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Fusobacterium nucleatum (F. nucleatum) is a crucial periodontal pathogen and human
gingival fibroblasts (GFs) are the first line of defense against oral pathogens. However,
the research on potential molecular mechanisms of host defense and effective treatment
of F. nucleatum infection in GFs remains scarce. In this study, we undertook a time-
series experiment and performed an RNA-seq analysis to explore gene expression
profiles during the process of F. nucleatum infection in GFs. Differentially expressed
genes (DEGs) could be divided into three coexpression clusters. Functional analysis
revealed that the immune-related signaling pathways were more overrepresented at
the early stage, while metabolic pathways were mainly enriched at the late stage. We
computationally identified several U.S. Food and Drug Administration (FDA)-approved
drugs that could protect the F. nucleatum infected GFs via a coexpression-based
drug repositioning approach. Biologically, we confirmed that six drugs (etravirine,
zalcitabine, wortmannin, calcium D-pantothenate, ellipticine, and tanespimycin) could
significantly decrease F. nucleatum-induced reactive oxygen species (ROS) generation
and block the Protein Kinase B (PKB/AKT)/mitogen-activated protein kinase signaling
pathways. Our study provides more detailed molecular mechanisms of the process
by which F. nucleatum infects GFs and illustrates the value of the cogena-based drug
repositioning method and the potential therapeutic application of these tested drugs in
the treatment of F. nucleatum infection.

Keywords: F. nucleatum, gingival fibroblasts, RNA-seq, time-course transcriptome, drug repositioning

INTRODUCTION

Periodontal disease is caused by the interaction of dental plaque biofilm and the host immune
system (Sanz et al., 2017). Fusobacterium nucleatum (F. nucleatum) has been confirmed as a high-
frequency pathogen in periodontal disease (Moore and Moore, 1994). As a bridging bacterium,
F. nucleatum could transfer critical periodontal pathogens, such as Porphyromonas gingivalis to
periodontal infectious sites, recruit and activate local immune cells, and then result in tooth

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 September 2019 | Volume 7 | Article 204

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2019.00204
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2019.00204
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2019.00204&domain=pdf&date_stamp=2019-09-20
https://www.frontiersin.org/articles/10.3389/fcell.2019.00204/full
http://loop.frontiersin.org/people/748425/overview
http://loop.frontiersin.org/people/748423/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00204 September 24, 2019 Time: 15:40 # 2

Kang et al. Drug Repositioning for F. nucleatum-Infected HGFs

supporting tissue destruction (Diaz et al., 2002; Signat et al.,
2011). Recent studies have confirmed that F. nucleatum is widely
involved in the progression of colorectal cancer (Rubinstein
et al., 2013), brain abscess (Kai et al., 2008), septicemia-related
infections (Kroon et al., 2012), and intrauterine infections (Han
et al., 2010). It has been confirmed that F. nucleatum could invade
the tissue and play critical roles in the process of tumorigenesis
and metastasis (Kostic et al., 2013; Rubinstein et al., 2013;
Bullman et al., 2017; Yang et al., 2017). However, the pathogenic
effect of F. nucleatum on oral cells has rarely been reported.

Human gingival fibroblasts (GFs) are the major constituents
of gingival connective tissue, which can directly interact with
pathogens and their pathogenic products and play crucial roles
in regulating the host defense response (Wang et al., 2001).
GFs could produce cytokines to protect the host from damage,
whereas large amounts of pro-inflammatory cytokines would also
cause the direct destruction of gingival tissues (Wang et al., 1999).
Studies have shown that F. nucleatum can attack host tissues
and obstruct the healing of damaged oral tissues by secreting
large amounts of ammonium and butyrate (Bartold et al., 1991;
Jeng et al., 1999). However, the comprehensive pathogenicity
effects of F. nucleatum in the human oral cavity have not been
determined to date.

RNA-sequencing (RNA-seq) analysis is an efficient approach
to investigate the pathogenic effects of oral bacteria on
oral cells. Previous RNA-seq analysis helped to elucidate
host transcriptional responses to such pathogens as viruses,
Enterobacter lignolyticus, and Mycobacterium tuberculosis (Kalam
et al., 2017; Orellana et al., 2017; Wei et al., 2017). Ahn
first used whole transcriptome analysis to explore the response
of human GFs to F. nucleatum and found a large number
of differentially expressed genes (DEGs) in aged GFs after
F. nucleatum stimulation, which are associated with free radical
scavenging, the cell cycle, and cancer (Ahn et al., 2017).

Drug repositioning, that is, exploring new indications for
existing drugs that are beyond their original indications, is
an increasingly attractive pattern of therapeutic discovery.
Except for saving time and money, the dominant advantage of
drug repurposing strategy is that existing drugs have already
been confirmed in terms of their safety, dosage, and toxicity.
Thus, repurposed candidate drugs can rapidly enter clinical
trials compared with newly developed drugs (Ashburn and
Thor, 2004). The central hypothesis of coexpression-based
drug repositioning is that drugs which could reverse the gene
expression signature of one specific disease can be considered
as a potential drug candidate for treating the disease (Kandela
and Aird, 2017). Several studies have confirmed the value of
these computational approaches to identify new drug candidates
for treating cancers such as cholangiocarcinoma, small-cell lung
cancer, and metastatic colorectal cancer (Chen et al., 2013;
Jahchan et al., 2013; Wang et al., 2013; van Noort et al., 2014;
Hadley et al., 2017; Himmelstein et al., 2017; Lee et al., 2017).
In this study, we applied drug repositioning to F. nucleatum-
infected GFs.

