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Abstract

Background: In recent years, sepsis-induced acute respiratory distress syndrome (ARDS) has
remained a major clinical challenge for patients in intensive care units. While some progress
has been reported over the years, the pathogenesis of ARDS still needs to be further expounded.
Methods: In the present study, gene set enrichment analysis, differentially expressed genes
analysis, short time-series expression miner, protein-protein interaction (PPI) networks,
module analysis, hypergeometric test, and functional enrichment analysis were performed

in whole blood gene expression profiles of sepsis and induced-sepsis ARDS to explore the
molecular mechanism of sepsis-induced ARDS.

Results: Further dysregulated genes in the process evolving from healthy control through
sepsis to sepsis-induced ARDS were identified and organized into 10 functional modules
based on their PPl networks. These functional modules were significantly involved in cell
cycle, ubiquitin mediated proteolysis, spliceosome, and other pathways. MYC, STAT3, LEF1,
and BRCA1 were potential transcription factors (TFs) regulating these modules. A TF-module-  pongrezon -

pathway global regulation network was constructed. In particular, our findings suggest that ?ﬁgBFZKET;HT’;E“W“’GW-
MYC and STAT3 may be the key regulatory genes in the underlying dysfunction of sepsis- Hospital of Guangxi
induced ARDS. Receiver operating characteristic curve analysis showed the core genes in the g aber=tr 1

global regulation network may be biomarkers for sepsis or sepsis-induced ARDS. guang?i 583_022 People’s
epublic Ina

Conclusions: We found that MYC and STAT3 may be the key regulatory genes in the underlying  danvor0922@hotmait.com
dysfunction of sepsis-induced ARDS. Jiefeng Luo
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Introduction To date, the mechanism of sepsis-induced ARDS Jianfeng Zhang
Sepsis is a type of fatal syndrome caused by the has been studied and some progress has been YifengLuo
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entrance of bacteria or fungi into the blood to made. Some neutrophil-related pathways may be Jieyun Zhu

infect the human immune and coagulation sys- involved in early sepsis-induced ARDS?®; the o~ aianlLi

tems,2 with an estimated 30 million new cases AR signal transduction pathway also plays a role JDi::z:e"g

and 6 million deaths in the world each year.? One in ARDS?; and IQGAP1 may affect the pulmo- zhimeiZhong
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patients is that they tend to evolve into acute res- the cytoskeleton and related pathways involving Department of

piratory distress syndrome (ARDS). The inci- in sepsis-induced ARDS.8 The above studies have Emergency. The Second
Affiliated Hospital

dence of sepsis-induced ARDS is still increasing,* deepened our understanding of the mechanism of  of Guangxi Medical

and has higher mortality rates than ARDS sepsis-induced ARDS; however, only a few genes g”ivers,ity' Nanning,
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mechanism of sepsis-induced ARDS has not been
expounded comprehensively.

The present study identified further deregulated
genes (FDGs) in the evolving process from
healthy control through sepsis to sepsis-induced
ARDS. According to these FDGs, a protein—
protein interaction network was constructed and
modular analysis performed. The prediction of
potential transcription factors (TFs) regulating
functional modules helps us observe the tran-
scriptional regulation of sepsis-induced ARDS
from the global level. We found that MYC and
STAT?3 may be the key regulatory genes in the
underlying dysfunction of sepsis-induced ARDS.

Materials and methods

Data processing

We downloaded GSE32707 of the whole blood gene
expression profiles from the website of the Gene
Expression Omnibus (GEO, https:/www.ncbi.nlm.
nih.gov/),? which included 58 sepsis samples, 31 sep-
sis-induced ARDS samples, 21 systemic inflamma-
tory response syndrome (SIRS) samples, and 34
normal controls. The normalizeBerweenArrays func-
tion in the limma package was used to normalize the
gene expression profile. This gene expression profile
was based on GPL10558.10 If a gene corresponds to
multiple probes, the average expression value of these
probes is the expression value of the gene; 21 SIRS
samples were removed in the present study.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was per-
formed using the normalized gene expression pro-
file to explore the biological process (BP) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways related to sepsis and sepsis-
induced ARDS.!1! GSEA was carried out using
JAVA software, which can be found on the official
website  (http://software.broadinstitute.org/gsea/
index.jsp). Gene sets c5.bp.v6.2.symbols.gmt and
c2.cp.kegg.v6.2.symbols.gmt were used as the ref-
erence gene sets.!? A nominal value of p < 0.05
was considered as statistically significant.

