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Abstract. Hypoxia is a hallmark of progressive cancer. 
Hypoxic cancer cells trigger glycolysis in response to a 
decreased O2 supply to meet metabolic and bioenergetic 
demands. Meanwhile, these responses to hypoxia and altera-
tions of the microenvironment promote cancer cell metastasis 
by increasing transcription of hypoxia-inducible factor 
(HIF)-regulated genes. However, the detailed mechanism by 
which hypoxia regulates cancer cell metastasis and glycolysis 
remains to be investigated. In the present study, we identified 
that metadherin (MTDH), a multifaceted oncogene, is involved 
in the regulation of head and neck squamous cell carcinoma 
(HNSCC) metastasis and invasion under hypoxic conditions. 
Furthermore, the study indicated that there is a positive feed-
back loop between HIF-1α and MTDH in HNSCC cells, and 
that hypoxia promotes HNSCC cell metastasis and epithelial-
mesenchymal transition by mediating the HIF-1α-MTDH loop. 
These findings implicate HIF-1α-MTDH as a promising target 
for anticancer drugs in solid tumors, and help to explain the 
pro-tumorigenic and unfavorable effect of MTDH on HNSCC 
observed in our previous studies.

Introduction

Head and neck squamous cell carcinoma (HNSCC) affects 
~500,000  new patients annually worldwide  (1). HNSCC 
patients experience vital dysfunctions, including difficulties 
in breathing, speech and swallowing. Despite advances in 
the available therapies for HNSCC, including surgery and 
radio-chemotherapy, the survival time has not significantly 
improved. Lymph node metastasis is considered to be a major 
cause of the poor survival times (2). Efforts to improve our 
understanding of the molecular mechanisms of metastasis may 
aid in developing novel therapeutic strategies for HNSCC.

Recent evidence has indicated that microenvironmental 
constituents in the cancer stroma substantially influence the 
propensity of cancer cells to metastasize (3). Oxygen is a key 
factor in the microenvironment important for maintaining 
tissue homeostasis and cellular metabolism by generation of 
adenosine-5'-triphosphate (ATP). Notably, it has been estimated 
that regions of hypoxia and/or anoxia account for ~60% of solid 
tumors arising as a result of an imbalance between limited 
oxygen delivery and prolonged consumption (4). Uncontrolled 
growth of cancer cells results in hypoxia due to the increased 
distance between the vasculature and certain regions of the 
tumor. When cancer cells adapt to low oxygen stress, cellular 
pathways controlling glucose uptake, metabolism, angiogen-
esis and erythropoiesis are activated by hypoxia-inducible 
factor-1α (HIF-1α) to facilitate cancer cell proliferation and 
progression  (5). Hypoxia, a hallmark of cancer, activates 
hundreds of transcriptional activities by stabilizing HIF-1α 
and inducing its translocation to hypoxia‑response elements 
(HREs) in target genes (6). Hypoxia and HIF-1α signaling 
products influence multiple steps within the metastatic cascade, 
including invasion, migration (Snail, Twist, ZEB1/2, MMPs 
and CCR5), and establishment of the pre-metastatic niche 
(LOX, SDF-1, CXCL12, CCL2 and exosomes) (7). In addition, 
HIF-1α-induced glycolytic gene transcription drives hypoxic 
cells to produce pyruvate, which is then converted into lactate 
rather than being oxidized via the tricarboxylic acid (TCA) 
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cycle and oxidative phosphorylation (8). This metabolic shift 
(the Warburg effect) can speed up energy generation, compen-
sating for increased ATP demand and enhancing biosynthesis, 
allowing tumor cell proliferation and development even in a 
low-oxygen microenvironment (9). Cancer cell motility and 
cytoskeleton remodeling have been suggested to be dependent 
on aerobic glycolysis (10). Previous investigations of tumor 
cell metabolism have shown that strengthening cancer cell 
utilization of the glycolytic pathway contributes to cell metas-
tasis (10). Numerous immunochemical studies have indicated 
that the elevated expression of HIF-1α and other hypoxia-
related proteins is correlated with lymph node metastasis and 
poor prognosis in various tumor types, including lung cancer 
and HNSCC (7).