In this study, we provided a comprehensive gene expression
profile of GFs along the sequence of F. nucleatum stimulation.
Coexpressed DEGs and stage-specific enriched pathways

were identified. A coexpression-based computational drug
repositioning strategy was used to identify FDA-approved drugs
and molecules to retard the response of GFs to F. nucleatum
infection. We experimentally validated the effects of the
drug candidates on F. nucleatum-induced GF intracellular
reactive oxygen species (ROS) generation and Protein Kinase B
(PKB/AKT), nuclear factor-κB (NF-κB), mitogen-activated
protein kinase (MAPK) signaling pathway activation, which
contributes to determining the fate of the cellular response to
infections. The entire comprehensive experimental design is
shown in Figure 1.

MATERIALS AND METHODS

Bacterial Strains and Culture
Fusobacterium nucleatum strain ATCC 25586 was provided
by the Shandong Provincial Key Laboratory of Oral Tissue
Regeneration (Jinan, China) and was employed in this study.
Stock cultures were routinely propagated in brain–heart infusion
broth supplemented with 5 µg ml−1 hemin and 1 µg ml−1

menadione in an anaerobic atmosphere. The bacteria were
incubated for 18 h in a constant temperature incubator at 37◦C.
After measuring optical density (OD) values at 600 nm, cells
were harvested by centrifugation at 4500 rpm for 5 min from
the fresh overnight culture, washed with phosphate-buffered
solution (PBS; Solarbio, Beijing, China), and suspended in
Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan,
UT, United States) for the subsequent study.

Ethical Statements, Cell Culture, and
RNA-Seq Analysis
This study was approved by the Medical Ethical Committee
of the Stomatology School, Shandong University (Protocol
Number: 20170101). Five subjects participating in this program
were informed with this research project and signed informed
consent according to the Helsinki Declaration of 1975. GFs
were cultured and infected with F. nucleatum for 2, 6, 12, 24,
and 48 h at the multiplicity of infection (MOI) equal to 100
(F. nucleatum:cell = 100:1), and then the total RNA of 54 samples
from five individuals was extracted and subjected to the RNA-
seq analysis according to our previous study (Kang et al., in
press). All clean reads were mapped to the reference genome
(GRCh38). The raw sequence data reported in this paper have
been deposited in the Genome Sequence Archive (Wang et al.,
2017) in BIG Data Center Members (2019), Beijing Institute of
Genomics (BIG), Chinese Academy of Sciences, under accession
number CRA001739 that are publicly accessible at http://bigd.
big.ac.cn/gsa. Moreover, all raw RNA-seq data could be accessible
through GEO Series accession number, GSE118691.

Differential Expression Analysis
The Bioconductor package limma was used to detect the DEGs
between control groups and F. nucleatum-treated groups at each
time-point based on the gene expression level by the absolute
of the logged fold-change of normalized expression ≥2 and an
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FIGURE 1 | Schematic diagram of the experimental design of GFs interacting with F. nucleatum. GFs with or without F. nucleatum stimulation were subjected to
RNA-seq analysis. The DEGs were identified, followed by KEGG pathway and GO enrichment analysis. Cogena analysis was used to search for the coexpression
pathways and reposition the drugs to defend F. nucleatum infection. Finally, the potential roles of six drugs were validated with the biological experiments.

adjusted P-value < 0.05. Principal component analysis (PCA)
was used to compare the differences among all groups. The Venn
diagram visualized the overlapping genes among the DEGs of
each group with the Venn package.

Kyoto Encyclopedia of Genes and
Genomes, Gene Ontology Analysis, and
Computationally Drug Repositioning
Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
and Gene Ontology (GO) enrichment analysis were used for
the functional annotation of DEGs via the cluster Profiler
Bioconductor package (Yu et al., 2012). Coexpression gene
set analysis was performed using the cogena Bioconductor
package and KEGG pathway from Msigdb. Cmap upregulated
and downregulated gene sets were used in the cogena analysis
(Jia et al., 2016). The core principle behind cogena is that
coexpressed genes usually function coordinatively in the cell, and
targeting these coexpressed genes will probably be more efficient
for the treatment of disease. Cogena can build the connection
between the coexpressed genes, pathways, and drugs, and among
them, coexpressed genes were related to diseases, drugs were
the candidate drugs for the disease, and pathways can uncover
the drug mechanism of the action for the disease. Notably, the

clustering method and the number of clusters were chosen with
some instructive rules as disclosed in the original cogena paper.
For example, an optimal clustering configuration should cluster
a specific pathway across as few clusters as possible, ideally only
one cluster. The distribution of a pathway across multiple clusters
may indicate that too many clusters were selected. Unrelated
pathways should be separately enriched among different clusters.
In addition, the number of genes in a cluster should be at a
minimum to provide an optimal maximum enrichment score
(Jia et al., 2016).

