
R E S E A R C H Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Kim et al. Cancer Cell International           (2023) 23:79 
https://doi.org/10.1186/s12935-023-02924-8

Cancer Cell International

*Correspondence:
Jongho Choi
jhchoi@gwnu.ac.kr
1Department of Oral Pathology, College of Dentistry, Gangneung-Wonju 
National University, 7 Jukheon-gil, Gangneung- si, Gangwon-do  
25457, Republic of Korea

2Institute of Lee Gil Ya Cancer and Diabetes, Gachon University,  
Incheon 21999, Republic of Korea
3Department of Biomedical Science, CHA University, Seongnam, 
Gyeonggi-do 13488, Republic of Korea

Abstract
Background  Oral squamous cell carcinoma (OSCC) is a highly malignant tumor that is frequently associated with 
lymph node metastasis, resulting in poor prognosis and survival in patients. In the tumor microenvironment, hypoxia 
plays an important role in regulating cellular responses such as progressive and rapid growth and metastasis. In these 
processes, tumor cells autonomously undergo diverse transitions and acquire functions. However, hypoxia-induced 
transition of OSCC and the involvement of hypoxia in OSCC metastasis remain unclear. Therefore, in this study, we 
aimed to elucidate the mechanism of hypoxia-induced OSCC metastasis and particularly, its impact on tight junctions 
(TJs).

Methods  The expression of hypoxia-inducible factor 1-alpha (HIF-1α) was detected in tumor tissues and adjacent 
normal tissues from 29 patients with OSCC using reverse transcription quantitative real-time polymerase chain 
reaction (qRT-PCR), western blotting, and immunohistochemistry (IHC). The migration and invasion abilities of OSCC 
cell lines treated with small interfering (si)RNA targeting HIF-1α or cultured in hypoxic conditions were analyzed using 
Transwell assays. The effect of HIF-1α expression on in vivo tumor metastasis of OSCC cells was evaluated using lung 
metastasis model.

Results  HIF-1α was overexpressed in patients with OSCC. OSCC metastasis was correlated with HIF-1α expression in 
OSCC tissues. Hypoxia increased the migration and invasion abilities of OSCC cell lines by regulating the expression 
and localization of partitioning-defective protein 3 (Par3) and TJs. Furthermore, HIF-1α silencing effectively decreased 
the invasion and migration abilities of OSCC cell lines and restored TJ expression and localization via Par3. The 
expression of HIF-1α was positively regulated the OSCC metastasis in vivo.

Conclusions  Hypoxia promotes OSCC metastasis by regulating the expression and localization of Par3 and TJ 
proteins. HIF-1α positively correlates to OSCC metastasis. Lastly, HIF-1α expression could regulate the expression 
of Par3 and TJs in OSCC. This finding may aid in elucidating the molecular mechanisms of OSCC metastasis and 
progression and developing new diagnostic and therapeutic approaches for OSCC metastasis.
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Background
Oral squamous cell carcinoma (OSCC) is an epithelial 
neoplasm of the oral cavity and the one of the 10 most 
prevalent malignant tumors worldwide [1, 2]. Despite 
clinical advances in detection, surgery, and treatment, 
the five-year survival rate of patients with OSCC remains 
below 42%, which is mainly because of local recurrence 
and distant metastasis in the first two years of disease due 
to a lack of specific diagnostic and treatment methods for 
OSCC metastasis [3, 4]. Furthermore, patients with met-
astatic tumors must have their neck lymph nodes excised, 
resulting in postoperative dysfunction and maxillofacial 
deformities [5, 6]. To facilitate the early diagnosis and 
development of effective therapeutic approaches for 
OSCC, it is necessary to identify biological markers asso-
ciated with OSCC metastasis and elucidate the underly-
ing molecular mechanisms.

Hypoxia is an important feature of the tumor micro-
environment in most solid tumors. It results from exces-
sive oxygen consumption by the growing tumor and 
is associated with local tumor progression and tumor 
invasiveness, treatment failure, and poor survival [7, 8]. 
Hypoxia has various effects on tumor cells, and recently, 
it was reported that hypoxia affects tumors by centrally 
mediating the expression of the hypoxia-inducible fac-
tor (HIF) family members [9, 10]. Hypoxia-induced cel-
lular adaptation, mediated mainly by hypoxia-inducible 
factors (HIFs), is associated with changes in cell pro-
liferation and metabolism, phenotype conversion, and 
metastasis [11–13]. HIF-1α, as the major mediator of the 
response to hypoxia, transcriptionally activates genes in 
response to hypoxia [14]. It is highly expressed in tumors 
and involved in tumor stage and aggressive phenotype 
in various malignant cancers, including liver [15], lung 
[16], and breast cancers [17]. In head and neck cancer 
(HNSC), hypoxia-induced HIF-1α overexpression pro-
motes tumor migration and invasion via morphologic 
transition, matrix metalloproteinase (MMP) activity, and 
nuclear deformation [18]. The morphologic transition of 
epithelial cells to a mesenchymal phenotype induced by 
hypoxic conditions, termed epithelial-to-mesenchymal 
transition (EMT), causes the primary tumor to switch 
to a metastatic and invasive type [19, 20]. However, the 
functional mechanism underlying hypoxia-driven OSCC 
metastasis remains unclear.

In epithelial cells, adherens junctions (AJs) and tight 
junctions (TJs), which are structures anchored to the cel-
lular membrane, determine the morphologic homeosta-
sis by establishing cell–cell adhesion [21]. Most cancers 
including OSCC originate from epithelial cells, and the 
two junctions undergo dynamic changes in the TME dur-
ing tumor metastasis [22]. Recently, it was reported that 
the expression of the AJ protein E-cadherin, which nega-
tively serves as a tumor suppressor, is lost in circulating 

tumor cells during metastasis to the lung and is associ-
ated with EMT [23]. E-Cadherin, a major factor in the 
AJs, regulates tumor growth and metastasis, and the loss 
of its expression is a hallmark of the initial step of EMT. 
E-Cadherin is known to regulate the expression of Snail 
and Slug, which are markers of mesenchymal transition 
[24]. However, the mechanisms by which E-cadherin reg-
ulates the TME and the role of TJs in OSCC growth and 
metastasis are largely unknown.

Recent evidence suggest that dissociation of the Par 
complex of Par3, Par6, and aPKC is essential for the dis-
assembly of AJs and TJs and EMT [25, 26]. Par3, a single 
scaffold protein, regulates and binds to other Par family 
members via PDZ, N-terminal, and C-terminal domains. 
The PDZ domain of Par3 binds to several proteins, such 
as Par6 and phosphatase and tension homologue [27, 28]. 
The C-terminal domain of Par3 is involved in the deliv-
ery of aPKC to the apical boundary [29]. Par3 suppresses 
tumor invasion, and downregulation and dissociation of 
Par3 are associated with a higher tumor grade and inva-
sive phenotype [30–32]. However, studies indicating a 
functional role of Par3 in OSCC metastasis are very lim-
ited, and the molecular mechanisms of Par3 in OSCC 
remain unclear.

We aimed to determine the potential role of hypoxia 
in OSCC tumorigenesis and metastasis. First, we inves-
tigated whether OSCC migration and invasion depend 
on hypoxia-induced HIF-1α expression in three OSCC 
cell lines (HSC-2, SCC-9, and SCC-25). Furthermore, we 
investigated the changes in the expression of Par3 and 
junction proteins and correlations between them in these 
OSCC cell lines under hypoxic conditions.

Materials and methods
Clinical specimen and human tissue samples
For expression analysis in HNSC and OSCC, we obtained 
the clinical information and mRNA expression from The 
Cancer Genome Atlas (TCGA) data base (http://gdc.can-
cer.gov) or the Gene expression omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/). The raw data were manu-
ally downloaded from website, and the HIF-1α or Par3 
related data was converted to a log2 scale.

The study was approved by the Research Ethics Review 
Committee of Gangneung-Wonju National University 
(IRB No. GWNUIRB-2020-26-1). Paired tumor and 
adjacent normal tissue specimens were obtained from 
29 patients with OSCC at Gangneung-Wonju Dental 
Hospital National University, Inje Paik University, Pusan 
National University, and Keimyung University Dong-
san Hospital (a member of the Korea Biobank Network). 
All participants underwent surgery, and OSCC diag-
nosis was determined histopathologically by a patholo-
gist using tissue fragments from the oral region. The 
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clinicopathological features of the study cohort are listed 
in Additional file 1: Table S1.

Cell culture
The HSC-2, SCC-9, and SCC-25 OSCC cell lines were 
obtained from the Japanese Collection of Research Bio-
resources Cell Bank (Ibaraki, Osaka, Japan) and the 
American Type Culture Collection (Manassas, VA, USA). 
HSC-2 cells were cultured in high-glucose Dulbecco’s 
modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, 
CA, USA) supplemented with 1% penicillin/streptomy-
cin and 10% fetal bovine serum (FBS; Gibco, Waltham, 
MA, USA). SCC-9 and SCC-25 cells were cultured in 
DMEM/F-12 (Gibco) supplemented with 1% penicillin/
streptomycin and 10% FBS. Cultures were incubated at 
37 °C under normoxic conditions in a humidified atmo-
sphere of 5% CO2 or under hypoxic conditions with 5% 
CO2 and 1.5% O2 balanced with N2 in a Heracell™ 150i 
CO2 incubator (Thermo Fisher Scientific, Waltham, MA, 
USA).

