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Screening key candidate genes and pathways
involved in insulinoma by microarray analysis
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Abstract
Insulinoma is a rare type tumor and its genetic features remain largely unknown. This study aimed to search for potential key genes
and relevant enriched pathways of insulinoma.
The gene expression data from GSE73338 were downloaded from Gene Expression Omnibus database. Differentially expressed

genes (DEGs) were identified between insulinoma tissues and normal pancreas tissues, followed by pathway enrichment analysis,
protein–protein interaction (PPI) network construction, and module analysis. The expressions of candidate key genes were validated
by quantitative real-time polymerase chain reaction (RT-PCR) in insulinoma tissues.
A total of 1632 DEGs were obtained, including 1117 upregulated genes and 514 downregulated genes. Pathway enrichment

results showed that upregulated DEGs were significantly implicated in insulin secretion, and downregulated DEGs were mainly
enriched in pancreatic secretion. PPI network analysis revealed 7 hub genes with degrees more than 10, including GCG (glucagon),
GCGR (glucagon receptor), PLCB1 (phospholipase C, beta 1), CASR (calcium sensing receptor), F2R (coagulation factor II thrombin
receptor), GRM1 (glutamate metabotropic receptor 1), and GRM5 (glutamate metabotropic receptor 5). DEGs involved in the
significant modules were enriched in calcium signaling pathway, protein ubiquitination, and platelet degranulation. Quantitative RT-
PCR data confirmed that the expression trends of these hub genes were similar to the results of bioinformatic analysis.
The present study demonstrated that candidate DEGs and enriched pathways were the potential critical molecule events involved

in the development of insulinoma, and these findings were useful for better understanding of insulinoma genesis.

Abbreviations: BP = biological processes, CC = cellular components, DAVID = the Database for Annotation, Visualization and
Integrated Discovery, DEGs= differently expressed genes, FC = fold change, GEO = Gene Expression Omnibus, GO = gene
ontology, GSE = gene set enrichment, KEGG = Kyoto Encyclopedia of Genes and Genomes, MF = molecular functions, pNET =
pancreatic neuroendocrine tumor, PPI = protein–protein interaction, RT-PCR = real-time polymerase chain reaction, STRING =
Search Tool for the Retrieval of Interacting Genes.
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1. Introduction

As one most common functional neuroendocrine tumor
originated from pancreatic islet b-cells, insulinoma is considered
as relatively rare type tumor and its incidence rate is estimated as
1 to 4 in million people each year yet.[1] In fact, early diagnosis of
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insulinoma is difficult due to the clinical features of the small
tumor size and solitary occurrence, likely leading to high
morbidity.[2] Typical clinical characteristics include uncontrolled
insulin production and hypoglycemia even in early stage of
insulinoma.[1,3] In spite of most insulinomas belong to the solid
benign tumor, approximately 10% of them are malignancy with
local invasion or distant metastases.[1,3,4] Increasing evidences
indicate that the initiation and progression of insulinoma involve
multiple factors, such as gene aberrations and cellular context
and influences.[5–7] However, little knowledge focus onmolecular
mechanism underlying insulinoma biological behaviors that are
limited to be predicted by histopathological features. Thus, it is
extremely important to unveil the gene expression patters and
molecular biomarkers for early diagnosis, prevention, and
personalized treatment of insulinoma.
The high-throughput microarray platforms are increasingly

valued as promising tools in depicting gene expression profiles
during tumorigenesis and tumor progression.[8–10] Microarray
analysis is suitable for screening differentially expressed genes
and their involvements in biological processes (BP), cellular
components (CC), molecular functions (MF), or signaling
pathways.[10] Numerous core slice data have been produced
by gene chip, and are then deposited into public databases, such
as the Gene ExpressionOmnibus (GEO) database of the National
Center of Biotechnology Information (http://www.ncbi.nlm.nih.
gov/geo/). Extracting and reanalyzing these data can provide
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valuable clues for revealing molecular mechanisms of rare
tumors.[10,11]