Drugs and Inhibitors
Etravirine, zalcitabine, tanespimycin, wortmannin, and calcium
D-pantothenate were all purchased from Selleck (Shanghai,
China) and ellipticine was purchased from MedChemExpress
(MCE, Shanghai, China). All of these powders were dissolved
in the appropriate solvent according to the manufacturer’s
instructions.

Cell Viability Assay
Cultured GFs were seeded in a 96-well plate (8,000 cells/well)
and incubated overnight at 37◦C in a CO2 incubator. After
cell adhesion and extension, drugs at various concentrations
were diluted in DMEM and pretreated cells for 24 h. The
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effects of etravirine, zalcitabine, wortmannin, calcium D-
pantothenate, ellipticine, and tanespimycin on GFs’ viability
were determined by cell-counting kit-8 according to the
manufacturer’s instructions (CCK-8, Dojindo, Kumamoto,
Japan). Briefly, 100 µl of medium containing 10 µl of test
reagents was added to each well, and the plates were incubated
for 2.5 h at 37◦C in a CO2 incubator. The OD value was
measured at a wavelength of 450 nm using a microplate reader
(SPECTROstar Nano, BMG Labtech, Offenburg, Germany). The
experiments were performed in sextuplicate and repeated three
times in GFs from three different donors.

Measurement of Intracellular ROS
Intracellular ROS levels were detected with a 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) assay according
to the cell reactive oxygen detection kit (BestBio, Shanghai,
China) following the manufacturer’s instructions. GFs were
seeded in 96-well plates and pretreated with drugs for 24 h and
then stimulated with F. nucleatum (MOI = 100) for another 24 h.
Cells were incubated with DCFH-DA (1:1000) for 20 min at
37◦C in a cell incubator with darkness. A fluorescence microplate
reader was used to determine intracellular ROS production.
The fluorescence intensity value was measured at 488/535 nm
wavelength using a fluorescence microplate reader (VICTOR X2,
PerkinElmer, Waltham, MA, United States). The experiments
were performed in sextuplicate and repeated three times in GFs
from three different donors.

Western Blot Analysis
Gingival fibroblasts were seeded in 6-well plates and pretreated
with drugs for 24 h and then stimulated with F. nucleatum
(MOI = 100) for 30 min. Cells were harvested with RIPA lysis
buffer containing 1% protease inhibitor and 1% phosphatase
inhibitor (Solarbio, Beijing, China). Protein concentrations were
measured according to bicinchoninic acid (BCA) protein assays
and 10 µg/lane proteins were loaded onto 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, United States). The membranes
were incubated with primary antibodies at 4◦C overnight at
a dilution of 1:1000–10,000 according to the manufacturer’s
instructions (Supplementary Table S1), and then incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:10,000; Proteintech, Chicago, IN, United States) for 1 h at
room temperature. Western blotting images were captured using
a FluorChem E System (Amersham Imager 600; GE Healthcare
Life Sciences, Pittsburgh, PA, United States). ImageJ 1.44 software
(NIH, Bethesda, MD, United States) was used to quantify the
protein expression level. The experiments were repeated three
times in GFs from three different donors.

Quantitative Real-Time Polymerase
Chain Reaction
Gingival fibroblasts were seeded in 96-well plates and pretreated
with drugs for 24 h and then stimulated with F. nucleatum
(MOI = 100) for another 24 h. Total RNA was extracted

with TRIzol R©(CWBIO, Beijing, China) and the mRNA was
reverse-transcribed to cDNA according to the instruction of
the HiFiScript cDNA Synthesis kit (CWBIO, Beijing, China).
Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed according to the manufacturer’s manual of
UltraSYBR Mixture (CWBIO, Beijing, China) by a LightCycler
96 Real-Time PCR System (Roche, Basel, Switzerland). Data
were analyzed by the 2(−11Ct) method. The sequences of
the primers used are shown in Supplementary Table S2. The
experiments were repeated three times in GFs from three
different donors.

Statistical Analysis
All biological data for validating the candidate drugs are
presented as the mean ± standard deviation (SD). Tests were
analyzed using GraphPad Prism software (version 6, MacKiev
Software, Boston, MA, United States), and differences among
more than two groups were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s honestly significant
difference (HSD) comparison test. A P-value < 0.05 considered
to be statistically significant. The R code and data to reproduce
all the figures and tables are available via the link https://github.
com/zhilongjia/Fn_HGFcell.

RESULTS

RNA-Seq Analysis of
F. nucleatum-Stimulated GFs at Each
Time Point
The differential expression analysis for each two groups was
carried out at the first step between the F. nucleatum-treated
group and the control group at each time point. Seventy-
nine, 98, 197, 458, and 707 DEGs were identified at 2, 6, 12,
24, and 48 h, respectively, as visualized by a Venn diagram
(Figure 2A). Among all the DEGs at each time point, 22
core genes, such as IL6, SOD2, and PTGS2, were significantly
upregulated in the whole process of F. nucleatum infection
(Supplementary Table S3). The expression profiling of 971
genes, the union of all DEGs at each time point, was visualized
with a heatmap (Supplementary Figure S1). As shown in
Supplementary Figure S1, there were three highly separated
sample clusters in the hierarchy structure of clusters; the first
cluster was all the control groups at each time-point and 0 h,
and the second cluster was the treated groups from 2, 6, and
12 h, separated from the third cluster, the treated groups from
24 and 48 h. The distribution of all 54 samples in the two-
dimensional space projected by PCA of the expression profile of
the 971 DEGs verified this observation with a view toward group
separation (Figure 2B). The separation of different groups was
clear. The control and F. nucleatum-infected groups appeared
separately along the first axis, and the samples in the control
groups were located nearer to each other without differences
in time series, while samples within each infected group of
2, 6, 12, 24, and 48 h aggregated, respectively, and separated
from one another.
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FIGURE 2 | Venn diagram of all the DEGs at each time-point. (A) GFs were treated with F. nucleatum (MOI = 100) at 2, 6, 12, 24, and 48 h, and 22 core overlapping
DEGs were identified among the five time points. (B) PCA of 54 samples based on the expression of all DEGs. The samples are from five donors. The first letter (B,
C, D, E, or F) in the sample name represents the donor ID, the number in the middle represents the time point, and the last letter C or F represents control and
F. nucleatum, respectively. In the legend, C and F represent the control and F. nucleatum, respectively.

