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A B S T R A C T

Recent study established the role of integrins in keratinocyte growth factor (KGF)-induced oral epithelial ad-
hesion and rete peg elongation. However, how extracellular matrix (ECM) remodeling cooperates with the in-
creased epithelial adhesion during rete peg elongation has yet to be determined. Podosomes are cell-matrix
contact structures that combine several abilities, including adhesion and matrix degradation. In the present
study, we identified podosome formation at the ventral side of human immortalized oral epithelial cells
(HIOECs) upon KGF treatment. Moreover, podosomal components including integrin α6，β4，α3，β1 and
MMP14 colocalized with the F-actin-cortactin complex and matrix degradation assays demonstrated the ability
of the F-actin-cortactin complex to degrade matrix. Inhibition both of integrin subunits β4 and β1 with specific
blocking antibodies and inhibition of Erk1/2 abrogated the KGF-induced podosome formation. Notably,
knockdown of integrin subunits β4 and β1 with specific small interfering RNA (siRNA) downregulated the
phosphorylation levels of Erk1/2. In contrast, inhibition of both Erk1/2 could upregulate the expression of
integrin subunits β4 and β1. These results demonstrate that KGF induces podosome formation via integrin-Erk1/
2 signaling in HIOECs, suggesting a novel mechanism by which integrins enhance oral epithelial adhesion and
rete peg elongation.

1. Introduction

Oral mucosal rete pegs are epithelial protrusions toward the lamina
propria formed by epithelial cell proliferation and migration upon
various factors such as mechanical stimuli [1,2]. An increasing number
of studies demonstrate that rete pegs contribute to epithelial adhesion
because they can enlarge the contact area between the oral epithelium
and lamina propria [3]. However, the extracellular matrices (ECM)
underlying the basement membrane dynamically remodel during the
progress of rete peg elongation, which may compromise epithelial ad-
hesion. Consequently, how ECM remodeling cooperates with increased
epithelial adhesion during rete peg elongation has yet to be determined.

Podosomes are dynamic cell-matrix contact structures that combine
several key abilities, including adhesion and matrix degradation, via
their expression of integrins and matrix metalloproteases (MMPs) [4,5].

Although the first description of podosomes was in Rous sarcoma virus-
transformed fibroblasts as aberrant adhesion structures and subse-
quently in several cell types of mesenchymal origin including osteo-
clasts and macrophages, they are not unique to cells of mesenchymal
origin [5]. Endothelial cells can form podosomes quickly after short-
term treatment with TGFβ, TNF-α, VEGF, and phorbol ester [6,7].
Moreover, these podosomes could organize into rosette structures that
were the precursors of new vascular branching points [6,8]. Phorbol
esters can also activate human bronchial epithelial cells and have been
implicated in not only podosome assembly but also recruitment of
MMPs to podosomes for matrix degradation [9]. Most importantly, the
skin-derived keratinocyte cell line HaCat also displayed podosome-like
structures [10]. Based on these studies, we hypothesize that oral epi-
thelial cells have the possibility to form podosomes upon growth factor
treatment.
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Our previous study demonstrated that KGF simultaneously en-
hanced oral rete peg elongation and epithelial adhesion, suggesting the
possibility that KGF may induce podosomes formation [11]. In this
study, we identified the formation of podosome structures by coloca-
lization among F-actin, cortactin, vinculin, and Wiskott-Aldrich syn-
drome protein (WASP) in HIOECs 24 h after KGF treatment by confocal
microscopy. Moreover, we analyzed the colocalization of podosomal
components including integrin α6，β4，α3，β1 and MMP14 with F-
actin-cortactin and the ability to degrade matrix. Additionally, we ex-
plored the related signaling molecules that regulate podosomes for-
mation in HIOECs after KGF treatment. Because the mitogen-activated
protein kinases (MAPK) pathway, the Akt pathway, and the Janus ki-
nase-signal transducers and activators of transcription (Jak-Stat)
pathway are three main signaling pathways that mediate the effects of
growth factors and cytokines on epithelial cells [12–14], the phos-
phorylation of Erk1/2, p38, Jnk, Akt, Jak2, and Stat3 were detected by
Western blot.