In this study, the original data (GSE73338) was downloaded
from GEO. The gene expression profiles of insulinoma samples
were extracted and compared with those in normal pancreas
tissues to identify the differently expressed genes (DEGs).
Subsequently, the DEGs were screened with the application of
GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/), followed by
gene ontology (GO) and pathway enrichment analysis. Valida-
tion of key candidate DEGs expressions was performed through
quantitative real-time polymerase chain reaction (RT-PCR). By
analyzing their biological functions and pathways, we provided
the further insight of insulinoma development at molecular level
and exhibited potential biomarkers for diagnosis and drug
targets.
2. Materials and methods

2.1. Microarray dataset

The gene expression profiles of 17 insulinoma tissues and 8
normal pancreas tissues of GSE73338 were obtained from GEO
database. The microarray data of GSE73339 were conducted on
GPL20945 platform (18.5K human oligo microarrays), from
Ohio State University Cancer Center.
2.2. DEGs identifying

GEO2R tool, the approach based on limma (linear models for
microarray analysis) R package for background correction and
normalization of rawmicroarray data, was used to identify DEGs
between insulinoma and normal pancreas tissues. Benjamini–
Hochberg false discovery rate method was applied to correct for
multiple testing in GEO2R. Log fold change (FC) represented the
FC of the gene expression of insulinoma against that of normal
pancreas tissue, and P< .05 and jlogFCj > 1 as the cut-off
criterion was set for statistically significant DEGs. DEGs volcano
was generated by R package of pheatmap.
Figure 1. The volcano of differently expressed genes (DEGs). The gray dots
represented the significant DEGs with fold change�2, while black dots
indicated nonsignificant DEGs with fold change > 2.
2.3. GO and pathway enrichment analysis of DEGs

GO analysis is commonly applied to annotate genes and gene
products and identify specific biological attributes for large-scale
molecular datasets by high-throughput microarrays. The Data-
base for Annotation, Visualization and Integrated Discovery
(DAVID, https://david.ncifcrf.gov/) is a web-accessible program
that provides a comprehensive set of functional annotation tools
for researchers to understand biological meaning from large gene
lists. GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was exerted for DEGs
through DAVID online tool.

2.4. Integration of PPI network and module analysis

Search Tool for the Retrieval of Interacting Genes (STRING)
database (https://string-db.org/) is the popular online tool for
evaluating protein–protein interaction (PPI) network. Therefore,
the interactions of DEGs were analyzed by STRING. To avoid
uncertain PPI, a high confidence with interaction score more than
0.7 was set as significance. Subsequently, PPI network was
constructed by cytoscape software (version 3.5.1), and module
analysis was done by the plug-in Molecular Complex Detection
(MCODE). Representative modules were listed by the criteria of
both MCODE scores and the number of nodes more than 5.
2

DEGs in the representative modules were subjected to functional
and pathway enrichment analysis.
2.5. Patient samples and quantitative RT-PCR

Quantitative RT-PCR was conducted to validate the expressions
of these 7 hub genes in insulinoma tissues. Four pairs of tumor
tissues and adjacent normal pancreatic tissues were collected
from patients with insulinoma in Shiyan Taihe Hospital. Ethical
approval was obtained from Ethical ReviewCommittee of Shiyan
Taihe Hospital, and informed consent was signed by all enrolled
patients according to the Declaration of Helsinki. Total RNAs
were extracted from tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to instruction, followed by reverse
transcription with Primescript RT Master Mix (Takara, Otsu,
Japan) and cDNA amplification through SYBR-Green Master
Mix Taq Kit (Takara). The expressions of these hub genes were
normalized to against beta-actin expression. The data were
calculated by the 2�DDCt method. Primers used in the present
study were cited from PrimerBank online (https://pga.mgh.
harvard.edu/primerbank/) and listed in Appendix S1, http://links.
lww.com/MD/C260.
2.6. Statistical analysis

The data of gene expressions were presented as mean± standard
deviation and analyzed using unpaired Student t test by
GraphPad Prism 6 (La Jolla, CA). P< .05 was considered as
significant difference.
3. Results

3.1. Identification of DEGs

In total, 1631 DEGs, comprising 1117 upregulated and 514
downregulated genes, were identified between insulinoma and
normal pancreas (Appendix S2, http://links.lww.com/MD/
C261). DEGs expressions were illustrated by volcano map
(Fig. 1), and the top 20 upregulated and downregulated DEGs
were showed in Table 1.