Pathway and GO Analysis of DEGs at
Each Time Point
The functional analysis of DEGs at each time-point on pathway
and GO level presented pathways and GO changes over
time. The results of KEGG pathway analysis are shown in
Figure 3. Specifically, the Tumour necrosis factor (TNF)-
signaling pathway, IL-17 signaling pathway, cytokine–cytokine
receptor interaction, NF-κB signaling pathway, and rheumatoid
arthritis pathway were continuously activated and the magnitude
of enrichment slowly decreased with time, although the
number of DEGs increased with time. Interestingly, several
relevant pathways acted at different stages. For example, the
bacteria (such as legionellosis, pertussis, Helicobacter pylori)
and virus (such as salmonella, influenza, measles, herpes
simplex, hepatitis B/C, human T Lymphotropic virus (HTLV)-I)
infection pathways, chemokine signaling pathway, Toll-like
receptor (TLR) signaling pathway, apoptosis signaling pathway,
and jak-STAT signaling pathway were activated at the early
stage (before 12 h), while the transforming growth factor
(TGF)-beta signaling pathway, glutathione metabolism, protein
digestion, and absorption signaling pathway were activated
at the late stage (after 12 h). These results indicated that
drastic changes occurred in GFs from 12 to 24 h after
infection with F. nucleatum. The GO overrepresentation analysis
is illustrated in Supplementary Figure S2. Cytokine and
growth factor activities were highly enriched at all times
points, but the extent of enrichment decreased over time.
Transmembrane transporter, wnt signal, and extracellular matrix
structural constituent ontologies were overrepresented at the
late stage. The analysis of GO also confirmed that a variety
of genes functioned approximately 12 h after the infection
of F. nucleatum.

Time Course Coexpression Pathway
Analysis
Biologically, coexpressed genes tend to have similar functions at
the cytological level. We identified coexpressed genes in the DEGs
and performed pathway analysis of these coexpressed genes using
cogena, a tool developed in our previous study (Jia et al., 2016).
We found that the DEGs could be divided into three clusters
(Figure 4A). Specifically, considering the regulation direction
of the DEGs, genes in cluster 1 were upregulated after 12 h of
F. nucleatum stimulation, and genes in cluster 2 were upregulated
immediately, while genes in cluster 3 were down-regulated after
12 h (Figure 4A). KEGG pathway analysis revealed that genes in
cluster 2 were highly enriched in the cytokine–cytokine receptor
signaling pathway, NOD-like receptor signaling pathway, and
TLR signaling pathway, while genes in clusters 1 and 3 were
mainly enriched in metabolism-related pathways. Notably, TGF-
β signaling and systemic lupus erythematosus pathways were
overrepresented in cluster 1. The immune response in GFs to
F. nucleatum was triggered in <2 h of F. nucleatum infection,
while the normal metabolism process in GFs was severely
disturbed after 12 h (Figure 4B). The results suggested that
the major response was altered over time during F. nucleatum
infection in GFs.

Computational Drug Repositioning for
Treating F. nucleatum-Infected GFs
We performed drug repositioning analysis to identify potential
drug candidates by a cogena-based computational drug
repositioning pipeline. The core of cogena is to identify
drugs that can largely reverse the regulation direction of a
cluster of coexpressed DEGs in GFs affected by the infection
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FIGURE 3 | KEGG pathway enrichment analysis of DEGs at each time-point. GFs were stimulated by F. nucleatum at 2, 6, 12, 24, and 48 h, and 51, 60, 107, 234,
and 315 DEGs (entrez ID) were identified, and the top 39 pathways are shown. The size of the dot represents the degree of enrichment and the color indicates the
degree of statistical significance.

of F. nucleatum, and the results of computational drug
repositioning for each cluster are presented in Figure 5. Not
unexpectedly, several antibiotics and immunosuppressants

were rediscovered, and some drugs that are not antibiotics or
immunosuppressants were enriched in the results of cogena drug
repositioning analysis.
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FIGURE 4 | Time course coexpression pathway analysis. (A) GFs were stimulated by F. nucleatum at 2, 6, 12, 24, and 48 h, and all united DEGs were shown in the
heatmap and all these DEGs were clearly divided into three clusters. The DEGs in cluster 1 were upregulated after F. nucleatum stimulation at 12 h. The DEGs in
cluster 2 were upregulated immediately after F. nucleatum stimulation. The DEGs in cluster 3 were downregulated after F. nucleatum stimulation at 12 h. (B) The
DEGs of three clusters were subjected to coexpression KEGG pathway analysis, and the degrees of enrichment of each pathway are presented with the enrichment
scores.