Transient transfections of HSC-2, SCC-9, and SCC-25 
cells with siRNA (Invitrogen) or negative control siRNA 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
were performed using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. Briefly, cells 
were cultured in reduced-serum Opti-MEM (Gibco) 
until they reached 60% confluence. Then, the cells were 
transfected with 50 nM of siRNA-HIF-1α or siRNA-
Par3 at 37  °C under normoxic or hypoxic conditions as 
mentioned above for 24 h. The siRNA sequences were as 
follows: siRNA-HIF-1α: 5′-CAU GAA AGC ACA GAU 
GAA-3′; siRNA-Par3: 5′-AGA CUC UCA CUC AAG 
ACU-3′.

Proximity ligation assay (PLA)
The close proximity between Par3 and TJ was investi-
gated by a PLA using the Duolink In situ Red Starter Kit 
Mouse/Rabbit (Millipore, St. Louis, MO, USA) according 
to the manufacturer’s protocol. SCC-25 cells at a density 
of 3 × 105 were cultured on coverslips with or without 
siRNA-HIF-1α or siRNA-Par3 at 37  °C under normoxic 
or hypoxic conditions, and then fixed and permeabilized 
with 4% paraformaldehyde (PFA) and phosphate-buffered 
saline (PBS) with 0.01% Tween-20 (PBS-T) at room tem-
perature for 15 min. The cells were blocked with blocking 
solution for 1  h and then incubated with anti-Par3 and 
anti-TJ1 primary antibodies in 3% bovine serum albumin 
(BSA; Sigma) in PBS at 4 °C overnight, followed by liga-
tion and amplification with anti-rabbit and anti-mouse 
PLA probes in the provided buffers. Finally, the cells 
were mounted with Duolink® In Situ Mounting Medium 
with 4′,6-diamidino-2-phenylindole (DAPI). Images were 
acquired using a confocal microscope (Leica Microsys-
tems, Wetzlar, Germany) with Z-stack. Image acquisition 

settings of the confocal microscope for all images were 
the same. The PLA signal was captured at a resolution of 
at least 5 pixels, and the total dots per cell (cells identified 
by DAPI nuclear stain) were determined using ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA).

Transwell migration and invasion assays
Migration and invasion assays were performed in 24-well 
cell culture plates with 8.0-µm-pore Transwell inserts 
(Corning, Inc., Corning, NY, USA). For the invasion 
assay, the membranes were coated with Matrigel (BD 
Biosciences, San Jose, CA, USA), and the subsequent 
steps were the same as those in the migration assay. 
HSC-2 cells (8 × 103) and SCC-9 cells (4 × 104) were trans-
fected with siRNA-HIF-1α or siRNA-Par3 and cultured 
in inserts in Opti-MEM (Gibco) at 37  °C in the pres-
ence of 5% CO2 overnight. The next day, Opti-MEM was 
added to the upper chamber and 10% FBS medium to the 
lower chamber, and the plates were incubated for 24  h. 
The inserts were fixed and stained with Mayer’s hema-
toxylin histological staining reagent (Dako, Santa Clara, 
CA, USA). After washing the inserts with PBS, migrated 
and invaded cells were counted under an inverted light 
microscope using an Olympus U-TV camera (Olympus, 
Tokyo, Japan). Migrated or invaded cells were counted 
in eight random fields. All assays were performed in 
triplicate.

Gelatin zymography
To detect MMP-2 and MMP-9 activities in OSCC cells, 
supernatants were harvested during an invasion assay 
conducted as described above. Fifteen microliters of 
supernatants were mixed with 5 µL of sample buffer 
(0.125  M Tris-HCL containing 4% sodium dodecyl sul-
fate (SDS), 0.01% bromophenol, 20% glycerol, pH 6.8) and 
incubated at room temperature for 20 min. The mixtures 
were loaded onto a 12% SDS polyacrylamide gel con-
taining 1% gelatin (Sigma-Aldrich, St. Louis, MO, USA). 
After separation, the gels were washed with 1X renatur-
ation buffer (Bio-Rad Laboratories, Hercules, CA, USA) 
for 15  min and then incubated with 1X development 
buffer (Bio-Rad) at 37  °C for 24  h. After development, 
the gels were stained with a fixation solution contain-
ing 10% acetic acid, 20% methanol, and 0.5% Coomassie 
Brilliant Blue G-250 (Sigma-Aldrich). To obtain a clear 
band, the gels were rinsed with the fixation solution at 
room temperature for 3 h. MMP activity was detected as 
an unstained band and was quantified using the ImageJ 
software.

Cell proliferation assay
Cell proliferation was assayed using the Click-iT™ 
5-ethynyl-2′-deoxyuridine (EdU) Cell Proliferation Kit 
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(Abcam, Waltham, MA, USA) according to the manufac-
turer’s protocol. Briefly, HSC-2 and SCC-9 cells at a den-
sity of 2 × 105 were seeded on coverslips in 6-well plates 
and incubated with 10 µM EdU at 37 °C for 2 h. Then, the 
cells were washed with PBS, fixed with 4% PFA, and per-
meabilized with 0.5% Triton X-100 for 15  min. Follow-
ing a brief wash with PBS-T, the click reaction cocktail 
provided in the Click-iT™ kit was added to the coverslips, 
which were then incubated in the dark at room tempera-
ture for 30 min. After washing with PBS-T, the samples 
were stained with DAPI for 10  min. Images were cap-
tured under a fluorescence microscope using an Olym-
pus U-TV camera, and EdU-labeled cells were counted 
using the ImageJ software.

Reverse transcription quantitative real-time polymerase 
chain reaction (qRT-PCR)
qRT-PCR was used to assess mRNA expression in human 
and mouse tissues. Total RNA was isolated from human 
and mouse tissues using TRIzol reagent (Invitrogen). 
cDNA (500 ng) was synthesized using AccuPower® Rock-
etScript™ Cycle RT PreMix (Bioneer, Daejeon, Korea) 
according to the manufacturer’s protocol. qPCRs were 
run on a CFX96 Touch Real-Time PCR system (Bio-Rad) 
using SYBR Green Master Mix (Bioneer), as described 
previously [33]. The relative target gene expression levels 
were calculated using the 2–ΔΔCT method, and the mRNA 
expression level of GAPDH was used for normalization. 
The sequences of the human gene-specific primers were 
as follows: HIF-1α forward 5′-CAU GAA AGC ACA 
GAU GAA U-3′ and reverse 5′-AUU CAU CUG UGC 
UUU CAU G-3′; PAR3 forward 5′-CGG TCA AAA GAG 
AAC CAC GCA G-3′ and reverse 5′-CAT TCA CCC 
GAA GCC TTC CAT C-3′; TJ protein 1 (TJP1) forward 
5′-GTC CAG AAT CTC GGA AAA GTG CC-3′ and 
reverse 5′-CTT TCA GCG CAC CAT ACC AAC C-3′; 
and GAPDH forward 5′-CAA AGT TGT CAT GGA TGA 
CC-3′ and reverse 5′-CCA TGG AGA AGG CTG GGG-
3′. Additionally, the sequences of the mouse gene-specific 
primers for in vivo analysis were as follows: HIF-1α for-
ward 5′-CCT GCA CTG AAT CAA GAG GTT GC-3′ 
and reverse 5′-CCA TCA GAA GGA CTT GCT GGC 
T-3′; Par3 forward 5′-GAG ACT CTA CGG AGG TCC 
ATG T-3′ and reverse 5′-TCG GTC ATC CAG TTC TGT 
CTC G-3′; TJP1 forward 5′-GTT GGT ACG GTG CCC 
TGA AAG A-3′ and reverse 5′-GCT GAC AGG TAG 
GAC AGA CGA T-3′; and GAPDH forward 5′-CAT CAC 
TGC CAC CCA GAA GAC TG-3′ and reverse 5′-ATG 
CCA GTG AGC TTC CCG TTC AG-3′. All assays were 
conducted in triplicates.

Western blotting
For transfection, HSC-2, SCC-9, and SCC-25 cells at 
a density of 5 × 105 were seeded in 60  mm cell culture 

dishes with reduced-serum Opti-MEM (Gibco) and cul-
tured until they reached 60% confluence. And the cells 
were then transfected with 50 nM siRNA-HIF-1α or 
siRNA-Par3 at 37  °C under normoxic or hypoxic con-
ditions as mentioned above for 24  h. Total protein was 
extracted from OSCC cell lines and tissues using 1× RIPA 
buffer (Sigma) containing a protease inhibitor cocktail 
(Roche Diagnostics, Basel, Switzerland) and pooled. Ali-
quots of 50  µg of protein were loaded onto 8–15% SDS 
polyacrylamide gels, electrophoresed, and transferred to 
nitrocellulose membranes. The membranes were blocked 
with 5% BSA in PBS-T at room temperature for 40 min 
and incubated with primary antibodies at 4 °C overnight. 
The following antibodies were used: mouse anti-E-cad-
herin (Cell Signaling Technology, Danvers, MA, USA, 
1:1,000 dilution), anti-Par3 (R&D System, Minneapo-
lis, MN, USA, 1:1,000 dilution), anti-p53 (Cell Signaling 
Technology, 1:1,000 dilution), anti-Par6b and anti-aPKC 
(Santa Cruz, 1:1,000 dilution), rabbit anti-Snail (Cell Sig-
naling Technology, 1:1,000 dilution), anti-TJP1 (Novus 
Biologicals, Centennial, CO, USA, 1:1,000 dilution), 
anti-claudin-1 (Cell Signaling Technology, 1:1,000 dilu-
tion), anti-HIF-1α (GeneTex, Inc., Irvine, CA, USA, 
1:1,000 dilution), and anti-GAPDH (AB Frontier, Seoul, 
Republic of Korea, 1:3,000 dilution). After washing with 
PBS-T, the membranes were blocked with horseradish 
peroxidase-conjugated anti-mouse and anti-rabbit IgG 
(Cell Signaling, 1:5,000 dilution) at room temperature for 
1  h. Proteins were detected using a chemiluminescence 
reagent (Millipore) and the FUSION Solo S imaging sys-
tem (Vilber, Eberhardzell, Germany). Band intensities 
were quantified using ImageJ. Assays were conducted at 
least in triplicate.

