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Fusobacterium nucleatum, an anaerobic oral opportunistic pathogen associated

with periodontitis, has been considered to be associated with the development

of oral squamous cell carcinoma (OSCC). However, the initial host molecular

alterations induced by F. nucleatum infection which may promote predisposi-

tion to malignant transformation through epithelial–mesenchymal transition

(EMT) have not yet been clarified. In the present study, we monitored the

ability of F. nucleatum to induce EMT-associated features, and our results

showed that F. nucleatum infection promoted cell migration in either non-

cancerous human immortalized oral epithelial cells (HIOECs) or the two

OSCC cell lines SCC-9 and HSC-4, but did not accelerate cell proliferation or

cell cycle progression. Mesenchymal markers, including N-cadherin, Vimentin,

and SNAI1, were upregulated, while E-cadherin was decreased and was

observed to translocate to the cytoplasm. Furthermore, FadA adhesin and

heat-inactivated F. nucleatum were found to cause a similar effect as the viable

bacterial cells. The upregulated lncRNA MIR4435-2HG identified by the

high-throughput sequencing was demonstrated to negatively regulate the

expression of miR-296-5p, which was downregulated in F. nucleatum-infected

HIOECs and SCC-9 cells. The binding of MIR4435-2HG and miR-296-5p

was validated via a dual-luciferase reporter assay. Additionally, knockdown of

MIR4435-2HG with siRNA leads to a decrease in SNAI1 expression, while

miR-296-5p could further negatively and indirectly regulate SNAI1 expression

via Akt2. Therefore, our study demonstrated that F. nucleatum infection could

trigger EMT via lncRNA MIR4435-2HG/miR-296-5p/Akt2/SNAI1 signaling

pathway, and EMT process may be a probable link between F. nucleatum

infection and initiation of oral epithelial carcinomas.

Introduction

Periodontitis is the sixth most prevalent disease world-

wide and has been linked to oral squamous cell carci-

noma (OSCC) [1,2]. F. nucleatum is an anaerobic

periodontal pathogen acting as the ‘bridge bacterium’

that links early and late colonizers, for instance, Strep-

tococcus gordonii and Porphyromonas gingivalis in
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plaque biofilm [3]. A link between F. nucleatum and

cancer was first established upon detection of the

abundance of F. nucleatum in colorectal cancer

patients using metagenomics methods [4]. To date,

extensive researches have explored the contribution of

F. nucleatum to the development of colorectal carcino-

mas [4–6]. A significant abundance of F. nucleatum has

also been detected in patients with OSCC [7–9]. In line

with the previous studies, our recent study revealed

that F. nucleatum was present at a higher level in

OSCC tissues than in normal tissues by analyzing 61

oral cancer tissues and their adjacent paracancerous

tissues as well as 30 normal tissues using 16S rRNA

amplicon sequencing and qPCR [10]. However, the

regulatory role of F. nucleatum in malignant transfor-

mation or oncogenic progression of oral epithelial cells

remains largely unknown.

Epithelial–mesenchymal transition (EMT) was

defined as a rapid and often reversible alteration from

epithelial to mesenchymal cell phenotype with weak-

ened cell–cell junctions and remodeling of the

cytoskeleton [11]. The definition of EMT has now been

broadened based on many observations, and a partial

EMT has been associated with cancer development,

wound healing, fibrosis, and cancer progression

[12,13]. The coexpression of epithelial and mesenchy-

mal markers is often used to define the hybrid state

[12]. A cluster of pleiotropic transcription factors has

been demonstrated to orchestrate EMT programs,

including SNAI1, SLUG, ZEB, and TWIST1, which

can upregulate the mesenchymal markers Vimentin

and N-cadherin and ultimately repress the expression

of E-cadherin, which is a hallmark of the epithelial

state [14,15].

Noncoding RNAs with limited protein-coding

capacity have emerged as crucial regulators of EMT.

Based on high-throughput sequencing and biological

techniques, an increasing number of new microRNAs,

lncRNAs, and circRNAs are being uncovered, and

their pivotal roles in regulating EMT have been exten-

sively investigated [16]. HOX transcript antisense

RNA (HOTAIR) is frequently overexpressed in a wide

variety of malignancies and has been demonstrated to

enhance EMT by sponging miR-23b-3p from ZEB1 in

hepatocellular carcinoma [17]. Zhang et al. [18]

reported that circRNA SMAD2 could inhibit EMT by

targeting miR-629 in hepatocellular carcinoma.

MIR4435-2HG, also known as LINC00978, is a novel

lncRNA located in 2q13 and has been reported to pro-

mote cell growth and tumorigenesis in lung and gastric

cancers [19].

In this research, we uncovered the precise role of

F. nucleatum in the induction of EMT in oral epithelial

cells, as evidenced by promoted cell migration, upregu-

lated expression of N-cadherin, Vimentin, and SNAI1

and functional loss of E-cadherin. Our results demon-

strated that F. nucleatum infection upregulated the

expression of MIR4435-2HG, which could specifically

bind with miR-296-5p to downregulate its expression

level, weakening the ability of miR-296-5p to silence

its target gene Akt2, which could then activate the

expression of SNAI1, and eventually contribute to

EMT in the infected oral epithelial cells. Taken

together, this study suggests a novel mechanism by

which F. nucleatum can contribute to EMT and poten-

tially drive the progression of oral cancer.

Results

High abundance of F. nucleatum in clinical

samples

Oral squamous cell carcinoma samples (n = 10) and

normal oral tissues (n = 10) were histopathologically

confirmed by hematoxylin and eosin staining (data not

shown). Fluorescence in situ hybridization (FISH)

using Alexa Fluor 488-labeled F. nucleatum-specific

probe was conducted to validate the existence of F. nu-

cleatum in oral tumor species and the normal tissues.

As shown in Fig. 1, F. nucleatum was highly abundant

in OSCC species and was observed mainly within the

epithelium, including the superficial and deep layers.

On the contrary, fewer F. nucleatum was observed in

the normal tissues.