Metadherin (MTDH), also known as AEG-1 or Lyric, is 
located on human chromosome 8q22 and is recognized as an 
oncogene that regulates numerous signaling pathways in cancer 
cells (11). Our previous study indicated that high expression of 
MTDH in HNSCC predicted an unfavorable survival time in 
HNSCC patients (12), and promoted cell metastasis by inducing 
angiogenesis and epithelial-mesenchymal transition (EMT) 
in vitro (13,14). The PI3K/AKT pathway was demonstrated to 
be involved in MTDH-induced angiogenesis and EMT in our 
previous studies (13,14). Additionally, HIF-1α was reported 
to regulate MTDH expression by activating the PI3K/AKT 
pathway in glioma cells (15). However, the potential regula-
tory mechanism associated with MTDH in HNSCC has rarely 
been investigated. Our preliminary experiments indicated 
that MTDH expression was elevated in hypoxic cell cultures. 
However, whether MTDH is involved in hypoxia‑induced 
metastasis and glycolysis in HNSCC cells remains unclear.

In the present study, we confirmed that hypoxia increased 
MTDH expression via HIF-1α expression. Knockdown 
of MTDH expression in HNSCC cell lines interrupted 
hypoxia‑induced metastasis and glycolysis. Furthermore, 
reduced MTDH expression decreased HIF-1α expression. The 
present study indicated that there is a positive feedback loop 
between MTDH and HIF-1α in HNSCC. Hypoxia promotes 
HNSCC metastasis and glycolysis via an MTDH-HIF-1α loop 
pathway.

Materials and methods

Cell line culture and transfection. The Tu686 cell line was 
provided by Dr Zhuo Chen of Emory University's Winship 
Cancer Institute in Atlanta, Georgia and was maintained as 
monolayer cultures in Dulbecco's modified Eagle's medium 
(DMEM)/F12 medium (1:1) supplemented with 10% fetal 
bovine serum (FBS) at 37̊C under normoxia in a modular 
incubator chamber, or under hypoxia with 5% CO2 and 1% 
O2 balanced with N2. The medium was changed every other 
day. Exponentially growing cells were used for the following 
experiments.

MTDH cDNA (GeneCopoeia, Guangzhou, China), 
shRNA (sc-77797V; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA, CA, USA), HIF-1α cDNA (OriGene Technologies, 
Inc., Rockville, MD, USA), siRNA (sc-35561; Santa Cruz 
Biotechnology), and their corresponding control plasmids 
were transfected into the Tu686 cell line according to the 
manufacturer's instructions.

