM Plotter, and gene expression profiling interactive analysis.
To investigate the relationship between SIM2 expression and immune cell infiltra-
tion, we conducted ESTIMATE and single-sample gene set enrichment analysis
(ssGSEA) analyses.

Single-minded homolog 2 was up-regulated in patients with PC. Pancreatic cancer
patients with higher SIM2 expression had poorer overall survival rates. Gene set
enrichment analysis results suggested that SIM2 may have a significant impact
on the progression of PC and the regulation of immune responses. According to
the ssGSEA algorithm, SIM2 has a negative correlation with the levels of infiltrat-
ing TFH, mast cells, and pDC.

Our study demonstrated that SIM2 serves as a biomarker, and is associated with
both prognosis and immune infileration in PC. This provides a solid foundation
for future investigations into the precise role of SIM2 in the carcinogenesis and
progression of PC.
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Introduction

Pancreatic cancer (PC) is a malignant tumor that
spreads rapidly and is associated with a dismal prog-
nosis. Although its occurrence is relatively rare, its
mortality rate is alarmingly high, resulting in simi-

lar incidence and death rates {1}. Pancreatic cancer is
the sixth leading cause of death in China, and because
of the insidious nature of the disease in the early stag-
es, over 80% of patients will be diagnosed in the ad-
vanced stages, and it is estimated that it will become
the second leading cause of death in cancer patients
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in the US by 2030 {2}. Despite various therapeutic
strategies, including targeted therapies and immuno-
therapy, being explored to enhance the survival of pa-
tients with PC, their impact remains limited {3, 4].
This could be attributed, at least in part, to the intri-
cate nature and heterogeneity of PC. Early diagnosis
and more effective treatment of PC are therefore ur-
gently needed.

Single-minded homolog 2 (SIM?2) is a neuron-en-
riched transcription factor that plays a crucial role
in the cellular stress responses, homeostasis, and de-
velopment {5}. It is primarily recognized for its in-
volvement in Down’s syndrome {6}. The variability
in the occurrence of different malignant conditions
in Down syndrome could be attributed to potential
alterations in the expression of SIM2 {7]. Single-mind-
ed homolog 2 expression continues into adulthood in
muscle and kidney, but its precise function in these
tissues is still unclear {8}. A previous study showed
that SIM?2 plays a vital role in regulating the expres-
sion of intestinal antimicrobial peptides. This regula-
tion is essential for maintaining the innate immunity
of the intestines against microbial threats {9]. Previous
studies have reported a correlation between SIM2 and
cancer [10}, specifically in the context of prostate can-
cer. Single-minded homolog 2 is involved in key traits
of prostate tumor cell biology and may contribute to
the onset and progression of prostate cancer [11}.
Both isoforms, SIM2-s and SIM2-1, were identified in
benign prostate tissue and exhibited significant coex-
pression. Furthermore, these isoforms were found to
be elevated in prostate cancers {12}. However, the role
and function of SIM2 in PC, particularly its impact
on immune regulation, have not been investigated
yet. Our study aimed to examine the variations in
SIM?2 expression levels among patients with PC and
their potential as a prognostic biomarker, considering
the significance of SIM2 in tumors.

Material and methods

Data resources and processing

RNA-sequencing and clinicopathological data for
PC were obtained from The Cancer Genome Atlas
(TCGA) database (https://portal.gdc.cancer.gov/).
The cohort consisted of 179 PC tumors and 4 nor-
mal samples. We acquired transcripts per million
(TPM) format RNA-seq data from TCGA. The log,
(TPM+1) transformed expression data were uti-
lized to generate box plots, enabling us to compare
the mRINNA expression of SIM2 with clinicopatholog-
ical details across different groups. In addition, we
used the gene expression profiling interactive analysis
database (GEPIA) (http://gepia.cancer-pku.cn/) and
the TNMplot.com analysis platform (www.tnmplot.
com) to further test the expression of SIM2 in PC
{13, 141.

Quantitative reverse real-time polymerase chain
reaction

We acquired 10 paired tumor and normal renal
tissue samples from patients with PC who underwent
surgery at West China Hospital. Before the study, we
obtained written informed consent from the patients.
Total RNA was extracted from the tissues using
TRIzol reagent (Takara, Bio, Inc., China), following
the manufacturer’s protocol. Purified RNA (2 ug) was
then used to synthesize cDNA with the cDNA syn-
thesis kit (Takara, Bio, Inc., China), as per the manu-
facturer’s instructions. Subsequently, quantitative re-
verse real-time polymerase chain reaction (QRT-PCR)
was performed on the ABI7500 fluorescent quanti-
tative PCR System (Applied Biosystems, USA) using
the SYBR GREEN PCR kit. The mRNA expression
level of SIM2 was quantified using the 2-24¢ method.
The primer sequences can be found in Supplementary
File Table S1.