Differentially expressed gene analysis and

short time-series expression miner

Compared with control samples, differentially
expressed genes (DEGs) in sepsis samples and

sepsis-induced samples were screened using the
limma package in R. The fold changes (FCs) in
expression of individual genes were calculated, and
genes with [log2FC| > 1 and p adjusted by the
false discovery rate (P.adj) < 0.05 were consid-
ered as significant. If a DEG was further upregu-
lated or downregulated (|1ogFC,, i induced ARDS versus
control | > | lOgFCsepsis versus control | ) in SepSiS—induced
ARDS compared with sepsis, that gene was con-
sidered a FDG in the process evolving from healthy
control through sepsis to sepsis-induced ARDS.
FDGs could be organized into different clusters
based on expression patterns using short time-
series expression miner (STEM).13

Construction of protein-protein interaction
networks and modular analysis

Based on the STRING database (https://string-db.
org/),!4 protein—protein interaction (PPI) networks
of FDGs were constructed, and only interactions
with a combined score >500 were retained.
Cytoscape software was reserved for network visu-
alization.!®> The ClusterONE plug-in of Cytoscape
software was used to perform modular analysis of
the PPI network (Minimum = 30).1¢ The FDGs
were organized into different functional modules
using ClusterOne. The ClusterProfiler package!”
in R was used to performed functional enrichment
analysis for these functional modules. Functional
enrichment analysis contained BP and KEGG
pathway. p adjusted by the false discovery rate
(P.adj) < 0.05 was considered as significant.

Prediction of potential TFs for modules by
hypergeometric test

Based on the interaction of human TFs with their
target genes in the TRRUST v2 database,!® the
hypergeometric test was used to predict potential
TFs regulating functional modules. The hyper-
geometric test was performed using the igraph
package (https://igraph.org/r/) in R. A p value of
<0.05 was considered as statistically significant.
In addition, Pearson correlation between TF and
its target gene expression was explored. A
TF-module-pathway global transcriptional regu-
lation network was constructed.

Identification of core genes and receiver

operating characteristic curve analysis

In the TF-module-pathway global transcriptional
regulation network, according to the semantic
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Figure 1. Flow chart of this study.

similarities of gene ontology (GO) terms used for
gene annotation, we rank the gene inside the inter-
actome by the average functional similarities
between the gene and its interaction partners.
Genes with a higher average functional similarity
are considered as the more crucial genes.!? In the
present study, 10 genes with largest average func-
tional similarity, and the TFs, were considered as
core genes in the TF-module-pathway global
transcriptional regulatory network. The average
functional similarities for genes were calculated
using the GOsemsim package in R.2° In addition,
receiver operating characteristic (ROC) curve
analysis was carried out to access the diagnostic
value of these genes for sepsis or sepsis-induced
ARDS. ROC curve analysis was performed using
the pROC package in R.2!

Results

In the present study, GSEA was performed.
FDGs were identified in the evolving process
leading from healthy control through sepsis to

sepsis-induced ARDS. A PPI network of FDGs
was constructed and used in modular analysis.
Functional enrichment analysis was performed
for the functional modules. A hypergeometry test
was performed to identify potential TFs of mod-
ules. A TF-module-pathway global transcrip-
tional regulatory network was constructed. ROC
curve analysis was used to access potential diag-
nostic markers (Figure 1).

Sepsis and sepsis-induced ARDS are

significantly enriched in pathogen-related
biological processes and pathways

GSEA results for BP enrichment analysis suggested
‘Response to fungus’, ‘Defense response to fun-
gus’, ‘Defense response to gram negative bacte-
rium’, and ‘Defense response to bacterium’ were
significantly enriched in the sepsis samples (Figure
2a), while ‘Response to fungus’, ‘Defense response
to gram negative bacterium’, and ‘Defense response
to bacterium’ were significantly enriched in the
sepsis-induced ARDS samples (Figure 2b).
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Figure 2. GSEA results. (a) Biological processes significantly enriched in sepsis samples. (b) BPs significantly
enriched in sepsis induced ARDS. (c) KEGG pathways significantly enriched in sepsis. (d) KEGG pathways

significantly enriched in sepsis-induced ARDS.

ARDS, acute respiratory distress syndrome; BP, biological processes; GSEA, gene set enrichment analysis; KEGG, Kyoto

Encyclopedia of Genes and Genomes.