Western blotting. All western blot analysis was performed 
as previously described (16). In brief, loading protein was 
separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), and transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Bedford, 
MA, USA). The blotted membranes were incubated with 
the primary antibody against MTDH (1:800; ProteinTech 
Group, Inc., Chicago, IL, USA), HIF-1α (1:1,000; Santa Cruz 
Biotechnology), E-cadherin (1:1,000), N-cadherin (1:800), 
vimentin (1:800) (all from Cell Signaling Technology, Inc., 
Danvers, MA, USA) and the secondary antibody (1:3,000; 
Beyotime, Shanghai, China) in succession. A specific anti‑β-
actin protein (1:1,000; Beyotime) was used to detect the 
quantity of the loading control protein. Each experiment was 
repeated three times.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Primers for β-actin, HIF-1α, E-cadherin, 
vimentin, N-cadherin and VEGF mRNA were synthesized 
and validated by Beijing Sunbiotech Co., Ltd. (Beijing, China). 
TRIzol® reagent (cat no. 15596026; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) was used for RNA preparation. 
PowerUp™ SYBR®-Green Master Mix (A25776; Thermo 
Fisher Scientific) was used in the PCR amplification. The 
expression level was quantified by an Applied Biosystems 
device using the 2-ΔΔCt method. Melting curve analysis was 
performed at the end of the amplification cycle to verify 
non-specific amplification. The detailed information of PCR 
primers is listed as follows: VEGF-L, 5'-aggccagcacata 
ggagaga-3' and VEGF-A, 5'-tttcttgcgctttcgttttt-3'; HIF-1α-L, 
5'-ccacctatgacctgcttggt-3' and HIF-1α-R, 5'-tatccaggctgtgt 
cgactg-3'; β-actin-L, 5'-ctcttccagccttccttcct-3' and β-actin-R, 
5'-agcactgtgttggcgtacag-3'; E-cadherin-L, 5'-tgcccagaaaa 
tgaaaaagg-3' and E-cadherin-R, 5'-gtgtatgtggcaatgcgttc-3'; 
vimentin-L, 5'-gagaactttgccgttgaagc-3' and vimentin-R, 5'-tcca 
gcagcttcctgtaggt-3'; N-cadherin-L, 5'-aggatcaaccccatacacca-3' 
and N-cadherin-R, 5'-tggtttgaccacggtgacta-3'.

Wound healing and Transwell assays. Cells seeded into 6-well 
plates were allowed to proliferate to near 100% confluence and 
were wounded by removing a line of cells using a disinfected 
Eppendorf tip (100 µl). After washing with FBS-free medium 
(0 h), the first image was photographed under a microscope. 
The second image was captured in the same way after 48 h. The 
closure of wound width in images was measured three times 
by Photoshop software. The wound healing rate = (average 
wound width at 0 h) - (average wound width at 48 h)/(average 
wound width at 0 h) x 100%.

Transfected cells were plated in Transwell cell culture 
inserts (Corning Costar, Corning, NY, USA) at a density of 
2x104 cells/well. The cells were maintained and allowed to 
migrate for 48 h, after which the cells that had not invaded 
were removed from the upper surface using a cotton swab. The 
cells that had invaded to the lower surface were stained with 
crystal violet solution and photographed under a microscope.

Glycolysis-related assays. Glucose Assay kit (ab65333), 
Deproteinizing Sample Preparation kit-TCA (ab204708), 
Glucose Uptake Assay kit (ab136955) and L-lactate assay 
kit (ab65330; all from Abcam, Cambridge, MA, USA) were 
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utilized in the glycolysis-related assays according to the manu-
facturer's protocols.

Statistical analysis. All statistical analyses were performed 
using IBM SPSS statistical software, version 21.0 (SPSS, Inc., 
Chicago, IL, USA). The differences between data derived from 
two groups in the experiments were statistically analyzed by 
a Student's test. P<0.05 was considered to indicate a statistical 
significant result. All tests were two-sided.

Results

Hypoxia induces migration/invasion and glycolysis in a 
HNSCC cell line. Hypoxia is a hallmark of cancer cells. Thus, 
we investigated whether hypoxia induces cell migration and 
invasion in the HNSCC Tu686 cell line. The wound-healing 
rate indicated that hypoxia significantly promoted Tu686 
cell healing after 48 h in hypoxia compared to cells cultured 
in normoxia (P<0.05; Fig. 1A and B). A similar trend was 
observed in the Transwell experiment (P<0.01; Fig. 1C and D). 
Considering that glycolysis is a fundamental stress-adaption 
process in hypoxic cells, glycolysis was analyzed in HNSCC 
cell lines at different time points. Glucose uptake and lactate 
secretion were increased in the Tu686 cells after 24 and 48 h 
of hypoxia treatment (P<0.01; Fig. 1E and F). In addition, the 
concentration of glucose in the cell culture supernatant was 
reduced significantly (P<0.01; Fig. 1G). Furthermore, several 
glycolytic genes, including MCT1, GLUT1 and PGI, were 
overexpressed in the hypoxic cells (data not shown).

