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FOXO1 inhibits FSL-1 regulation
of integrin b6 by blocking
STAT3 binding to the integrin
b6 gene promoter
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Integrin b6 (ITGB6), an epithelial-specific receptor, is downregulated in the

gingival epithelium of periodontitis and is associated with inflammation

response and periodontitis development. However, the transcriptional

regulatory mechanism of ITGB6 downregulation in the human gingival

epithelium remains unclear. Fibroblast-stimulating lipopeptide-1 (FSL-1), an

oral biofilm component, promotes an epithelial cell-driven proinflammatory

response in periodontitis partially by suppressing ITGB6 expression. The aim of

the current study was to investigate the transcriptional regulatory mechanism

of ITGB6 inhibition by FSL-1 in human epithelial cells (HaCaT and primary

human gingival epithelial cells), and to delineate the transcriptional mechanism

of ITGB6 suppression in periodontitis. We found that FSL-1 inhibited ITGB6

transcription through increasing forkhead box protein O1 (FOXO1) expression

and inhibiting signal transducer and activator of transcription 3 (STAT3)

activation. Furthermore, FOXO1 bound to STAT3 directly, leading to

decreased STAT3 phosphorylation induced by FSL-1. Consequently, the

binding of phosphorylated STAT3 to the ITGB6 promoter was decreased, and

ITGB6 transcription was therefore downregulated following FSL-1 stimulation.

The reciprocal action of STAT3 and FOXO1 on ITGB6 downregulation was also

confirmed by the immunostaining of the inflammatory epithelium associated

with periodontitis. Our findings suggest that the interaction of FOXO1–STAT3

may be a useful signal target for the treatment of periodontitis.
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Introduction

Periodontitis is a chronic non-communicable disease

affecting approximately 47% of US adults (Teles et al., 2022)

and increasing the risk of developing chronic diseases

(Zemedikun et al., 2021). Deep periodontal pockets between

the gingiva and teeth, inflammation, and bone loss are

characteristic of periodontitis. Periodontal microbial insults

and associated proinflammatory cascades have been proposed

to contribute to the pathogenesis of systemic diseases, such as

Alzheimer ’s disease, diabetes (Kocher et al. , 2018),

cardiovascular disease (Sanz et al., 2020), respiratory disease

(Gomes-Filho et al., 2020), chronic renal disease (Hickey et al.,

2020), and oral cancer (Teles et al., 2022).

Integrin b6 (ITGB6) is an epithelial-specific receptor that is

absent from normal healthy epidermis and oral mucosa (Breuss

et al., 1993), but is constitutively expressed in the healthy

gingival epithelium (Meecham and Marshall, 2020). However

previous research has shown that gingival epithelial cells (GECs)

with reduced ITGB6 expression exhibit an enhanced

inflammatory response (Bi et al., 2017). Moreover, the absence

of ITGB6 was linked to the initiation and progression of

periodontitis in a mouse model (Ghannad et al., 2008). In

addition, patients with ITGB6 mutations can develop severe

periodontal disease (Ansar et al., 2016). Therefore, repression of

ITGB6 may play a key role in acute inflammation and

periodontitis development.

Dysbiotic bacterial dental plaque biofilms are considered the

main cause of periodontitis and ITGB6 suppression (Bi et al.,

2019). ITGB6 expression is transcriptionally regulated. We

previously identified several transcriptional binding sites for

transcription factors, such as signal transducer and activator of

transcription (STAT) and forkhead box-O (FOXO) in the core

promoter of ITGB6 (Xu et al., 2015). However, the regulatory

mechanisms underlying the repression of ITGB6 expression by

oral biofilm components in periodontitis remain unexplored.

The transcription factor family FOXO includes four

members: FOXO1, 3, 4, and 6 (van der Vos and Coffer, 2008;

Maiese et al., 2009). FOXO proteins are increasingly considered

to be unique cellular targets that regulate several cellular

processes, including cell differentiation, immune status,

apoptosis, and inflammation (Maiese et al., 2009). FOXO1 has

been linked to the development of periodontitis. FOXO1

mediates the inflammatory effect of prostaglandins (Pg) in

GECs, as FOXO1 silencing attenuates Pg-induced production

and secretion of IL-1b (Wang et al., 2015). The FOXO1 signaling

axis can regulate periodontal bacteria–epithelial interactions,

immune-inflammatory responses, bone remodeling, and

wound healing (Ren et al., 2021).