In the GSEA for KEGG pathway, ‘Calcium
signaling pathway’, ‘Cytokine-cytokine receptor
interaction’, ‘Hematopoietic cell lineage’,
‘Neuroactive ligand receptor interaction’, and
‘Systemic lupus erythematosus’ were significantly
enriched in the sepsis samples (Figure 2c), while
‘Glycosphingolipid biosynthesis lacto and neol-
acto series’, and ‘Neuroactive ligand receptor
interaction’ were significantly enriched in the
sepsis induced-ARDS group (Figure 2d). These
results indicated that, after the progress of sepsis
leads to ARDS, the body’s reactions change, and
these reactions can be reflected in whole blood
gene expression patterns.

FDGs in sepsis-induced ARDS compared

with sepsis

Compared with control samples, a total of 8354
DEGs in sepsis were identified, of which 5025 are
downregulated and 3329 upregulated (Figure 3a).
A total of 7859 DEGs, 4596 of which are

downregulated and 3263 upregulated, were found
in sepsis-induced ARDS compared with control
samples (Figure 3b). Among the 5633 genes that
were common DEGs in sepsis and sepsis-induced
ARDS compared with controls, 3521 DEGs were
identified as FDGs. STEM identified 15 gene
profiles (clusters), of which 2 gene profiles (clus-
ters) were significantly upregulated and three sig-
nificantly downregulated in the process of evolving
from healthy control through sepsis to sepsis-
induced ARDS.

Sepsis-induced ARDS may result from multiple
functional modules

After constructing a PPI network with 3521
FDGs, 2060 nodes and 23,395 edges were
obtained. A total of 435 module-genes formed 10
functional modules (Figure 4a) identified by
ClusterONE. Enrichment analysis was carried
out on these functional modules. More than four
functional modules, such as viral transcription,
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Figure 3. DEG analysis and STEM. (a) DEGs in sepsis samples, red represents upregulated genes, blue
represents downregulated genes, and gray represents no significantly DEGs. (b) DEGs in sepsis-induced ARDS
samples. (c] STEM figure of DEGs, red is the fitted curve, which means gene cluster in sepsis-induced ARDS
cut trend, and the blue area means gene cluster in the positions of the heat.

ARDS, acute respiratory distress syndrome; DEG, differentially expressed genes; STEM, short time-series expression miner.

viral gene expression, and ribonucleoprotein
complex biogenesis, were significantly enriched
in some BPs (Figure 4b). Two or more functional
modules were involved in a few pathways, such as
splicesome, RNA transport, cell cycle, and ubig-
uitin mediated proteolysis pathways. These may
be key BPs and pathways in the process of evolv-
ing from healthy control through sepsis to sepsis-
induced ARDS.

The global regulatory landscape of sepsis-
induced ARDS

The results of hypergeometric tests suggested
that MYC, STAT3, LEF1, and BRCA1 were
potential TFs for modules. Correlation analysis
(Figure 5a) confirmed that there was a significant
correlation between these four TFs and their tar-
get genes. A TF-module-pathway network was

constructed (Figure 5b), providing a preliminar-
ily demonstration of the global transcriptional
regulatory landscape of sepsis-induced ARDS.
MYC was further downregulated and STAT?3
was further upregulated in the process of evolving
from healthy control through sepsis to sepsis-
induced ARDS (Figure 5c¢). Six STAT?3 path-
ways may be involved in sepsis-induced ARDS
(Figure 5d), of which the Prolactin signaling
pathway and the JAK-STAT signaling pathway
are inhibited by upregulated suppressor of
cytokine signaling-1 (SOCS). Osteoclast differen-
tiation means that interferon can inhibit c-Fos
proto-oncogene protein by binding with receptors
and then entering cells via the JAK-STAT signal-
ing pathway. However, since the JAK-STAT
signaling pathway is inhibited, the inhibitory
effect on c-Fos of osteoclast differentiation is also
weakened. The insulin signaling pathway and
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BP, biological process; DEG, differentially expressed genes; PPI, protein-protein interaction; KEGG, Kyoto Encyclopedia of

Genes and Genomes.

SOCS in the rise of type II diabetes mellitus
(T2DM) may also cause an imbalance of blood
glucose levels and the aggravation of T2DM.
This may be related to stress hyperglycemia.

It is worth mentioning that ubiquitin-mediated
proteolysis is involved in the ubiquitination pro-
cess, in which many types of E3 enzymes recog-
nize target proteins. The genes involved in the
TF-module-network play a role in multi-subunit
ring-finger type E3 enzymes, which change the
way substrates are transferred, thus playing a
specific role in the deterioration of ARDS.