Immunofluorescence (IF)
For transfection, SCC-25 cells at a density of 3 × 105 
were seeded in 30  mm cell culture dishes on coverslips 
with reduced-serum Opti-MEM (Gibco). The cells were 
transfected with 50 nM siRNA-HIF-1α or siRNA-Par3 
at 37 °C under normoxic or hypoxic conditions as men-
tioned above for 24  h. After treatment, the cells were 
fixed in 4% PFA at room temperature for 20  min, and 
permeabilized in PBS with 0.5% Triton X-100. Nonspe-
cific reactivity was blocked by preincubation in 10% nor-
mal goat serum in PBS. The cells were incubated with 
primary antibodies for Par3 (R&D Systems, 1:100 dilu-
tion) and TJP1 (Novus Biologicals, 1:100 dilution) at 
4  °C overnight. After washing with PBS, the cover slips 
were incubated with corresponding secondary antibodies 
labeled with Alexa Fluor-488 or Alexa Fluor-568 (Invitro-
gen) for 2 h. Then, the coverslips were washed with PBS 
and mounted with Fluoroshield Mounting Medium With 
DAPI (Abcam). Images were acquired using a confocal 
microscope (Leica) with a 63× oil objective lens. Z-stacks 



Page 5 of 15Kim et al. Cancer Cell International           (2023) 23:79 

were analyzed in three confocal slices and merged using 
ImageJ (Z-stack/maximum projection) to obtain the 
entire depth distribution.

Immunohistochemistry (IHC)
Tissues were fixed in 4% buffered formalin (Sigma) for 
24 h, embedded in paraffin, and sectioned. After deparaf-
finization and dehydration with xylene, the sections were 
rehydrated in serial dilutions of ethanol. Then, they were 
incubated in 3% H2O2 at room temperature for 20 min, 
washed with PBS, incubated in an antigen retrieval solu-
tion (sodium sulfate buffer, pH 6.0), and cooled to room 
temperature. To block nonspecific activity, the sections 
were incubated with 3% BSA, followed by overnight incu-
bation with antibodies for HIF-1α (GeneTex, Inc., 1:1,000 
dilution) and Par3 (R&D Systems, 1:1,000 dilutions). 
After washing with PBS, the sections were incubated 
with biotinylated goat anti-rabbit or anti-mouse IgG (Cell 
Signaling Technology, 1:5,000 dilution) for 1  h, washed 
with PBS, and incubated with the substrate diaminoben-
zidine (Abcam). Staining was observed using inverted 
microscopy. The sections were then counterstained with 
hematoxylin (BBC Biochemical, Mt. Vernon, WA, USA) 
and washed with water. After dehydration with serial 
dilutions of ethanol and xylene, the samples were sealed 
with a mixture of Canada balsam (Sigma-Aldrich). Stain-
ing intensity was scored from zero to two: grade 0, none; 
grade 1 < 25; and grade 2, ≥ 25 positively stained cells 
(Additional file 1: Fig. S1). Final scores were indepen-
dently determined by two pathologists who were blinded 
to the clinical patient information. For statistical analy-
sis, patients were divided into low- and high-expression 
groups based on median expression levels.

In vivo analysis of tumor growth and tumor metastasis
All animal experiments were performed at Gangeung-
Wonju National University according to the relevant 
guidelines. The experiments were approved by the 
Ethics Committee on Animal Experiments of Gang-
neung-Wonju National University (permit number 
GWNU-2020-36-1). For xenograft analysis, OSCC cells 
(2 × 106 cells in 100 µL of Dulbecco’s PBS) were injected 
subcutaneously into 5-week-old male BALB/c nude mice. 
Tumor growth was monitored and measured weekly 
using tumor calipers. Tumor volumes were calculated as 
0.52 × width2 × length. When the tumors reached a vol-
ume of approximately 1.5 mm3, the mice were killed and 
the tumors were collected and quickly frozen in liquid 
nitrogen for mRNA expression analysis.

To study lung metastasis in vivo, the cytoplasmic mem-
branes of OSCC cells (1 × 106 cells in 100 µL of Dulbecco’s 
PBS) were labeled with 10 µM non-cytotoxic Vybrant™ 
DiD Cell-Labeling Solution (Thermo Fisher Scientific) at 
37 °C in the presence of 5% CO2 for 20 min right before 

intravenous OSCC cell injection into the tail veins of 
8-week-old male BALB/c nude mice. After five weeks, 
metastasis in the lungs was detected using the FUSION 
Solo S imaging system with a SPECTRA capsule (Vilber). 
Excitation and emission filters were used to detect DiD-
positive cells at 640 and 670 nm, respectively. All results 
were acquired at the same size using the auto exposure 
option of the instrument without any user input. Biolu-
minescence images were acquired and analyzed using 
automatic normalization in the Fusion acquisition soft-
ware (Vilber). The signal was expressed as the number of 
photons emitted per second. For quantification of lung 
metastasis, images were captured and the diameters of 
tumor foci were measured using the cellSens standard 
software (Olympus). Following imaging, part of the lungs 
was quickly frozen in liquid nitrogen for mRNA expres-
sion analysis and part was formalin-fixed for hematoxylin 
and eosin (H&E) staining.

Statistical analysis
All assays were repeated at least three times, and the data 
are presented as mean ± standard error of the mean. The 
significance of differences in the test variables between 
the control and experimental groups were analyzed using 
one-way analysis of variance or Student’s t-test. Correla-
tions between clinicopathological parameters and scores 
of tumor IHC staining were analyzed using Levene’s 
test and the Mann–Whitney test. Statistical significance 
was set at P < 0.05. For the mouse experiments, six mice 
were assigned to each group. Statistical analysis was per-
formed using SPSS (version 20.0; SPSS, Inc., Chicago, IL, 
USA) and GraphPad Prism 9 (GraphPad Software, San 
Diego, CA, USA).

Results
HIF-1α is overexpressed in OSCC tissues and is positively 
correlated with metastatic potential
To investigate the role of hypoxia in OSCC progression, 
we first analyzed HIF-1α expression in paired OSCC 
tumor and adjacent normal tissues. HIF-1α mRNA and 
protein levels were significantly upregulated in OSCC 
tissues compared to those in normal tissues (Fig. 1a, b). 
IHC results corroborated that HIF-1α expression was 
increased in OSCC tumor tissues compared to that in 
normal tissues, and it was strongly detected in the cyto-
plasm of epithelial cells. Quantitative analysis further 
demonstrated that HIF-1α expression was significantly 
higher in tumor tissues than in normal tissues; how-
ever, HIF-1α was rarely expressed in high-grade OSCC 
tissues compared to that in low-grade OSCC tissues 
(Fig.  1c). Moreover, HIF-1α mRNA levels were signifi-
cantly increased in OSCC tumor tissues from patients 
with metastasis, indicating a positive correlation between 
HIF-1α expression and OSCC metastasis (Fig.  1d). 
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HIF-1α was found to be significantly overexpressed in 
HNSC and OSCC in a public database (Fig.  1e). Next, 
we examined HIF-1α expression in three oral cancer 
cell lines: HSC-2 (metastatic site), SCC-9 (tongue), and 
SCC-25 (tongue). HIF-1α expression levels were higher 
in HSC-2 cells than in SCC-9 and SCC-25 cells, and the 
lowest in SCC-25 cells. In contrast, the expression level 
of p53 (a tumor suppressor marker) was the lowest in 
HSC-2 cells and the highest in SCC-25 cells (Fig.  1f ). 
Taken together, these results suggested a potential role 
for HIF-1α not only in primary tumors, but also in the 
metastatic progression of OSCC.

Hypoxia regulates the expression and localization of Par3, 
which affects the metastatic properties of OSCC cell lines
The microenvironment of solid tumors is often hypoxic 
and plays an important role in alterations in cell–cell 
adhesion, cell polarity, and the barrier between epithelial 

cells [34, 35]. To investigate the effects of hypoxia on pro-
tein expression in OSCC cells, we incubated the three 
OSCC cell lines under normoxic or hypoxic conditions 
for one day and then quantified the protein expression 
of HIF-1α and junction proteins. HIF-1α expression was 
significantly increased under hypoxic conditions com-
pared to that under normoxic conditions in all three cell 
lines. The expression of E-cadherin, a marker of adherens 
junctions, was unaffected in HSC-2 and SCC-25 cells, but 
was significantly decreased in SCC-9 cells under hypoxic 
conditions compared to that under normoxic condi-
tions. The expression of Snail, a marker of the mesen-
chymal phenotype, was significantly increased in HSC-2 
and SCC-25 cells, but was significantly decreased in 
SCC-9 cells under hypoxic conditions compared to that 
under normoxic conditions in all three cell lines. In all 
three OSCC cell lines, the expression of Par3 and TJ pro-
teins (TJ protein 1 (TJP1) and claudin) was significantly 