F. nucleatum infection did not change oral

epithelial cells proliferation or cell cycle

progression but promoted cell apoptosis and

migration

The results of CCK-8 assay showed that neither F. nu-

cleatum nor S. gordonii infection affected cell prolifera-

tion significantly in comparison with the uninfected

cells (Fig. 2A). Similarly, F. nucleatum infection did

not accelerate the cell cycle in either human immortal-

ized oral epithelial cells (HIOECs) or SCC-9 cells

(Fig. S1A). The apoptosis rates of F. nucleatum-in-

fected HIOECs (53.3 � 18.61%) and SCC-9 cells

(36.67 � 11.29%) were much higher than those in

noninfected HIOECs (11.03 � 3.31%) and SCC-9 cells

(5.9 � 3.19%) (Fig. S1B). As shown in Fig. 2B, F. nu-

cleatum significantly accelerated the cell migration

compared with S. gordonii-infected and the control

cells. Further, the activity of MMP-9 and MMP-2 fol-

lowing F. nucleatum infection was corroborated by

zymography (Fig. S2). As shown, the activity of
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MMP-9 secreted by F. nucleatum-infected cells was sig-

nificantly increased compared with the noninfected

controls. However, no obvious increase of MMP-2

was detected in F. nucleatum-infected cells.

F. nucleatum infection promoted the expression

of mesenchymal markers and caused E-cadherin

translocation

The impact of F. nucleatum on SNAI1 expression in

HIOECs was investigated using qRT-PCR. As shown

in Fig. S3, F. nucleatum increased SNAI1 mRNA

levels in a dose-dependent manner, with maximal

induction occurring with a multiplicity of infection

(MOI) of 100. An increase in the amount of SNAIL1

protein was also observed at 24 h following F. nuclea-

tum infection, whereas S. gordonii did not cause ele-

vated SNAIL1 protein expression (Fig. S4), which

indicates that the mesenchymal changes in the infected

cells are F. nucleatum-specific, while S. gordonii did

not exert the same effect.

The expression of E-cadherin, Vimentin, N-cadherin,

and SNAIL1 in F. nucleatum-infected HIOECs and

SCC-9 cells at 24 h was visualized by immunofluores-

cence staining. As shown in Fig. 3, E-cadherin was

decreased, while Vimentin, N-cadherin, and SNAIL1

proteins were increased in F. nucleatum-infected

HIOECs and SCC-9 cells, which were consistent with

the qRT-PCR and western blotting results (Fig. 4).

Surprisingly, the micrographs of fluorescently stained

HIOECs and SCC-9 cells revealed E-cadherin translo-

cation from the membrane to the cytoplasm at 24 h

postinfection. As illustrated in Fig. 3A,B, E-cadherin

was mainly distributed on the cell membrane in nonin-

fected HIOECs and SCC-9 cells as a component of the

adherens junction complexes, while it appeared disor-

ganized and punctiform in the cytoplasm of the F. nu-

cleatum-infected cells. Additionally, as the infection

time extended from 2 to 12 h, increasing E-cadherin

shifted from the membrane to the cytoplasm in F. nu-

cleatum-infected HIOECs and SCC-9 (Fig. 3C,D).

Additionally, purified F. nucleatum adhesin FadA was

capable of regulating the expression of the above

EMT markers, and heat-inactivated F. nucleatum

showed similar effects on EMT markers in both

HIOECs and SCC-9 cells (Fig. S5).

Differentially expressed transcriptomic genes and

validation of certain selected genes by qRT-PCR

According to the high-throughput sequencing data,

887 mRNAs were upregulated, while 1866 mRNAs

were downregulated in F. nucleatum-infected cells.

Additionally, 74 upregulated and 90 downregulated

lncRNAs were identified. Aberrantly expressed genes,

including a majority of mRNAs and certain lncRNAs

Fig. 1. Fusobacterium nucleatum was present in OSCC. High enrichment of F. nucleatum in OSCC tissues was detected by FISH using

Alexa Fluor 488-labeled F. nucleatum-specific probe (green). Cell nuclei were stained with DAPI (blue) (n = 10 samples, each group). Scale

bar represents 50 lm. Magnification, 2009.
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associated with EMT, were clustered and are shown in

Fig. 5A. Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analysis indicated that F. nucleatum

infection might activate signaling pathways involved in

cell adhesion (Fig. 5B). The selected differentially

expressed genes were validated by qRT-PCR. In both

F. nucleatum-infected HIOECs and SCC-9 cells,

SNAI1 and MIR4435-2HG were significantly increased

(Fig. 5C), while other transcription factors such as

ZEB2, TWIST1, and SLUG were not significantly

affected in response to F. nucleatum infection

(Fig. S6). Other differentially expressed genes are dis-

played in Fig. S7, and their expression levels overall

correspond with the sequencing data.

MIR4435-2HG was upregulated in F. nucleatum-

infected HIOECs and SCC-9 cells and regulated

the expression of SNAIL1

Among the upregulated genes, a novel lncRNA

MIR4435-2HG, which has been seldom investigated in

oral epithelial cells, aroused our interest. The expres-

sion levels of MIR4435-2HG and SNAI1 were found

to be positively correlated in various carcinomas,

including head and neck squamous cell carcinoma

(HNSCC) in the online database TCGA-Pan-Cancer

(ChIPBase v2.0) (Fig. S8). siRNA transfection was

conducted to investigate the regulation of MIR4435-

2HG on SNAI1 expression. The effective knockdown

Fig. 2. Effect of Fusobacterium nucleatum or Streptococcus gordonii infection on cell proliferation and cell migration. HIOECs, SCC-9, and

HSC-4 cells were infected with F. nucleatum or S. gordonii at a MOI of 100 : 1, (A) cell proliferation was assayed by CCK-8, and (B) cell

migration was evaluated by scratch assay. Scale bar represents 200 lm. The data are presented as the mean � SD obtained from three

independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. the control cells (Student’s t-test).
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Fig. 3. Immunofluorescence of the EMT markers. (A, B) Representative images of the expression of E-cadherin, Vimentin, N-cadherin, and

SNAIL1 visualized using immunofluorescence staining. HIOECs and SCC-9 cells were infected with Fusobacterium nucleatum at a MOI of

100 : 1 for 24 h, and the fluorescent levels were analyzed using IMAGEJ software (NIH, Bethesda, MD, USA). F. nucleatum infection

increased the expression of Vimentin, N-cadherin, and SNAIL1 but induced the loss of E-cadherin at the cell membrane compared with the

control cells. Data are presented as mean � SD from three independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. the control cells

(Student’s t-test). (C, D) Representative immunofluorescent images of E-cadherin location in F. nucleatum-infected HIOECs and SCC-9 cells

at 2–12 h, and the mean fluorescence intensity of translocated E-cadherin were analyzed. MOI = 100 : 1. Data are presented as

mean � SD from three independent experiments (n = 3, each group). Scale bar represents 50 µm.