3.2. GO term enrichment analysis

All significant DEGs were divided into upregulated genes and
downregulated genes. GO categories and KEGG pathway
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Table 1

Top 20 up-regulated and down-regulated of significant differently expressed genes.

Expression GenBank accession Gene symbol P Gene name

Up-regulated AB002376 C3orf51 3.72E�11 ELKS/RAB6-interacting/CAST family member 2 (ERC2)
AB046788 ROBO2 6.34E�06 Roundabout guidance receptor 2 (ROBO2)
AF090116 RGS7 6.18E�08 Regulator of G-protein signaling 7 (RGS7)
AF312769 CFC1 3.59E�06 Cripto, FRL-1, cryptic family 1 (CFC1)
AL137311 DNER 7.66E�07 Delta/notch like EGF repeat containing (DNER)
NM_000352 ABCC8 8.24E�10 ATP binding cassette subfamily C member 8 (ABCC8)
NM_000388 CASR 1.89E�09 Calcium sensing receptor (CASR)
NM_000439 PCSK1 5.02E�10 Proprotein convertase subtilisin/kexin type 1 (PCSK1)
NM_000826 GRIA2 2.14E�09 Glutamate ionotropic receptor AMPA type subunit 2 (GRIA2)
NM_001406 EFNB3 4.81E�09 Ephrin B3 (EFNB3)
NM_002202 ISL1 8.73E�10 ISL LIM homeobox 1 (ISL1)
NM_002591 PCK1 3.80E�05 Phosphoenolpyruvate carboxykinase 1 (PCK1)
NM_003787 NOL4 9.48E�11 Nucleolar protein 4 (NOL4)
NM_004624 VIPR1 1.41E�06 Vasoactive intestinal peptide receptor 1 (VIPR1)
NM_013327 PARVB 3.95E�12 Parvin beta (PARVB)
NM_014255 CNPY2 9.85E�10 Canopy FGF signaling regulator 2 (CNPY2)
NM_015678 NBEA 6.48E�12 Neurobeachin (NBEA)
NM_018245 OGDHL 2.48E�10 Oxoglutarate dehydrogenase-like (OGDHL)
NM_020215 C14orf132 2.64E�11 Chromosome 14 open reading frame 132 (C14orf132)
X91221 SLC8A1 1.07E�09 Solute carrier family 8 member A1 (SLC8A1)

NM_006229 PNLIPRP1 1.59E�05 Pancreatic lipase related protein 1 (PNLIPRP1)
Down-regulated AB006423 SERPINI2 5.13E�05 Serpin family I member 2 (SERPINI2)

AF130077 ALB 1.98E�05 Albumin (ALB)
NM_006942 SOX15 1.50E�05 SRY-box 15 (SOX15)
NM_000548 TSC2 9.23E�09 Tuberous sclerosis 2 (TSC2)
BC027895 REG1B 4.04E�04 Regenerating family member 1 beta (REG1B)
NM_001907 CTRL 1.35E�04 Chymotrypsin like (CTRL)
AF305835 CUZD1 2.74E�05 CUB and zona pellucida like domains 1 (CUZD1)
NM_000846 GSTA2 1.13E�09 Glutathione S-transferase alpha 2 (GSTA2)
NM_005396 PNLIPRP2 2.98E�03 Pancreatic lipase related protein 2 (PNLIPRP2)
NM_002063 GLRA2 2.07E�06 Glycine receptor alpha 2 (GLRA2)
NM_002054 GCG 1.26E�04 Glucagon (GCG)
NM_001502 GP2 3.65E�04 Glycoprotein 2 (GP2)
NM_002771 PRSS3 9.61E�04 Protease, serine 3 (PRSS3)
NM_001085 SERPINA3 4.39E�05 Serpin family A member 3 (SERPINA3)
NM_000842 GRM5 1.76E�05 Glutamate metabotropic receptor 5 (GRM5)
X64177 MT1H 4.22E�08 Metallothionein 1H (MT1H)