Fig. 1  HIF-1α expression in OSCC tissues and cell lines. a mRNA and b protein levels of HIF-1α in matched OSCC and adjacent non-tumorous tissues as 
determined by qRT-PCR and western blotting, respectively. *P < 0.05 vs. normal tissues. The experiments were performed in triplicates. c Representative 
images of IHC staining of HIF-1α expression in OSCC tissues and normal tissues. Scale bars: 100 μm. HIF-1α expression scores are shown in the dot plot. 
Different grades of OSCC tissues and matched normal tissues were compared using a paired Student’s t-test. n = 29. *P < 0.05 vs. normal tissues. #P < 0.05 
vs. low-grade OSCC tissues. d HIF-1α expression scores are shown as bar graph. Metastatic and non-metastatic OSCC tissues were compared using a 
paired Student’s t-test. n = 12. *P < 0.05 vs. non-metastatic tissues. The experiments were performed in triplicates. e HIF-1α mRNA levels in tumor and adja-
cent non-tumorous tissues of HNSC (left, TCGA) and OSCC (right, GEO-GSE37991). *P < 0.05 vs. normal tissues. f Western blot of protein levels of HIF-1α in 
OSCC cell lines. *P < 0.05 vs. HSC-2 cells. #P < 0.05 vs. SCC-9 cells. The experiments were performed in triplicates. N: non-tumorous tissues; T: tumor tissues; 
Normal: non-tumorous tissues; Low: low-grade OSCC tissues; High: high-grade OSCC tissues; Non: non-metastatic OSCC tissues; Metastatic: metastatic 
OSCC tissues
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decreased in hypoxic conditions compared to that under 
normoxic conditions (Fig. 2a).

In general, Par3 is found at the apical border of epithe-
lial cells, such as TJs, and plays a role in the positioning 
of the apical barrier [36]. To investigate whether hypoxia 
regulates the positioning of the apical barrier in OSCC 
cells, we stained SCC-25 cells for Par3 and TJP1. These 

cells are a useful model for studying epithelial cell junc-
tions because they form hyper-keratinized cells [37]. IF 
staining revealed that Par3 co-localized with TJP1 in the 
apical region of cell–cell contacts in cells cultured under 
normoxic conditions. However, localization of TJP1 and 
Par3 was disrupted in cells under hypoxic conditions 
(Fig.  2b). We further investigated the direct interaction 

Fig. 2  Effect of hypoxia on AJC marker expression in OSCC cell lines. a Western blot of protein levels (left) and quantification (right) of junction proteins 
in OSCC cell lines under normoxic and hypoxic conditions. The experiments were performed at least thrice. b Localization of Par3 (Green) and TJP1 (Red) 
in SCC-25 cell line under normoxic and hypoxic conditions as analyzed by IF staining. White boxes are magnified images of the dashed line boxes. Scale 
bars: 20 μm. The experiments were performed in triplicates. c Interaction between Par3 (green) and TJP1 (red) in SCC-25 cell line under normoxic and 
hypoxic conditions as analyzed by in situ PLA. Red spots represent PLA positive signals. Scale bars: 20 μm. The experiments were performed in triplicates. 
d Cell proliferation ability of OSCC cells under normoxic and hypoxic conditions as analyzed by the EdU assay. Green colored cells are EdU-positive. Scale 
bars: 20 μm. Nuclei were stained with DAPI (blue). The experiments were performed at least thrice. e Representative images (left) and numbers (right) of 
migrated and invaded OSCC cells under normoxic and hypoxic conditions. Scale bars: 100 μm. The experiments were performed at least thrice. f Activities 
(left) and fold intensity (right) of MMP-9 and MMP-2 in OSCC cells under normoxic and hypoxic conditions as analyzed by gelatin zymography. *P < 0.05 
vs. normoxic conditions. The experiments were performed in at least thrice. Nor: normoxic conditions; Hyp: hypoxic conditions; PLA+: PLA positive signals 
in OSCC cells; EdU+: EdU-positive cells
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between TJP1 and Par3 in the cell–cell contact region 
using an in situ PLA. Ligation signals were detected in 
cell–cell contact regions in cells cultured under normoxic 
conditions, but were diminished under hypoxic condi-
tions (Fig. 2c). These results indicated that hypoxia may 
regulate the expression and localization of junction pro-
teins, including TJP1 and Par3, as well as the positioning 
of the apical barrier in OSCC cells.

EdU assay results revealed that the proliferation abil-
ity of OSCC cells was not significantly affected by culture 
in hypoxic conditions (Fig.  2d). However, the migration 
and invasion abilities of HSC-2 and SCC-9 cells were sig-
nificantly increased under hypoxic conditions compared 
to those under normoxic conditions (Fig. 2e). MMPs are 
the main enzymes involved in the degradation of colla-
gen and other proteins in the extracellular matrix (ECM) 
during tumor growth and metastasis, and they determine 
the levels of migration and invasion in cancer cells [38]. 
We previously demonstrated that MMP-2 and MMP-9 
activities are important for the invasion ability of OSCC 
cells [33]. Therefore, we performed gelatin zymography 
to analyze MMP-2 and MMP-9 activities in HSC-2 and 
SCC-9 cells under normoxic and hypoxic conditions. 
MMP-2 and MMP-9 activities were found to be signifi-
cantly higher in both cell lines under hypoxic conditions 
compared to those under normoxic conditions (Fig. 2f ). 
Collectively, these findings suggested that hypoxia pro-
motes OSCC cell migration and invasion via MMP-2 and 
MMP-9 activities.

Knockdown of HIF-1α affects the protein expression and 
localization of Par3 and TJs in OSCC cell lines
The above results demonstrated that the hypoxic micro-
environment is crucial factor for the regulation of 
expression and localization of TJ proteins in the apical 
cell–cell contact region. Hypoxia-induced HIF-1α regu-
lates the expression of various target genes. Therefore, 
we reasoned that HIF-1α may play a crucial role in the 
gene expression of Par3 and TJs. To determine whether 
HIF-1α inhibition directly regulates the expression of 
Par3 and TJs in OSCC, we knocked down HIF-1α in the 
OSCC cell lines using siRNAs. We found that Par3, TJP1 
and Par6b protein levels were significantly increased in 
all three OSCC cells upon HIF-1α silencing (Fig. 3a). IF 
staining results revealed that Par3 and TJP1 were more 
strongly localized in apical cell–cell contact regions in 
the HIF-1α knockdown group than in the control group 
(Fig.  3b). Furthermore, the PLA signal was significantly 
increased in the HIF-1α knockdown group compared to 
that in the control group (Fig. 3c). These results suggested 
that the interaction between Par3 and TJP1 depends on 
HIF-1α.

Next, we investigated the proliferation ability of the 
OSCC cell lines in response to HIF-1α expression. EdU 

assay results revealed that the proliferation ability of 
OSCC cells was not significantly affected by HIF-1α 
knockdown (Fig.  3d). Transwell assays showed that 
the migration and invasion abilities were significantly 
decreased in HIF-1α knockdown cells compared to 
those in control (Fig. 3e). In gelatin zymography, HIF-1α 
knockdown significantly suppressed MMP-2 and MMP-9 
activities, indicating the importance of HIF-1α-mediated 
MMP activity in OSCC cells (Fig. 3f ). These results sug-
gested that HIF-1α directly regulates the migration and 
invasion abilities of OSCC cells via MMP-2 and MMP-9 
activities.

Par3 knockdown affects TJ expression in OSCC cells
We knocked down Par3 in the OSCC cell lines to pro-
vide direct experimental evidence that hypoxia mediates 
Par3 regulation of the expression and apical position of 
TJs in OSCC. TJP1 expression was universally reduced 
when Par3 expression was reduced in three OSCC 
cell lines although there were individually differences 
in expression of Par6b and aPKC among three OSCC 
cell lines (Fig.  4a). Microscopic studies showed that the 
localization of Par3 and TJP1 was significantly disrupted 
in the Par3 knockdown group compared to that in the 
control group, despite the presence of a weak TJP1 sig-
nal (Fig. 4b, magnified images). In PLA, the ligation sig-
nal was significantly decreased upon reduction of Par3 
(Fig.  4c). These results suggested that TJ disruption in 
OSCC is directly regulated by Par3 expression. EdU assay 
results revealed no significant difference in the prolifera-
tion ability of OSCC cells after Par3 knockdown (Fig. 4d). 
Par3 has been reported to be involved in tumor metasta-
sis [39]. We hypothesized that hypoxia may affect OSCC 
metastatic properties via Par3. To test this hypothesis, 
we investigated the migration and invasion abilities of 
OSCC cells transfected with siRNA-Par3 in compari-
son to cells transfected with control siRNA. The results 
showed that after Par3 knockdown, OSCC migration 
and invasion were significantly increased (Fig.  4e). As 
expected, MMP-2 and MMP-9 activities were signifi-
cantly increased in Par3 knockdown cells compared to 
those in control cells (Fig.  4f ). Taken together, these 
results revealed that hypoxia promotes the migration and 
invasion abilities of OSCC cells via MMP activity by inac-
tivating Par3 expression.