4036 The FEBS Journal 287 (2020) 4032–4047 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

F. nucleatum promotes EMT in oral epithelial cells S. Zhang et al.



Fig. 4. The mRNA and protein expressions of EMT markers. HIOECs and SCC-9 cells were infected with Fusobacterium nucleatum at a

MOI of 100 : 1, and (A) the mRNA and (B) protein expressions were assayed by qRT-PCR and western blotting. The data are presented as

the mean � SD obtained from three independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. the control cells (Student’s t-test).

Fig. 5. Sequencing data analysis and gene expression validation by qRT-PCR. (A) Hierarchical clustering analysis of differentially expressed

genes associated with EMT and inflammation in Fusobacterium nucleatum-infected HIOECs. MOI = 100 : 1. The selected genes are shown

in a tree view with RNA expression from low (green) to high (red). (B) KEGG pathway analysis revealed that the selected genes were

enriched in cell adhesion signaling. (C) The expression levels of MIR4435-2HG and SNAI1 were validated by qRT-PCR. MIR4435-2HG and

SNAI1 were upregulated significantly compared with those in the control cells. MOI = 100 : 1. Data are shown as the mean � SD from

three independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. the control cells (Student’s t-test).
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of MIR4435-2HG was determined by qRT-PCR, and

siRNA-2 for HIOECs and siRNA-3 for SCC-9 cells

were used in the subsequent study because of their

highest silencing efficiency (Fig. 6A). The expression of

SNAI1 was inhibited in MIR4435-2HG-silenced

HIOECs and SCC-9 cells compared with that in cells

transfected with si-NC (Fig. 6B–D). HIOECs and

SCC-9 cells with attenuated MIR4435-2HG expression

were then infected with F. nucleatum at a MOI of

100 : 1 over 24 h, and the results showed that knock-

down of MIR4435-2HG prevented the F. nucleatum-

induced increase in SNAI1 expression (Fig. 6B–D).

MIR4435-2HG competitively bound miR-296-5p

and regulated miR-296-5p negatively and directly

The assumption that MIR4435-2HG acts as a miRNA

sponge to positively regulate SNAI1 expression was

first taken into consideration. Putative microRNAs

that could bind with the MIR4435-2HG sequence were

predicted using DIANA Tools (LncBase v.2). Micro-

RNAs that might target SNAI1 were predicted by

miRDB, and the overlapping miRNAs were obtained.

Among the predicted microRNAs, miR-296-5p was

decreased in F. nucleatum-infected HIOEC (Fig. S9),

and miR-296-5p was previously reported to be associ-

ated with EMT [20]. Therefore, miR-296-5p was

chosen as a candidate gene for the subsequent study.

As expected, the qRT-PCR results showed that miR-

296-5p was downregulated in F. nucleatum-infected

HIOECs and SCC-9 cells but significantly elevated in

MIR4435-2HG-silenced HIOECs and SCC-9 cells.

Moreover, MIR4435-2HG deficiency impeded the

F. nucleatum-induced decrease in miR-296-5p expres-

sion (Fig. 6E).

A dual-luciferase reporter assay was performed to

verify MIR4435-2HG binding to miR-296-5p accord-

ing to the predicted binding sites (Fig. 7A). When

MIR4435-2HG vectors were cotransfected with miR-

296-5p mimics, the luciferase activity of the MIR4435-

2HG-wt vector was notably suppressed, while no sig-

nificant change was observed in the luciferase activity

of the MIR4435-2HG-mut vector compared with that

of the control group (Fig. 7B).

MiR-296-5p downregulated the expression of

SNAI1 by targeting Akt2

Based on the information obtained from miRDB,

SNAI1 might be a target of miR-296-5p. The above-

mentioned results showed that miR-296-5p was down-

regulated while SNAI1 was upregulated in

F. nucleatum-infected HIOECs and SCC-9 cells

(Fig. 6B–E). To decipher the regulation of miR-296-5p

Fig. 6. MIR4435-2HG affected the expression of SNAI1 and miR-296-5p. (A) HIOECs and SCC-9 cells were transfected with siRNAs against

MIR4435-2HG or si-NC, and the relative expression of MIR-4435-2HG was determined by qRT-PCR. Data are shown as the mean � SD

from three independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. NC (Student’s t-test). (B–D) MIR4435-2HG knockdown suppressed

the expression of SNAI1 in both HIOECs and SCC-9 cells, and Fusobacterium nucleatum rescued SNAI1 expression after MIR4435-2HG

knockdown measured by western blotting and qRT-PCR. MOI = 100 : 1. Data are shown as the mean � SD from three independent

experiments (n = 3). *P < 0.05 and **P < 0.01 vs. the NC group. #P < 0.05 vs. the control group and &P < 0.05 vs. the NC + Fn group

(one-way ANOVA). (E) Relative expression of miR-296-5p determined by qRT-PCR. miR-296-5p was decreased in F. nucleatum-infected

HIOECs and SCC-9 cells, while MIR4435-2HG knockdown specifically upregulated the expression of miR-296-5p. MOI = 100 : 1. Data are

presented as the mean � SD from three independent experiments (n = 3). *P < 0.05 and **P < 0.01 vs. the NC group. #P < 0.05 vs. the

control group and &P < 0.05 vs. the NC + Fn group (one-way ANOVA).
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on SNAI1 expression, HIOECs and SCC-9 cells were

transfected with miR-296-5p inhibitor, and SNAI1 was

shown to be significantly upregulated compared with

that in cells transfected with miR-NC (Fig. 7C,D). In

HIOECs and SCC-9 cells cotransfected with siRNAs

targeting MIR4435-2HG and miR-296-5p inhibitor, the

expression of SNAI1 was reduced compared with cells

cotransfected with si-NC and miR-296-5p inhibitor

(Fig. 7C,D). However, a dual-luciferase reporter assay

showed that miR-296-5p did not bind with the 30UTR

of SNAI1 directly (Fig. S10).

The results of high-throughput sequencing and

qRT-PCR showed that Akt2 was upregulated in

HIOECs and SCC-9 cells infected with F. nucleatum

(Fig. 8A). Akt2 was downregulated in cells transfected

with siRNA targeting MIR4435-2HG and upregulated

when miR-296-5p was inhibited. The change in Akt2

was similar to that in SNAI1 (Fig. 8B,C), and Akt2

knockdown inhibited the expression of SNAI1

(Fig. 8D,E).