2. Materials and methods

2.1. Antibodies and reagents

Antibodies used for functional blockade are shown in Table 1. An-
tibodies used for Western blot are shown in Table 2. HYD-1 (a D-amino
acid-containing peptide with amino acid sequence: Lys-Ile-Lys-Met-Val-
Ile-Ser-Trp-Lys-Gly) was purchased from Wuhan Bioyeargene Bio-
technology Co., Ltd. (Wuhan, Hubei, China). MMP14 was purchased
from abcam (ab3644). WASP was purchased from HuaBio
(EM1706–58, Hangzhou China). Vinculin was purchased from merck-
millipore (MAB3574). A FITC Phalloidin and an Acti-stain™ 670 phal-
loidin were obtained from AAT Bioquest Inc. An Erk1/2 inhibitor
U0126, and Akt inhibitor Ly294002 and MK2206 were obtained from
Selleck chemicals (Selleck, USA). The β4 and β1 siRNA kitswere ob-
tained from Ribobio (Guangzhou, China).

2.2. Cell culture and treatment

The HIOEC line was established by the Shanghai Key Laboratory of
Stomatology, which was obtained from normal oral mucosa im-
mortalized with HPV16 E6/E7 gene transfection [15]. HIOEC line was
authenticated by VivaCell Bioscience (Shanghai, China) using short
tandem repeat (STR) markers (Report No.:VC20190428003). Detection
of mycoplasma contaminations showed that HIOEC cell was not con-
taminated. HIOECs were cultured in keratinocyte serum-free medium
(KSFM; Gibco) in a humidified atmosphere containing 5% CO2 at 37 °C.
When the cells were grown to 70%–80% confluence, they were pas-
saged using 0.25% trypsin (Invitrogen, CA, USA) solution according to
standard protocols. For confocal immunofluoresence microscopy, cells
were seeded in the tissue culture treated 24-well plates (NEST, Wuxi,
China) (1.4× 105 cells per well). Cells grown on microscope coverslips
were rinsed in PBS and then fixed in 4% paraformaldehyde at 37 °C for
5min. The cells were incubated with the primary antibody over-night
in a humidified chamber at 4 °C. After washing, the cells were incubated
with the secondary antibody (Alexa-Flour 488 goat anti-rabbit IgG; Life
Technologies) in a humidified chamber for 1 h at room temperature.
Finally, the cells were mounted with Mounting Medium supplemented

with 4′, 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (ZLI-
9557, ZSGB-BIO, Beijing). Olympus microscope system FV1000
(Olympus, Tokyo, Japan) was employed. Images acquisition was per-
formed using Olympus FluoView™ FV10-ASW 4.2 Wiewer (Olympus,
Tokyo, Japan) with a 100× oil-immersion objective (UPLSAPO100XS;
NA, 1.40). 405 (HV, 474; Gain, 2; offset 6%), 488 (HV, 596; Gain, 2;
offset 7%), and 559 (HV, 628; Gain, 2; offset 6%) nm emission wave-
length lasers were used. For real-time PCR, Western blot, and trans-
fection assay, the cells were seeded in 6-well plates (8×105 cells per
well). Cells were given the indicated treatment.

2.3. Integrin function-blocking assays

Cells were preincubated with HYD-1 or functional blocking anti-
bodies against α6 (GoH3), α3 (clone P1B5), β4 (clone 3E1), and β1
(clone 12G10) integrin subunits or mouse control IgG at a final con-
centration at 20 μg/ml at room temperature for 10min before KGF
treatment.