The spliceosome pathway, which is regulated by
MYC, is used to adjust molecular transcription
levels (Figure 5¢). The spliceosome is not a sim-
ple, stable complex, but a dynamic family of par-
ticles that congregates on the mRNA precursor,
helping to fold it into a conformation that enables

transesterification. Downregulated MYC regu-
lates the downregulation of five genes encoding
small nuclear ribonucleoproteins Ul, U2, U4,
U5, and U6 in the splicing body, as well as several
splicing-body-related proteins and common com-
ponents. It causes abnormal levels of molecular
transcription and inhibits mRNA synthesis. Our
findings indicate that its effect on sepsis-induced
ARDS progression may warrant further study.

The core genes of global landscape regulation

can be used as potential biomarkers for sepsis

or sepsis-induced ARDS

The 10 genes with the largest average functional
similarity in the TF-module-pathway network are:
CDC26, BCAS2, CDC16, SMNDCI1, SRSF10,
LSM5, SNRPA1, SRSF1, SNRPG, and SF3Al
(Figure 6a). All of these were further down-
regulated, and none of them were further
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upregulated, in the process of going from healthy
control through sepsis to sepsis-induced ARDS
(Figure 6b). ROC curve analysis suggests that
MYGC, SRSF1, STAT3, SMNPCI1, SRSF10, and
SOCS3 may be potential biomarkers (Figure 6¢-h)
for sepsis or sepsis-induced ARDS.

Discussion
With limited improvement in the management of
sepsis over the past decade,?? it is imperative to

further elucidate the mechanisms of sepsis and
sepsis-induced ARDS and to seek new treatments
to combat these conditions. In the present study,
based on the whole-blood gene expression profiles
of sepsis and sepsis-induced ARDS, we identified
FDGs in the process of evolving from healthy con-
trol through sepsis to sepsis-induced ARDS. The
FDGs were organized into 10 functional modules
based on their PPI networks. Enrichment analysis
indicated that the modules were significantly
involved in ubiquitin-mediated proteolysis, cell

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

Therapeutic Advances in Respiratory Disease 13

|
»

A
@ = 7{ T )
- —O ]
1]'] : o
- 7D> T
o ——
= g G g° Group
!!!!!!!!!! N T T H . 8 ol a B control
= £ s g B sepsis
- {} ol -#llm‘q“u i I B 4008 4 B ARDS
; H 8
———— .
iiiii 4[ } sl T H ! .
s i
et 4[ } D IR L T f s
5 — Uy
A | (R 1 ™
Ee——— 6
. ST TR
C
P R R R R WY Y
= W 2 TF genes
mve SRSF1 STAT3
© . @ . © .,
o | o | 2
3 3
2 2 L2
3 3 L.
< | 34 s
3
g 1 °
. —— sepsis—control, AUC=0.7434 — sepsis=control, AUC=0.6511
—— sepsis—control, AUC=0.82 o | —  ARDS-control, AUC=0.8017 g ~—— ARDS-control, AUC=0.7543
s | —— ARDS-control, AUC=0.8197 i e i . i ! i : : : - : :
s 10 08 06 04 02 00
T T T T T T 10 08 06 04 02 00
10 08 06 04 02 00 Specitcity Specicity
‘Specificity
(D SMNDC1 (g) SRSF10 (h) socs3
2 °
R R B
o | ©
s R e
i H
8 i 5
39 3 3
S S 3
—— sepsis—control, AUC=0.6957 —— sepsis—control, AUC=0.7125 —— sepsis—control, AUC=0.7404
g4 —— ARDS-control, AUC=0.8017 g —— ARDS-control, AUC=0.8083 E —— ARDS-control, AUC=0.8046

T T T T T T Uy y
10 08 06 04 02 00 10 08
Specificity

06 04 02 00 10 08 06 04 02 00

‘Specificity ‘Specificity

Figure 6. Core genes and TFs and ROC curve analysis. (a) The 10 genes with the largest average functional
similarity. (b) Expression of core genes and two TFs. (c-h) ROC curve analysis for 10 core genes and two TFs.
ROC, receiver operating characteristic; TFs, transcription factors.