Functional role of HIF-1α in OSCC in vivo
To investigate the role of HIF-1α in tumor growth in vivo, 
HSC-2 cells treated with normoxia and control siRNA 
(control group), hypoxia (hypoxia group), or siRNA-
HIF-1α (siR-HIF-1α group) were subcutaneously injected 
into BALB/c nude mice. The size and weight of the xeno-
graft tumors did not differ among the groups (Fig. 5a and 
Additional file 1: Fig. S2a, b). However, the mRNA levels 
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of Par3 and TJP1 were significantly changed depend on 
HIF-1α expression, indicating that Par3 and TJP1 are 
negatively regulated by HIF-1α (Fig.  5b). Furthermore, 
IF staining revealed that TJ and Par3 localization was 
significantly disrupted in the hypoxia group, and that it 
was strongly detected in the cell–cell contact region in 
the siR-HIF-1α group compared to that in the control 

group (Fig.  5c). To investigate the functional effect of 
HIF-1α on tumor metastasis in vivo, DiD-labeled HSC-2 
cells treated with normoxia and siRNA (control group), 
hypoxia (hypoxia group), or siRNA-HIF-1α (siR-HIF-1α 
group) were intravenously injected into nude mice to 
establish lung metastasis. The bioluminescent signal 
was significantly higher in the hypoxia group than in 

Fig. 3  Effect of HIF-1α on AJC marker expression in OSCC cell lines. a Western blot of protein levels (left) and quantification (right) of AJC markers in 
OSCC cell lines treated with siRNA-HIF-1α or control siRNA. The experiments were performed in triplicates. b Localization of Par3 (Green) and TJP1 (Red) in 
SCC-25 cell line treated with siRNA-HIF-1α or control siRNA as analyzed by IF staining. White boxes are magnified images of the dashed line boxes. Scale 
bars: 20 μm. The experiments were performed in triplicates. c Interaction between Par3 and TJP1 in SCC-25 cell line treated with siRNA-HIF-1α or control 
siRNA as analyzed by in situ PLA. Red spots represent PLA positive signals. The experiments were performed in triplicates. d Cell proliferation ability of 
OSCC cells treated with siRNA-HIF-1α or control siRNA as analyzed by the EdU assay. Green colored cells are EdU-positive cells. Scale bars: 20 μm. The 
nuclei were stained with DAPI (blue). The experiments were performed at least thrice. e Representative images (left) and numbers (right) of migrated 
and invaded OSCC cells treated with siRNA-HIF-1α or control siRNA. Scale bars: 100 μm. The experiments were performed at least thrice. f Activities (left) 
and fold intensities (right) of MMP-9 and MMP-2 in OSCC cells treated with siRNA-HIF-1α or control siRNA as analyzed by gelatin zymography. *P < 0.05 
vs. control siRNA. The experiments were performed in triplicates. Cont: control siRNA; siR-HIF1A: siRNA- HIF-1α; Hyp: hypoxia; PLA+: PLA positive signals 
in OSCC cells; EdU+: EdU-positive cells
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the control group, whereas it was significantly lower in 
the siR-HIF-1α group than in the control group (Fig. 5d, 
upper panels). In addition, H&E staining revealed that 
the lung metastasis areas in the hypoxia group were 
significantly larger than those in the control group, but 
significantly smaller in the siR-HIF-1α group than in 
the control group (Fig.  5d, lower panels). These results 

suggested that HIF-1α expression is positively correlated 
with OSCC cell metastasis in vivo.

Functional role of Par3 in the metastatic potential of OSCC 
in vivo
According to publicly available data, Par3 expression 
is lower in HNSC and OSCC than in normal tissues 
(Additional file 1: Fig. 3S3a, b). Further, it is lower in 

Fig. 4  Effect of Par3 on AJC marker expression in OSCC cells. a Western blot of protein levels (left) and quantification (right) of AJC markers in OSCC cell 
lines treated with siRNA-Par3 or control siRNA. The experiments were performed in triplicates. b Localization of Par3 (Green) and TJP1 (Red) in SCC-25 
cell line treated with siRNA-Par3 or control siRNA as analyzed by IF staining. Scale bars: 20 μm. The experiments were performed in triplicates. c Interac-
tion between TJP1 and Par3 in SCC-25 cell line treated with siRNA-Par3 or control siRNA. Red spots represent PLA positive signals. Scale bars: 20 μm. The 
experiments were performed in triplicates. d Proliferation ability of OSCC cells treated with siRNA-Par3 or control siRNA as analyzed by the EdU assay. 
Green colored cells are EdU-positive cells. The nuclei were stained with DAPI (blue). Scale bars: 20 μm. The experiments were performed at least thrice. 
e Representative images (left) and numbers (right) of migrated and invaded OSCC cells treated with siRNA-Par3 or control siRNA. The experiments were 
performed at least thrice. Scale bars: 100 μm. f Activities (left) and fold intensities (right) of MMP-9 and MMP-2 in OSCC cells treated with siRNA-Par3 or 
control siRNA as analyzed by gelatin zymography. *P < 0.05 vs. control siRNA. The experiments were performed in triplicates. Cont: control siRNA; siR-Par3: 
siRNA-Par3; Hyp: hypoxia; PLA+: PLA positive signals in OSCC cells; EdU+: EdU-positive cells
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OSCC metastatic tissues than in adjacent normal tissues 
(Additional file 1: Fig. S3c, d). To investigate the func-
tional effect of Par3 on tumor growth in vivo, HSC-2 
cells treated with normoxia and control siRNA (control 
group) or siRNA-Par3 (siR-Par3 group) were subcutane-
ously injected into nude mice. The tumor size and weight 
of xenograft tumors did not differ between the siR-Par3 

and control groups (Fig. 5e and Additional file 1: Fig. S4a, 
b). TJP1 mRNA expression was significantly decreased in 
the siR-Par3 group, indicating that TJP1 is positively reg-
ulated by Par3 (Fig. 5f ). Furthermore, the localization of 
TJP1 and Par3 was significantly disrupted in the siR-Par3 
group compared to that in the control group (Fig. 5g). To 
investigate the effect of Par3 on tumor metastasis in vivo, 

Fig. 5  Effects of HIF-1α and Par3 on OSCC tumor metastasis in vivo. HSC-2 cells treated with normoxia and control siRNA (Cont), hypoxia (Hyp), or siRNA-
HIF-1α or siRNA-Par3 were injected into BALB/c nude mice. a Xenograft tumor weights. b mRNA levels of HIF-1α, Par3, and TJP1 as analyzed by qRT-PCR. 
The experiments were performed at least thrice. c Localization of Par3 and TJP1 in mice xenografts as analyzed by IF staining. The nuclei were stained with 
DAPI (blue). Scale bars: 20 μm. The experiments were performed at least thrice. d Lung metastasis as analyzed by quantifying the DiD signal (upper panels) 
and tumor area (lower panels). The color gradient indicates the intensity of bioluminescence (red = intense, blue = not intense). The diameters of tumor 
foci in the lungs were determined after H&E staining. *P < 0.05 vs. normoxic conditions. #P < 0.05 vs. hypoxic condition. The experiments were performed 
in triplicates. e Xenograft tumor weights. f mRNA levels of Par3 and TJP1 as analyzed by qRT-PCR. The experiments were performed at least thrice. g Local-
ization of Par3 and TJP1 in mouse xenografts as analyzed by IF staining. The nuclei were stained with DAPI (blue). Scale bars: 20 μm. The experiments were 
performed at least thrice. h Lung metastasis as analyzed by quantifying the DiD signal (upper panels) and tumor area (lower panels). The color gradient 
indicates the intensity of bioluminescence (red = intense, blue = not intense). The diameters of tumor foci in the lungs were determined after H&E staining. 
The experiments were performed in triplicates. *P < 0.05 vs. control
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DiD-labeled HSC-2 cells were intravenously injected to 
establish lung metastasis. The bioluminescent signal was 
significantly higher in the siR-Par3 group than in the con-
trol group (Fig.  5h, upper panels). In addition, the lung 
metastatic areas in the siR-Par3 group were significantly 
larger than those in the control group (Fig. 5h lower pan-
els). These results showed that Par3 expression was nega-
tively correlated with the metastatic properties of OSCC 
cells in vivo.

Discussion
Metastasis and recurrence are the most common prog-
nostic factors of OSCC [40]. Therefore, it is critical to 
investigate the molecular mechanisms of metastasis and 
tumorigenesis in order to identify novel targets for pre-
vention and treatment. In this study, we investigated the 
role of hypoxia in OSCC progression and metastasis. We 
demonstrated that HIF-1α is expressed at higher levels in 
OSCC tissues than in adjacent non-tumor tissues. How-
ever, HIF-1α expression was significantly higher in low-
grade OSCC tissue than in high-grade OSCC tissue. In 
general, HIF-1α overexpression is associated with a poor 
prognosis and tumor progression [41, 42]. However, the 
clinical correlation between HIF-1α and tumor prognosis 
and progression in OSCC remains controversial. Some 
studies have shown that HIF-1α expression is upregu-
lated in superficial OSCC and is associated with the early 
stage of OSCC transformation and development, sug-
gesting that HIF-1α is a cancer risk marker [43, 44]. Fur-
thermore, Ribeiro et al. demonstrated that high HIF-1α 
expression in OSCC tumor margins is critical in the 
transition from primary lesions to invasive cancer [45]. 
We previously found that HIF-1α expression is higher in 
metastatic OSCC tissues than in non-metastatic OSCC 
tissues [46]. These findings suggested that HIF-1α may 
facilitate regional metastasis from precursor lesions.