2.4. Matrix degradation assay

Briefly, 150 μl (1 mg/ml) Alexa Fluor 594-labeled Matrigel was
dropped onto coverslips for 1 h at room temperature, forming about
1.0 mm coating onto the bottom. Then, HIOECs were seeded onto
Matrigel-coated coverslips in 24-well plates and grown for 24 h. An
Alexa Fluor® 594 Protein Labeling Kit (Thermo fisher scientific,
A10239) was used to label Matrigel for the ECM degradation assays.
The cells were grown on glass coverslips and given the indicated
treatment for 24 h. Then, cells were washed with PBS, fixed in 4%
paraformaldehyde at room temperature for 5min, and blocked with
10% nonimmune goat serum for 1 h at room temperature. After that,
cells were incubated with primary antibody to cortactin at a dilution of
1:100 overnight at 4 °C, followed by incubation with Alexa Fluor® 488-
conjugated secondary antibody (1:200) and Acti-stain™ 670 phalloidin
for 1 h at room temperature. Confocal fluorescent images were acquired
with an Olympus inverted laser scanning fluorescence microscope
equipped with acquisition software (FV1000, Tokyo, Japan) and a NA
1.4 oil immersion objective. Triple imaging for Acti-stain™ 670 phal-
loidin, Alexa-Fluor-488-cortactin, and Alexa-Fluor-594-labeled
Matrigel was performed using selective laser excitation at 405, 488 and
559 nm, respectively. Each channel was imaged sequentially using the
multitrack recording module before merging. Cells showing podosomes
were quantified by scoring at least 300 cells for each coverslip.
Degradation index was computed using the ImageJ Analyze Particles
function by taking the mask of punctiform blackening within the
fluorescently labeled gelatin due to podosomal collagenolytic activity.
10 fields (for degradation) were analyzed per experimental group.

Table 1
Antibodies used for function blocking assay.

Antibody Host Source Dilution

Integrin α6 (G0H3) Rat Biolegend (313613) 1:20
Integrin β4 (3E1) Mouse Millipore (MAB1964) 1:20
Integrin α3 (P1B5) Rabbit Millipore (MAB1952) 1:20
Integrin β1 (12G10) Mouse Abcam (ab30394) 1:20

Table 2
Antibodies used for Western blot.

Antibody Host Source Dilution

Akt (pan) Rabbit CST (#4691) 1:1000
Integrin α6 Rabbit Abcam (ab133386) 1:1000
Integrin β4 Rabbit Abcam (ab182120) 1:1000
Integrin α3 Rabbit Novus (NBP1–19724) 1:1000
Integrin β1 Rabbit Novus (NB110–510) 1:1000
Erk1/2 Rabbit CST (#9102) 1:1000
Jak2 Rabbit CST (#3230) 1:1000
Jnk Rabbit CST (#9252) 1:2000
P38 Rabbit CST (#9212) 1:1000
Phospho-Akt (Ser473) Rabbit CST (#4060) 1:1000
Phosphor-P38(Thr180/Tyr182) Rabbit CST (#9211) 1:1000
Phosphor-Erk1/2 (Thr202/Try204) Rabbit CST (#8544) 1:1000
Phosphor-Jak2 (Tyr1007) Rabbit CST (#4406) 1:1000
Phosphor-Jnk (Thr183/Tyr185) Rabbit CST (#9251) 1:1000
Phosphor-Stat3 (Tyr705) Rabbit CST (#9135) 1:1000
Stat3 Mouse CST (#9139) 1:1000
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Integrated density was used as readout.

2.5. Small interfering RNA (siRNA) transfection

HIOECs at a density of 40% confluence were serum-deprived for
24 h for transfection. Interference of integrin subunits β4 and β1 ex-
pression was performed by transfecting Lipofectamine 2000 with in-
tegrin-targeted siRNA and the universal negative control siRNA ac-
cording to the manufacturer's protocol. The sequences of the siRNAs
against Integrin β4 was (GGAAAGAGCTGCAGGTGAA) and siRNAs
against Integrin β1 (GCGAGTGTGATAATTTCAA). Knockdown efficacy
was confirmed by Western blot and real-time RT PCR 48 h after trans-
fection.

2.6. Western blot and analysis

Proteins were collected, and the supernatant protein concentration
was estimated using the BCA assay (Pierce, Rockford, IL, USA).