Hypoxia promotes MTDH expression and induces EMT in an 
HNSCC cell line. Since the migration and invasion of HNSCC 
cells were increased by hypoxic treatment, qPCR and western 
blotting were applied to assess whether hypoxia regulates 
the expression of VEGF and EMT biomarkers, which are 
key molecules involved in cell metastasis. VEGF mRNA 
was promoted in the hypoxic HNSCC cells. The mRNA and 
protein expression levels of vimentin and N-cadherin were 
upregulated, while E-cadherin protein was decreased following 
hypoxic treatment  (Fig.  2A  and  B). Furthermore, MTDH 
expression was significantly elevated in the Tu686 cells after 
48 h of hypoxic treatment compared with normoxia (Fig. 2B).

Figure 1. Hypoxia induces HNSCC metastasis and glycolysis in the Tu686 cell line. (A) Wound healing experiment showed that there was a different rate of 
migration between normoxic and hypoxic cells. (B) Quantitative analysis revealed that the percentage of wound healing in hypoxic Tu686 cells was signifi-
cantly higher than that in the normoxic Tu686 cells (82.0±4.0 vs. 59.3±7.6%; *P<0.05). (C) Representative figures for evaluation of cell invasion in hypoxic and 
normoxic Tu686 cells. (D) Quantitative analysis showed that hypoxia induced Tu686 cell invasion (157±7 vs. 96±13; **P<0.01). (E and F) Glucose uptake and 
lactate production were significantly promoted in the hypoxic Tu686 cells after 24 and 48 h; **P<0.01. (G) Amount of glucose in the supernatant was decreased 
in hypoxic Tu686 cells after 24 and 48 h; **P<0.01..

Figure 2. Hypoxia induces EMT and MTDH expression in HNSCC cells. 
(A) mRNA expression of E-cadherin, N-cadherin, vimentin and VEGF was 
compared in hypoxic and normoxic Tu686 cells (**P<0.01). (B) Hypoxia 
induced MTDH protein expression and EMT. β-actin was used as an internal 
reference.
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Hypoxia induces HNSCC cell metastasis and glycolysis by 
regulation of MTDH. High expression of MTDH protein was 
previously shown to predict poor prognosis in laryngeal squa-
mous cell carcinoma patients (12). Although MTDH expression 
and migration/invasion were increased in HNSCC cells treated 
with hypoxia, the role of MTDH in hypoxia-regulated HNSCC 
metastasis remained to be uncovered. Therefore, MTDH 
expression was knocked down in the HNSCC cells (Fig. 3H) 
and further experiments were performed. The wound healing 
and invasion experiments indicated that knockdown of MTDH 
expression in hypoxic cells significantly reduced cell migration 
and invasion to the levels observed in normoxia (Fig. 3A-D). 

Additionally, glycolysis was blocked in hypoxic cells when 
MTDH expression was knocked down (P<0.01; Fig. 3E and 
G). Furthermore, lactate production in hypoxic cells with 
MTDH knockdown was almost reduced to the normoxic 
level (Fig. 3F).

Mutual regulation of MTDH and HIF-1α in an HNSCC cell 
line. As the aforementioned results indicated that hypoxia 
regulated MTDH expression, we subsequently investigated 
whether HIF-1α, a classic indicator of hypoxia, regulated 
MTDH expression in Tu686 cells. MTDH expression was 
assessed in cells transfected with HIF-1α cDNA and siRNA.