Fibroblast-stimulating lipopeptide-1 (FSL-1) is a diacylated

lipopeptide mimicking the 44 kDa lipoprotein of Mycoplasma

salivarium and is suspected to play an etiological role in

periodontal diseases (Shibata et al., 2000). Inflammatory
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cytokines such as monocyte chemotactic protein (MCP)-1,

MMP-9, IL-6, tumor necrosis factor (TNF)-a, and IL-8 can be

induced by FSL-1 in monocytes/macrophages (Ahmad et al.,

2014). Studies have confirmed that biofilm components and

FSL-1 can downregulate ITGB6 expression in the pocket

epithelium, thus, promoting an epithelial cell-driven

proinflammatory response in periodontal disease (Li et al.,

2013; Bi et al., 2017). However, the transcriptional regulatory

mechanism of ITGB6 inhibition by FSL-1 in the human gingival

epithelium remains unclear.

In the present study, we investigated the transcriptional

regulatory mechanism of ITGB6 inhibition by FSL-1 in human

epithelial cells (HaCaT and primary human GECs) and

delineated the transcriptional mechanism of ITGB6

suppression in periodontitis. We identified that the FOXO1–

STAT3 interaction may potentially contribute to FSL-1-

suppressed ITGB6 expression in the gingival epithelium

of periodontitis.
Materials and methods

Cell culture and FSL-1 treatment

The human keratinocyte cell line HaCaT was purchased

from the Kunming Cell Bank of the Chinese Academy of

Sciences. HaCaT cells were maintained in Dulbecco’s modified

Eagle’s medium (Gibco) supplemented with 10% fetal bovine

serum (Gibco) and 1% penicillin–streptomycin at 37°C in a cell

incubator containing 5% CO2. Primary human GECs were

grown from explants of gingival biopsies obtained from

healthy volunteers with no gingival inflammation, as described

previously (Kedjarune et al., 2001). Primary GECs were

maintained in keratinocytes (K)-SFM medium (Gibco)

supplemented with human keratinocytes growth supplement,

1% antibiotics, and 10 mM Y-27632 (Sigma-Aldrich, Shanghai,

China). When the GECs reached 80% confluence, subculturing

was performed via trypsin digestion. A third generation of cells

was used in the experiment. Primary cells within six generations

were used in this study. HaCaT and GECs were stimulated with

FSL-1 (Abcam, Shanghai, China) for indicated times at 37°C.

Cells were harvested for detection of ITGB6 mRNA and

protein levels.
Reverse transcription quantitative
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from HaCaT cells and GECs using

a generic RNA extraction kit (Dongsheng Biotechnology,

Hangzhou, China). Reverse transcription into cDNA was

performed according to the instructions of the TaKaRa

PrimeScript™ RT Reagent KIT (Takara, Dalian, China). The
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RT- qPCR assay was performed in ABI 7500 (Applied

Biosystems, USA) using SYBR Green. The obtained data were

analyzed using a comparison threshold cycle (2−DDCt) to indicate

relative mRNA expression, and GAPDH was used as an internal

control. The following primers were used for PCR: ITGB6

forward, 5′- GCAAGCTGCTGTGTGTAAGGAA-3′; ITGB6
reverse, 5′-CTTGGGTTACAGCGAAGATCAA-3′; FOXO3

forward, 5′- GCGTGCCCTACTTCAAGGATAAG-3′; FOXO3
reverse, 5′-GACCCGCATGAATCGACTAATG-3′; STAT3

forward, 5′- GAGCTGCACCTGATCACCTT-3′; STAT3

reverse, 5′-CTACCTGGGTCAGCTTCAGG-3′ ; FOXO1

forward, 5′- GTTGCTGACTTCTGACTCT-3′ ; FOXO1

reverse, 5′-GCTGCCATAGGTTGACAT-3′; GAPDH forward,

5′- CATCACCATCTTCCAGGAG-3′; and GAPDH reverse, 5′-
AGGCTGTTGTCATACTTCTC-3′.
Western blotting

The cells were collected in a 1.5-mL centrifuge tube and

placed in ice. RIPA buffer (70–100 mL) was added to the samples,

and the tubes incubated for 30 min for cell lysis. Subsequently,

the cells were further lysed using ultrasound. The supernatant

was then centrifuged in a low-temperature centrifuge at 12000

RPM for 15 min. The supernatant was collected in a new

centrifuge tube and the protein concentration was determined

using the BCA method. Polyacrylamide gel was prepared

according to the size of the target protein. After sodium

dodecyl sulfate–polyacrylamide gel electrophoresis, the target

protein was transferred to a PVDF membrane. The membrane

was placed in 5% milk or bovine serum albumin for 1 h to block

non-specific sites. After washing and the corresponding primary

antibody was incubated at 4°C overnight. Then, the membrane

was rinsed with 1×PBS-0.1% Tween three times, and mouse or

rabbit secondary antibodies with corresponding primary

antibody properties were incubated at room temperature for

1 h. Enhanced chemiluminescence solution was used to develop

the protein bands, and the image was used to quantitatively

analyze the optical density of the protein bands.
Cell transfection

When the cell density was approximately 70%, a mixture

containing the transfection reagent and plasmid was prepared

according to the lipofectamine manufacturer’s instructions.