Subsequently, 20 μg of protein was separated on 10% SDS-poly-
acrylamide gels and transferred onto PVDF membranes (Roche Applied
Science). The blots were blocked overnight with 5% non-fat dry milk
and probed with primary antibodies at 1:1000 dilutions. The im-
munoblots were detected with HRP-conjugated secondary antibody
(Pierce, Rockford, IL, USA) using a chemiluminescence kit (Pierce,
Rockford, IL, USA). The semiquantitative analysis of Western blots was
carried ImageJ software. Specifically, it could be divided into the fol-
lowing steps. 1) Open the image in Image J. 2) Convert the image into
grayscale picture. 3) Subtract the background. 4) Set integrated density.
5) Set scales. 6) Invert the image into bright band. 7) Acquire the in-
tegrated gray values of the respective bands by freehand selection. The
expression levels of indicated proteins were revealed by the calculating
ratio of a special molecule to GAPDH, α-tubulin or β-Actin.

2.7. Real-time PCR

Total RNA was isolated from 106 HIOECs using TRIzol reagent

Fig. 1. KGF induces the assembly of podosome structures in HIOECs. (A and B) 24 h after KGF treatment, the ratio of cells containing F-actin-cortactin complexes in
the KGF group was significantly elevated compared to the control group. n=3 independent experiments in which 100 cells per experimental point were analyzed.
Data are expressed as the mean ± SD. **P<0.01. (C and D) Colocolization of WASP with F-actin and colocolization of vinculin with cortactin was invisible in
HIOECs of control group. WASP was colocalized with F-actin in the center of podosome, whereas vinculin was surround F-actin, and localized in the ring of pososome
in KGF group. (E and F) 24 h after KGF treatment, the colocalization among integrin subunit α6, β4 and F-actin-cortactin complexes. Control: HIOECs cultured in
normal KSFM; KGF: HIOECs cultured in normal KSFM supplemented with KGF at a concentration of 10 ng/mL.
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(Gibco BRL Life Technologies, Gaithersburg, MD, USA) following the
manufacturer's instructions. First-strand cDNA was synthesized from
1 μg total RNA in a final volume of 20 μl using a First Strand cDNA
Synthesis Kit (Takara, Dalian, China). After reverse transcription, am-
plification was carried out by PCR using Taq DNA polymerase and a
dNTP Set (Fermentas, Thermo Fisher Scientific, Glen Burnie, MD, USA).
The following PCR conditions were used for all PCRs: 94 °C 10min,
60 °C 90 s, and 72 °C 120 s. The primer nucleotide sequences for PCR
are presented below. Integrin β4 (Forward, 5′-GCAGCTTCCAAATCAC
AGAGG-3′, Reverse, 5′-CCAGATCATCGGACATGGAGTT-3′). Integrin β1
(Forward, 5′-CCTACTTCTGCACGATGTGATG-3′; Reverse, 5′-CCTTTGC
TACGGTTGGTTACATT-3′). Reference gene GAPDH (Forward, 5′-CAA
CCGTGAAAAGATGACCC-3′; Reverse, 5′-GTCTCCGGAGTCCATCA
CAA-3′). Three separate experiments were performed on different cul-
tures, and each sample was assayed in triplicate. A mean value was used
to determine the mRNA levels using the comparative Cq method with
the formula 2−ΔΔCq (2−ΔΔCt).

2.8. Statistical analysis

All data were analyzed with Student's t-test at a significance level of
P < .05 in GraphPad Prism 6.0 (GraphPad Software, Inc.). The results
are expressed as mean ± SD for 3 independent experiments.

3. Results

3.1. KGF induces the assembly of podosome structures in HIOECs

To verify our hypothesis that KGF can promote the formation of
podosomes, we firstly detected the colocalization of F-actin and cor-
tactin 24 h after KGF treatment by confocal microscopy. The results
showed that colocalization of F-actin and cortactin was almost invisible
in HIOECs of control groups (Fig. 1A), whereas 40%–50% of HIOECs
showed colocalization of F-actin and cortactin 24 h after KGF treatment
(Fig. 1B). These podosome-like structures presented as dot-like struc-
tures with a diameter approximately 0.4 μm (Fig. 1A, magnification).
Podosomes characteristically contain WASP, cortactin, Arp2/3, and F-
actin in the center, which is surrounded by a ring of integrin and