Figure 3. MTDH reverses HNSCC metastasis and glycolysis induced by hypoxia in the Tu686 cell line. (A) The percentage of wound closure in hypoxic 
cells with MTDH knockdown was approximately equal to that noted in normoxic cells. (B) Quantitative analysis revealed there was no significant differ-
ence in wound closure percentage in normoxic Tu686 and hypoxic Tu686 cells with MTDH knockdown (60.0±7.0 vs. 65.3±8.5%, respectively; NS indicates 
P>0.05). Meanwhile, the percentage of wound closure in hypoxic cells was significantly higher than both of normoxic cells and hypoxic cells with MTDH 
downregulation (84.0±6.2 vs. 60.0±7.0 and 65.3±8.5%, respectively; *P<0.05). (C) The number of invading cells in hypoxic cells with MTDH knockdown was 
approximately equal to the number of normoxic cells. (D) There was no significant difference in invading cell number in normoxic Tu686 and hypoxic Tu686 
cells with MTDH knockdown (92±13 vs. 123±14 respectively; NS indicates P>0.05). The invading cell number in hypoxic cells was significantly higher than 
both of normoxic cells and hypoxic cells with MDH downregulation (188±13 vs. 92±13 and 123±14, respectively; **P<0.01). (E and F) The promotion of glu-
cose uptake and lactate production by hypoxia were significantly reversed by knockdown of MTDH expression. (G) The amount of glucose in the supernatant 
of hypoxic cells was increased to the level of nomoxic cells. (H) Western blotting showed that the MTDH protein was significantly decreased in the cells with 
MTDH shRNA transfection.
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The expression level of MTDH protein was markedly 
decreased when HIF-1α was knocked down in the Tu686 
cell line under hypoxic and normoxic conditions (Fig. 4A). 
Furthermore, MTDH expression in hypoxic cells with HIF-1α 
knockdown was reduced to a similar level as that observed in 
cells cultured under normoxia (lane 1 vs. 4; Fig. 4A), suggesting 
that the hypoxia-induced increase in the expression of MTDH 
in Tu686 cells could be attenuated by HIF-1α knockdown. 
In addition, upregulation of HIF-1α significantly increased 
MTDH protein expression (Fig. 4B). Notably, the expression of 

HIF-1α mRNA was increased significantly in HNSCC Tu686 
cells in which MTDH was overexpressed (Fig. 4C and D).

MTDH or HIF-1α knockdown partially reverses the 
hypoxia‑induced promotion of EMT and VEGF expression 
in HNSCC cells. Our previous studies showed that MTDH 
regulated HNSCC metastasis by altering the expression of 
EMT proteins and VEGF in normoxic cell culture (13,14). In 
the present study, compared with the plasmid vector group, 
downregulation of MTDH decreases the mRNA expression 

Figure 4. Mutual regulation of HIF-1α and MTDH in Tu686 cells. (A) MTDH protein expression was decreased when HIF-1α siRNA was transfected in both 
normoxic and hypoxic cells. (B) Compared to Tu686 cells transfected with the plasmid vector, MTDH protein expression was upregulated in Tu686 cells with 
HIF-1α cDNA transfection. (C) HIF-1α mRNA was significantly upregulated in MTDH-overexpressing cells (**P<0.01). (D) Western blotting indicated that 
MTDH protein was significantly increased in the cells transfected with MTDH cDNA. In addition, HIF-1α protein was promoted in the MTDH-overexpressing 
cells.

Figure 5. MTDH and HIF-1α regulate EMT-related biomarkers and VEGF expression in Tu686 cells. (A) mRNA expression of E-cadherin, N-cadherin, 
vimentin and VEGF was compared in normoxic Tu686, hypoxic Tu686 and hypoxic Tu686 cells with MTDH knockdown (*P<0.05, **P<0.01). (B) HIF-1α 
induced the expression of N-cadherin, vimentin and VEGF mRNA (**P<0.01). (C) The expression of N-cadherin, vimentin and VEGF mRNA were decreased 
by HIF-1α knockdown in normoxic and hypoxic Tu686 cells (*P<0.05, **P<0.01). NS indicates P>0.05.
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levels of vimentin, VEGF, and N-cadherin when cells 
were cultured under hypoxic conditions (P<0.01; Fig. 5A). 
Considering the MTDH and HIF-1α loop in HNSCC, 
whether HIF-1α regulated these EMT and angiogenesis 
biomarkers was assessed. The mRNA levels of vimentin, 
N-cadherin and VEGF were upregulated by HIF-1α cDNA 
overexpression (Fig. 5B). Meanwhile, decreased expression 
levels of vimentin, N-cadherin and VEGF mRNA were 
detected when HNSCC cells were transfected with HIF-1α 
siRNA (Fig. 5C).