After incubating for 15 min, the medium containing the

plasmid–liposome complex was gently mixed with the cell

supernatant. Transfected cells were collected for subsequent

experiments 48 h after incubation at 37°C in a humidified 5%

CO2 atmosphere.
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Human tissue and
immunohistochemistry

Gingival tissue samples without gingival inflammation

(healthy control group, n = 5) and gingival tissue samples

with periodontal disease (deep pocket > 5mm) (Inflammation

group, n = 5) were selected from routine oral care patients

undergoing orthodontic treatment or periodontitis tooth

extraction in the Stomatological Hospital of Xiamen Medical

College. This study was approved by the Ethics Committee of

the Stomatological Hospital of Xiamen Medical College

(HS20200908001), and informed consent was obtained from

each patient. Tissues were fixed with 4% formaldehyde at 4°C

for 24 h, dehydrated, and embedded in paraffin wax. The

embedded specimens were cut into 5-µm tissue slices and

baked for 2 h in an oven at 65°C. Immunohistochemistry

was performed as described previously (Xu et al., 2009).

Primary antibodies against ITGB6 2746294 (Millipore,

Billerica, MA, USA), pSTAT3 (Y705; Cell Signaling

Technology, Danvers, MA,USA), and pFOXO1 (ab76055;

Abcam, Cambridge, MA, USA) were used. The staining

intensity in each section was measured using the cell

counting function of the Image-Pro® Plus software.
Double luciferase reporter gene assay

A double luciferase reporter assay kit was used to detect the

effect of FOXO1 and STAT3 plasmids on the ITGB6 gene

promoter. The passive lysis buffer (PLB, 20 µL) was added to

the cells plated in 96-well plate. After 15 min, 20 µL of PLB lysate

was transferred into a 1.5-mL centrifuge tube. First, 20 µL of the

LAR solution was added to the tube to determine the firefly

luciferase value. The Renilla luciferase value was obtained by

immediately adding 20 µL of STOP&Glo buffer. The firefly

luciferase/Renilla luciferase intensity ratio was calculated for

each group.
Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) assay was

performed using a ChIP kit (Cell Signaling Technology, Danvers,

MA, USA). Cells were cultured to a density of 70%–80% (10-cm

dish) collected after drug stimulation. Crosslinking was performed

with 1% formaldehyde. After fixation, 10× glycine units were

added to terminate the cross-linking process. After three times

of washing with PBS, the sample was collected in a 1.5-mL

centrifuge tube, and 1 µL of 100 mM PMSF and 1 µL of PIC

were added. The sample was resuspended in 1 mL of ChIP-lysis
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buffer. Ultrasound treatment was performed 30 min after ice lysis

to concentrate chromatin DNA fragments of 500–1000 bp. The

sample was centrifuged at 12000 RPM at 4 °C for 10 min, and the

supernatant was collected in a new centrifuge tube. After the DNA

fragments were separated and purified, chromatin fragmentation

was observed using 12% agarose gel electrophoresis. The number

of immunoprecipitation (IP) and Ig G groups was calculated

according to the concentration. Proteins were captured via

immunoprecipitation using the corresponding primary antibody

or control IgG and incubated overnight at 4°C. Further collection

and purification of chromatin fragments was performed, followed

by protein unlinking at 65°C. The precipitated DNA fragments

were analyzed using PCR.
Coimmunoprecipitation

Three groups of cells (IP-FOXO1 group, IP-STAT3 group,

and IgG control group) were prepared using two 10-cm discs in

each group. HaCaT cells were washed twice with pre-cooled PBS

and then collected in a 1.5-mL centrifuge tube with a pre-cooled

cell scraper. Subsequently, 1 mL of mild IP cracking solution was

added, sloshed slowly for 15 min, and left to crack on ice for 1 h.

After centrifugation at 14000 RPM for 15 min at 4°C, the

supernatant was collected in a new centrifuge tube, 100 µL was

removed from each set as input, and its concentration was

determined using the BCA method. Each input group was

supplemented with 25 µL of 5× loading buffer. This was boiled

for 10 min and store at −20°C. After cleaning the protein A

agarose twice with pre-cooled PBS, the protein A agarose with

concentration of 50% was prepared. Protein A agarose (100 µL)

was added to each centrifuge tube and incubated for 2 h in a

suspension apparatus at 4°C. The IP group was incubated with

the corresponding antibodies, and protein A agarose and

incubated overnight under continuous rotation at 4°C. After

centrifugation, the supernatant was carefully removed. Another

1 mL of IP lysate was added and washed three times for 3 min

each, followed by centrifugation at 4°C at 3000 RPM for 3 min.