Discussion

Epithelial–mesenchymal transition is a multifaceted

process involved in embryogenesis, wound healing, tis-

sue regeneration, organ fibrosis, and tumor invasion

and metastasis. Cells that undergo EMT process usu-

ally lose their epithelial characteristics and acquire

mesenchymal features, including loss of cell polarity,

reorganization of the cytoskeleton, weak cell–cell adhe-
sion, and enhanced migratory capacity. This transition

entails the up- and downregulation of different pro-

teins responsible for a profound cellular reorganization

[13]. Therefore, in most experimental models, epithelial

markers, such as E-cadherin and b-catenin, and mes-

enchymal markers, such as N-cadherin, Vimentin, and

fibronectin, are commonly used as indicators to con-

firm the occurrence of EMT [11,12].

Recent years, microbial pathogens have been consid-

ered as EMT inducers based on their ability to modu-

late E-cadherin expression via an increase in the core

EMT regulatory factors. As is reported,

Fig. 7. MIR4435-2HG affected the expression of SNAI1 via regulation of miR-296-5p. (A) The predicted miR-296-5p binding site in the MIR4435-

2HG sequence. Red indicates the complementary nucleotides. The sequences of wild-type MIR4435-2HG (red) and the mutant MIR4435-2HG

(blue) are also listed. (B) A dual-luciferase reporter gene assay was performed to identify the interaction between MIR4435-2HG and miR-296-5p

in HEK 293T cells cotransfected with MIR4435-2HG-wt or MIR4435-2HG-mut and miR-296-5p mimics or mimics-NC. Data are presented as the

mean � SD obtained from three independent experiments (n = 3). **P < 0.01 vs. MIR4435-2HG-wt + mimics-NC group (Student’s t-test). (C, D)

Relative expression of miR-296-5p and SNAIL1 in HIOECs and SCC-9 cells following cotransfection of siRNAs or si-NC targeting MIR4435-2HG

and miR-296-5p inhibitor or miR-NC. Data are presented as the mean � SD obtained from three independent experiments (n = 3). *P < 0.05 vs.

the si-NC + miR-NC group, &P < 0.05 vs. the si-NC + miR-inhibitor group (one-way ANOVA).
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Helicobacter pylori induces EMT in a cytotoxin-associ-

ated gene A (CagA)-dependent manner, which induces

an increase in EMT markers and stabilizing SNAIL1

protein by reducing GSK-3 activity in gastric epithelial

cancer cells [21–23]. Moreover, researchers have veri-

fied that FimA-positive P. gingivalis was capable of

initiating a mesenchymal-like transition through ZEB1

in gingival epithelial cells [24]. Of note, another study

revealed that long-term P. gingivalis infection strongly

associates with the induction of early EMT process ini-

tiated by the phosphorylation of GSK-3b in primary

human oral epithelial cells [25]. Previous work by

Abdulkareem and coworkers showed that both heat-

killed P. gingivalis and F. nucleatum triggered the

EMT phenotype in OSCC cells [26]. F. nucleatum, a

common inhabitant of the oral cavity, is a multifaceted

bacterium that engages in diverse interactions with

other oral microorganisms such as P. gingivalis and

host cells to drive periodontal diseases [27]. In the pre-

sent study, elevated levels of F. nucleatum were

observed in OSCC tissues compared with normal oral

tissues, which were concordant with previous reports

[28,29]. To date, few studies have focused on the role

of F. nucleatum in EMT or the malignant transforma-

tion initiation of oral epithelial cells, and the specific

mechanism has not yet been clarified. Therefore, this

study is by no means intended to provide a global

view on EMT. Instead, we have attempted to depict

the probable signaling pathway by which F. nucleatum

infection initiated EMT in non-neoplastic and neoplas-

tic oral epithelial cells.

The effects of F. nucleatum on cell proliferation were

not quite the same. In our present study, F. nucleatum

infection did not affect the proliferation of oral epithe-

lial cells, which was consistent with previous study by

Yu et al. [30] showed that F. nucleatum had no effect

on proliferation of colorectal cancer cells HCT116 and

HT29. However, F. nucleatum can also impair the pro-

liferation of human gingival fibroblasts (GFs),

HUVECs, or promote the proliferation of colorectal

Fig. 8. Akt2 knockdown inhibited SNAI1 expression. (A) Akt2 was upregulated in Fusobacterium nucleatum-infected HIOECs and SCC-9

cells as assayed by qRT-PCR. MOI = 100 : 1. The data are presented as the mean � SD obtained from three independent experiments

(n = 3). *P < 0.05, **P < 0.01 vs. the control cells (Student’s t-test). (B, C) Relative expression of Akt2 and SNAI1 in HIOECs and SCC-9

cells following cotransfection of siRNAs or si-NC targeting MIR4435-2HG and miR-296-5p inhibitor or miR-NC assayed by qRT-PCR and

western blotting. The data are presented as the mean � SD obtained from three independent experiments (n = 3). *P < 0.05, **P < 0.01

vs. the si-NC + miR-NC group, ##P < 0.01 vs. the si-NC + miR-inhibitor group (one-way ANOVA). (D, E) Akt2 knockdown inhibited the

expression of SNAI1 detected by qRT-PCR and western blotting. The data are presented as the mean � SD obtained from three

independent experiments (n = 3). *P < 0.05, **P < 0.01 vs. si-NC cells (Student’s t-test). (F) A schematic diagram of the proposed EMT

mechanism based on the present model. F. nucleatum upregulates MIR4435-2HG, which competitively binds miR-296-5p and weakens the

inhibiting effect of miR-296-5p on SNAI1 indirectly via its direct targeting of Akt2. As a dominant transcription factor, upregulated SNAI1

suppresses the expression of E-cadherin and promotes the expression of mesenchymal markers such as N-cadherin and Vimentin.
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cancer cell lines LoVo and SW480 cells [31–34]. The

discrepancy may be attributed to the cell type diver-

sity.

Interestingly, our results showed that F. nucleatum

increased both apoptosis and cell migration. These

results are concordant with previous report that F. nu-

cleatum caused the apoptosis of peripheral blood

mononuclear cells and GFs [31,35] and could also

increase cell migration in human epithelial cells [36].

Some explanations are possible for this phenomenon.

F. nucleatum induced EMT in the infected oral epithe-

lial cells, and the cells undergoing EMT acquired

enhanced ability to migration supported by functional

loss of E-cadherin and elevated MMP-9 activity.