Prognostic and diagnostic value analysis

In this study, PC patients were categorized into
two groups based on the median value of SIM2 ex-
pression: high and low. The survival analysis was
conducted using the Kaplan-Meier method along
with the log-rank test. To validate the predictive
performance of SIM2, the pROC package in the re-
ceiver operating characteristic (ROC) analysis was
employed to generate the ROC curve and determine
the area under the curve (AUC) [15].

Associating single-minded homolog
2 expression with clinicopathological features
in pancreatic cancer

We performed a correlation of SIM2 expression
with clinical parameters in PC. These features includ-
ed pathologic T stage, histologic grade, residual tu-
mor, smoker, overall survival (OS) event, and history
of chronic pancreatitis. The Kruskal-Wallis test was
used to compare the subgroups. To visualize the sta-
tistical data, we utilized the ggplot2 package.

Establishment of nomogram

Proportional hazards hypothesis testing and Cox
regression analysis were conducted using the survival
package. The nomogram model was constructed and
visualized using the rms package.

Functional enrichment analysis of single-
minded homolog 2 related differentially
expressed genes

In the TCGA dataset, PC patients were catego-
rized into low- and high-SIM2 subgroups using
the median value of SIM2 gene expression level.
The differentially expressed genes (DEGs) between
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these subgroups were identified using the DESeq2
package. The criteria for selection were an absolute
fold change (FC) value greater than 1 and an adjusted
p-value less than 0.05. The ClusterProfiler R package
was utilized to conduct the gene ontology and Kyo-
to Encyclopedia of Genes and Genomes enrichment
analyses. Significance was determined at an adjusted
p-value of less than 0.05.

Gene set enrichment analysis

We investigated the potential biological role
of SIM2 in PC using gene set enrichment analysis
(GSEA). We first identified genes that were co-ex-
pressed with SIM2 and then performed GSEA us-
ing the ClusterProfiler package to identify the sig-
naling pathways that were significantly enriched in
these genes. Significant enrichment was determined
based on a p-value adjustment (P. adjust) of less than
0.05 and a false discovery rate of less than 0.25.
The reference gene collection used was C2.CP.
V7.2.symbols.fmt, and the gene set database was
obtained from Molecular Signatures Database (www.
gsea-msigdb.org/gsea/).

Immunocyte infiltration analysis

The gene set variation analysis package of R was
utilized to conduct single-sample gene set enrich-
ment analysis (ssGSEA) and compare the proportions
of 24 immune cell types between the SIM2 low and
high expression subgroups. The ESTIMATE soft-
ware was employed to assess the ESTIMATE score,
immune score, and stromal score. The correlation be-
tween the immune cell infiltrate level and the SIM2
expression was analyzed using Spearman correlation.

Ethics approval and consent to participate

This study was approved by the Ethics Committee
of West China Hospital. Written informed consent
was obtained from the patients.

All data are available from the corresponding au-
thor upon request.

This work was supported by the 1.3.5 project for
disciplines of excellence, West China Hospital, Sich-
uan University (ZYJC18027) and Sichuan Provincial
Department of Science and Technology Supporting
Project (20185Z0381).

Results

Expression level of single-minded homolog 2 in
human tumors

Expression of SIM2 at the mRNA level was an-
alyzed using the TCGA database (Fig. 1A), which
revealed that SIM2 has low expression in head and
neck squamous cell carcinoma (HNSC), kidney chro-
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mophobe (KICH), kidney renal clear cell carcinoma
(KIRC), and kidney renal papillary cell carcinoma
(KIRP) compared to normal samples. Conversely,
SIM2 has high expression in bladder urothelial car-
cinoma (BLCA), breast invasive carcinoma (BRCA),
cervical squamous cell carcinoma and endocervi-
cal adenocarcinoma (CESC), cholangiocarcinoma
(CHOL), colon adenocarcinoma (COAD), glioblas-
toma multiforme (GBM), liver hepatocellular carci-
noma (LIHC), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), pancreatic ade-
nocarcinoma (PAAD) (Fig. 1B), prostate adenocar-
cinoma (PRAD), stomach adenocarcinoma (STAD),
and uterine corpus endometrial carcinoma (UCEC)
compared to normal samples. To further validate
the expression of SIM2 in PC, we analyzed RNA-seq
data from 179 PC tumor tissues and 171 normal tis-
sues using GEPIA. Our analysis confirmed the high
expression of SIM2 in PC (Fig. 1C). This finding is
consistent with the up-regulation of SIM2 observed
in PC, as evidenced by data obtained from the
TNMplot.com analysis platform (Fig. 1D) and qRT-
PCR analysis (Fig. 1E).