Discussion

In the present study, we confirmed that hypoxia induced cell 
metastasis, glycolysis and MTDH expression in an HNSCC 
cell line. Additionally, downregulation of MTDH expression 
could offset the hypoxia-induced increase in HNSCC cell 
metastasis and glycolysis. We also verified that HIF-1α was 
crucial for the regulation of MTDH by hypoxia. Importantly, 
MTDH was found to regulate HIF-1α expression in turn. 
Furthermore, both MTDH and HIF-1α could partially reverse 
the hypoxia-induced increases in EMT biomarkers and VEGF 
expression in HNSCC cells.

A range of cellular signaling pathways, relating to angio-
genesis, autophagy, EMT and energy metabolism, are activated 
in cells in order to adapt to hypoxic stress (17). Hypoxia is 
a hallmark of solid cancers and promotes cell metastasis in 
several ways. The present study indicated that hypoxic treat-
ment of the Tu686 HNSCC cell line induced migration and 
invasion in these cells, which is consistent with the findings 
of previous studies in other cell lines  (18). However, the 
detailed mechanism underlying hypoxia-induced cell metas-
tasis remains unclear. HIF-1α is considered a representative 
biomarker of hypoxia, and glycolysis is also associated with 
the hypoxic process. Therefore, hypoxia may promote cell 
metastasis through HIF-1α-mediated transcriptional changes 
and glycolysis-mediated energy changes.

When cells are cultured in an environment of 1% O2, HIF-1α 
protein is stabilized by a reduction in ubiquitination‑mediated 
degradation (19). The present study confirmed that HIF-1α 
protein, rather than mRNA, was increased in hypoxic 
HNSCC cells (data not shown). HIF-1α, which is a sensitive 
indicator of hypoxia, is translocated to the nucleus to regulate 
transcription. Numerous target gene transcripts, including 
MMPs, EMT biomarkers and VEGF, are increased in hypoxic 
microenvironments since they contain hypoxia‑response 
elements(HRE) (6).

The present study showed that hypoxia increased the 
mRNA expression levels of glycolysis-related genes, such as 
MCT1, MCT4, GLUT1, HK2, PGI, PGK1, ENO1, PFK2 and 
LDHA, in HNSCC cells (data not shown). In addition, our 
data showed that hypoxia promoted glucose uptake, lactate 
production and cell invasion in HNSCC cells. In the clinical 
setting, glucose uptake has been used in PET-CT imaging 
for assessing tumor metastasis and relapse (20). Lactate was 
recently investigated as a predictive biomarker for tumor 
recurrence and poor survival time based on data from HNSCC 
obtained over a period of 15 years (21). High level of the lactate 
generator LDHA is an indicator of poor prognosis in HNSCC 
patients (22). Glycolytic enzymes, such as HK2, PGI, PGK1, 

ENO1 and PFK2, are involved in cancer anaerobic glycolysis 
and metastasis (23). Elevated expression levels of MCT1/4, a 
protein responsible for lactate shuttle, were detected in breast 
and cervical cancer  (24,25). Genetic depletion of MCT1/4 
in breast cancer impairs cell migration (26,27), which may 
partially mediate the effect of glycolysis on HNSCC metastasis.