Therefore, the cells exhibited enhanced migration in

spite of an increase in the apoptosis of a partial cells

in response to F. nucleatum infection. F. nucleatum-in-

duced concomitant apoptosis and migration could be

mutually exclusive process, and its net effect may be

contingent on the cellular context and the specific state

of the cells.

Genes such as N-cadherin, Vimentin, SNAI1, and

E-cadherin are well-recognized EMT markers, which

were differentially expressed in F. nucleatum-infected

HIOECs and SCC-9 cells (Fig. 4). SNAI1 is a promi-

nent transcription factor regulating EMT and is cap-

able of regulating the expression of N-cadherin,

Vimentin, and E-cadherin [37]. E-cadherin plays a vital

role in maintaining epithelial cell adhesion, and the

abnormal expression and/or loss of its function is a

major contributor to cancer progression [38]. E-cad-

herin loss is associated with increased cell motility,

which explains the phenomenon that F. nucleatum pro-

moted cell migration in our results.

FadA is a surface adhesin expressed by F. nuclea-

tum, and Rubinstein et al. [6] found that FadA could

bind to E-cadherin on CRC cells and activate the

EMT process. Further study illustrated that FadA

could upregulate the expression of the Wnt/b-catenin
modulator Annexin A1 through E-cadherin [39]. To

characterize the bacterial components involved in the

regulation of EMT markers, heat-inactivated F. nu-

cleatum and purified FadA were applied to stimulate

the cells and the results showed that both heat-inacti-

vated F. nucleatum and purified FadA could facilitate

EMT via the upregulation of SNAI1 (Fig. S5), which

identify that live whole F. nucleatum was not required

for EMT induction, and FadA played a major role in

this process. Nonetheless, other virulence factors may

also participate in this process and F. nucleatum induc-

ing EMT may involve multiple pathways.

Epithelial–mesenchymal transition program can be

regulated by multiple signal pathways, such as the

TGF-ß pathway, Wnt signaling pathway, and the

Notch pathway [11]. In this study, high-throughput

sequencing was performed, and these results found

that MIR4435-2HG was significantly upregulated in

the F. nucleatum-infected cells compared with the con-

trol cells (~ 6-fold). Higher expression of MIR4435-

2HG was observed in colorectal and gastric epithelial

cancer tissues, and knockdown of MIR4435-2HG

inhibited the migration and invasion of gastric cancer

cells [19,40,41]. Studies have revealed that increased

MIR4435-2HG expression might be a potential bio-

marker for the diagnosis and prognosis of colorectal

cancer, correlated with lymphatic metastasis, and pre-

dict poor survival in patients with gastric cancer or

breast cancer [19,41,42]. However, a specific role for

MIR4435-2HG in bacterial infection or EMT in oral

epithelial cells has not been identified. Here, we identi-

fied that F. nucleatum infection upregulated the expres-

sion of MIR4435-2HG, and knockdown of MIR4435-

2HG significantly inhibited SNAI1 expression, which

indicated that MIR4435-2HG played a major role in

initiating EMT. To the best of our knowledge, this is

the first time that MIR4435-2HG has been reported to

be involved in F. nucleatum infection-induced EMT in

either a non-neoplastic or neoplastic oral epithelial

cells.

Recently, lncRNAs have been proposed to act as

miRNA sponges or competitive endogenous RNAs,

forming extensive regulatory networks, thereby nega-

tively regulating miRNA expression [43]. For instance,

lncRNA GAS5 suppresses proliferation, migration,

invasion, and EMT in OSCC by regulating the miR-

21/PTEN axis [44]. MiR-296-5p has been demon-

strated to play important roles in various cellular pro-

cesses, including cell proliferation, apoptosis, invasion,

and EMT [45]. Our results showed that miR-296-5p

was prominently downregulated in F. nucleatum-in-

fected HIOECs and SCC-9 cells (Fig. S9 and Fig. 6E),

and knockdown of MIR4435-2HG significantly

increased the expression level of miR-296-5p. More-

over, the reduction in SNAI1 induced by knockdown

of MIR4435-2HG could be rescued by miR-296-5p

inhibitor, and a luciferase reporter assay confirmed the

direct binding of MIR4435-2HG and miR-296-5p

(Fig. 7B).

However, miR-296-5p did not bind the 30UTR of

SNAI1, as evidenced by the luciferase reporter assay

(Fig. S10), which indicated that miR-296-5p might

indirectly regulate SNAI1. In view of the above

results, we speculated that a gene, which is a target

gene of miR-296-5p and regulate SNAI1 simultane-

ously, may be involved in this process. Ultimately, we

identified Akt2 as the candidate gene. Akt2 is a
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conserved serine/threonine kinase of the AKT family

of proteins that are activated by the phosphatidylinosi-

tol-3 kinase pathway. Increasing evidence has sug-

gested that Akt2 regulates multiple processes,

including metabolism, proliferation, cell survival,

angiogenesis, and EMT as an oncogene [46]. It has

been previously demonstrated that Akt2 is a direct tar-

get of miR-296-5p and activates SNAI1 [47,48]. In our

study, Akt2 was upregulated in both F. nucleatum-in-

fected and miR-296-5p inhibitor-transfected HIOECs

and SCC-9 cells and was downregulated in cells with

MIR4435-2HG knockdown, whereas Akt2 knockdown

inhibited the expression of SNAI1 (Fig. 8).

Taken together, our study confirmed that F. nuclea-

tum is able to trigger EMT in both normal and cancer-

ous oral epithelial cells through the regulation of

MIR4435-2HG/miR-296-5p/Akt2/SNAI1 signaling

pathway. It is noteworthy that EMT process has been

well described in various carcinomas of epithelial ori-

gin and regarded to be associated with initiation of

tumor. Therefore, our data can be considered as a pre-

liminary evidence that EMT can be a link between

F. nucleatum infection and initiation of oral epithelial

carcinomas. Furthermore, it was inferred that F. nu-

cleatum promoting EMT in both non-neoplastic and

cancer cells were independent of the viable whole bac-

terial cells and that FadA may be closely related to

this process. Further studies are still warranted to deci-

pher the specific bacterial effectors of F. nucleatum

and the host–pathogen interactions involved in the

EMT program.