After the last washing, 30 µL of 2× loading buffer was boiled and

centrifuged to remove the precipitate, and the supernatant was

collected as the protein sample of the IP group. Proteins released

from the complex components were examined via SDS-PAGE

and western blotting.
Statistical analysis

The significance of differences between groups was

determined using an unpaired two-tailed Student’s t-test and

ANOVA using GraphPad Prism software (version 7.0). All

experiments were independently repeated at least three times,

and the differences were considered significant when *P < 0.05,

**P < 0.01, and ***P < 0.001.
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Results

Lipopeptide FSL-1 downregulates ITGB6
expression in epithelial cells

To elucidate the mechanism underlying ITGB6

downregulation in periodontitis, oral biofilm component FSL-

1 was used as the stimulus.

As 100ng/mL FSL-1 has been reported to significantly

inhibit ITGB6 expression in human GECs (Bi et al., 2017), we

chose this concentration to investigate the mechanism of ITGB6

downregulation in epithelial cells. Epithelial HaCaT and GECs

were exposed to FSL-1 (100 ng/mL) for the indicated times (0.5–

2 h). ITGB6 mRNA and protein levels were detected using RT-

qPCR and western blotting, respectively. The results showed that

FSL-1 significantly downregulated ITGB6 mRNA expression in

a time-dependent manner in both HaCaT and GECs

(Figures 1A, B), with a 50% reduction in HaCaT and 30%

reduction in GECs after 2 h of stimulation. FSL-1 also

significantly attenuated ITGB6 protein production after 0.5–2

h of stimulation in HaCaT and GECs (Figures 1C, D). These

results indicate that FSL-1 can reduce ITGB6 transcriptional

expression in both the human epithelial cell line and primary

derived GECs.
FOXO1 and STAT3 binding sites are
located in ITGB6 promoter

As ITGB6 expression is transcriptionally regulated and the

transcription factors FOXO1 and STAT3 are involved in the

inflammatory response, we hypothesized that FOXO1 and

STAT3 are involved in ITGB6 transcription in epithelial

cel ls . Sequence analysis predicted several putat ive

transcription factor FOXO1 and STAT3 binding sites in

the −289 to −150 region of the ITGB6 promoter (Figure 2A).

Overexpression of FOXO1 or STAT3 significantly upregulated

the activity of the pGL2-B6(−421/+208) construct but had no

effect on the activity of the pGL2-B6(−150/+208) construct,

suggesting that the region between −421 and −150 bp upstream

of the translational start codon may contain binding sites for

the transcription factors FOXO1 and STAT3 (Figures 2B, C).

To determine whether cellular FOXO1 and STAT3 can bind to

the ITGB6 promoter, a ChIP assay was performed and assayed

using PCR targeting the −421 to −150 region of the ITGB6

promoter. ChIP with an antibody against FOXO1 and STAT3

resulted in marked enrichment of the ITGB6 promoter DNA

compared to the control IgG (Figures 2D, E). These results

suggest that FOXO1 and STAT3 could bind to the region

located at positions −421 to −150 of the human ITGB6

promoter in vivo and may be involved in human ITGB6

promoter transcriptional activity.
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FOXO1 is involved in FSL-1-mediated
ITGB6 downregulation

To explore whether FOXO1 is involved in FSL-1-decreased

ITGB6 expression in HaCaT and GECs, we first examined the

effect of FSL-1 on FOXO1 expression using western blotting. As

shown in Figure 3, FSL-1 significantly upregulated FOXO1

(Figures 3A, B) protein levels in a time-dependent manner in

both HaCaT and GECs. Furthermore, overexpression of FOXO1

significantly decreased the expression level of mRNA (about

40%, P < 0.01) and protein of ITGB6 (Figures 3C–E). In

addition, the FSL-1 inhibitor AS1842856 significantly reversed
Frontiers in Cellular and Infection Microbiology 05
the expression of mRNA (about 20%, P < 0.05) and ITGB6

protein (Figures 3F–H), which was inhibited by FSL-1. These

results indicated that FOXO1 is involved in the downregulation

of ITGB6 expression.

Next, a ChIP assay was performed to further clarify whether

FOXO1 mediates the effect of FSL-1 on ITGB6 transcription via

increased binding to the ITGB6 promoter in vivo. HaCaT cells were

treated with FSL-1 (100 ng/mL) for 1–2 h, and whole-cell chromatin

was extracted. As shown in Figure 3I, no increase in the binding of

FOXO1 to the ITGB6 promoter was detected after FSL-1 stimulation,

suggesting that FOXO1 involvement in ITGB6 downregulation was

not mediated by increased binding to the ITGB6 promoter site.
A

B

D

C

FIGURE 1

Suppression of ITGB6 by FSL-1 in human epithelial cells. (A) HaCaT (Left) or GECs (Right) were treated with 100 ng/mL FSL-1 for 2 h. ITGB6
mRNA were then extracted, and the mRNA levels were measured by qRT-PCR. (B) HaCaT (Left) or GECs (Right) were treated with 100 ng/ml
FSL-1 for indicated times, and the ITGB6 mRNA expression levels were detected by qRT-PCR. (C) HaCaT or GECs were treated with 100 ng/mL
FSL-1 for indicated times and the protein levels were assessed using western blotting. (D) Densitometric analysis was used to quantify protein
bands. Data are presented as mean ± SEM from triplicates. no significance (ns), *P < 0.05, **P < 0.01, ***P < 0.001, comparison with time zero
medium control cells.
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STAT3 suppression is involved in ITGB6
downregulation by FSL-1