FIGURE 5 | Computational drug repositioning for the coexpressed genes. The enrichment scores of candidate drugs. (A) Drug candidates, such as ellipticine,
tanespimycin, etravirine, and wortmannin, mainly target DEGs in cluster 1. (B) Drug candidates (such as tanespimycin) mainly target DEGs in cluster 2. (C) Drug
candidates (such as zalcitabine and pantothenic acid) mainly target DEGs in cluster 3.
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Drug candidates mainly targeting coexpressed genes in
cluster 1 are shown in Figure 5A. Among these drugs,
we found some were relevant to anti-bacterial activity or
immunity. Sirolimus, ranked 4th, is an immunosuppressant,
especially in preventing the rejection of kidney transplants.
Geldanamycin, ranked 5th, is a benzoquinone ansamycin
antitumor antibiotic with moderate anti-microbial, anti-
fungal, and anti-protozoa activity (DeBoer et al., 1970). To
the best of our knowledge, tanespimycin, a derivative of
geldanamycin, is being studied in the treatment of cancer but
not in antibiotics. Etravirine is a drug used for the treatment
of human immunodeficiency virus (HIV). Wortmannin
and LY-294002 are PI3K inhibitors. Ellipticine, ranked first,
is an inhibitor of topoisomerase II. Trichostatin A is an
antifungal antibiotic.

Drug candidates for cluster 2 are listed in Figure 5B.
Ciclosporin, tolmetin, and tacrolimus, which are
immunosuppressants, were ranked 3rd, 6th, and 16th,
respectively. Rimexolone, ranked 5th, is a glucocorticoid steroid
used to treat inflammation in the eye. Methylbenzethonium
chloride, ranked 7th, possesses antiseptic and anti-infective
properties. Tanespimycin, ranked 17th, appeared again.

Drug candidates for cluster 3 are listed in Figure 5C. Rifabutin,
the first drug, is an antibiotic used to treat tuberculosis and
prevent and treat the mycobacterium avium complex. Zalcitabine
is approved for the treatment of HIV. Demeclocycline can treat
various types of bacterial infections. Trichostatin A appeared in
all three clusters. Pantothenic acid is also known as vitamin B5.

From this drug repositioning approach, we predicted a list
of candidate drugs with the efficacy against F. nucleatum. This
list covered a wide variety of drugs, including antineoplastic
drugs (e.g., ellipticine), immunity inhibitors (sirolimus),
Hsp90 inhibitors (tanespimycin and geldanamycin), PI3K
inhibitors (wortmannin, LY-294002), and HIV drugs
(zalcitabine and etravirine), suggesting that these agents
may prevent or treat the diseased effect of F. nucleatum
infection by altering the gene expression signature in the
infected GFs.

Biological Validation of the Candidate
Drugs in vitro
Biologically experimental validation of several drugs’ roles
in against F. nucleatum infection and protecting the cells,
including the effect of candidate drugs on GF proliferation,
and F. nucleatum-elevated intracellular ROS generation and
NF-κB, MAPK, and AKT signaling pathway activation were
performed. Among the predicted drugs, six drugs, etravirine,
zalcitabine, wortmannin, calcium D-pantothenate, ellipticine,
and tanespimycin, were selected to be tested due to the scale of
biological experiments.

We confirmed that all six drugs dose-dependently inhibited
primary GF proliferation. GFs were more tolerant to etravirine,
zalcitabine, wortmannin, and calcium D-pantothenate and
10 µM etravirine, 40 µM zalcitabine, 80 µM wortmannin,
and 80 µM calcium D-pantothenate significantly inhibited GF
proliferation. On the other hand, ellipticine and tanespimycin

were sensitive to GF proliferation, and 1 µM tanespimycin
and 0.1 µM ellipticine presented inhibitory effects on cell
growth. To ensure a better effect of the candidate drug
on F. nucleatum-stimulated GFs, we selected the drug
concentration that could maintain the survival of GFs over
80% compared with the negative control group for the
subsequent experiments. Thus, etravirine (80 µM), zalcitabine
(80 µM), wortmannin (80 µM), calcium D-pantothenate
(80 µM), ellipticine (10 µM), and tanespimycin (10 µM)
were used to pretreat GFs before F. nucleatum stimulation
(Figure 6A).

Fusobacterium nucleatum at the MOI of 100 significantly
elevated the GF intracellular ROS level at 24 h stimulation, and
etravirine, zalcitabine, wortmannin, calcium D-pantothenate,
ellipticine, and tanespimycin, significantly reduced the
F. nucleatum-elevated intracellular ROS level (Figure 6B).
As ROS play key roles in regulating cell proliferation, apoptosis,
and the inflammatory response (Rasul et al., 2013; Leavy, 2014),
our results indicated that these drugs had the potential to develop
as an adjuvant drug in treating the disease induced by abundant
ROS generation.

