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Abstract
We aimed to identify crucial genes relevant to the development of consecutive trauma-induced sepsis.
A microarray dataset was used to identify genes differentially expressed between peripheral blood samples from consecutive

traumatized patients complicated with sepsis and not complicated with sepsis. The dataset GSE12624 was obtained from Gene
Expression Omnibus, containing 34 peripheral blood samples from consecutive traumatized patients complicated by sepsis and 36
consecutive traumatized controls. The differentially expressed genes (DEGs) were identified using Linear Models for Microarray Data
package. Then, gene ontology (GO) enrichment analysis for DEGs was performed by Onto-Express. Subsequently, the protein–
protein interaction (PPI) network was constructed and pathway enrichment analysis was performed by Search Tool for the Retrieval
of Interacting Genes (STRING). Furthermore, protein complexes in the PPI network were predicted by ClusterONE and validated
through GO and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses, and protein domain analysis.
Totally, 446 upregulated and 447 downregulated DEGs were identified. Some DEGs were related to acyl-CoA binding (eg,

ACBD6), chromosome, and centromeric region (eg, CENPN). In the PPI network, some DEGs were enriched in renin-angiotensin
system (RAS, eg, AGTR1 and AGTR2). Three predicted protein complexes were validated in the PPI network. Some genes
composing protein complex A were associated with cell proliferation (eg, CDC20, CCNB1,MCM4, RPA2, and PRIM2), and several
genes composing protein complex F were implicated in regulation of actin cytoskeleton (eg, PFN2, ARPC2, and WASL).
The results suggest that those DEGsmay be crucial in the etiology of consecutive trauma-induced sepsis, and they are expected to

be therapeutic targets.

Abbreviations: Ang II = angiotensin II, DAVID = Database for Annotation, Visualization and Integrated Discovery, DEG =
differentially expressed gene, GO = gene ontology, ICU = intensive care unit, PPI = protein–protein interaction, RAS = renin-
angiotensin system, STRING = Search Tool for the Retrieval of Interacting Genes.
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1. Introduction

After consecutive trauma, sepsis is a frequent and severe
complication leading to increased mortality.[1] In-hospital
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mortality for all trauma patients with sepsis ranged from
16.2% to 22.0% between 1993 and 2008.[1] During past years,
the molecular changes of sepsis have always been concerned by
researchers. The most significant variation of sepsis is the
activation of the complement system and hyperactivation of
cellular innate immune responses associated with an excessive
inflammatory response.[2] Toll-like receptor 4-mediated recogni-
tion of lipopolysaccharide is thought to be an important trigger of
the inflammatory response in sepsis.[3] In the innate immune
response, large amounts of the anaphylatoxin C5a are generat-
ed,[4] and it acts as a central mediator in sepsis by modulating
other systems, including the coagulation cascade, toll-like
receptor 4-mediated responses, and the release of cytokines.[5,6]

Besides, myeloid-derived suppressor cells,[7] phosphatidylinosi-
tol-3-kinase signaling,[8] PPARg coactivator-1a,[9] and arach-
idonic acid metabolism[10] were also discovered to markedly vary
in sepsis. Furthermore, variations of protein complexes in sepsis
have also been investigated in the past years. For instance, a
previous proteomic profiling showed that pentraxin 3 formed a
complex with some components of neutrophil extracellular traps
in sepsis.[11] Besides, inhibition of mammalian target of
rapamycin (mTOR) due to variation of specific protein–protein
interactions (PPIs) within the mTOR complex 1 (mTORC1) is
responsible for the reduced protein synthesis, which can in part
result in muscle atrophy in sepsis.[12]

Recently, Shen et al[13] screened some differentially expressed
genes (DEGs) from peripheral blood samples of consecutive
traumatizedpatients complicatedwith sepsis, using themicroarray
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data of GSE12624 deposited by Thierer. They also found that
PLAU (urokinase-type plasminogen activator) andMMP8 (matrix
metalloproteinase-8) were the most differentially expressed.
However, knowledge about sepsis is not enough for the effective
clinical control. In this study, the microarray data of GSE12624
deposited by Thierer was used to identify DEGs in sepsis samples.
After gene ontology (GO) enrichment analysis for DEGs and
pathway enrichment analysis for DEGs in the PPI network,
potential protein complexes in the PPI networkwere predicted and
validated. These findingsmay contribute to a better understanding
of the pathogenesis of consecutive trauma-induced sepsis, and the
screened crucial genes were expected to be therapeutic targets of
consecutive trauma-induced sepsis.
2. Methods