To explore the role of STAT3 in FSL-1-decreased ITGB6

transcription, we first examined the effect of STAT3 on ITGB6

expression in HaCaT and GECs. As shown in Figure 4, STAT3

overexpression increased the expression levels of ITGB6 mRNA
Frontiers in Cellular and Infection Microbiology 06
and protein in both HaCaT and GECs (Figures 4A, B). These

results indicated that STAT3 may be involved in the

upregulation of ITGB6 expression.

Next, we examined the effect of FSL-1 on STAT3 activation

using western blotting. As shown in Figure 4, FSL-1 significantly

decreased STAT3 phosphorylation in both cell lines from 0.5 h

onwards (Figure 4C). Furthermore, the ChIP assay results
A

B

D E

C

FIGURE 2

FOXO1 and STAT3 binding sites located at the ITGB6 promoter. (A) Potential binding sites at the ITGB6 promoter were predicted by the JASPER
database. All numbers presented are relative to the TSS of the human ITGB6 gene. There are three latent STAT3 binding sites and two FOXO1
binding sites between −26 and +18 of the ITGB6 promoter. (B, C) Effect of FOXO1 (B) and STAT3 (C) overexpression on ITGB6 promoter activity
in HaCaT. Luciferase reporter constructs containing various lengths of the ITGB6 promoter, or the empty plasmid pGL2-basic, were co-
transfected with pRL-TK and with either FOXO1 or STAT3-overexpressing plasmid into HaCaT cells. Luciferase activity was measured at 48 h
after transfection. The luciferase value of the pGL2-basic was set to a value of one. Relative promoter activities are presented on the right (mean
± SEM, at least three independent experiments) and were analyzed using one-way ANOVA. (D, E) Measurement of FOXO1 and STAT3 binding to
the ITGB6 promoter. ChIP assay was performed using anti-FOXO1 antibody (D), anti-STAT3 antibody (E), or IgG as a control in HaCaT cells.
Input and immunoprecipitated DNA was then amplified by PCR using primer pairs covering FOXO1 and STAT3 binding sites from −289 to −150
bp. The associated ITGB6 promoter DNA was amplified using PCR and resolved using agarose electrophoresis. **P < 0.01 and ****P < 0.0001.
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A B

D

E F

G

I

H

C

FIGURE 3

FOXO1 is involved in ITGB6 suppression by FSL-1 in HaCaT and GECs. Serum-starved HaCaT and GECs were treated with FSL-1 (100 ng/mL) for
0.5–2 h, and the total FoxO1 (A) protein expression levels were analyzed using western blotting. Protein loading was verified using GAPDH.
(B) Densitometric analysis was used to quantify protein bands. Data are presented as mean ± SEM from triplicates, comparised with time zero
medium control cells (C) HaCaT cells were transfected with pCMV6-Ctrl or pCMV6-FOXO1 for 48 h. Total RNA was extracted, and the mRNA
expression of ITGB6 was detected by RT-qPCR. Data are shown as the mean ± SEM of triplicates and comparisoned with the pCMV6-Ctrl
group. (D) Protein expression levels were analyzed using Western blotting. Protein loading was verified using GAPDH. (E) Densitometric analysis
was used to quantify protein bands. Data are presented as mean ± SEM from triplicates and compared with pCMV6-Ctrl group. The effect of the
FSL-1 inhibitor AS1842856 (AS) on the expression level of ITGB6 mRNA (F) and protein (G). HaCaT cells were exposed to FSL-1 (100 ng/mL) for
2 h with or without pre-incubation with AS (1 mM) for 0.5 h. Final concentrations of DMSO were kept constant for all treatment conditions.
ITGB6 mRNA levels were determined using qRT-PCR. Data are shown as mean ± SEM of triplicates. Protein levels of ITGB6, FOXO1, and GAPDH
(loading control) were measured using western blotting. The blots are representative of three independent experiments with similar results (G).
(H) Densitometric analysis was used to quantify protein bands. Data are presented as mean ± SEM from triplicates. (I) Measurement of FOXO1
binding to ITGB6 promoter. HaCaT cells were treated with FSL-1 at the indicated times, and the binding of FOXO1 to the ITGB6 promoter was
detected by ChIP assay. The associated ITGB6 promoter DNA was measured using qPCR. The results were normalized to the input control. Data
are shown as mean ± SEM of triplicates. no significance (ns), compared to the time zero. *P < 0.05, **P < 0.01, ***P < 0.001.
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showed that FSL-1 stimulation inhibited the binding of