Materials and methods

Hematoxylin–eosin staining and fluorescence

in situ hybridization

Paraffin-embedded OSCC and healthy tissue samples were

cut into 4 lm sections and were subjected to HE staining

according to a protocol previously described [49]. The tis-

sues were then applied to detect F. nucleatum by FISH as

described previously [50]. Briefly, the sections were deparaf-

finized by xylene and followed by sequential immersion in

100%, 95%, 70%, and 50% ethanol (5 min each). Then,

the slides were incubated with permeabilization buffer con-

taining lysozyme (10 mg�mL�1) at 37 °C for 20 min, and

washed with PBS. The sections were treated with permeabi-

lization buffer with proteinase K (7 lg�mL�1) at 37 °C for

20 min. Next, the prewarmed hybridization buffer without

F. nucleatum probe was added and incubated at 48 °C for

20 min. Subsequently, the slides were incubated with

hybridization buffer containing F. nucleatum oligonu-

cleotide probe (0.1 lM) in a dark humid chamber at 48 °C

for 1 h. Before fluorescence imaging, the sections were

counterstained with DAPI for 2 min. The 50 Alexa Flour

488-labeled F. nucleatum probe was synthesized by Sangon

(Shanghai, China), and the sequence was as follows: 50-
CGCAATACAGAGTTGAGCCCTGC-30. The mounted

slides were observed and photographed using the micro-

scope (Nikon 80i, Tokyo, Japan). Procedures were

approved by the ethics committee of School and Hospital

of Stomatology, China Medical University. Written

informed consent was obtained from all patients.

Bacteria and cell culture

Fusobacterium nucleatum ATCC 25586 was inoculated on

trypticase soy broth (TSB) agar plates supplemented with

5 lg�mL�1 hemin, 5% defibrinated sheep blood, 0.5% yeast

extract, and 1 lg�mL�1 vitamin K1 in an anaerobic chamber

for 2–3 days. S. gordonii Challis CH1 was cultured aerobi-

cally at 37 °C in TSB with 0.5% yeast extract. For F. nuclea-

tum inactivation, the bacteria were heat-inactivated at 60 °C
for 60 min in a water bath as described previously [51]. Kill-

ing was confirmed by absence of growth on blood agar plates.

HIOECs, generously provided by Key Laboratory of Shang-

hai Oral Medicine, Shanghai Jiao Tong University, were cul-

tured in defined keratinocyte serum-free medium (Gibco,

Thermo Fisher Scientific Inc., Waltham, MA, USA) with

growth factor supplement. Two human squamous cell carci-

noma cell lines SCC-9 and HSC-4 were used in this study.

SCC-9 (ATCC CRL-1629) from American Type Culture Col-

lection (Manassas, VA, USA) was grown in DMEM/Ham’s

F-12 medium supplemented with 10% fetal bovine serum

(Biological Industries, Kibbutz, Israel) and 400 ng�mL�1

hydrocortisone (Sigma-Aldrich, St Louis, MO, USA). HSC-4

cells were purchased from the Cell Bank of Japanese Collec-

tion of Research Bioresource (JCRB, Shinjuku, Japan) and

cultured in DMEM/high glucose (Hyclone, Logan, UT,

USA) containing 10% fetal bovine serum. All cell lines were

grown at 37 °C with 5% CO2 in a humidified atmosphere.

For all the experiments in this study, the bacteria were added

to the cells at a MOI of 100 : 1 based on the preliminary

experiments.

Cell proliferation assay

Human immortalized oral epithelial cells, SCC-9, and

HSC-4 cells were seeded at 5 9 103 cells per well in 96-well

plates and infected with F. nucleatum or S. gordonii at a

MOI of 100 : 1. Cells without F. nucleatum or S. gordonii

infection were used as the negative control. At each time

point, the medium was removed, and 100 lL basic medium

containing 10% CCK-8 reagent (Dojindo, Kumamoto,

Japan) was added and incubated for 1.5 h. The optical den-

sity was determined at 450 nm using a microplate reader

(Tecan, Groedig, Austria).
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Cell cycle and cell apoptosis

Human immortalized oral epithelial cells and SCC-9 were

seeded in 6-well plates at 2.5 9 105 cells per well and

infected with F. nucleatum at a MOI of 100 : 1 for 24 h.

For cell cycle analysis, HIOECs and SCC-9 were synchro-

nized by serum starvation for 24 h before F. nucleatum

infection. The cells were digested with EDTA-trypsin and

fixed in 70% ethanol for 2 h or longer at 4 °C. Then, the
cells were incubated with PI and RNase A (Beyotime Bio-

tech. Co., Shanghai, China) for 15 min at room tempera-

ture prior to flow cytometer detection. For apoptosis

detection, HIOECs and SCC-9 cells infected with F. nuclea-

tum or heat-inactivated F. nucleatum and control cells were

collected by trypsin without EDTA and then assayed using

the Annexin V-PI staining kit (eBioscience, San Diego, CA,

USA) in accordance with the manufacturer’s instructions.

The cells were analyzed by flow cytometer (FACS, BD,

Franklin Lake, NJ, USA).

Cell migration assay

Human immortalized oral epithelial cells, SCC-9, and HSC-4

cells were grown to 80–90% confluence and pretreated with

mitomycin-C (Sigma-Aldrich) for 1 h before F. nucleatum or

S. gordonii infection (MOI = 100 : 1). A wound was created

using a yellow pipette tip, the cells were gently washed twice

with PBS, and cell motility was assayed by measuring the

average scratch width change. Images were captured at regu-

lar time intervals, the healing areas of specified scratches were

assessed using IMAGE-PRO PLUS software (version 6.0; Media

Cybernetics, Inc., Rockville, MD, USA), and the healing rate

was calculated as (%) = [(initial average scratch width at

0 h � average scratch width at 24 h)/initial average scratch

width 9 100%] [52].

Gelatin zymography assay

The activities of MMP2 and MMP9 in supernatant of

HIOECs, SCC-9, and HSC-4 cells infected with F. nuclea-

tum at a MOI of 100 : 1 as well as noninfected controls

were determined using gelatin zymography as described

[53]. In brief, the protein concentration was measured using

a BCA protein assay kit (Beyotime Biotech. Co.). Then,

the samples containing equal amounts of proteins were

mixed with 29 SDS/PAGE nonreducing buffer and sepa-

rated on 8% SDS/PAGE gels containing 0.1% gelatin. The

gels were then incubated with 19 Buffer A for 4 h at room

temperature and incubated in 19 Buffer B of the MMP

Zymography Assay Kit (Applygen Technologies Inc., Bei-

jing, China) for 48 h at 37 °C. After staining with 0.5%

Coomassie brilliant blue R-250, the gels were incubated in

a destaining solution for 2-4 h. The gelatinase activities

were visualized as clear bands against a blue background

and quantified using IMAGEJ.