Single-minded homolog 2 is a prognostic
marker for pancreatic cancer patients

Analysis of the GEPIA (Fig. 2A) and Kaplan-Meier
plotter (Fig. 2B) revealed that high expression of SIM2
in PC was correlated with poorer overall survival. To
evaluate SIM2 as a prognostic biomarker for PC, we
further analyzed the data from TCGA. Our findings
revealed a significant association between high SIM2
expression and unfavorable OS (Fig. 2C), disease-spe-
cific survival (Fig. 2D), and progression-free interval
(Fig. 2E). Additionally, the multivariate Cox regres-
sion analysis indicated that SIM2 was an independent
risk factor for PC patients (Table S2).

Relationships between single-minded homolog
2 gene and clinical pathological features
in pancreatic cancer

As shown in Figure 3 and Table S3, SIM2 expres-
sion was significantly up-regulated in the pathologic
T stage (T3 and T4) (Fig. 3A) (p < 0.01), histologic
grade (G2 and G3 and G4) (Fig. 3B) (¢ < 0.05,
p < 0.01), residual tumor (R1 and R2) (Fig. 3C)
( < 0.01), smoker (yes) (Fig. 3D) (¢ < 0.05), OS event
(dead) (Fig. 3E) (¢ < 0.05), and history of chronic
pancreatitis (yes) (Fig. 3F) (¢ < 0.05).

In addition, high SIM2 expression was associ-
ated with worse prognosis in the G1 and G2 sub-
group of histologic grade (Fig. 4A) (» = 0.008), MO
and M1 subgroup of pathologic M stage (Fig. 4B)
(@ = 0.044), NO subgroup of pathologic N stage
(Fig. 4C) (¢ = 0.018), RO and R1 subgroup of residu-
al tumor (Fig. 4D) (p = 0.001), stage I and stage II
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Fig. 1. Expression level of single-minded homolog 2 (SIM2). A) Pan cancer analysis of SIM2 expression by The Cancer
Genome Atlas database; B) the level of SIM2 was up-regulated in pancreatic cancer (PC) compared with corresponding
normal samples; C) validation of SIM2 mRNA expression in PC samples by gene expression profiling interactive analysis;
D) TNMplot.com analysis platform; E) quantitative reverse real-time polymerase chain reaction analysis

*p

% p < 0.01

< 0.05

% ) < 0,001
*PAAD — pancreatic adenocarcinoma, SIM2 — single-minded homolog 2, TCGA — The Cancer Genome Atlas, TPM — transcripts per million

235



QiaN Hu, Na WEN, FANG Li, ET 4L.

A Overall survival
1.0 g Low SIM2 TPM
—— High SIM2 TPM
Log-rank p = 0.092
HR (high) = 1.7
0.8 — p (HR) = 0.01
n (high) = 89
n (low) = 89
S o6 Rl e
=
2
Z
3
@ 0.4
0.2
0 —
1 | 1 I
0 20 40 60 80
Time (months)
C TCGA
1.00 =
SIM2
e Low
= High
0.75 =
ol
E
<
<
7.0.50 =
=
2
Z
3
w
0.25 =4 1
t
Disease specific survival L+
0 Long-rank p = 0.003
I 1 1
0 1000 2000
Time (days)
Low 89 16 3
High 90 7 3
E TCGA
1.00 =
SIM2
= Low
—— High
0.75 =
2
;‘_5‘
<
e
5.0.50 =
=
2
Z
]
v
0.25 = - }
Progress free interval
0 Long-rank p = 0.005
Ll Ll L]
1000 2000
Time (days)
Low 89 14 2
High 90 5 1

236

B SIM2

HR = 1.82(1.19-2.78)
Log-rank p = 0.0051

Probability

“+—t
0.2
Expression
Low —
o4 — High
T T T T T
0 20 40 60 80
. Time (months)
Number at risk
Low 84 31 14 5 1
High 93 27 3 3 0
D TCGA
1.0 =
SIM2
m—Low
—High
0.8 = &
oy
=
<
é‘ 0.6 =
a,
=
2
I R I
m:j 0.4 - iy T i
L L Ll
Disease specific survival " SA=tRist
0.2 =1 Long-rank p = 0.003
1 I |
0 1000 2000
Time (days)
Low 86 16 3
High 87 6 3