2.1. Microarray data

The gene expression profile data of GSE12624 were downloaded
from Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/), which was based on the platform of GPL4204 GE
Healthcare/Amersham Biosciences CodeLinkUniSet Human I
Bioarray (GE Healthcare). This dataset contains 34 peripheral
blood samples from 13 consecutive traumatized patients
complicated by sepsis (group S) and 36 peripheral blood samples
from 13 consecutive traumatized patients not complicated by
sepsis (group N). In the present study, the patients were
categorized as having or not having sepsis by the intensive care
physician on duty according to the criteria provided by Bone
et al.[2] Here, the peripheral blood samples were collected from
sepsis or nonsepsis patients using the PAXgene Blood RNA
System (PreAnalytiX, Heidelberg, Germany). All patients have
severe injuries in at least 2 body regions or 3 major fractures with
an Injury Severity Score of ≥15 points, between 18 and 65 years
of age. The duration between the occurrence of the accident and
the time of admission to the intensive care unit (ICU) was less
than 12hours, and the survival time of patients was at least
greater than 3 days. None of the patients underwent neuro or
cardiac surgery. The patients with severe intracranial head
injuries, coagulation abnormalities known at the day of
admission to the ICU, acute liver failure, renal failure,
hemofiltration, or malignant disease in the patient’s history
were excluded. In particular, blood samples were obtained within
1hour after patients arriving in the emergency unit or operating
room (baseline values) according to the ICU standards. Here, the
study was approved by the Ethics Study Board of the University
Hospital of Giessen (file number 79/01) and the ethical board of
the Radboud University Nijmegen Medical Center (file number
AMO 04/064). Informed consent was obtained from patients
or, if patients were incapable of giving consent, from their
legal custodian.
CEL files and the probe annotation files were downloaded, and

the original gene expression dataset were preprocessed via
background correction, quantile normalization, and probe
summarization using Affy software package of Bioconductor
(http://www.bioconductor.org/packages/release/bioc/html/).[14]
2.2. DEGs screening

The genes that were differentially expressed in group S were
identified by the Linear Models for Microarray Data package[15]

of Bioconductor (http://www.bioconductor.org/packages/re
lease/bioc/html/). The raw P-value was adjusted using this
2

package. Only the genes meeting the cut-off criterion of P-value
<.05 were chosen as DEGs.
2.3. GO functional classification of DEGs

To explore what molecular functions changed in group S,
GO functional enrichment analysis of DEGs was performed by
Onto-Express in Onto-Tools package (http://vortex.cs.wayne.
edu/Projects.html).[16] The P-value <.05 was used as the cut-
off criterion.
2.4. Construction and pathway enrichment analysis of PPI
network

To reveal the interactions of the screened DEGs, the Search Tool
for the Retrieval of Interacting Genes (STRING) database (http://
www.string-db.org/)[17] was used to analyze the PPIs for DEGs,
and the combined score >0.4 was used as the cut-off criterion.
Subsequently, the PPI network of DEGs was visualized by
Cytoscape (http://cytoscape.org/).[18]

Furthermore, to investigate what pathways altered in group S,
pathway enrichment analysis of DEGs was conducted via
STRING, and the P-value <.05 was used as the cut-off criterion.
2.5. Prediction of protein complexes

The plugin Clustering with Overlapping Neighborhood Expan-
sion (ClusterONE) (http://www.paccanarolab.org/cluster
one),[19] which is an effective method for detecting potentially
overlapping protein complexes from PPI data, was used to predict
protein complexes in the PPI network. The graph clustering
algorithm was chosen to process weighted graphs and construct
overlapping clusters.
2.6. Validation of the predicted protein complexes