Fig. 2. The matrix-degradation ability of podosomes in HIOECs. (A and B) The Matrigel degradation ability of HIOECs in the KGF group was much higher than that of
the control group. Calculation of degradation areas on fluorescence-labeled Matrigel was performed for at least 10 fields (×10 objective lens) for each coverslip. The
areas of degradation were measured by the Analyze Particles function of ImageJ software. The loss of matrix-associated fluorescence (total degraded areas) is
expressed as the intensity of matrix degradation. Then the total degradation area (presented in μm2) was normalized for the degradation index (area (μm2)/cell).
n=3 independent experiments in which 10 cells per experimental point were analyzed. Data are expressed as the mean ± SD. **P<0.01. (C) Colocolization of
among MMP14, integrin β1 and F-actin was invisible in HIOECs of control group, whereas the colocolization among MMP14, integrin β1 and F-actin was easily
detected in HIOECs of the KGF group.
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integrin associated proteins, such as vinculin and paxillin [16]. There-
fore, we further detected the localization of WASP in the core of po-
dosome-like structures, and the localization of vinculin with cortactin
in the ring of podosome-like structures. The results demonstrated that
these podosome-like structures characteristically contain WASP in the
center, which is surrounded by a ring of integrin associated proteins
including vinculin (Fig. 1C and D). Next, we investigated the other

podosomal components in the podosome-like structures (identified by
colocalization of F-actin-cortactin at the ventral side of the cell). The
results showed that integrin subunits α6, β4, α3, β1, and MMP14 co-
localized with F-actin in podosome-like structures (Fig. 1E-F, data for
integrin subunits α3, β1, and MMP14 not shown). To ascertain the
ability of the podosome-like structures to degrade matrix, we then
performed matrix degradation assays. The results indicated that matrix

Fig. 3. Integrins are involved in KGF-induced podosome formation. (A) Pretreatment of KGFR inhibitor Ly2874455 15min before KGF stimulation drastically
inhibited the formation of podosomes within HIOECs. (B) HYD-1, an antagonist to integrin subunits α6, β4, α3, and β1, significantly inhibited the KGF-induced
podosome formation in HIOECs. (C) n=3 independent experiments in which 100 cells per experiment were analyzed. (D) The impact of function-blocking antibodies
against integrin subunits α6 (GoH3), β4 (3E1), α3 (P1B5), and β1 (12G10) on the KGF-induced podosome formation in HIOECs. (E) The statistical analysis of
percentage of HIOECs with podosomes each group. GoH3, function-blocking antibody against integrin subunit α6. 3E1, function-blocking antibody against integrin
subunit β4; P1B5, function-blocking antibody against integrin subunit α3; 12G10, function-blocking antibody against integrin subunit β1. n=3 independent
experiments in which 100 cells per experiment were analyzed. Data are expressed as the mean ± SD. **P<0.01. ***P<0.001.
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degradation, which has previously been associated with podosomes,
was observed in HIOECs with podosomes (Fig. 2A and B). And to fur-
ther analyze the possible synergistic effect between cell adhesion and
matrix degradation, we detected the colocolization between integrin β1
and MMP14. Our results demonstrated that integrin β1 was colocolized
with MMP14 in podosomes within HIOECs (Fig. 2C).