Fig. 2. Prognostic value of single-minded homolog 2 (SIM2)
in pancreatic cancer (PC). A) Results of survival analysis
of PC patients based on gene expression profiling interac-
tive analysis; B) Kaplan-Meier plotter; C) overall survival;
D) disease-specific survival, E) progression-free interval
curves of SIM2 in PC patients based on The Cancer Ge-
nome Atlas dataset
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*p < 0.05
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subgroup of pathologic stage (Fig. 4E) () = 0.01), no
family history of cancer subgroup (Fig. 4F) (¢ = 0.032),
no radiation therapy subgroup (Fig. 4G) (p = 0.014), al-
cohol history subgroup (Fig. 4H) (¢ = 0.001), no history
of diabetes subgroup (Fig. 4I) (¢ = 0.039), no history
of chronic pancreatitis subgroup (Fig. 4]) ¢ = 0.002),
and non-smoker subgroup (Fig. 4K) (¢ = 0.004).

Establishment of nomogram

As shown in Figure 5A, the AUC value for
the SIM2 gene was 0.859, indicating that it is a di-
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agnostic marker for PC patients. A nomogram was
constructed to assess SIM2’s predictive ability for
the 1- and 3-year OS of patients with PC. The con-
structed nomogram is shown in Figure 5B. The no-
mogram calibration curve (Figs. 5C, D) demonstrat-
ed a high level of agreement between the predicted
outcomes from the nomogram and the observed
results of PC patients. In addition, we extracted
one-third of the sample size in the TCGA dataset
as a validation set, and the results were consistent
(Fig. S1).
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Enrichment analysis of single-minded homolog 2
associated differentially expressed genes

According to Figure 6A, a total of 4107 DEGs
were identified between the low- and high-SIM2
subgroups. Among these genes, 1123 were up-reg-
ulated and 2984 were down-regulated. Kyoto Ency-
clopedia of Genes and Genomes enrichment analysis
revealed that these DEGs were enriched in neuroac-
tive ligand-receptor interaction, pancreatic secretion,
protein digestion and absorption, insulin secretion,
and retinol metabolism (Fig. 6B). Gene ontolo-
gy enrichment analysis indicated that these DEGs
were enriched in regulation of membrane potential,
regulation of hormone levels, presynapse, T-cell re-
ceptor complex, channel activity, and ion channel
activity (Fig. 6C). Additionally, GSEA revealed that
the SIM2-related DEGs were significantly enriched
in immune- and inflammation-related pathways,
such as PI3K-AKT signaling pathway, cytokine-cy-
tokine receptor interaction, T-cell receptor signaling
pathway, chemokine signaling pathway, CD8 TCR
pathway, IL23 pathway, IL12 pathway, IL12 STAT4
pathway, FCGR3 A mediated IL10 synthesis, primary
immunodeficiency, IL17 pathway, etc. (Fig. 7).

Immunocyte infiltration analysis

We comprehensively assessed the level of immune
infileration between high and low SIM2 subgroups
using two algorithms (ESTIMATE and ssGSEA).
The ESTIMATE results indicated that the stromal,
immune, and ESTIMATE scores were observably
higher in the SIM2-low subgroup compared with
SIM2-high subgroup (Fig. 8A). The ssGSEA results
showed that the score of CD8 T-cells, cytotoxic cells,
DC, eosinophils, iDC, mast cells, neutrophils, natural
killer (NK) cells, pDC, T-cells, Tem, TFH, Tgd, and
Th17 cells was significantly higher in the SIM2-low
subgroup compared with the SIM2-high subgroup.
In contrast, the score of NK CD56bright cells and
Th2 cells was significantly lower in the SIM2-low
subgroup compared with the SIM2-high subgroup
(Fig. 8B). Additionally, we carried out correlation
analysis between SIM2 expression level and immune
cell infiltration level (Fig. 9). Expression of SIM2 was
negatively correlated with the levels of eosinophils,
iDC, neutrophils, T-cells, Th17 cells, NK cells, cy-
totoxic cells, Tgd, mast cells, pDC, and TFH; SIM2
was positively correlated with the levels of Th2 cells
and NK CD56bright cells.

Discussion

Pancreatic cancer is an extremely aggressive tumor
characterized by a poor prognosis, with a survival rate
of less than 10% over a 5-year period [1]. Despite
significant advances in the diagnosis and treatment

of malignant tumors, current strategies for the early
diagnosis and treatment of PC remain inadequate.