NM_006849 PDIA2 1.11E�05 Protein disulfide isomerase family A member 2 (PDIA2)
NM_005218 DEFB1 7.33E�06 Defensin beta 1 (DEFB1)
NM_017936 SMEK1 2.44E�07 Protein phosphatase 4 regulatory subunit 3A (PPP4R3A)
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analysis were conducted for these 2 lists of genes, respectively.
Results of GO categories were presented by 3 functional
groups, which were group BP, CC, and MF (Table 2). In
group BP, upregulated DEGs were significantly enriched in
nervous system development, detection of calcium ion, brain
development, synaptic vesicle exocytosis, and modulation of
synaptic transmission, while the downregulated DEGs were
mainly enriched in proteolysis, inflammatory response,
digestion, blood coagulation, and extracellular matrix
disassembly. For group CC, upregulated DEGs mainly
enriched in synaptic vesicle membrane, growth cone, cell
junction, cytosol, and myelin sheath, and downregulated
DEGs mainly enriched in extracellular space, extracellular
exosome, extracellular region, integral component of plasma
membrane, and cell surface. In addition, GO results of groupMF
showed that upregulated DEGs mainly enriched in protein
binding, actin binding, calcium-dependent phospholipid binding,
clathrin binding, and microtubule binding, and downregulated
DEGs mainly enriched in serine-type endopeptidase activity,
serine-type peptidase activity, metalloendopeptidase activity,
3

triglyceride lipase activity, and serine-type endopeptidase inhibi-
tor activity.
3.3. Pathway enrichment results

Several significant enriched pathways were acquired through
KEGG pathway analysis (Table 3). The top 5 enriched pathways
for upregulated genes included insulin secretion, cholinergic
synapse, circadian entrainment, vascular smooth muscle con-
traction, and cyclic guanosine monophosphate-protein kinase G
signaling pathway. Meanwhile, downregulated DEGs strikingly
enriched in pathway of pancreatic secretion, protein digestion
and absorption, complement and coagulation cascades, African
trypanosomiasis, and tumor necrosis factor signaling.
3.4. Identification of key candidate genes and pathways
by PPI network and module analysis

PPI network complex consisted of 328 nodes and 192 edges,
wherein node and edge represented gene and interaction between
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Table 2

Gene ontology analysis of differentially expressed genes associated with insulinoma.

Expression Category Term Count % P

Up-regulated GOTERM_BP_DIRECT GO:0007399: nervous system development 34 3.35 4.45E�05
GOTERM_BP_DIRECT GO:0005513: detection of calcium ion 7 0.69 5.40E�05
GOTERM_BP_DIRECT GO:0007420: brain development 25 2.47 1.12E�04
GOTERM_BP_DIRECT GO:0016079: synaptic vesicle exocytosis 8 0.79 1.18E�04
GOTERM_BP_DIRECT GO:0050804: modulation of synaptic transmission 7 0.69 1.93E�04
GOTERM_CC_DIRECT GO:0030672: synaptic vesicle membrane 16 1.58 1.03E�07
GOTERM_CC_DIRECT GO:0030426: growth cone 20 1.97 1.03E�05
GOTERM_CC_DIRECT GO:0030054: cell junction 48 4.73 1.15E�05
GOTERM_CC_DIRECT GO:0005829: cytosol 226 22.29 2.14E�05
GOTERM_CC_DIRECT GO:0043209: myelin sheath 22 2.17 5.17E�05
GOTERM_MF_DIRECT GO:0005515: protein binding 549 54.14 8.12E�07
GOTERM_MF_DIRECT GO:0003779: actin binding 32 3.16 1.18E�04
GOTERM_MF_DIRECT GO:0005544: calcium-dependent phospholipid binding 12 1.18 2.49E�04
GOTERM_MF_DIRECT GO:0030276: clathrin binding 11 1.08 4.20E�04
GOTERM_MF_DIRECT GO:0008017: microtubule binding 24 2.37 9.57E�04