3.2. Integrins are involved in KGF-induced podosome formation

Because KGF mainly exerted its effects on epithelial cells via kera-
tinocyte growth factor (KGFR), we explored the impact of KGFR in-
hibitor Ly2874455 (Selleck, S7057) on KGF-induced podosome for-
mation in HIOECs. Pretreatment of 10 μM Ly2874455 15min before
KGF stimulation drastically inhibited the formation of podosomes
within HIOECs (Fig. 3A). A recent study demonstrated that KGF si-
multaneously enhanced oral rete peg elongation and epithelial adhe-
sion [11]. However, inhibition of integrins with HYD-1, an antagonist
to integrin α6, β4, α3, and β1, drastically abrogated the KGF-induced
oral epithelial adhesion and rete peg elongation, indicating the role of
integrins in adhesion and matrix remodeling. Because adhesion and
matrix degradation are two major podosome functions, we wonder
whether integrins are functionally implicated in KGF-induced podo-
some formation in HIOECs. Therefore, we pretreated HIOECs with
HYD-1 to analyze the impact of integrins on KGF-induced podosome
formation. As shown in Fig. 3B and C, HYD-1 significantly abrogated
the KGF-induced podosome formation. Importantly, HYD-1 can si-
multaneously inhibit the function of integrin subunits α6, β4, α3, and
β1 [17]. To further analyze the relative importance of integrin subunits
α6, β4, α3, and β1 in KGF-induced podosome formation, we treated
HIOECs with their specific function-blocking antibodies GoH3, 3E1,
P1B5, and 12G10 respectively. The results showed that inhibition of
integrin subunit β4 with 3E1 and β1 with 12G10 significantly impaired
podosome formation, while inhibition of integrin subunit α6 with GoH3
and α3 with P1B5 had only a marginal effect on KGF-induced podo-
some formation (Fig. 3D and E).

3.3. KGF mediated its effects on HIOECs through Erk1/2 and Akt signaling

In the present study, we detected the phosphorylation level of Erk1/
2, p38, Jnk, Akt, Jak2, and Stat3 in HIOECs by Western blot 15min

after KGF treatment. The results showed that the expression level of
KGFR and phosphorylation levels of Erk1/2, Akt, and Stat3 were up-
regulated 10min after 10 ng/mL KGF treatment, whereas the phos-
phorylation levels of p38 and Jnk were unaffected (Fig. 4A-F). Notably,
the phosphorylation level of Jak2 was significantly downregulated.
Jak2 is considered to be the upstream molecule of Stat3, but their
phosphorylation levels showed an inverse relationship. These results
indicated that KGF mediated its effects on HIOECs possibly through
Erk1/2 and Akt signaling.

3.4. Erk1/2 plays an essential role in KGF-induced podosome formation

Although both Erk1/2 and Akt were significantly activated in
HIOECs, we wondered whether both Erk1/2 and Akt were indis-
pensable for KGF-induced podosome formation. To explore the impact
of Erk1/2 and Akt blockade on KGF-induced podosome formation, we
inhibited Erk1/2 using their specific inhibitors U0126, and inhibited
Akt using Ly294002 and MK2206. The HIOECs were firstly incubated
with 10 μMU0126, Ly294002 and 20 μM MK2206 for 15min, and then
treated with KGF for 24 h. Notably, only inhibition of Erk1/2 abrogated
the KGF-induced podosome formation, whereas inhibition of Akt only
had marginal effects on podosome formation in HIOECs (Fig. 5A-F).
Moreover, statistical analysis indicated that inhibition of Erk1/2 also
reduced the average podosome numbers within HIOECs (Fig. 5G).

3.5. Integrins are key mediators between KGF and Erk1/2 activation

As inhibition of integrin subunits β4 and β1 and Erk1/2 abrogated
KGF-induced podosome formation, we wondered whether the KGF in-
duced-Erk1/2 activation was associated with integrin subunits β4 and
β1. To test this hypothesis, we suppressed the expression of β4 and β1
integrin with specific siRNAs, verifying the efficiency of the siRNAs by
Western blot and real-time PCR (data not shown). The results showed
that knockdown of integrin subunits β4 and β1 significantly down-
regulated the phosphorylation level of Erk1/2 and Akt in HIOECs
(Fig. 5A-D). We further analyzed the impact of specific inhibitors
U0126 (10 μM) and Ly294002 (10 μM) on the expression levels of in-
tegrins. The results demonstrated that inhibition of both Erk1/2 and
Akt significantly upregulated the expression levels of integrin subunits
β4 and β1 (Fig. 5E-H). These data suggested that integrin subunits β4

Fig. 4. KGF mediated its effects on HIOECs through Erk1/2 and Akt signaling. Y-axes of Fig. 4B, D, and F referred to the relative expression levels of indicated
proteins to the housekeeping gene. (A and B) Western blot detection of the expression level of KGFR in HIOECs after KGF treatment, (C and D) the phosphorylation
level of Jak2 and Stat3 after KGF stimulation for 15min, and (E and F) the phosphorylation level of Erk1/2, p38, Jnk, and Akt after KGF stimulation for 15min. n=3
independent experiments. Analysis of matrix protein expression in protein extracts from each group by ImageJ. Data are expressed as the mean ± SD. *P<0.05,
**P<0.01, ***P<0.001.
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and β1 were essential mediators between KGF and phosphorylation of
Erk1/2 and Akt in HIOECs.