Single-minded homolog 2 plays a vital role in cel-
lular stress responses, homeostasis, and development.
There is a growing body of literature suggesting abnor-
mal expression of SIM2 in different types of cancers,
which is also believed to contribute to the initiation
and progression of these cancers {10—12}. The ectopic
expression of SIM2 was able to reverse the inhibitory
effects on cell invasion, migration, and proliferation in
colorectal cancer caused by TMEM?75 depletion {16}.
In the present study, the findings from multiple data-
bases revealed that SIM2 is upregulated in PC, where-
as patients with an unfavorable prognosis generally
exhibit high expression levels of SIM2. The Kaplan-
Meier survival curve, depicting overall survival, dis-
ease-specific survival, and progression-free interval,
demonstrated that PC patients with elevated levels
of SIM2 experience shorter OS times. These results
align with the impact of SIM2 on prognosis in esoph-
ageal squamous cell carcinoma and uterine cervical
squamous cell carcinoma {17, 18}. These findings in-
dicated that SIM2 may have a tumor-promoting role,
and that high expression of SIM2 is closely associated
with a poorer prognosis for patients with PC.

How SIM2 is involved in the development and
progression of PC remains poorly understood. To
further investigate the biological function of SIM2
in PC, we divided PC patients into two subgroups
— high and low SIM2 expression — and performed
DEG analysis. Gene set enrichment analysis results
from this study showed that these DEGs were main-
ly enriched in immune and inflammation-related
pathways, including the cytokine-cytokine receptor
signaling pathway, CD8 TCR pathway, primary im-
munodeficiency, etc. Inflammation and immunity are
closely linked, with the same immune cell popula-
tions playing a role in both processes. Chronic inflam-
mation, whether systemic or localized, can increase
the risk of developing PC. Additionally, the inflam-
matory infiltrate present in the tumor microenviron-
ment (TME) of PC contributes to tumor growth and
metastasis 19, 20}. During postpartum mammary
involution, SIM2 plays a crucial role in the negative
regulation of the NF-«xB signaling pathway in nor-
mal mammary tissues. This regulatory mechanism
has been recognized as a significant contributor to
the progression and spread of tumors {21]. A previ-
ous study provided evidence supporting the involve-
ment of SIM2 in inhibiting the progression of breast
cancer. This is achieved by suppressing the expression
of PTGS2 through regulation of the NF-«xB signal-
ing pathway {22}. Our GSEA results consistently
demonstrated a strong correlation between SIM2 and
inflammation. These findings strongly indicated that
SIM?2 could potentially have a crucial function in can-
cer-related inflammation.
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The tumor microenvironment is composed of im-
mune cells, endothelial cells, and stromal cells, and
it plays a crucial role in determining the effective-
ness of tumor immunotherapy and patients’ prog-
nosis {23, 24}. Numerous studies have shown that
TME influences cancer prognosis through various
pathways. The microenvironment of PC plays a role
in metastasis and could be targeted for combination
therapy to improve OS [25}. In multivariate analy-

sis, the immune cell score, along with the histologi-
cal grade of the tumor and perineural invasion, was
identified as an independent prognostic factor for
better disease-specific survival and OS in PC {26}. In
the present study, we found that the immune score,
stromal score, and ESTIMATE score were signifi-
cantly higher in the SIM2-low subgroup. The re-
sults, from another perspective, implied the associa-
tion between SIM2 and a poorer prognosis in patients
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with PC. In the SIM2-low expression group, we ob-
served a significant increase in NK cells, DC, neu-
trophils and eosinophils. As a result, we put forward
the hypothesis that reduced levels of SIM2 expres-
sion may enhance the infiltration of immune cells
and hinder the progression of tumors in PC. This
finding is in line with the results of other studies, as
alterations in immune infiltration are also strongly
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linked to the development of PC {27-30}. In addi-
tion, previous studies have indicated that the infil-
tration of these cells into tumors is correlated with
the prognosis for PC patients {31-34}. Our findings
collectively suggest that high expression of SIM2 can
inhibit immune cell infiltration, which is associated
with a poor prognosis in patients with PC. This find-
ing contributes to a better understanding of the re-
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lationship between SIM2 expression and prognosis
in PC patients.

Conclusions

In conclusion, our results show that SIM2 may
serve as a prognostic biomarker and is associated with
immune cell tumor infiltration in PC. This provides
a basis for future investigations into the role of SIM2
in the development and progression of PC.

The aunthors declare no conflict of interest.
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