phosphorylated STAT3 to the ITGB6 promoter site from 1 h

onwards (Figure 4D). Overall, these results suggest that

inhibition of phosphorylated STAT3 binding to the ITGB6

promoter is involved in the FSL-1-mediated ITGB6

transcriptional downregulation.
Transcription factor FOXO1 interacts
with STAT3 to mediate the effect of FSL-
1 on ITGB6 downregulation

As FOXO1 negatively regulates leptin-induced pro-

opiomelanocortin (POMC) transcription through its direct

interaction with STAT3 (Ma et al., 2015), we speculated that

FOXO1 may mediate the negative effect of FSL-1 on ITGB6

expression via interaction with STAT3. To test this possibility,

we first performed co-immunoprecipitation experiments to

assess the interaction between FOXO1 and STAT3, and the

results confirmed the interaction between FOXO1 and

STAT3 (Figure 5A).

Moreover, FOXO1 overexpression attenuated STAT3

phosphorylation. In addition, incubation with FSL-1 after

FOXO1 overexpression further downregulated STAT3

phosphorylation levels, suggesting a synergistic effect on

STAT3 phosphorylation level by FSL-1 incubation and

FOXO1 overexpression (Figure 5B). Next, we performed a

ChIP assay to determine the effect of FOXO1 overexpression

on the binding of phosphorylated STAT3 (p-STAT3) to the

ITGB6 promoter. The results (Figure 5C) showed that FOXO1

overexpression significantly inhibited the binding of p-STAT3 to

the ITGB6 promoter.

Thus far, the in vitro data strongly suggest that transcription

factor FOXO1 is involved in regulating the effect of FSL-1 on

ITGB6 downregulation by inhibiting STAT3 activation and

reducing the binding of p-STAT3 to the ITGB6 promoter region.

To confirm the role of FOXO1 and STAT3 and its relation to

ITGB6 expression in vivo, we performed immunohistochemistry

to detect the expression of ITGB6, FOXO1, and STAT3 using

sequencing slices from healthy human gingival tissue and

gingival epithelium of patients with periodontitis. First, we

confirmed the reduction of ITGB6 expression level in

periodontitis samples as compared with that in the healthy

controls (Figures 6A, B). As shown in Figures 6E, F, p-STAT3

was expressed in the nucleus of healthy gingival epithelium but

was minimally detected in inflammatory tissue. On the contrary,

FOXO1 was strongly detected in the inflammatory epithelium,

both in the nucleus and cytoplasm, and was weakly detected in

healthy gingival epithelium (Figures 6C, D). These results

suggest that FOXO1 interacts with STAT3 and may be

involved in the downregulation of ITGB6 in the inflammatory

epithelium associated with periodontitis.
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Discussion

The presence of ITGB6 is essential for periodontal health, as

its low expression in the gingival epithelium is related to the

development of periodontal diseases (Ghannad et al., 2008).

Although previous research has confirmed that periodontal

bacteria or pathogens may cause ITGB6 repression in

periodontitis (Bi et al., 2017), limited work has been

performed to further investigate the transcriptional

mechanism of ITGB6 downregulation in periodontitis. In the

present study, we found that the interaction of the transcription

factors FOXO1 and STAT3 mediated periodontitis-related

lipopeptide FSL-1-induced ITGB6 downregulation in human

epithelial cells. While EGFR–ERK signaling pathways have

previously been implicated in ITGB6 suppression in

periodontal inflammation (Bi et al., 2019), the critical

involvement of the transcription factors FOXO1 and STAT3

in ITGB6 suppression by oral bacterial biofilm components is a

novel finding.

It is generally accepted that gene expression is critically

governed by various transcription factors in a cell- and stimulus-

specific manner. However, the composition of periodontal

bacteria or pathogens that cause periodontitis is complex, and

it is difficult to determine the effect of these pathogens on ITGB6

expression. Therefore, we selected a single microbial biofilm

component, FSL-1, to study ITGB6 transcriptional regulation.

FSL-1 is the N-terminal lipopeptide of the cell membrane

lipoprotein LP44 produced by the common oral bacterium M.

salivarium, which preferentially inhabits the gingival sulci and is

suspected to play an etiological role in periodontal diseases

(Shibata et al., 2000). Our results showed that FSL-1 could

suppress ITGB6 expression in both commercial epithelial cell

lines and primary GECs, which is consistent with the results of a

previous study (Bi et al., 2017). Moreover, the effect of FSL-1 on

ITGB6 suppression is similar to that of oral bacterial biofilm

extracts (Bi et al., 2017). FSL-1 was then used as a stimulator to

investigate the transcriptional regulation mechanism of ITGB6

suppression associated with periodontitis in the current study.