Western blot analysis

Human immortalized oral epithelial cells, SCC-9, and

HSC-4 cells were lysed using RIPA buffer containing pro-

tease inhibitors on ice, and total protein was quantified

using a BCA Protein Assay Kit (Beyotime Biotech. Co.).

Equal amounts of protein were loaded onto 10% SDS/

PAGE gels and transferred to nitrocellulose membranes.

Then, the membranes were blocked with 5% skimmed milk

in Tris-buffered saline containing 0.1% Tween-20 (TBST)

and incubated with primary antibodies overnight at 4 °C,
followed by secondary antibody incubation. The antibodies

used in this study include anti-E-cadherin (1 : 5000;

Abcam, Cambridge, MA, USA), anti-Vimentin (1 : 500;

Abcam), anti-SNAIL1 (1 : 1000; Cell Signaling Technol-

ogy, Danvers, MA, USA), anti-N-cadherin (1 : 1000; Cell

Signaling Technology), anti-Akt2 (1 : 1000; Cell Signaling

Technology), and anti-a-tubulin (1 : 2000; Beyotime Bio-

tech. Co.). Images were acquired by Odyssey CLX (LI-

COR, Lincoln, NE, USA), and band analyses were per-

formed using IMAGEJ software (NIH).

Immunofluorescent staining

Both HIOECs and SCC-9 were plated onto slides in 12-well

plates and infected with F. nucleatum at a MOI of 100 : 1.

Both cells were fixed with 4% paraformaldehyde for 30 min

at 4 °C and then permeabilized with 0.1% Triton X-100 in

PBS for 5 min. After being washed three times in PBS and

blocked with 1% BSA for 1 h at room temperature, cells

were incubated with the primary antibodies (anti-E-cadherin,

anti-N-cadherin, anti-Vimentin, and anti-SNAIL1, 1 : 200

dilution in PBS) overnight at 4 °C. Then, the cells were incu-

bated with Alexa Fluor 488- or 594-conjugated secondary

antibodies (1 : 200 dilution; Proteintech Group, Chicago, IL,

USA) for 1 h at room temperature. HIOECs and SCC-9 cells

were counterstained with DAPI (Beyotime Biotech. Co.)

before fluorescence microscopy and image capture (Nikon

80i). Positive staining cells were analyzed for the intensity of

fluorescence using IMAGEJ software (NIH).

Purification of recombinant FadA protein

Escherichia coli carrying the entire FadA gene in an expres-

sion vector was used to produce and purify FadA as previ-

ously described [54].

High-throughput sequencing and data analysis

Total RNA from HIOECs and F. nucleatum-infected

HIOECs was extracted using TRIzol (Invitrogen, Carlsbad,

CA, USA) and applied for lncRNA high-throughput

sequencing on an Illumina HiSeq3000 sequencer (Illumina,

San Diego, CA, USA). The sequencing analysis, including

labeling, hybridization, scanning, normalization, and data
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analysis, was performed by Genergy Biotechnology (Shang-

hai, China). The criteria including |Log2FC| > 2, P < 0.05,

and FDR < 0.05 were applied to select the significantly dif-

ferentially expressed lncRNAs and mRNAs. Some EMT-re-

lated genes were clustered with MULTI EXPERIMENT VIEWER

(MEV, version 4.6.0, JCVI, La Jolla, CA, USA). KEGG

pathway analysis (http://www.genome.jp/kegg/) was further

applied to define the functions of the selected genes.

Gene expression analysis by qRT-PCR

Total RNA was extracted using TRIzol reagent, and cDNA

was synthesized using the RR047A kit or miRNA First Strand

cDNA Synthesis (tailing reaction) kit according to the manu-

facturer’s instructions. qRT-PCR was carried out in an Applied

Biosystems 7500 Real-Time PCR System (Waltham, MA,

USA) with the RR820A kit. The reagents were purchased from

Takara (Kyoto, Japan) and Sangon Biotech (Shanghai, China).

The primers are listed in Table S1. b-actin and U6 were selected

as the endogenous controls, and the 2�DDCT method was used

to analyze the relative gene expression data.

Binding sites prediction and bioinformatics

analysis

The subcellular localization of MIR4435-2HG was searched

in lncATLAS (lncatlas.crg.eu) and the published literature,

and the results showed that MIR4435-2HG was mainly

expressed in the cytoplasm. The trans-target genes regu-

lated by MIR4435-2HG were predicted by coexpression

analysis. The Pearson correlation coefficient was used, and

R2 ≥ 0.95 was set as the screening criterion. The coexpres-

sion of MIR4435-2HG and SNAI1 in HNSCC was

searched on TCGA-Pan-Cancer (ChIPBase v2.0). DIANA

Tools (LncBase v.2) and miRDB (http://www.mirdb.org/)

were utilized to predict the interacting microRNAs.

Cells transfection

siRNAs with chemical modifications that targeted

MIR4435-2HG, scrambled siRNA control (si-NC), miR-

296-5p inhibitor (miR-inhibitor), and its negative control

(miR-NC) were designed and synthesized by GenePharma

Co. Ltd. (Shanghai, China), and the sequences are listed in

Table S2. To investigate the effect of MIR4435-2HG on

SNAI1 and miR-296-5p expression, HIOECs and SCC-9

cells were transfected with siRNAs targeting MIR4435-

2HG or si-NC via Golden Tran�-R (Golden Transfer

Science and Technology Co. Ltd., Changchun, China)

according to the manufacturer’s instructions. The trans-

fected HIOECs and SCC-9 cells were subsequently infected

with F. nucleatum. To evaluate the relationship between

MIR4435-2HG and miR-296-5p and the regulation of

miR-296-5p on SNAI1, siRNAs targeting MIR4435-2HG

and miR-inhibitor were transfected into HIOECs and SCC-

9 cells individually or together. The regulation of Akt2 on

SNAI1 was confirmed via Akt2 knockdown by siRNA tar-

geting Akt2. The specific silencing of MIR4435-2HG, miR-

296-5p, and Akt2 expression was assessed by qRT-PCR.

Cells were harvested at 48 or 72 h after transfection for

subsequent qRT-PCR or western blot analysis, respectively.