To provide direct experimental evidence that HIF-1α 
regulates OSCC metastasis and growth, we first mea-
sured endogenous expression levels of HIF-1α in three 
OSCC cell lines, HSC-2, SCC-9, and SCC-25, in vitro. 
HIF-1α expression was found to be significantly higher 
in HSC-2 cells than in SCC-9 and SCC-25 cells. Mor-
phologically, there are some differences among the 
three cell lines, although all cells have the typical shape 
of squamous cell carcinoma. For example, HSC-2 cells 
are round to oval tumor cells without cell–cell contact, 
whereas SCC-9 and SCC-25 cells are polygonal with 
cell–cell junctions (Additional file 1: Fig. S5a). The HIF-
1α-dependent differences were also reflected in the inva-
sion ability of the cells; the invasion ability of HSC-2 cells 
was significantly higher than that of the other cell lines, 
whereas that of SCC-25 cells rarely showed invasion 
(Additional file 1: Fig. S5b). Therefore, SCC-25 cells were 
used to detect the localization of the TJ proteins in the 

present study. Hypoxia is a physiological cue that deter-
mines cell proliferation and metastatic properties. Gen-
erally, hypoxia acts as a stressor. Therefore, tumor cells 
migrate away from the primary tumor region rather than 
proliferate, which further increases the oxygen demand 
[47]. Hence, we investigated the molecular mechanism of 
hypoxia-regulated metastatic potential in OSCC.

Cell–cell junctions of epithelial cells are made up of the 
apical junctional complex (AJC), including TJs, which 
maintain cell and tissue homeostasis through mechanical 
stability. However, abnormal AJC structure is frequently 
observed in tumors of epithelial origin, and TJ disruption 
can lead to invasion into adjacent tissues and metastasis 
[48, 49]. Although loss of TJs has been observed to be 
involved in metastasis, whether and how it plays a role 
in OSCC metastasis is unclear. Hypoxia has also been 
shown to alter AJC expression and localization, resulting 
in EMT and cancer metastasis [18, 50–52]. However, it 
is unclear whether there is a link between hypoxia, TJs, 
and metastasis in OSCC. Despite the fact that EMT was 
observed in some experiments in the present study, we 
found that hypoxia alone was not sufficient to induce 
EMT in all OSCC cell lines. Previous studies have shown 
that alteration of HIF-1α alone is also not sufficient to 
induce EMT [53, 54], suggesting that EMT is not uni-
form and that other mechanisms are involved in hypoxia-
induced AJC disruption. It has been reported that Par3 
can regulate the TJs [55, 56], but research on the underly-
ing mechanism is limited. Furthermore, the relationship 
between the expression of Par3 and TJs in OSCC is not 
fully understood. In this study, we first demonstrated that 
hypoxia reduces Par3 expression and localization, which 
results in TJ disruption, leads to OSCC invasion. We next 
questioned what the underlying mechanisms are those by 
which the mislocalization of Par3 triggers OSCC invasion 
under hypoxia. Par3 normally regulates TJ formation by 
interacting with other components of the polarity com-
plex (e.g., Par6b and PKCζ) at the apical junction region. 
Recently, Zhou et al. showed that in non-small-cell lung 
cancer, hypoxia induces the degradation of Par3/PKCζ/
Par6, which contributes to tumor invasion via EMT 
[26]. Suzuki et al. reported that the interaction between 
Par3 and Par6 is indirect and is mediated by PKCζ [57]. 
In contrast to findings in other studies, we found that 
hypoxia does not affect Par6 expression in OSCC, and 
the interactions of Par3 with Par6 and PKC are not fully 
understood. Nevertheless, our results suggest that Par3 
localizes to TJs and that their interaction is disrupted 
when OSCC cells are exposed to hypoxia.

MMPs are a family of zinc- and calcium-dependent 
enzymes initially identified as ECM components. Based 
on their ability to degrade ECM, MMPs are classified 
into collagenases, gelatinases, matrilysins, and strome-
lysins [58]. However, the role of MMPs is not limited to 
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the degradation of the ECM and that of other substrates. 
Vermeer et al. recently showed that MMP-9 cleaves cell–
cell junctions, and apical MMP-9 treatment resulted in 
epithelial barrier disruption via loss of TJ integrity, clau-
din-1, and occludin, leading to alteration of the cell archi-
tecture [59]. Various MMPs are strongly expressed in 
patients with OSCC, with MMP-2, -8, -9, and − 13 being 
particularly associated with OSCC progression and depth 
of invasion into adjacent tissue [60]. MMP-2 and − 9 have 
been shown to regulate the invasion ability of OSCC cells 
[33]. Together, these results suggest that MMP-2 and − 9 
may modulate TJ integrity to induce OSCC cell invasion. 
We found that hypoxia enhanced the invasion ability of 
OSCC cells by promoting MMP-2 and MMP-9 activities, 
whereas HIF-1α inhibition reduced the invasion abil-
ity of OSCC cells by inhibiting these enzyme activities. 
Some studies have suggested that the Par3–Stat3 and 
Par3–DDR1 signaling pathways regulate cell–cell junc-
tion integrity and the invasion ability of cancer cells via 
MMP-9 and membrane type 1-MMP, respectively [30, 
61].

This study has some limitations. Firstly, qRT-PCR, 
western blot and IHC analysis was performed in a small 
number of OSCC patients. The large-scale cohort is 
needed to validate the relationship between HIF-1α and 
OSCC metastasis. Secondly, although the function of 
HIF-1α and Par3 activities was confirmed in OSCC cell 
lines in vitro, animal studies should be conducted to elu-
cidate this mechanism as well as how they directly or 
indirectly regulates MMP-2 and MMP-9 activities.

Conclusions
In summary, our results revealed that HIF-1α expression 
was upregulated in patients with OSCC and that it was 
closely associated with the invasion ability of OSCC cells 
(HSC-2 and SCC-9 cell lines) under hypoxia. Addition-
ally, the interaction between Par3 and TJ proteins was 
disrupted by hypoxia in OSCC, accompanied by upreg-
ulation of MMP activity and metastatic properties of 
OSCC cells (SCC-25 cell line, Additional file 1: Fig. S6). 
Overall, our study highlights that the hypoxia-induced 
loss of expression of Par3 and TJ proteins may be a novel 
biomarker for OSCC metastasis. Furthermore, these 
findings may aid in elucidating the molecular mecha-
nisms of OSCC metastasis and progression and in devel-
oping new diagnostic and therapeutic approaches for 
OSCC metastasis.
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Additional file 1: Table S1. Clinicopathological features of 29 patients 
with OSCC, and association between Par3 expression these variables. Ad-
ditional file 1: Fig. S1. The expression pattern of HIF-1α in OSCC. The IHC 
scores were classified as negative, low and high expression. Additional 
file 1: Fig. S2. The expression of HIF-1α has nothing to do with tumor 
growth in vivo. HSC-2 cells treated with or without hypoxic conditions and 
siRNA-HIF-1α were subcutaneously injected into the BALB/c nude mice. 
a The image and b growth curve of tumor volume was measured in mice 
xenografts. Additional file 1: Fig. S3. The expression of Par3 is negatively 
correlated with metastatic properties of OSCC. The mRNA expression of 
Par3 were significantly increased in patient cohort with a HNSC and b 
OSCC, compared with paired normal tissue. Results were retrieved from 
TCGA and GSE37991, respectively. Each lines represented paired adjacent 
normal tissues. * indicates significance differences between tumor and 
normal tissues (P < 0.05). c The mRNA and d protein expression of Par3 
were decreased in metastatic patient cohort and tissues of OSCC, com-
pared with non-metastatic OSCC tissues. Patient cohort was retrieved from 
GSE2880 (n = 14). The black box indicates cropped fields of original images. 
* indicates significance differences between metastatic and non-metastat-
ic OSCC (P < 0.05). Additional file 1: Fig. S4. The expression of Par3 has 
nothing to do with tumor growth in vivo. HSC-2 cells treated with or with-
out siRNA-Par3 were subcutaneously injected into the BALB/c nude mice. 
c The image and d growth curve of tumor volume was measured in mice 
xenografts. Additional file 1: Fig. S5. Morphologic changes are reflected 
in invasion ability of the OSCC cell lines. a The image represents the phase-
contrast images of cell morphology of HSC-2, SCC-9 and SCC-25 cell lines. 
Scale bar, 100 μm. b the image represents the invaded number of HSC-2, 
SCC-9 and SCC-25 cells from upper chamber by matrigel invasion assay. 
Additional file 1: Fig. S6. A graphic model for the role of hypoxic condi-
tions in OSCC. Hypoxic conditions are involved with disruption of tight 
junctions and promotes the metastatic properties of OSCC by Par3.