Accumulating evidence indicates that FOXO1 activity can be

induced by periodontal pathogens and plays a crucial role in

periodontal homeostasis and disease (Ren et al., 2021). Wang

et al. showed that FOXO1 accumulates in the nucleus of

Porphyromonas gingivalis-infected cells (Wang et al., 2015)

and is involved in gene expression related to cell death, barrier

function, differentiation, and inflammation (Li et al., 2013). In

our study, we verified that FSL-1 significantly upregulated the

expression of FOXO1. In addition, upregulation of FOXO1

downregulated ITGB6 expression, whereas blocking FOXO1

expression inhibited the downregulation of ITGB6 by FSL-1.

These results indicated the involvement of FOXO1 in FSL-1-

induced ITGB6 downregulation. Transcription factors normally

regulate gene expression by binding to the target gene promoter.
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FIGURE 4

STAT3 suppression is involved in FSL-1 mediated ITGB6 downregulation. (A, B) STAT3 is involved in ITGB6 transcriptional regulation in HaCaT
and GECs. Serum-starved HaCaT and GECs were transfected with the control vectors pLenti-Ctrl or pLenti-STAT3 for 48 h. The mRNA
expression of STAT3 and ITGB6 was measured by qRT-PCR (A) Data are presented as mean ± SEM from triplicates and compared with pLenti-
Ctrl. The protein expression of ITGB6 and STAT3 in HaCaT and GECs was measured using western blotting (left). Densitometric analysis was
used to quantify protein bands (right). Data are presented as mean ± SEM from triplicates and compared with pLenti-Ctrl group. (C) FSL-1
inhibits STAT3 activation in HaCaT and GECs. Serum-starved HaCaT and GECs were treated with FSL-1 (100 ng/mL) for the indicated times
(0.5–2 h). Whole-cell extracts were prepared for western blot analysis of phosphorylated STAT3, STAT3, and GAPDH (loading control).
Densitometric analysis was used to quantify protein bands (lower panel). Data are presented as mean ± SEM from triplicates and compared with
time zero group. (D) FSL-1 inhibited phosphorylated STAT3 binding to the ITGB6 promoter. HaCaT cells were treated with FSL-1 (100 ng/mL) for
the indicated times (1–2 h), and the binding of STAT3 to the ITGB6 promoter was detected using ChIP assay. The associated ITGB6 promoter
DNA was amplified using qPCR. Data are shown as the mean ± SEM of triplicate experiments and comparison with time zero medium control
cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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However, FOXO1 binding to the ITGB6 promoter did not

increase upon FSL-1 stimulation. This suggested that FSL-1-

induced FOXO1 expression may indirectly regulate ITGB6

transcription via a different mechanism such as protein–

protein interaction. Previous studies have confirmed that

FOXO1 may regulate the expression of target genes without

directly binding to DNA. A FOXO1 mutant that lacks DNA-

binding activity can regulate target gene expression

(Ramaswamy et al., 2002). In addition, FOXO1 can regulate

target gene transcription through direct interaction with other

transcription factors, such as STAT3 (Yang et al., 2009; Oh et al.,

2012; Ma et al., 2015; Zhang et al., 2021). STAT3 is a critical

transcription factor in inflammatory responses and induces the

expression of a large array of inflammatory mediators (Hillmer

et al., 2016). We previously reported that the promoter region of

the human ITGB6 gene contains STAT3 binding sites, and the

basal rate of ITGB6 expression in oral squamous cell carcinoma

cells is primarily defined by STAT3 (Xu et al., 2015). Therefore,
Frontiers in Cellular and Infection Microbiology 10
we speculated that the reciprocal action of STAT3 and FOXO1

might regulate FSL-1-induced ITGB6 downregulation.

Being a pivotal inflammatory transcription factor, STAT3

activation has been shown to mediate the biological effects of

several oral proinflammatory factors such as P. gingivalis (Ma et al.,

2021) and LPS (Zhang et al., 2021). However, it is still unclear

whether STAT3 plays a role in FSL-1-induced cellular effects in

periodontitis. Our results demonstrated for the first time that FSL-1

stimulation reduced STAT3 phosphorylation levels in both HaCaT

and GECs. FSL-1 stimulation also inhibits the binding of phospho-

STAT3 to the ITGB6 promoter. These results indicate that FSL-1

downregulates ITGB6 expression in GECs by inhibiting STAT3

activation and binding to the ITGB6 promoter.