Dual-luciferase reporter assay

The binding sites of miR-296-5p in MIR4435-2HG and

SNAI1 were predicted by RNAhybrid 2.2 (http://bibiserv.tec

hfak.uni-bielefeld.de/rnahybrid/) and miRDB, respectively.

MIR4435-2HG and SNAI1 30-UTR fragments containing the

predicted binding site of miR-296-5p were amplified and

inserted into pmirGlo vectors to construct wild-type plasmids

MIR4435-2HG-wt and SNAI1-wt, as well as mutant-type

plasmids MIR4435-2HG-mut and SNAI1-mut. The plasmids

were synthesized by GenePharma Co. Ltd. HEK 293T cells

were cotransfected with the luciferase plasmids together with

miR-296-5p mimics or mimics-NC using Lipofectamine 2000

(Invitrogen). At 48 h posttransfection, luciferase activity was

measured using the Dual-Luciferase Reporter Assay System

(Promega, Madison, WI, USA) in accordance with the manu-

facturer’s instructions. Renilla luciferase activity was used for

normalization. All assays were performed in triplicate with

three independent experiments (n = 3).

Statistical analysis

The data were presented as the mean � standard deviation

(SD) of at least three independent experiments (n = 3), and

statistical analyses were performed using SPSS 22.0 (SPSS,

Inc., Chicago, IL, USA). Student’s t-test was performed for

a single comparison between two groups, and one-way

analysis of variance (ANOVA), followed by Student–New-

man–Keuls multiple comparisons, was applied for a com-

parison between multiple groups. A P < 0.05 was

considered statistically significant. GRAPHPAD PRISM (San

Diego, CA, USA) software was used to generate graphs.
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were measured following F. nucleatum infection for

24 h.

Fig. S7. Differentially expressed genes identified by

high-throughput sequencing were validated in F. nu-

cleatum-infected HIOECs and SCC-9 cells by qRT-

PCR.

Fig. S8. The expression of MIR4435-2HG and SNAI1
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cell carcinoma based on the TCGA-Pan-Cancer (ChIP-

Base v2.0) database.

Fig. S9. The expression of miRNAs predicted by an

online database were quantified by qRT-PCR in F. nu-
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Table S1. Primer sequences for qRT-PCR used in this

study.

Table S2. The sequences of the oligos used in this

study.

4047The FEBS Journal 287 (2020) 4032–4047 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

S. Zhang et al. F. nucleatum promotes EMT in oral epithelial cells


	Outline placeholder
	febs15233-aff-0001
	febs15233-aff-0002

	 Intro�duc�tion
	 Results
	 High abun�dance of F.&thinsp;nu�clea�tum in clin�i�cal sam�ples
	 F.&thinsp;nu�clea�tum infec�tion did not change oral epithe�lial cells pro�lif�er�a�tion or cell cycle pro�gres�sion but pro�moted cell apop�to�sis and migra�tion
	 F.&thinsp;nu�clea�tum infec�tion pro�moted the expres�sion of mes�enchy�mal mark�ers and caused E-cad�herin translo�ca�tion
	 Dif�fer�en�tially expressed tran�scrip�tomic genes and val�i�da�tion of cer�tain selected genes by qRT-PCR
	febs15233-fig-0001
	 MIR4435-2HG was upreg�u�lated in F.&thinsp;nu�clea�tum-in�fected HIOECs and SCC-9 cells and reg�u�lated the expres�sion of SNAIL1
	febs15233-fig-0002
	febs15233-fig-0003
	febs15233-fig-0004
	febs15233-fig-0005
	 MIR4435-2HG com�pet�i�tively bound miR-296-5p and reg�u�lated miR-296-5p neg�a�tively and directly
	 MiR-296-5p down�reg�u�lated the expres�sion of SNAI1 by tar�get�ing Akt2
	febs15233-fig-0006

	 Dis�cus�sion
	febs15233-fig-0007
	febs15233-fig-0008

	 Mate�ri�als and meth�ods
	 Hema�toxylin-eosin stain�ing and flu�o�res�cence in situ hybridiza�tion
	 Bac�te�ria and cell cul�ture
	 Cell pro�lif�er�a�tion assay
	 Cell cycle and cell apop�to�sis
	 Cell migra�tion assay
	 Gelatin zymog�ra�phy assay
	 Western blot anal�y�sis
	 Immunoflu�o�res�cent stain�ing
	 Purifi�ca�tion of recom�bi�nant FadA pro�tein
	 High-through�put sequenc�ing and data anal�y�sis
	 Gene expres�sion anal�y�sis by qRT-PCR
	 Bind�ing sites pre�dic�tion and bioin�for�mat�ics anal�y�sis
	 Cells trans�fec�tion
	 Dual-lu�ciferase reporter assay
	 Sta�tis�ti�cal anal�y�sis

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	febs15233-bib-0001
	febs15233-bib-0002
	febs15233-bib-0003
	febs15233-bib-0004
	febs15233-bib-0005
	febs15233-bib-0006
	febs15233-bib-0007
	febs15233-bib-0008
	febs15233-bib-0009
	febs15233-bib-0010
	febs15233-bib-0011
	febs15233-bib-0012
	febs15233-bib-0013
	febs15233-bib-0014
	febs15233-bib-0015
	febs15233-bib-0016
	febs15233-bib-0017
	febs15233-bib-0018
	febs15233-bib-0019
	febs15233-bib-0020
	febs15233-bib-0021
	febs15233-bib-0022
	febs15233-bib-0023
	febs15233-bib-0024
	febs15233-bib-0025
	febs15233-bib-0026
	febs15233-bib-0027
	febs15233-bib-0028
	febs15233-bib-0029
	febs15233-bib-0030
	febs15233-bib-0031
	febs15233-bib-0032
	febs15233-bib-0033
	febs15233-bib-0034
	febs15233-bib-0035
	febs15233-bib-0036
	febs15233-bib-0037
	febs15233-bib-0038
	febs15233-bib-0039
	febs15233-bib-0040
	febs15233-bib-0041
	febs15233-bib-0042
	febs15233-bib-0043
	febs15233-bib-0044
	febs15233-bib-0045
	febs15233-bib-0046
	febs15233-bib-0047
	febs15233-bib-0048
	febs15233-bib-0049
	febs15233-bib-0050
	febs15233-bib-0051
	febs15233-bib-0052
	febs15233-bib-0053
	febs15233-bib-0054