4. Discussion

In the present study, we explored the possibility of podosome for-
mation in HIOECs after KGF treatment. The results demonstrated that
the podosome-like structures in HIOECs presented as dot-like structures
with a diameter of 0.4 μm, which were similar in shape to those found
in osteoclasts [18]. Moreover, the key components of podosomes in-
cluding integrins and MMP14 closely surrounded the F-Actin-cortactin
core, suggesting the adhesion and matrix degradation functions of the
podosome-like structures. Most importantly, the podosome-like struc-
tures in HIOECs indeed had the ability to degrade matrix. Based on
these results, we consider that KGF can promote the formation of po-
dosomes in HIOECs, which may be a reasonable mechanism underlying

dynamic adhesion during oral mucosal rete peg elongation.
In addition to growth factors and cytokines, integrins, one of the key

components of podosomes, also play essential roles in the assembly and
function of podosomes in various cell types. For example, β2 integrin
participates in podosome formation in dendritic cells, whereas β3 in-
tegrin contributes to podosome formation in osteoclasts [19]. A recent
study demonstrates that α6β1 integrin is essential for VEGF-induced
endothelial podosome rosettes [8]. The integrin subunits of α6, β4, α3,
and β1 are the dominant types expressed in keratinocytes [20]. In the
present study, we found that the number of podosomes was sig-
nificantly reduced upon inhibition of the function of integrin subunits
β1 and β4 with their specific function-blocking monoclonal antibodies,
indicating the role of integrin subunits β4 and β1 in podosome as-
sembly in HIOECs. Many studies have demonstrated that integrins also
play important roles in podosome self-renewal. For example, Gawden-
Bone et al. found that mutation in amino acids 745 or 746 in integrin β2

Fig. 5. Impact of Erk1/2 and Akt blockade on KGF-induced podosome formation. U0126, specific inhibitor of Erk1/2; Ly294002 and MK2206, specific inhibitor of
Akt. (A, B and E) 24 h after KGF treatment, the ratio of cells containing F-actin-cortactin complexes in the KGF group was significantly elevated compared to the
control group. (C and E) U0126 significantly inhibited the KGF-induced podosome formation in HIOECs. (D and E) Ly294002 and MK2206 had a marginal effect on
KGF-induced podosome formation in HIOECs. n=3 independent experiments in which 100 cells per experiments were analyzed. Data are expressed as the
mean ± SD. ***P<0.001.
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inhibited the disassembly of podosomes mediated via Toll-like re-
ceptors [19]. Therefore, we hypothesize that integrin subunits β4 and
β1 may have a role in different stages of podosome formation and re-
newal. Notably, these integrin-specific, function-blocking monoclonal
antibodies could block adhesion of cells to the ECM (i.e., laminin, or
collagen). Meanwhile, loss of adhesion from the receptors might impair
the outside-in signaling mediated by integrins. Therefore, although we
inferred that these function blocking antibody inhibited the interaction
between HIOECs and matrix, whether these function-blocking anti-
bodies blocked the outside-in signaling warranted further investigation.

Inhibition of integrins significantly downregulated the KGF-induced
phosphorylation of Erk1/2 and Akt, whereas inhibition of Erk1/2 and
Akt significantly upregulated the expression of integrin α6, β4, α3, and
β1. Therefore, integrins are key mediators between KGF and activation
of Erk1/2 and Akt in HIOECs, which is reminiscent of previously de-
scribed crosstalk between growth factors and integrins [21]. Integrin
ligation has been demonstrated to induce a series of intracellular sig-
naling pathways including MAPK, FAK, Src, small GTPases, and PI3K.
Interestingly, these signaling effectors are also activated after growth
factor stimulation. Furthermore, integrins can directly associate with
growth factor receptors. For example, integrin αvβ3 is directly linked
with PDGFR and VEGFR in endothelial cells [22]. More importantly,
some growth factors such as IGF interact directly with integrins [23].
Therefore, the crosstalk between integrins and growth factors and/or
growth factor receptors can propagate downstream signaling by reg-
ulating the capacity of integrin/growth factor receptor complexes.
Presumably, Erk1/2 and Akt may be one of the points of crosstalk be-
tween KGF and integrins; however, the concrete mechanisms warrant
further investigation.