Furthermore, we used western blot assay to detect the
roles of candidate drugs in the F. nucleatum-activated AKT,
NF-κB, and MAPK signaling pathways. The results showed
that F. nucleatum at the MOI of 100 could significantly
activate the NF-κB, MAPK, and AKT signaling pathways
at 1 h of stimulation (Figure 7). F. nucleatum activated
pathways related to cell proliferation by elevating the abundance
ratio of p-AKT/AKT and p-ERK/ERK (Figure 7A). All
drugs, except etravirine, could effectively block the ERK
signaling pathway. Wortmannin and tanespimycin could
significantly decrease the F. nucleatum-activated Akt signaling
pathway, while other drugs could not (Figures 7A–C).
F. nucleatum activated the NF-κB signaling pathway by
increasing the proportion of p-p65/p65, p-IκBα/IκBα,
and degrading IκBα (Figure 7A). Etravirine, calcium
D-pantothenate, ellipticine, and especially tanespimycin
could inhibit F. nucleatum-induced IκBα degradation
(Figure 7D). All drugs except wortmannin could significantly
dephosphorylate F. nucleatum-induced IκBα, and notably,
the ratio of p-IκBα/IκBα in the tanespimycin-treated group
was equivalent to that in the control group (Figure 7E).
Zalcitabine could significantly decrease the phosphorylation
level of IκBα while partly increasing the IκBα protein level.
For the protein level of p-p65, calcium D-pantothenate
showed a slightly inhibitory effect of F. nucleatum-elevated
p-p65 levels with no statistical significance. The results
indicated that the candidate drugs mainly regulated the
NF-κB signaling pathway by increasing IκBα protein
levels rather than decreasing phosphorylated p65 levels
(Figures 7A,D–F). In addition, F. nucleatum significantly
activated the MAPK signaling pathway by increasing
the proportion of p-jnk/jnk, p-ERK/ERK, and p-p38/p38
protein (Figure 7A). Zalcitabine, wortmannin, calcium D-
pantothenate, ellipticine, and tanespimycin could significantly
block the ERK and p38 signaling pathway by reducing the
phosphorylated protein levels (Figures 7A,C,H). Etravirine,
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FIGURE 6 | Effects of candidate drugs on GF proliferation and F. nucleatum-induced ROS generation. (A) GFs were treated with etravirine, zalcitabine, wortmannin,
and calcium D-pantothenate at 10, 20, 40, 80, and 160 µM, and ellipticine (1, 5, 10, 20, and 40 µM) and tanespimycin (0.1, 1, 5, 10, and 20 µM) were used to treat
cells for 24 h. The proliferation rates of GFs were detected by CCK-8. The white line represents 80% inhibitory concentration. (B) Etravirine (80 µM), zalcitabine
(80 µM), wortmannin (80 µM), calcium D-pantothenate (80 µM), ellipticine (10 µM), and tanespimycin (10 µM) were pretreated GFs for 24 h before F. nucleatum
infection (MOI = 100) for another 24 h. All drugs could significantly decrease F. nucleatum-elevated intracellular ROS generation in GFs. The histogram represents the
mean ± SD (n = 6). C, control; Fn, F. nucleatum-treated group; PC, positive control. Statistical analyses were performed by one-way ANOVA with Tukey’s
multiple-comparison test. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 compared with the control group.###P < 0.001 compared with the F. nucleatum-treated group.

wortmannin, ellipticine, and tanespimycin could largely
reverse the F. nucleatum-activated JNK signaling pathway by
decreasing the p-JNK level, while zalcitabine and calcium
D-pantothenate could not (Figures 7A,G). The results
demonstrated that the tested drugs played relevant roles
in defending against F. nucleatum infection and protecting
GFs via F. nucleatum-activated AKT, NF-κB, and MAPK
signaling pathways.

DISCUSSION

Our study provides a novel, quantitative, accurate, and
comprehensive time course gene expression landscape in human
GFs following F. nucleatum infection through efficient utilization
of RNA-seq technology, and this research further confirms that
F. nucleatum regulates GFs’ biological properties by influencing
the immune response in the early stage while interfering
with cell metabolism in the late stage. Moreover, we use a
computational drug repositioning approach to seek drugs to
defend F. nucleatum and examine the effect of the selected
drugs in protecting GFs after F. nucleatum stimulation. Previous
studies have confirmed that F. nucleatum could significantly
trigger ROS generation in GFs at 2 h postinfection, which is
critical in regulating the host defense response (Ahn et al.,
2016). Due to the universality of periodontal disease and
the high invasive ability of F. nucleatum, the pathogenic

mechanism of F. nucleatum to GFs is an important proposition
in the etiology of periodontal disease. However, the previous
transcriptome analysis on F. nucleatum to GFs was a cross-
sectional study on a single time point of F. nucleatum-treated
and untreated oral cells, which is difficult to determine the
cytological changes during the invasion of pathogenic bacteria
because the pathogenic process is a dynamic process of persistent
interaction between the host and pathogens. In the present
study, we used an RNA-seq strategy to assess the time-course
impact of F. nucleatum on the cellular fate of GFs and clearly
distinguished the stage-specific DEGs and signaling pathways.
We also identified specific targeted drugs to these pathways and
validated the role of these drugs in alleviating F. nucleatum-
induced ROS generation and AKT, NF-κB, and MAPK signaling
pathway activation.