We also determined how FOXO1 interfered with STAT3 to

regulate ITGB6 suppression by FSL-1. First, our co-IP experiments

confirmed the direct interaction of FOXO1 with STAT3. Next,

overexpression of FOXO1 further attenuated STAT3 activation

and its binding to the ITGB6 promoter. These results are
frontiersin.org
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FIGURE 5

FOXO1-inhibited STAT3 activation is involved in FSL-1-mediated ITGB6 downregulation. (A) The interaction of STAT3 and FOXO1 was detected
via co-immunoprecipitation in HaCaT cells. Cell lysate was incubated with FOXO1, STAT3 antibodies or control IgG. The corresponding
interacting protein was then detected by western blotting using antibody against STAT3, FOXO1, or IgG. Cell lysate (5%) was used as input
positive control. (B) Overexpression of FOXO1 inhibited STAT3 activation and ITGB6 expression. HaCaT cells were transfected with pCMV6-Ctrl
or pCMV6-FOXO1 plasmids for 24 h before treatment with or without FSL-1 (100 ng/mL) for 2 h. The protein expression of FOXO1, STAT3, p-
STAT3, and ITGB6 was analyzed using western blotting. (C) FOXO1 overexpression inhibited phosphorated STAT3 binding to the ITGB6
promoter. HaCaT cells were transfected with pCMV6-Ctrl or pCMV6-FOXO1 plasmids for 24 h. The binding of phosphorated STAT3 to the
ITGB6 promoter was detected by ChIP assay. The associated ITGB6 promoter DNA was amplified by qPCR using primers covering the potential
STAT3-binding sites from −289/−150 of ITGB6 promoter. The input was 5% of the total cell lysate. Data are shown as mean ± SEM of triplicates
and compared, V6-Ctrl group. *P < 0.05, **P < 0.01, ***P < 0.001.
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consistent with the notion that FOXO1 inhibits STAT3 activity by

preventing STAT3 from interactingwith the ITGB6promoterDNA.

Furthermore, the reciprocal action of STAT3 and FOXO1 on ITGB6

downregulation was also confirmed by the immunostaining of the

inflammatory epithelium associated with periodontitis. Together,

these data support our proposed model of a potential mechanism of

howFSL-1-inducedFOXO1inhibits ITGB6transcriptionregulation;

with increasing amount of FOXO1 expression, FOXO1 binds to
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phospho-STAT3 in the nucleus, prevents STAT3 from interacting

with the ITGB6 promoter, and consequently, inhibits ITGB6

transcription (Figure 7).

In conclusion, the current study demonstrates that FOXO1 is

involved in FSL-1-mediated ITGB6 downregulation in HaCaT and

GECs. The FOXO1 inhibitory effect on ITGB6 expression was a

consequence of its interactionwith STAT3 rather thanbinding to the

ITGB6 promoter site. FOXO1 attenuated STAT3 activation and
A B

D

E F

C

FIGURE 6

Expression of ITGB6, FoxO1, and phosphorated STAT3 in human gingival epithelium. Paraffin-embedded human gingival epithelia were obtained
from patients who had undergone tooth extraction for periodontitis treatment (n = 5) or orthodontic treatment as healthy controls (n=5).
Immunohistochemistry for ITGB6, phosphorated STAT3, and FOXO1 was performed. Representative sections of healthy gingival epithelium
showing strong staining of ITGB6 in the cytosol (A) and phosphorylated STAT3 in the nucleus (E), whereas both molecules were barely
expressed in periodontal disease specimens. In contrast, a representative section of inflammatory gingival epithelium showed strong staining of
FOXO1 in both the nucleus and cytoplasm, whereas minor staining was detected in healthy gingival epithelium (C). (A) Low power scale bar:
200 mm. High power scale bar: 100 mm. (C–E) Low power scale bar: 200 mm. High power scale bar: 50 mm. (B, D, F) Quantitative statistics of
immunostaining were analyzed using Image Pro-Plus 6.0. The average integrated optical density (IOD) of both healthy and inflamed tissues was
analyzed. Five regions of the epithelial tissue were randomly selected for the average value. Data are shown as the mean ± SEM of triplicate
experiments and compared to healthy gingival epithelium. **P < 0.01.
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binding to the ITGB6 promoter, which resulted in FSL-1-induced

downregulation of ITGB6. Therefore, the interaction of FOXO1 and

STAT3 may contribute to periodontitis progression by inhibiting

ITGB6 expression. Targeting the FOXO1–STAT3 signaling axismay

be an effective method for treating periodontal diseases.
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FIGURE 7

Potential mechanism of FOXO1-mediated FSL-1-induced ITGB6 downregulation. FSL-1 increases FOXO1 expression, and FOXO1 interacts with
p-STAT3 in the nucleus, prevents the binding of p-STAT3 to the ITGB6 promoter, and consequently inhibits STAT3-mediated ITGB6
transcriptional expression. PM, plasma membrane; NE, nuclear envelope.
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