Our results demonstrated that only Erk1/2 and not Akt plays an
indispensable role in KGF-induced podosome formation, which is in

accordance with Gu's study [24]. However, Akt has also been reported
to contribute to the assembly of podosomes in multiple cell types in-
cluding osteoclasts and endothelial cells [25–27]. Various reasons can
explain the diversity of regulatory mechanisms for podosome forma-
tion. 1) Both adhesion signaling and growth factors can induce podo-
some assembly [28]. For example, adhesion signaling is crucial for
podosome organization and maturation in osteoclasts, whereas a mul-
tiplicity of growth factors including PDGF, VEGF, and TGF-β induce the
assembly of podosomes in nonmyeloid cells, such as endothelial cells
and smooth muscle cells [29]. 2) Although podosomes in various cell
types show parallel functions in promoting adhesion and matrix re-
modeling, their morphologies are different [9]. For example, in v-Src-
transformed NIH 3 T3 fibroblasts, podosomes present as rosette-like
structures (Seals et al. 2005), whereas phorbol ester-induced podo-
somes in human airway epithelial cells present as numerous small dots
with occasional rosette rings and belts (Xiao et al. 2009). 3) Multiple
integrins including integrin subunits β2, β3, α6β1 are involved in the
assembly, maturation, and renewal of podosomes in several cell types
[4]. Therefore, the downstream signaling pathways mediating these
upstream inputs are varied. Notably, downstream signaling pathways
involved in podosome assembly always converge on common signaling
hubs, especially Rho family GTPases including Rac/Cdc42 and p21-
activated kinase (Pak), which ultimately control podosome formation
and maturation via regulating cytoskeleton rearrangement [28,30,31].

Current views suggest podosomes are special F-actin-rich matrix-
degrading structures found in both normal and pathologic cells. For
example, the special role of F-actin and MMP within invadopodia in
ECM degradation during oral squamous cell carcinoma formation and
invasion has been demonstrated [32]. In addition, De Vicente et al.
found that cortactin overexpression was a significant predictor of in-
creased cancer risk in oral mucosal premalignant lesions [33].

Fig. 6. Integrins are key mediators between KGF and activation of Erk1/2. Y-axes of Fig. 6B, D, F, G, and H referred to the relative expression levels of indicated
proteins to the housekeeping gene. (A and B) Knockdown of integrin β4 by specific siRNA significantly inhibited the expression level of integrin β4 and down-
regulated the phosphorylation levels of Erk1/2 and Akt. (C and D) Knockdown of integrin β1 by specific siRNA significantly inhibited the expression level of integrin
β1 and downregulated the phosphorylation levels of Erk1/2 and Akt. (E-G) U0126 and Ly294002 significantly downregulated the phosphorylation levels of Erk1/2
and Akt. (E and H) U0126 and Ly294002 significantly inhibited the expression levels of integrin subunits β4 and β1. n= 3 independent experiments. Data are
expressed as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001.
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Therefore, these findings not only have relevance to importance of oral
epithelial functions, but may also contribute to the related study fo-
cusing on the pathogenesis of oral mucosal diseases such as oral squa-
mous cell carcinoma.

5. Conclusion

In summary, this work identified podosome assembly in HIOECs
after KGF treatment, during which integrin-Erk1/2 signaling plays an
indispensable role. The availability of integrins and MMPs within po-
dosomes facilitates the dynamic adhesion and ECM remodeling ability
of HIOECs, indicating the possible role both in oral epithelial functions
and pathogenesis of oral diseases.
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