Down-regulated GOTERM_BP_DIRECT GO:0006508: proteolysis 53 10.82 9.77E�17
GOTERM_BP_DIRECT GO:0006954: inflammatory response 31 6.33 2.39E�07
GOTERM_BP_DIRECT GO:0007586: digestion 12 2.45 1.05E�06
GOTERM_BP_DIRECT GO:0007596: blood coagulation 19 3.88 3.50E�06
GOTERM_BP_DIRECT GO:0022617: extracellular matrix disassembly 12 2.45 7.08E�06
GOTERM_CC_DIRECT GO:0005615: extracellular space 95 19.39 4.89E�19
GOTERM_CC_DIRECT GO:0070062: extracellular exosome 136 27.76 2.45E�13
GOTERM_CC_DIRECT GO:0005576: extracellular region 92 18.78 1.07E�12
GOTERM_CC_DIRECT GO:0005887: integral component of plasma membrane 65 13.27 1.09E�05
GOTERM_CC_DIRECT GO:0009986: cell surface 31 6.33 9.77E�05
GOTERM_MF_DIRECT GO:0004252: serine-type endopeptidase activity 29 5.92 5.49E�10
GOTERM_MF_DIRECT GO:0008236: serine-type peptidase activity 11 2.25 8.19E�06
GOTERM_MF_DIRECT GO:0004222: metalloendopeptidase activity 14 2.86 1.46E�05
GOTERM_MF_DIRECT GO:0004806: triglyceride lipase activity 6 1.22 7.45E�05
GOTERM_MF_DIRECT GO:0004867: serine-type endopeptidase inhibitor activity 12 2.45 7.54E�05

BP=biological process, CC=cellular component, GO=gene ontology, MF=molecular function.

Table 3

Results of significant Kyoto Encyclopedia of Genes and Genomes pathway of differentially expressed genes associated with insulinoma.

Expression Term Count % P Genes

Up-expressed hsa04911: insulin secretion 16 1.58 3.82E�05 KCNMA1, KCNMB4, ATP1B2, GNA11, PDX1, PCLO, KCNMB2,
GCK, CREB3L2, RAPGEF4, GNAS, PRKACB, CACNA1D,
ABCC8, SNAP25, GLP1R

hsa04725: cholinergic synapse 18 1.78 7.75E�05 HRAS, GNAI2, GNAI1, GNA11, KCNJ2, GNB2, CREB3L2,
SLC18A3, GNB5, GNB3, PRKACB, GNG4, KCNQ2, PIK3R3,
CACNA1D, CHRNA3, PIK3R1, AKT3

hsa04713: circadian entrainment 16 1.58 1.43E�04 GNAI2, GNAI1, GRIA4, GNB2, GRIA2, GRIN2C, GUCY1A3,
GNB5, GNAS, GUCY1B3, GNB3, PRKACB, GNG4,
CACNA1D, CALM2, CALM1

hsa04270: vascular smooth muscle contraction 18 1.78 1.87E�04 MYL6, KCNMA1, KCNMB4, GNA11, CALD1, MYL9, KCNMB2,
EDNRA, MYL6B, GUCY1A3, GNAS, GUCY1B3, CALCRL,
PRKACB, CACNA1D, MYLK, CALM2, CALM1

hsa04022: cGMP-PKG signaling pathway 22 2.17 1.99E�04 KCNMA1, KCNMB4, SLC8A1, GNAI2, ATP1B2, GNAI1,
GNA11, MYL9, KCNMB2, ATP2B1, EDNRA, PDE2A,
CREB3L2, GUCY1A3, GUCY1B3, PIK3R3, CACNA1D, MYLK,
CALM2, PIK3R1, AKT3, CALM1