Tovalidate the accuracyof the aboveprotein complexesprediction,
3methodswere chosen to validate it, includingKyotoEncyclopedia
of Genes and Genomes pathway enrichment analysis, protein
domain analysis, andGO functional enrichment analysis in cellular
component. The verification was performed by detecting the
enrichment status of genes belonging to the same protein complex
via the Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov/).[20]
3. Results

3.1. Identification of DEGs

After the data preprocessing, 961 probes were obtained. Based on
the cut-off criteria, a total of 893 DEGs were screened out
from group S, including 446 upregulated ones and 447
downregulated ones.
3.2. GO functional enrichment analysis of DEGs

According to GO functional annotation, a set of DEGs in group S
were significantly enriched in some molecular functions, such as
acyl-CoA binding (eg, ACBD6 and ALDH6A1) and ubiquitin
binding (eg,UCHL1 and SMAD2); a series of DEGs were related
to some cellular components, such as chromosome, centromeric
region (eg, CENPA, OIP5, and CENPN), and centriole (eg,
CETN3 and TOP2A); some other DEGs were significantly
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Table 1

The top 5 enriched GO term clusters for the up- and downregulated differentially expressed genes respectively in MF, CC, and BP.

Category Term Description P Count Genes

MF GO:0000062 Acyl-CoA binding .002588 5 ACBD6, ALDH6A1, PECI, ACBD5, ACADS
GO:0034235 GPI anchor binding .003563 3 VNN1, THY1, PIGK
GO:0043130 Ubiquitin binding .004078 5 UCHL1, SMAD2, TOP2A, NEDD4, ACVR1B
GO:0004571 Mannosyl-oligosaccharide 1,2-

alpha-mannosidase activity
.008252 3 MAN1A1, EDEM1, MAN1C1

GO:0004802 Transketolase activity .009753 2 TKT, TKTL1
CC GO:0000775 Chromosome, centromeric region 2.84E-04 7 CENPA, OIP5, CENPN, ITGB3BP, BIRC5, KIF2C, AURKB

GO:0000800 Lateral element .003563 3 SMC3, SYCP2, BLM
GO:0005814 Centriole .004786 4 CETN3, TOP2A, TUBD1, BIRC5
GO:0016327 Apicolateral plasma membrane .009753 2 FZD6, NEDD4
GO:0005790 Smooth endoplasmic reticulum .009753 2 GABARAP, RYR1

BP GO:0051098 Regulation of binding 9.62E-04 3 SMAD4, SMAD2, BLM
GO:0031536 Positive regulation of exit from

mitosis
9.62E-04 3 TGFB1, BIRC5, UBE2C

GO:0009058 Biosynthetic process .001053 9 SPTLC1, GOT1, PCYT2, COQ2, CCBL2, GCAT, C20orf3, PCYT1B,
ALDH1L1

GO:0009311 Oligosaccharide metabolic
process

.001206 4 ST8SIA3, ST6GAL1, ST8SIA4, GCS1

GO:0006511 Ubiquitin-dependent protein
catabolic process

.002374 18 UBE2H, UBE2A, PSMC6, PSMB10, PSMB9, PSMA6, PSMA3, CDC20,
UBE2C, FBXO8...

BP=biological process, CC=cellular component, GO=gene ontology, MF=molecular function.
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associated with some biological processes, such as regulation of
binding (eg, SMAD4, SMAD2, andBLM) and positive regulation
of exit from mitosis (eg, TGFB1, BIRC5, andUBE2C) (Table 1).
3.3. Analysis of PPI network

The PPI network contained 2040 PPI pairs, involving 637 DEGs
(Fig. 1). According to KEGG pathway enrichment analysis, a
total of 14 pathways were enriched for the DEGs in the PPI
network, such as renin-angiotensin system (RAS, eg, AGTR1,
AGTR2, and LNPEP), N-glycan biosynthesis (eg, MAN1A1,
DPAGT1, and MOGS), cell cycle (eg, MCM4, CDC25C, and
SMAD2), and hematopoietic cell lineage (eg,ANPEP, FLT3, and
ITGA4) (Table 2).