cycle, the spliceosome, and the insulin signaling
pathway. Unsurprisingly, ubiquitin-mediated pro-
teolysis has been reported to be associated with
ARDS,?? while ribosome biogenesis in eukary-
otes,2* and the spliceosome might be involved
with sepsis.! We also found that some pathways
may also be associated with sepsis-induced ARDS,
such as progesterone-mediated oocyte matura-
tion, and the ribosome pathway. Based on PPI
and modular analysis constructing FDGs, plus
additional verification using STEM, some gene
profiles (clusters) were confirmed to be signifi-
cantly correlated with the sepsis-induced ARDS

process. These results suggest that sepsis-induced
ARDS causes dysregulation of multiple functional
modules of the body, as reflected in the whole
blood gene expression profile. Potential TFs of
regulatory function modules were predicted, and a
TF-module-pathway global transcriptional regu-
latory network was constructed to help reveal the
molecular mechanism of sepsis-induced ARDS
for further study. In addition, based on our con-
structed TF-module-pathway global transcrip-
tional regulatory network, we found that the core
genes in the network may be a potential marker
for sepsis or sepsis-induced ARDS.
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MYC, STAT3, LEF1, and BRCA1 were differ-
entially expressed TFs in sepsis and sepsis-
induced ARDS, while MYC and STAT3 were
FDGs from healthy controls through sepsis to
sepsis-induced ARDS. Of the STAT?3 pathways
involved, the prolactin signaling pathway regu-
lates main biological functions such as reproduc-
tion, growth and development, and the immune
response, while the JAK-STAT signaling path-
way regulates the natural immune response,
which is the main mechanism regulating various
cytokines and growth factors,?> allowing the
occurrence of disease if they are suppressed.
Interestingly, multiple genes involved in ubiquit-
ination are regulated by TFs, and we can con-
clude that protein wubiquitination plays an
important role in sepsis-induced ARDS.
Ubiquitination is crucial for physiological pro-
cesses such as cell survival, differentiation, natu-
ral and adaptive immunity, etc.26 Ubiquitin-like
proteins are involved in almost all cellular pro-
cesses, including in the pathogenesis of disease in
two different ways: increasing the production of
disease promoters, and decreasing the production
of disease inhibitors.?” In the cascade process of
El, E2, and E3, E3 plays a key role in the selec-
tion of substrates and the coordination of
E2-ubiquitin and the binding of specific ubiquitin
bonds to substrates. Different types of E3 enzymes
can also mediate PPIs and cell signal transmis-
sion. RING and HECT are included in the differ-
ent types of E3 enzymes involved in this study. E3
is a huge family of enzymes, that function mainly
to catalyze ubiquitin transfer. Talking about dif-
ferences, catalyzed RING E3 ubiquitin transfers
to the substrate directly from E2-ubiquitin, while
HECT, which contains a catalytic cysteine, first
receives ubiquitin from the E2-ubiquitin to form
E3-ubiquitin thioester intermediates, and ubiqui-
tin is then transferred to the substrate.?® In the
upregulated SOCS-controlled pathway regulated
by STAT3, the resistance to sugar degradation
and insulin resistance play a role, so as to upset
blood glucose level and worsen T2DM. Sepsis
can induce a series of metabolic disorders, one of
which is hyperglycemia.?® In the osteoclast differ-
entiation pathway regulated by STAT3, the
inhibitory effect of C-Fos is weakened. C-Fos
regulatory protein is considered to be the regula-
tion factor of cell proliferation, differentiation,
and transformation, which is also associated with
the death of apoptotic cells. Sepsis can increase
the transcription and translation of C-Fos,3° but
other studies confirm that C-Fos might be not

important for cell apoptosis,3! so the role of C-Fos
in sepsis-induced ARDS requires further study.
The involvement of MYC in the spliceosome
pathway regulates molecular transcription levels.
Regulating the selection of splicing sites is an
important mechanism to control human genetic
information, which proves the principle that dis-
eases caused by missplicing events can eventually
be cured.?? Downregulated MYC leads to the
downregulation of gene expression and suppres-
sion of transcription throughout the whole body,
and this abnormality is the basis of many human
diseases, or is related to the severity of such dis-
eases.?3 Therefore, studying the role of MYC in
sepsis-induced ARDS may provide new thera-
peutic approaches.

Although our study provides some new insights
into sepsis-induced ARDS, there are still several
notable limitations. Firstly, the sample size of this
study was relatively small. In particular, whether
these core genes can be used as biomarkers for
sepsis or sepsis-induced ARDS need to be vali-
dated in a larger data set. Secondly, our study was
based on bioinformatics methods that proposed
potential molecular mechanisms of sepsis-
induced ARDS, which need to be verified in
molecular experiments. In addition, because
there is no data of ARDS induced by other causes
in GSE32707, whether our findings are applica-
ble to ARDS induced by other causes remains
unclear and needs further study.

In conclusion, we constructed a preliminarily
TF-module-pathway global transcriptional regula-
tory network for sepsis-induced ARDS based on
FDGs in the process of evolving from healthy con-
trol through sepsis to sepsis-induced ARDS. MYC
and STAT3 may be key regulatory genes in the
underlying dysfunction of sepsis-induced ARDS.
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