Additional file 2: Figure S7. The original figure of western blots of Fig. 
1b. The red box indicated the representative bands of protein levels in 
Fig. 1b. Protein expression of HIF-1α in normal and OSCC patient tissues 
by western blotting. GAPDH was used as the internal control. Additional 
file 2: Figure S8. The original figure of western blots of Figure 1e. The 
red box indicated the representative bands of protein levels in Figure 1e. 
Protein expression of HIF-1α and p53 in OSCC cell lines by western blot-
ting. GAPDH was used as the internal control. Additional file 2: Figure 
S9. The original figure of western blots of Figure 2a. The red box indicated 
the representative bands of protein levels in Fig. 2a. Protein expression 
of HIF-1α, E-cad, Snail, Par3, TJP1 and claudin in HSC-2 cell line under 
normoxia or hypoxic conditions by western blotting. GAPDH was used as 
the internal control. Additional file 2: Figure S10. The original figure of 
western blots of Figure 2a. The red box indicated the representative bands 
of protein levels in Fig. 2a. Protein expression of HIF-1α, E-cad, Snail, Par3, 
TJP1 and claudin in SCC-9 cell line under normoxia or hypoxic conditions 
by western blotting. GAPDH was used as the internal control. Additional 
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file 2: Figure S11. The original figure of western blots of Figure 2a. The red 
box indicated the representative bands of protein levels in Fig. 2a. Protein 
expression of HIF-1α, E-cad, Snail, Par3, TJP1 and claudin in SCC-25 cell line 
under normoxia or hypoxic conditions by western blotting. GAPDH was 
used as the internal control. Additional file 2: Figure S12. The original fig-
ure of western blots of Figure 3a. The red box indicated the representative 
bands of protein levels in Fig. 3a. Protein expression of HIF-1α, Par3, TJP1 
and Par6b in HSC-2 cell line treated with siRNA-HIF-1α or control siRNA 
by western blotting. GAPDH was used as the internal control. Additional 
file 2: Figure S13. The original figure of western blots of Figure 3a. The red 
box indicated the representative bands of protein levels in Fig. 3a. Protein 
expression of HIF-1α, Par3, TJP1 and Par6b in SCC-9 cell line treated with 
siRNA-HIF-1α or control siRNA by western blotting. GAPDH was used as 
the internal control. Additional file 2: Figure S14. The original figure 
of western blots of Figure 3a. The red box indicated the representative 
bands of protein levels in Fig. 3a. Protein expression of HIF-1α, Par3, TJP1 
and Par6b in SCC-25 cell line treated with siRNA-HIF-1α or control siRNA 
by western blotting. GAPDH was used as the internal control. Additional 
file 2: Figure S15. The original figure of western blots of Figure 4a. The 
red box indicated the representative bands of protein levels in Fig. 4a. 
Protein expression of Par3, TJP1 Par6b and aPKC in HSC-2 cell line treated 
with siRNA-Par3 or control siRNA by western blotting. GAPDH was used 
as the internal control. Additional file 2: Figure S16. The original figure 
of western blots of Figure 4a. The red box indicated the representative 
bands of protein levels in Fig. 4a. Protein expression of Par3, TJP1 Par6b 
and aPKC in SCC-9 cell line treated with siRNA-Par3 or control siRNA by 
western blotting. GAPDH was used as the internal control. Additional file 
2: Figure S17. The original figure of western blots of Figure 4a. The red 
box indicated the representative bands of protein levels in Fig. 4a. Protein 
expression of Par3, TJP1 Par6b and aPKC in SCC-25 cell line treated with 
siRNA-Par3 or control siRNA by western blotting. GAPDH was used as the 
internal control. 

Acknowledgements
Not applicable.

Author contributions
S.H.K.: analysis of data, data interpretation, manuscript drafting; S.Y.P.: analysis 
of data; E.H.M.: critical discussion and manuscript drafting; G.J.K.: critical 
discussion and experimental design; J.H.C.: financial support, final approval of 
the manuscript.

Funding
This study was supported by a National Research Foundation of Korea (NRF) 
grant funded by the Korean government (MSIT) (2020R1C1C1004007) and 
2020 Academic Research Support Program in Gangneung-Wonju National 
University (2020100140).

Data availability
The datasets used or analyzed during the present study are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethical Review of Research Committee of 
Gangneung-Wonju National University (IRB No. GWNUIRB-2020-26-1). All 
participants provided informed consent before participating in present study 
and All methods were performed in accordance with Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interest
The authors declare that they have no competing interests.

Received: 5 January 2023 / Accepted: 10 April 2023

References
1.	 Du M, Nair R, Jamieson L, Liu Z, Bi P. Incidence Trends of lip, oral cavity, 

and pharyngeal cancers: global burden of Disease 1990–2017. J Dent Res. 
2020;99(2):143–51.

2.	 Alsaeedi SM, Aggarwal S. The holistic review on occurrence, Biology, 
diagnosis, and treatment of oral squamous cell carcinoma. Cureus. 
2022;14(10):e30226.

3.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394–424.

4.	 Tajmirriahi N, Razavi SM, Shirani S, Homayooni S, Gasemzadeh G. Evaluation 
of metastasis and 5-year survival in oral squamous cell carcinoma patients in 
Isfahan (2001–2015). Dent Res J (Isfahan). 2019;16(2):117–21.

5.	 Romer CAE, Broglie Daeppen MA, Mueller M, Huber GF, Guesewell S, Stoeckli 
SJ. Long-term speech and swallowing function after primary resection and 
sentinel node biopsy for early oral squamous cell carcinoma. Oral Oncol. 
2019;89:127–32.

6.	 Guo CB, Feng Z, Zhang JG, Peng X, Cai ZG, Mao C, et al. Supraomohyoid neck 
dissection and modified radical neck dissection for clinically node-negative 
oral squamous cell carcinoma: a prospective study of prognosis, complica-
tions and quality of life. J Craniomaxillofac Surg. 2014;42(8):1885–90.

7.	 Pouysségur J, Dayan F, Mazure NM. Hypoxia signalling in cancer and 
approaches to enforce tumour regression. Nature. 2006;441(7092):437–43.

8.	 Al Tameemi W, Dale TP, Al-Jumaily RMK, Forsyth NR. Hypoxia-modified Cancer 
Cell Metabolism. Front Cell Dev Biol. 2019;7:4.

9.	 Albadari N, Deng S, Li W. The transcriptional factors HIF-1 and HIF-2 
and their novel inhibitors in cancer therapy. Expert Opin Drug Discov. 
2019;14(7):667–82.

10.	 Liu Z, Wu Z, Fan Y, Fang Y. An overview of biological research on hypoxia-
inducible factors (HIFs). Endokrynol Pol. 2020;71(5):432–40.

11.	 Harris AL. Hypoxia–a key regulatory factor in tumour growth. Nat Rev Cancer. 
2002;2(1):38–47.

12.	 Bristow RG, Hill RP. Hypoxia and metabolism. Hypoxia, DNA repair and 
genetic instability. Nat Rev Cancer. 2008;8(3):180–92.

13.	 Rankin EB, Giaccia AJ. Hypoxic control of metastasis. Science. 
2016;352(6282):175–80.

14.	 Sadeghi F, Kardar GA, Bolouri MR, Nasri F, Sadri M, Falak R. Overexpression of 
bHLH domain of HIF-1 failed to inhibit the HIF-1 transcriptional activity in 
hypoxia. Biol Res. 2020;53(1):25.

15.	 Liu Z, Wang Y, Dou C, Xu M, Sun L, Wang L, et al. Hypoxia-induced up-
regulation of VASP promotes invasiveness and metastasis of hepatocellular 
carcinoma. Theranostics. 2018;8(17):4649–63.

16.	 Berezowska S, Galván JA, Langer R, Bubendorf L, Savic S, Gugger M, et al. 
Glycine decarboxylase and HIF-1α expression are negative prognostic factors 
in primary resected early-stage non-small cell lung cancer. Virchows Arch. 
2017;470(3):323–30.

17.	 Badowska-Kozakiewicz A, Sobol M, Patera J. Expression of Hypoxia-Inducible 
factor 1α in invasive breast Cancer with metastasis to Lymph Nodes: 
correlation with steroid receptors, HER2 and EPO-R. Adv Clin Exp Med. 
2016;25(4):741–50.

18.	 Lehmann S, Te Boekhorst V, Odenthal J, Bianchi R, van Helvert S, Ikenberg K, 
et al. Hypoxia induces a HIF-1-Dependent transition from collective-to-amoe-
boid dissemination in Epithelial Cancer cells. Curr Biol. 2017;27(3):392–400.

19.	 Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai Y, Hohenstein B, et 
al. Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-
to-mesenchymal transition. J Clin Invest. 2007;117(12):3810–20.

20.	 Carnero A, Lleonart M. The hypoxic microenvironment: a determinant of 
cancer stem cell evolution. BioEssays. 2016;38(Suppl 1):65–74.

21.	 Shigetomi K, Ikenouchi J. Cell adhesion structures in epithelial cells are 
formed in Dynamic and Cooperative Ways. BioEssays. 2019;41(7):e1800227.

22.	 Salvador E, Burek M, Förster CY. Tight Junctions and the Tumor Microenviron-
ment. Curr Pathobiol Rep. 2016;4:135–45.

23.	 Na TY, Schecterson L, Mendonsa AM, Gumbiner BM. The functional activity 
of E-cadherin controls tumor cell metastasis at multiple steps. Proc Natl Acad 
Sci U S A. 2020;117(11):5931–7.

24.	 Fan X, Jin S, Li Y, Khadaroo PA, Dai Y, He L, et al. Genetic and epigenetic regula-
tion of E-Cadherin signaling in human hepatocellular carcinoma. Cancer 
Manag Res. 2019;11:8947–63.

25.	 Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL. Regula-
tion of the polarity protein Par6 by TGFbeta receptors controls epithelial cell 
plasticity. Science. 2005;307(5715):1603–9.



Page 15 of 15Kim et al. Cancer Cell International           (2023) 23:79 

26.	 Zhou Q, Dai J, Chen T, Dada LA, Zhang X, Zhang W, et al. Downregulation of 
PKCζ/Pard3/Pard6b is responsible for lung adenocarcinoma cell EMT and 
invasion. Cell Signal. 2017;38:49–59.

27.	 Feng W, Wu H, Chan LN, Zhang M. Par-3-mediated junctional localization of 
the lipid phosphatase PTEN is required for cell polarity establishment. J Biol 
Chem. 2008;283(34):23440–9.

28.	 Aranda V, Nolan ME, Muthuswamy SK. Par complex in cancer: a regulator of 
normal cell polarity joins the dark side. Oncogene. 2008;27(55):6878–87.

29.	 Xue B, Krishnamurthy K, Allred DC, Muthuswamy SK. Loss of Par3 promotes 
breast cancer metastasis by compromising cell-cell cohesion. Nat Cell Biol. 
2013;15(2):189–200.