Down-expressed hsa04972: pancreatic secretion 19 3.88 9.35E�09 PNLIP, PNLIPRP1, CELA3B, CLCA2, CLCA1, PNLIPRP2,
PRSS1, CFTR, SCTR, PRSS2, PRSS3, PLA2G1B, CPA2,
CPA1, PLCB1, CPB1, RAB27B, PLCB2, CTRL

hsa04974: protein digestion and absorption 14 2.86 2.54E�05 CELA3B, PRSS1, SLC3A1, SLC1A5, PRSS2, KCNK5, PRSS3,
COL1A2, CPA2, MEP1B, CPA1, CPB1, COL11A1, CTRL

hsa04610: complement and coagulation cascades 10 2.04 0.0012 F11, CR1, F10, MASP2, SERPINA5, C6, F2, SERPINC1, F9,
SERPINA1

hsa0R5143: African trypanosomiasis 7 1.43 0.0014 VCAM1, ICAM1, IL6, F2RL1, IL1B, PLCB1, PLCB2
hsa04668: TNF signaling pathway 11 2.24 0.0070 LIF, VCAM1, ICAM1, IL6, CCL2, CCL20, CASP7, CXCL3,

RIPK1, CXCL2, IL1B

cGMP-PKG = cyclic guanosine monophosphate-protein kinase G, TNF = tumor necrosis factor.
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Figure 2. Protein–protein interaction (PPI) and modules analysis. (A) PPI network results and (B–D) represented modules 1, 2, and 3, respectively.
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2 genes (Fig. 2). Seven nodes with the interaction degrees more
than 10 were screened as hub genes (Fig. 2 and Table 4).[12] In
addition, module analysis was conducted to detect the highly
connected regions of PPI network, and 3 representative modules
were obtained. Further functional and pathway enrichment
analysis revealed that genes in these 3 representative modules
were mostly implicated in G protein-coupled receptors (GPCR)
signaling pathway, gastrin-cAMP responsive element binding
protein (CREB) signaling pathway via protein kinase C (PKC)
and mitogen-activated protein kinase (PPARg), and extracellular
matrix organization (Table 5).

3.5. Validation of identified hub gene expressions

Human-derived insulinoma cell line has not been established
worldwide, and insulinoma is a relatively rare type tumor. Only
4 pairs of insulinoma tissue samples and adjacent normal tissue
samples from our center were collected for further expression
detection of these hub genes. As shown in Fig. 3, the identified
Table 4

The hub genes identified by protein–protein interaction network
analysis.

Gene Degree

GCG 18
GCGR 12
PLCB1 12
CASR 12
F2R 12
GRM1 11
GRM5 10

5

hub genes exhibited the similar trend as predicted by
bioinformatics analysis. All of the cases indicated upregulation
of calcium sensing receptor (CASR) and coagulation factor II
thrombin receptor (F2R), and downregulation of glucagon
(GCG) and glutamate metabotropic receptor 5 (GRM5) in
tumor tissues compared with adjacent normal tissues. Of 4
patients, 3 cases demonstrated significantly higher expression
of glucagon receptor (GCGR) while 1 case showed decreased
expression of GCGR in tumor tissues in comparison with
adjacent normal tissues. Three of 4 cases displayed the
upregulation of glutamate metabotropic receptor 1 (GRM1)
and downregulation of phospholipase C, beta 1 (PLCB1) in
tumor tissues in comparison with adjacent normal tissues.
However, the expression of GRM1 and PLCB1 was not
significantly different between tumor tissues and adjacent
normal tissues from the other one case.