RNA sequencing has been widely applied in many differential
gene expression studies (Oshlack et al., 2010; Ozsolak and
Milos, 2011). In recent years, RNA-seq, as a comprehensive
and systematic approach to defining the transcriptome of an
organism with minimal bias (Humphrys et al., 2013), has
attracted considerable attention from scholars for its widespread
use in various cell types and experimental settings without
specific probes or cross-hybridization issues (Mortazavi et al.,
2008; Bruno et al., 2010). RNA-seq has been used to predict
and prioritize candidate cancer neoantigens and dual RNA-seq
has been developed to unravel the complex interplay between
bacterial virulence and host response (Karasaki et al., 2017;
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FIGURE 7 | Effects of candidate drugs on F. nucleatum-activated NF-κB, MAPK, and AKT signaling pathways in GFs. (A) The protein levels of AKT, phosphorylated
AKT, p38, phosphorylated p38, JNK, phosphorylated JNK, ERK, phosphorylated ERK, IκBα, phosphorylated IκBα, NF-κB p65, and phosphorylated NF-κB p65 were
detected by western blotting. The relative expression of (B) phosphorylated AKT/AKT, (C) phosphorylated ERK/ERK, (D) IκBα/GAPDH, (E) phosphorylated
IκBα/IκBα, (F) phosphorylated NF-κB p65/NF-κBp65, (G) phosphorylated JNK/JNK, and (H) phosphorylated p38/p38 was quantified by ImageJ. Histograms
represent means ± SD (n = 3). C, control; Fn, F. nucleatum-treated group; PC, positive control. Statistical analyses were performed using one-way ANOVA with
Tukey’s multiple-comparison test. ∗∗P < 0.01 and ∗∗∗P < 0.001 compared with the control group. #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with the
F. nucleatum-treated group.

Marsh et al., 2019). However, current RNA-seq profiling of
eukaryotic gene expression in bacterially infected cells is generally
limited to a single time point. Indeed, cell growth is a constant
dynamic process, even after bacterial infection, which suggests
that time-course transcriptome analysis is needed in the bacterial
infected cells.

Our experimental design is intended to characterize the
temporal dynamics of gene expression in GFs during the
F. nucleatum stimulation at 2, 6, 12, 24, and 48 h to illuminate
the series of progressive biological mechanisms involved in
F. nucleatum infection. By comparing GF gene expression
between F. nucleatum-infected GFs and control groups at each
time point, we identified 79, 98, 197, 458, and 707 DEGs at 2, 6,
12, 24, and 48 h, resulting in 971 united DEGs after F. nucleatum
stimulation. In addition, we identified that the early-stage DEGs
were enriched in immune-related signaling pathways, such as
the MAPK signaling pathway, chemokine signaling pathway, and
T-cell receptor signaling pathway, while large numbers of late
stage DEGs were enriched in metabolite-related pathways, such
as glycerophospholipid metabolism, o-glycan biosynthesis, and
the insulin signaling pathway. These data suggested that during
F. nucleatum infection, the host immune system was activated to

defend the foreigner invader at first, while excessive pathogenic
bacteria could evade the host immune response and perturb the
host normal metabolic process.

Bacterial infection could trigger the production of ROS and
then regulate intracellular signaling and host defense (Torres
et al., 2006). ROS, mainly produced from the mitochondrial
electron transport of aerobic respiration, are reactive molecules
and free radicals derived from molecular oxygen (Rovin
et al., 1990) and play roles in promoting cell apoptosis and
the inflammatory response (Rasul et al., 2013; Leavy, 2014).
F. nucleatum has a greater capacity to metabolize oxygen
molecules (Diaz et al., 2002) and could activate NOX1 and
NOX2 in GFs, which leads to an oxygen-limited environment
that facilitates attachment of the strict anaerobe P. gingivalis
to GFs and consequently increases GF apoptosis (Ahn et al.,
2016). Our previous study confirmed that F. nucleatum could
increase the production of ROS and sequentially induce apoptosis
and inflammatory cytokine production in GFs (Kang et al.,
in press). In this study, we validated the effects of our
predicated candidate drugs on ROS generation after F. nucleatum
stimulation and the results indicated that all of the drugs are
effective in inhibiting F. nucleatum-elevated ROS production,
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which suggested that these drugs have the potential to protect
F. nucleatum-infected GFs.