30.	 McCaffrey LM, Montalbano J, Mihai C, Macara IG. Loss of the Par3 polar-
ity protein promotes breast tumorigenesis and metastasis. Cancer Cell. 
2012;22(5):601–14.

31.	 Nakamura H, Nagasaka K, Kawana K, Taguchi A, Uehara Y, Yoshida M, et al. 
Expression of Par3 polarity protein correlates with poor prognosis in ovarian 
cancer. BMC Cancer. 2016;16(1):897.

32.	 Jan YJ, Ko BS, Liu TA, Wu YM, Liang SM, Chen SC, et al. Expression of partition-
ing defective 3 (Par-3) for predicting extrahepatic metastasis and survival 
with hepatocellular carcinoma. Int J Mol Sci. 2013;14(1):1684–97.

33.	 Lee SS, Choi JH, Lim SM, Kim GJ, Lee SK, Jeon YK. Alteration of Pituitary Tumor 
Transforming Gene 1 by MicroRNA-186 and 655 Regulates Invasion Ability of 
Human Oral Squamous Cell Carcinoma.Int J Mol Sci.2021; 22(3).

34.	 Liu H, Jiang F, Jia X, Lan J, Guo H, Li E, et al. Cycling hypoxia affects cell 
invasion and proliferation through direct regulation of claudin1 / claudin7 
expression, and indirect regulation of P18 through claudin7. Oncotarget. 
2017;8(6):10298–311.

35.	 Muenchau S, Deutsch R, de Castro IJ, Hielscher T, Heber N, Niesler B et al. 
Hypoxic Environment Promotes Barrier Formation in Human Intestinal 
Epithelial Cells through Regulation of MicroRNA 320a Expression.Mol Cell 
Biol.2019; 39(14).

36.	 Yamashita K, Mizuno K, Furukawa K, Hirose H, Sakurai N, Masuda-Hirata M et 
al. Phosphorylation and dephosphorylation of Ser852 and Ser889 control the 
clustering, localization and function of PAR3. J Cell Sci. 2020; 133(22).

37.	 Brauchle E, Johannsen H, Nolan S, Thude S, Schenke-Layland K. Design and 
analysis of a squamous cell carcinoma in vitro model system. Biomaterials. 
2013;34(30):7401–7.

38.	 Jabłońska-Trypuć A, Matejczyk M, Rosochacki S. Matrix metalloprotein-
ases (MMPs), the main extracellular matrix (ECM) enzymes in collagen 
degradation, as a target for anticancer drugs. J Enzyme Inhib Med Chem. 
2016;31(sup1):177–83.

39.	 Zhou PJ, Xue W, Peng J, Wang Y, Wei L, Yang Z, et al. Elevated expression 
of Par3 promotes prostate cancer metastasis by forming a Par3/aPKC/
KIBRA complex and inactivating the hippo pathway. J Exp Clin Cancer Res. 
2017;36(1):139.

40.	 Lin NC, Hsien SI, Hsu JT, Chen MYC. Impact on patients with oral squamous 
cell carcinoma in different anatomical subsites: a single-center study in 
Taiwan. Sci Rep. 2021;11(1):15446.

41.	 Swartz JE, Wegner I, Noorlag R, van Kempen PMW, van Es RJJ, de Bree R, 
et al. HIF-1a expression and differential effects on survival in patients with 
oral cavity, larynx, and oropharynx squamous cell carcinomas. Head Neck. 
2021;43(3):745–56.

42.	 Roh JL, Cho KJ, Kwon GY, Ryu CH, Chang HW, Choi SH, et al. The prognos-
tic value of hypoxia markers in T2-staged oral tongue cancer. Oral Oncol. 
2009;45(1):63–8.

43.	 Fillies T, Werkmeister R, van Diest PJ, Brandt B, Joos U, Buerger H. HIF1-alpha 
overexpression indicates a good prognosis in early stage squamous cell 
carcinomas of the oral floor. BMC Cancer. 2005;5:84.

44.	 Lin PY, Yu CH, Wang JT, Chen HH, Cheng SJ, Kuo MY, et al. Expression 
of hypoxia-inducible factor-1 alpha is significantly associated with the 

progression and prognosis of oral squamous cell carcinomas in Taiwan. J Oral 
Pathol Med. 2008;37(1):18–25.

45.	 Ribeiro M, Teixeira SR, Azevedo MN, Fraga AC Jr, Gontijo AP, Vêncio EF. Expres-
sion of hypoxia-induced factor-1 alpha in early-stage and in metastatic oral 
squamous cell carcinoma. Tumour Biol. 2017;39(4):1010428317695527.

46.	 Kim S, Park S, Oh JH, Lee SS, Lee Y, Choi J. MicroRNA-18a regulates the 
metastatic properties of oral squamous cell carcinoma cells via HIF-1alpha 
expression. BMC Oral Health. 2022;22(1):378.

47.	 Hubbi ME, Semenza GL. Regulation of cell proliferation by hypoxia-inducible 
factors. Am J Physiol Cell Physiol. 2015;309(12):C775–82.

48.	 Martin TA, Mason MD, Jiang WG. Tight junctions in cancer metastasis. Front 
Biosci (Landmark Ed). 2011;16:898–936.

49.	 Martin TA, Jiang WG. Loss of tight junction barrier function and its role in 
cancer metastasis. Biochim Biophys Acta. 2009;1788(4):872–91.

50.	 Bendinelli P, Maroni P, Matteucci E, Desiderio MA. HGF and TGFβ1 differently 
influenced Wwox regulatory function on twist program for mesenchymal-
epithelial transition in bone metastatic versus parental breast carcinoma cells. 
Mol Cancer. 2015;14:112.

51.	 Ender HG, Herbert TJ. Treatment of problem fractures and nonunions of the 
scaphoid. Orthopedics. 1989;12(1):195–202.

52.	 Lambert AW, Pattabiraman DR, Weinberg RA. Emerging Biological Principles 
of Metastasis. Cell. 2017;168(4):670–91.

53.	 Zhou G, Dada LA, Wu M, Kelly A, Trejo H, Zhou Q, et al. Hypoxia-induced 
alveolar epithelial-mesenchymal transition requires mitochondrial ROS 
and hypoxia-inducible factor 1. Am J Physiol Lung Cell Mol Physiol. 
2009;297(6):L1120–30.

54.	 Shaikh D, Zhou Q, Chen T, Ibe JC, Raj JU, Zhou G. cAMP-dependent 
protein kinase is essential for hypoxia-mediated epithelial-mesenchymal 
transition, migration, and invasion in lung cancer cells. Cell Signal. 
2012;24(12):2396–406.

55.	 Chen X, Macara IG. Par-3 controls tight junction assembly through the rac 
exchange factor Tiam1. Nat Cell Biol. 2005;7(3):262–9.

56.	 Schumann M, Günzel D, Buergel N, Richter JF, Troeger H, May C, et al. Cell 
polarity-determining proteins Par-3 and PP-1 are involved in epithelial tight 
junction defects in coeliac disease. Gut. 2012;61(2):220–8.

57.	 Suzuki A, Yamanaka T, Hirose T, Manabe N, Mizuno K, Shimizu M, et al. Atypi-
cal protein kinase C is involved in the evolutionarily conserved par protein 
complex and plays a critical role in establishing epithelia-specific junctional 
structures. J Cell Biol. 2001;152(6):1183–96.

58.	 Lu P, Takai K, Weaver VM, Werb Z. Extracellular matrix degradation and remod-
eling in development and disease. Cold Spring Harb Perspect Biol. 2011; 
3(12).

59.	 Vermeer PD, Denker J, Estin M, Moninger TO, Keshavjee S, Karp P, et al. MMP9 
modulates tight junction integrity and cell viability in human airway epithe-
lia. Am J Physiol Lung Cell Mol Physiol. 2009;296(5):L751–62.

60.	 Mäkinen LK, Häyry V, Atula T, Haglund C, Keski-Säntti H, Leivo I, et al. Prognos-
tic significance of matrix metalloproteinase-2, -8, -9, and – 13 in oral tongue 
cancer. J Oral Pathol Med. 2012;41(5):394–9.

61.	 Chow CR, Ebine K, Knab LM, Bentrem DJ, Kumar K, Munshi HG. Cancer Cell 
Invasion in three-dimensional collagen is regulated differentially by Gα13 
protein and discoidin domain receptor 1-Par3 protein signaling. J Biol Chem. 
2016;291(4):1605–18.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Hypoxia disrupt tight junctions and promote metastasis of oral squamous cell carcinoma via loss of par3
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Clinical specimen and human tissue samples
	﻿Cell culture
	﻿Proximity ligation assay (PLA)
	﻿Transwell migration and invasion assays
	﻿Gelatin zymography
	﻿Cell proliferation assay
	﻿Reverse transcription quantitative real-time polymerase chain reaction (qRT-PCR)
	﻿Western blotting
	﻿Immunofluorescence (IF)
	﻿Immunohistochemistry (IHC)
	﻿In vivo analysis of tumor growth and tumor metastasis
	﻿Statistical analysis

	﻿Results
	﻿HIF-1α is overexpressed in OSCC tissues and is positively correlated with metastatic potential
	﻿Hypoxia regulates the expression and localization of Par3, which affects the metastatic properties of OSCC cell lines
	﻿Knockdown of HIF-1α affects the protein expression and localization of Par3 and TJs in OSCC cell lines
	﻿Par3 knockdown affects TJ expression in OSCC cells
	﻿Functional role of HIF-1α in OSCC in vivo
	﻿Functional role of Par3 in the metastatic potential of OSCC in vivo

	﻿Discussion
	﻿Conclusions
	﻿References