3.4. Prediction and validation of protein complexes

A total of 9 protein complexes were screened out from the PPI
network, namely, protein complex A-I. Pathways enriched by
DAVID for DEGs composing these protein complexes were
mostly consistent with those predicted by STRING. For example,
some DEGs composing protein complex A were enriched in some
pathways predicted by STRING, such as cell cycle (hsa04110, eg,
CDC25C, CDC20, and CCNB1) and DNA replication
(hsa03030, eg, MCM4, RPA2, and PRIM2), and these 2
pathways were also predicted by DAVID. Meanwhile, protein
complex A was located at chromosome, nonmembran-bounded
organelle, and nuclear lumen, which are associated with DNA
replication. Meanwhile, some genes in protein complex F were
enriched in axon guidance (hsa04360, eg, EFNB3 and EPHB6)
and regulation of actin cytoskeleton (hsa04810, eg, PFN2,
ARPC2, and WASL); some genes were related to actin
cytoskeleton and Arp2/3 protein complex (Table 3; Fig. 2).
Furthermore, pathway and GO enrichment analyses and protein
domain analysis of protein complex C were also mostly
accordant (Table 3). However, analyses for the remaining 6
complexes were not ideal.
3

4. Discussion

In the present study, a total of 893 DEGs were screened out from
consecutive trauma patients with sepsis, including 446 upregu-
lated ones and 447 downregulated ones. According to pathway
enrichment analysis for DEGs in the PPI network, some DEGs
were enriched in RAS (eg, AGTR1 and AGTR2).
There is a difference between results of earlier study conducted

by Shen et al[13] and the present study. In the study conducted by
Shen et al, the cut-off criterion was set as false discovery rate
<0.05 and jlog fold change (FC) j >1. Finally, a total of 21
upregulated DEGs and 37 downregulated DEGs were identified.
However, in the present study, the cut-off criterion was set as P-
value <.05, and the value of log FC was not limited. Therefore,
we obtained more DEGs than the earlier study. Notably, the
difference of DEGs between the current study and earlier study
were also result in the different functions for DEGs. For example,
they found that the significantly enriched functions for DEGs
were response to wounding (eg, urokinase-type plasminogen
activator [PLAU]), endopeptidase inhibitor activity, and com-
plement and coagulation cascade (eg, PLAU). However, our
study identified the dramatically enriched functions for DEGs
were RAS, N-glycan biosynthesis, cell cycle, and so on.
The RAS is activated in sepsis, and it is associated with

microvascular dysfunction in sepsis.[21] A previous study has
been reported that angiotensin II (Ang II) and plasma renin
activity are elevated in patients with severe sepsis and the degree
of elevation is negatively implicated with the rate of microvascu-
lar reoxygenation during reactive hyperemia.[21] Besides, the
increased plasma level of Ang II has been detected in trauma
patients.[22] Recently, Zhang et al[23] have demonstrated that low
expression of the RAS is correlated with poor prognosis of
patients with severe sepsis. AGTR1 and AGTR2 encode 2 types
of Ang II receptor, which have been reported to be downregulated
during sepsis.[24,25] There is no evidence that AGTR1 and
AGTR2 are involved in consecutive trauma-induced sepsis so far.
Therefore, the aforementioned results suggest that AGTR1 and

http://www.md-journal.com


Figure 1. The PPI network composed of identified DEGs. Red nodes are the genes enriched in the pathway of renin-angiotensin system; purple nodes are the
genes enriched in the pathway of N-glycan biosynthesis; green nodes are the genes enriched in the pathway of HCM and dilated cardiomyopathy; the blue node is
the gene enriched in the pathway of HCM; and yellow nodes are the genes enriched in the pathway of chagas disease. DEG=differentially expressed gene, HCM=
hypertrophic cardiomyopathy, PPI=protein–protein interaction.
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AGTR2 may be crucial in consecutive trauma-induced sepsis
through RAS.
Additionally, the validation of predicted protein complexes