4. Discussion

Genetic alteration is widely accepted as a robust molecule event
of tumor. Unfortunately, little knowledge has focused on genetic
alterations in insulinoma. In the present study, key candidate
genes and enriched pathways of insulinoma were identified by
bioinformatic analysis. We extracted the gene expression data
from GSE73338 and obtained 1117 upregulated and 514
downregulated DEGs in insulinoma. Functional annotation
showed that these DEGs were mainly involved in insulin
secretion and pancreatic secretion KEGG pathway. Seven key
candidate genes were filter out from identified DEGs by
combination of PPI and module analysis. The expressions of
identified hub genes were further confirmed by quantitative RT-
PCR in insulinoma tissues.

http://www.md-journal.com


Table 5

Pathway enrichment of differently expressed genes in the top 3 modules.

Module Term Count P Genes

Module 1 GO:0007205: protein kinase C-activating G-protein coupled receptor signaling pathway 3 9.17E�05 GRM5, GRM1, F2R
hsa04020: calcium signaling pathway 4 1.65E�04 GRM5, PLCB1, GRM1, F2R
hsa04080: neuroactive ligand-receptor interaction 4 6.00E�04 GRM5, GRM1, GCGR, F2R

Module 2 GO:0016567: protein ubiquitination 3 0.001348 ASB1, ASB3, KLHL3
GO:0042787: protein ubiquitination involved in ubiquitin-dependent protein catabolic process 2 0.027088 DZIP3, KLHL3

Module 3 GO:0002576: platelet degranulation 5 1.34E�09 RARRES2, ALB, F13A1, SERPINA3, SERPING1
hsa04610: complement and coagulation cascades 2 0.009986 F13A1, SERPING1
GO:0010951: negative regulation of endopeptidase activity 2 0.028516 SERPINA3, SERPING1

GO=gene ontology.

Zhou et al. Medicine (2018) 97:22 Medicine
Previous studies showed that abnormal insulin secretion was
one of the prominent molecular events of insulinoma, and
therefore, insulin was excessively biosynthesized and uncontrol-
lably released into blood.[1,3] A similar result presented here was
Figure 3. Quantitative real-time polymerase chain reaction results for 7 identified h
statistical significance of differences was analyzed by the Student t test.

∗∗∗
P< .001

nonsignificance.

6

that insulin secretion pathway ranked as 1 the most significant
enriched KEGG pathways. In total, 16 DEGs involved in insulin
secretion pathway were overexpressed in insulinoma, suggesting
that these DEGs were the major factors involved in insulin
ub genes. Expression of these DEGs was normalized to ACTB expression. The
,
∗∗∗∗

P< .0001. ACTB = beta-actin, DEGs = differently expressed genes, NS=



[33]
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secretion activation and hyperinsulinism persistence. Further-
more, 19 downregulated DEGs were included in pancreatic
secretion pathway. In fact, the involvement of DEGs in these 2
enriched pathways needs further investigation. Some DEGs seem
to have multiple functions. For instance, cystic fibrosis
transmembrane conductance regulator (CFTR) and phospholi-
pase A2 group IB (PLA2G1B) included in pancreatic secretion
pathway exerted the function on controlling insulin release,[13,14]

and inducing postprandial hyperglycemia.[15]