Gingival fibroblasts, as the first physical line of defense against
oral microflora, could locally orchestrate immune reactions
by recognizing the specific pathogen-associated molecular
patterns through their respective TLRs (Handfield et al., 2008).
F. nucleatum is considered to be an opportunistic pathogen that
could participate in the disease process when environmental
conditions allow it. From our RNA-seq data, it is notable
that among the 13,658 genes tested, IL-8, IL-6, CCL2, SOD2,
and PTGS2 expression was significantly increased at all stages
in F. nucleatum infection. IL-8 is a key chemokine for the
accumulation of neutrophils and has been confirmed to play key
roles in the acute inflammatory response (Eftang et al., 2012).
IL-6 could alter osteocyte signaling toward osteoblasts and elicit
periodontitis through facilitating osteoclastogenesis and bone
resorption (Kwan et al., 2004; Bakker et al., 2014). GFs could
secrete IL-6 and CCL2 via activating TLR4 signaling, MAPK, and
NF-κB pathways, resulting in the progression of periodontitis
(Nishikawa et al., 2017). PTGS2, namely, cyclooxygenase 2
(COX-2), could be induced and act on arachidonic acid to
form prostaglandins (PGs), which are pivotal in the pathogenesis
of periodontitis (Noguchi et al., 1999; Morton and Dongari-
Bagtzoglou, 2001). SOD2, a main antioxidant enzyme, could
maintain ROS homeostasis under inflammatory conditions and
is upregulated in periodontitis (Yoon et al., 2018). In the current
study, we confirmed that the six selected drugs play different
roles in regulating F. nucleatum-elevated genes expression:
etarvirine significantly down regulated the expression of IL-
6, CCL2, and PTGS2; zalcitabine synergistically enhanced IL6
and IL-8 expression; wortmannin promoted IL-8 and CCL2
expression, while decreased the expression of SOD2 and PTGS2;
D-pantothenate showed no effective roles except for elevating
the expression of PTGS2; ellipticine played synergistically
roles on elevating the expression of IL-6 and SOD2, while
down regulated the expression of CCL2; and tanespimycin
significantly decreased the expression of IL-6, SOD2, and PTGS2
(Supplementary Figure S3). Based on the above results, we
speculate that single drug is difficult to reverse inflammatory
response induced by F. nucleatum, which suggests that drug
combination therapy may be more effective to treat F. nucleatum
infection diseases.

It has been reported that AKT, MAPK, and NF-κB signaling
pathways could be activated in inflammatory conditions in
various cell types (Thompson and Van Eldik, 2009; Oita
et al., 2010; Mendonca et al., 2018). Our RNA-seq data and a
previous study confirmed that F. nucleatum could significantly
activate the AKT, NF-κB, and MAPK (ERK, JNK, and p38)
signaling pathways. In this study, our biological experiments
confirmed that these drugs could largely block the F. nucleatum-
activated ERK, JNK, and p38 MAPK signaling pathways by
decreasing the phosphorylation protein levels of p-ERK, p-JNK,
and p-MAPK. Regarding the NF-κB signaling pathway, we
found that almost all of the drugs, except wortmannin, could
decrease pathway activation by increasing the degradation of
IκBα, rather than decreasing the phosphorylation level of p65.
Wortmannin and tanespimycin could weaken AKT signaling

pathway activation. As a result, based on our computational
prediction and experimental validation in vitro, tanespimycin
can be considered as a candidate drug to treat F. nucleatum-
infected GFs with a higher probability than other tested drugs.
However, our study is limited due to lack of the detailed
in vitro and in vivo biological validation experiments to evaluate
the effects of the candidate drugs on GF biological properties
variation. In the future, we will comprehensively validate the
biological effects of each drug on F. nucleatum-infected GFs
through various biological experiments, such as cell proliferation,
apoptosis, migration, differentiation assays, and further test the
roles of the drugs on F. nucleatum-infected rat models.

CONCLUSION

In summary, our study concludes that F. nucleatum could time-
dependently regulate the gene expression of human GFs and
affect GFs’ biological properties by disturbing the immune-
related signaling pathways in the early stage and interfering with
cell metabolism in the late stage. The potential candidate drugs
(etravirine, zalcitabine, wortmannin, calcium D-pantothenate,
ellipticine, and tanespimycin) identified via a cogena-based
computational drug repositioning approach could significantly
decrease F. nucleatum-induced ROS generation and inhibit
AKT, MAPK, and NF-κB signaling pathways to protect the
F. nucleatum-infected GFs. Our study provides a new method for
the treatment of F. nucleatum-induced GF infection.
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FIGURE S1 | Heatmap of all the united 971 DEGs in 54 samples. The first letter in
the sample name represents the donor ID, the middle number represents the time,
and the last letters C and F represent control and F. nucleatum, respectively.

FIGURE S2 | GO analysis of DEGs at each time-point. GFs were stimulated by
F. nucleatum at 2, 6, 12, 24, and 48 h, and 77, 93, 182, 416, and 621 DEGs
(entrez ID) were identified compared with each control group. The size of the dot
represents the degree of enrichment, and the color indicates a
significant difference.

FIGURE S3 | The gene expression of IL-6, IL-8, CCL2, SOD2, and PTGS2.
Etravirine (80 µM), zalcitabine (80 µM), wortmannin (80 µM), calcium
D-pantothenate (80 µM), ellipticine (10 µM), and tanespimycin (10 µM) were
pretreated GFs for 24 h before F. nucleatum infection (MOI = 100) for another
24 h. The genes expression of IL-6 (A), IL-8 (B), CCL2 (C), SOD2 (D), and PTGS2
(E) was detected by RT-PCR. The histogram represents the mean ± SD (n = 3).
C, control; Fn, F. nucleatum-treated group; PC, positive control. Statistical
analyses were performed by one-way ANOVA with Tukey’s multiple-comparison
test. ∗∗∗P < 0.001 compared with the control group.#P < 0.05, ##P < 0.01, and
###P < 0.001 compared with the F. nucleatum-treated group.

TABLE S1 | Primary antibodies for western blot.

TABLE S2 | Primers sequences for quantitative real-time PCR (qRT-PCR).

TABLE S3 | Twenty-two core DEGs of time-series F. nucleantum-infected GFs.
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