showed that protein complex A, C, and F might be composed by
Table 2

The enriched pathways for differentially expressed genes in the prot

Term Description Count P

hsa04614 Renin-angiotensin system 6 3.09E-04 ANPEP,
hsa00510 N-Glycan biosynthesis 9 1.35E-03 MGAT4
hsa05410 Hypertrophic cardiomyopathy (HCM) 12 5.26E-03 ITGA2,
hsa05414 Dilated cardiomyopathy 12 9.74E-03 ITGA2,
hsa05142 Chagas disease 13 1.18E-02 IFNGR1
hsa04110 Cell cycle 14 1.36E-02 MCM4,
hsa03018 RNA degradation 9 1.74E-02 C1D, EX
hsa03030 DNA replication 6 1.86E-02 MCM4,
hsa04360 Axon guidance 14 2.27E-02 RAC3, E
hsa04640 Hematopoietic cell lineage 12 2.53E-02 ANPEP,
hsa05146 Amoebiasis 12 2.88E-02 PLCB1,
hsa00230 Purine metabolism 16 4.47E-02 AMPD3
hsa00670 One carbon pool by folate 3 4.72E-02 TYMS, A
hsa00770 Pantothenate and CoA biosynthesis 3 4.72E-02 VNN1, P

4

some DEGs in the PPI network. For instance, based on GO
enrichment analysis in cellular component for genes composing
protein complex A, these genes were related to chromosome,
nonmembran-bounded organelle, and nuclear lumen, which
ein–protein interaction network.

Genes

LNPEP, MME, AGTR1, AGTR2, CPA3
A, MAN1A1, DPAGT1, DOLPP1, MAN1C1, MGAT1, DPM1, ST6GAL1, MOGS
TPM4, PRKAA1, TGFB1, ITGA4, ITGA1, ITGB3, ITGA7, ACTC1, ATP2A2 . . .
TPM4, ADCY6, TGFB1, ITGA4, ITGA1, ITGB3, ITGA7, ACTC1, ATP2A2 . . .
, CD247, SMAD2, PLCB1, PPP2R2B, IRAK4, SERPINE1, TLR2, CD3G, CASP8..
CDC25C, SMAD2, CDC20, GADD45A, CHEK1, PCNA, CDC14A, CCNA2, CCNB1 . . .
OSC5, LSM1, WDR61, LSM3, EXOSC4, EDC4, ENO3, PAPOLA
RPA2, PRIM2, PCNA, POLD1, POLE4
FNB3, DPYSL5, ABLIM3, EPHB6, PLXNB2, EPHB4, SEMA4C, EFNA4, EFNB1 . . .
FLT3, ITGA4, ITGB3, CD44, ITGA1, MME, IL1R2, ITGA2, CD3G . . .
IL10, TGFB1, SERPINB2, PIK3CA, LAMB3, IL1R2, TLR2, SERPINB1, CD1D . . .
, ENTPD2, AK1, POLD1, AK2, POLE4, POLR1A, PRIM2, POLR3K . . .
LDH1L1, MTHFS
PCDC, UPB1



Table 3

The 3 validated protein complexes in the protein–protein interaction network.

Protein
complex

Relevant
pathways

Protein
domains

Cellular
component Gene list Quality P

A hsa04110: Cell cycle hsa03030: DNA
replication hsa03420: Nucleotide
excision repair hsa03430: Mismatch
repair hsa03440: Homologous
recombination

Cyclin A/B/C/D and C-terminal Post-
SET zinc-binding region ATPase,
AAA+ type, core

Chromosome Nonmembran-
bounded organelle Nuclear
lumen

CCNA2, CCNB1, CDC14A,
CDC20, CDC25C, CENPA,
CENPC1, CENPE, CENPN,
CHEK1 . . .