To identified key candidate genes, the PPI network analysis was
conducted and GCG, GCGR, PLCB1, CASR, F2R, GRM1, and
GRM5 were filtered out. All these hub genes had been validated
by quantitative RT-PCR, and exhibited the same expression
directions as the results of bioinformatic analysis. GCG encoded
preproprotein and was eventually cleaved into 4 mature peptides,
including glucagon, a well-known molecule of counteracting the
action of insulin and raising blood glucose level by stimulating
glycogenolysis and gluconeogenesis.[16,17] The contribution of
GCG downregulation to hypoglycemia might via decreasing
expression of glucagon. In addition, glucagon is a ligand for a
specific G-protein linked receptor whose signaling pathway
controls cell proliferation, and increasing evidences showed that
overexpression of glucagon could suppress the a/b-cell prolifer-
ation.[18,19] GCGR, which encoded glucagon receptor, plays an
important role in controlling blood glucose level. Recent integrate
microarray analysis identified GCGR as the hub gene in
pancreatic neuroendocrine tumor (pNET) as well.[20] Our results
revealed that GCGR up-regulation in insulinoma (Table S2,
http://links.lww.com/MD/C261). GCGR could enhance insulin
secretion, pancreatic insulin content, and b-cell mass.[21] By
contrary, mice model with deficient GCGR expression presented
hyperglucagonemia, pancreatic a cell hyperplasia, and metastasis
of pNET.[22] These results suggested that GCGR played a critical
role in insulin secreting and blood glucose level reducing
abnormally. Phospholipase C, b1 encoded by PLCB1 was
implicated in intracellular signal transduction by catalyzing the
formation of inositol 1,4,5-trisphosphate and diacylglycerol from
phosphatidylinositol 4,5-bisphosphate.[23,24] PLCB1 inhibition
was correlated to insulin secretion of b-cell by targeting
PPARg.[25] These data partly supported that reducing expression
of PLCB1 presented here might be a key factor regulating insulin
secretion in insulinoma. CASR encodes protein named calcium-
sensing receptor, a G protein-coupled receptor located at plasma
membrane, and plays a pivotal role in regulating diverse
processes including inflammation, hormone secretion, gene
expression, proliferation, differentiation, and apoptosis.[26]

However, the roles of CASR remain to be inconsistent in
different tumors. For instance, CASR promotes proliferation of
human breast cancer cell lines, whereas prevents cell growth in
colon cancer.[27,28] Its high expression and function on insulin
secretion were described in a malignant metastatic insulinoma as
well.[29] The highly expressed CASR in this work might be a
central step for tumorigenesis and insulin release of insulinoma.
F2R, a member of protease-activated receptor family and
regulator of coagulation and thrombogenesis, was strikingly
increasing in insulinoma according to the present study. This was
consistent with previous researches demonstrating that F2R
overexpressionwas associatedwith tumor proliferation, survival,
angiogenesis, and metastasis, and F2R enhancement could
promote b-cell proliferation and insulin release.[30,31] GRM1
and GRM5 were the members of metabotropic glutamate
receptor family. GRM1 was the hub gene of colorectal
cancer and upregulated during tumorigenesis,[32] while GRM5
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suppressed the cell proliferation of osteosarcoma. The similar
expression trends of GRM1 and GRM5 were showed in our
results, indicating that both 2 genes might be the potential
biomarkers of insulinoma.
Module analysis was useful to screen clusters of genes with

high interaction. Three top modules were screened out.
Functional and pathway enrichment analysis revealed that DEGs
comprised in these modules mainly enriched in PKC-activating
G-protein coupled receptor signaling pathway, protein ubiquiti-
nation and platelet degranulation. PKC-activating G-protein
coupled receptor signaling pathway is well known for the
transducer of extracellular signals into intracellular effector and
regulator of intracellular transducing molecules,[34,35] and is
activated in human cancers frequently.[34] G protein-coupled
receptors are abundantly expressed in islet cells and most of them
are the critical regulator of insulin secretion.[36,37] Thus, PKC-
activating G-protein coupled receptor signaling pathway plays
diverse roles in cellular functions like cell viability, proliferation,
and hormone release including insulin secretion.[37,38] Protein
ubiquitination is a fundament post-translational modification,
and predominantly regulates cell cycle resulting in abnormal
proliferation in various tumors.[39,40] Meanwhile, the function of
protein ubiquitination has been revealed in regulating insulin
secretion detail.[41,42] Platelet degranulation has been mainly
investigated in regulating thrombogenesis and cardiovascular
diseases.[43] Few investigations have focused on the relation of
platelet degranulation to human cancers, except a recent study
with results of platelet degranulation activating prosurvival
signaling through releasing small molecules in ovarian cancer.[44]

In conclusion, the present study identified candidate DEGs and
BP involved in the tumorigenesis and abnormal insulin secretion
of insulinoma by a bioinformatic approach. Our findings
provided a novel insight on elucidating the molecular mechanism
of insulinoma. However, further experiments are essential to
validate the functions of candidate DEGs and enriched BP.
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