0.712 .000

C hsa03040: Spliceosome hsa03018: RNA
degradation

RNA recognition motif
Nucleotide-binding

Nuclear/intracellular organelle/
organelle/membrane-enclosed
lumen Ribonucleoprotein
complex Splicesome

RBM8A, WDR82, PTBP1,
PAPOLA, GTF2F2, PCF11,
PRPF6, SF3A1, RBM9

0.601 .002

F hsa04360: Axon guidance hsa04810:
Regulation of actin cytoskeleton
hsa05130: Pathogenic Escherichia coli
infection

Ephrin; Ephrin receptor Receptor
tyrosine kinase Cupredoxin Sterile
alpha motif-type

Actin cytoskeleton; Arp2/3
protein complex
Nonmembrane-bounded
organelle; Plasma membrane

EFNB1, WIPF2, ACTR2, EPHB4,
EFNB3, PFN2, EPHB6,
ARPC2, CAPZA2, WASL

0.489 .015

Figure 2. Three validated protein complexes in the protein–protein interaction (PPI) network, protein complex A, C, and F. In protein complex A, red nodes are the
genes enriched in the pathway of cell cycle; green nodes are the genes enriched in the pathway of DNA replication; purple nodes are the genes enriched in the
pathway of purine metabolism; and the yellow node is the gene enriched in the pathway of one carbon pool by folate. In protein complex C, the red node is the gene
enriched in the pathway of RNA degradation. In protein complex F, red nodes are the genes enriched in the pathway of axon guidance.
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conformed the results of enriched pathways and protein
domains. Some genes were correlated with cell cycle (eg,
CDC20 and CCNB1) and DNA replication (eg, MCM4,
RPA2, and PRIM2) (Table 2). CDC20 (cell division cycle 20),
CCNB1 (cyclin B1), MCM4 (minichromosome maintenance
complex component 4), RPA2 (replication protein A2), and
PRIM2 (primase, DNA, polypeptide 2) all participate in cell
proliferation. Sepsis is characterized by an overwhelming
production of inflammatory cytokines, which can produce
inflammatory responses.[26] T lymphocytes play a role in the
control of immune responses,[27] and the expansion of T cells
involves cell cycle and DNA replication. CCNB1[28] and
MCM4[29] have been demonstrated to be related to immune
responses. There are no studies to confirm the role of these cell
cycle-related genes in consecutive trauma-induced sepsis so far.
Hence, we speculate that some genes composing protein complex
A (eg, CDC20, CCNB1, MCM4, RPA2, and PRIM2) may be
associated with consecutive trauma-induced sepsis through
controlling cell proliferation.
Besides, in protein complex F, genes PFN2, ARPC2, and

WASLwere enriched in regulation of actin cytoskeleton. Human
sepsis is characterized by diffuse microvascular leak and tissue
edema.[30] The breakdown in endothelial barrier function plays a
pivotal role in the development of sepsis. Jacobson andGarcia[31]

have found several agonists to induce dynamic rearrangement of
the endothelial cell actin cytoskeleton that corresponds to barrier
protection, and thus decrease microvascular permeability in
sepsis. Moreover, Goldenberg et al[30] have suggested that
reinforcement of the endothelial cytoskeleton is a new therapeu-
tic strategy of sepsis. PFN2 (profilin 2), ARPC2 (actin related
protein 2/3 complex, subunit 2), and WASL (Wiskott-Aldrich
syndrome-like) are all correlated with actin.[32–34] There is no
evidence that these actin-related genes are associated with
consecutive trauma-induced sepsis so far. Thereby, theseDEGs in
protein complex F may be pivotal in the occurrence of
consecutive trauma-induced sepsis through regulation of actin
cytoskeleton.
However, this study has some limitations. The main limitation

in our work was that we did not conduct experiments to validate
our predictions. Besides, potential microRNAs and transcription
factors targeting DEGs should have been predicted. In further
study, we will carry out experimental studies to validate whether
these DEGs are relevant to consecutive trauma-induced sepsis
or not.
In conclusion, some genes related to RAS (eg, AGTR1 and

AGTR2), cell proliferation in protein complex A (eg, CDC20,
CCNB1, MCM4, RPA2, and PRIM2), and regulation of actin
cytoskeleton in protein complex F (eg, PFN2, ARPC2, and
WASL) might play momentous roles in the initiation and
development of consecutive trauma-induced sepsis. These
findings may be conductive to the better understanding of the
etiology of consecutive trauma-induced sepsis and provide
theoretical basis for further experimental studies. The screened
crucial genes are expected to be therapeutic targets of consecutive
trauma-induced sepsis.
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