Notably, the present study indicated that MTDH protein 
expression was elevated in hypoxic HNSCC cells. MTDH 
is well-documented as an oncoprotein in human malignan-
cies, including lung, colon, breast, live, glioma cancer and 
HNSCC (12,28). Dysregulated MTDH expression levels in 
cancer may mediate tumor proliferation, progression and 
sensitivity to chemoradiation (11). Our previous data showed 
that MTDH is an unfavorable factor for HNSCC patient 
survival time, and promotes HNSCC cell metastasis and 
angiogenesis (12-14). Therefore, whether MTDH is involved 
in hypoxia-induced metastasis was studied. Knockdown of 
MTDH expression reversed the increase in cell migration 
and invasion in hypoxic HNSCC cells. Considering that 
hypoxia upregulates MTDH expression, this may indicate 
that hypoxia-promoted HNSCC cell metastasis partially 
depends on MTDH expression. Furthermore, the present 
study investigated the regulation of MTDH in HNSCC cells 
under hypoxic conditions with or without HIF-1α mediation. 
This demonstrated that the induction of MTDH in HNSCC 
depends on HIF-1α protein expression, which is consistent 
with a previous study in glioblastoma (15). The mechanism by 
which HIF-1α regulates MTDH is not clear yet, although there 
are two hypotheses to explain this regulation. The first is that, 
since MTDH contains three HRE sites in its MTDH promoter 
(as identified through the web tool), HIF-1α may promote 
MTDH transcription directly. The second is that HIF-1α may 
increase MTDH expression indirectly via activation of c-Myc 
transcription (29,30).

The multifaceted roles of MTDH in cancer are due to the 
diverse downstream cellular signals activated, including the 
PI3K/AKT, NF-κB, Wnt/β-catenin and MAPK pathways (31). 
Emerging reports have indicated that genomic amplification 
(8q22 gain), transcriptional regulation (Ha-Ras/PI3K/c-Myc), 
and post-transcriptional and translational regulation (miRNA, 
CPEB1, Hbx and mono-ubiquitination) are involved in the 
mechanism of MTDH regulation in cancer (11). Furthermore, 
PI3K activation is crucial for protecting HIF-1α from degra-
dation  (32). Considering that elevated MTDH expression 
has been shown to increase HNSCC cell metastasis through 
activating the PI3K/AKT pathway (13), whether MTDH regu-
lated HIF-1α in HNSCC remained unclear. The present study 
indicated that knockdown of MTDH in hypoxic HNSCC cells 
reduced cell invasion and migration to a level similar to that of 
normoxia-cultured HNSCC cells, implying that MTDH plays 
a vital role in hypoxic cell progression. Our results also indi-
cated that MTDH regulated HIF-1α expression in HNSCC. 
When cells are subjected to hypoxic stress, HIF-1α may be 
activated to allow adaption to a different mode of energy 
generation by inducing the transcription of glycolytic genes. 
The glucose uptake and lactate production assays revealed that 
glycolysis was significantly decreased in hypoxic cells when 
MTDH was downregulated. Thus, the present study indicated 
that MTDH may regulate both HIF-1α and HIF-1α-induced 
glycolysis in HNSCC cells with or without hypoxic stress. 
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Our unpublished data showed that the NF-κB pathway is 
also involved in MTDH-induced mRNA/protein expression 
changes and cell metastasis. Given that HIF-1α is one of the 
target genes transcriptionally regulated by NF-κB (33), MTDH 
may also regulate HIF-1α via the NF-κB pathway in HNSCC. 
The possible involvement of NF-κB in MTDH regulation of 
HIF-1α requires further studies to confirm.

The mutual regulation of MTDH and HIF-1α identified 
in the present study may indicate a feedback loop connec-
tion between MTDH and HIF-1α in HNSCC. Additionally, 
it is possible that the intermodulation of MTDH and HIF-1α 
may affect cell metastasis and EMT together. The present 
investigation indicated that EMT biomarkers and cell metas-
tasis were enhanced significantly in hypoxic HNSCC cells. 
When MTDH shRNA was transfected into hypoxic cells (and 
HIF-1α was also activated), EMT biomarker expression and 
cell metastasis were reduced, suggesting that disruption of 
the MTDH-HIF-1α loop connection inhibited HNSCC cell 
metastasis and increased its resistance to EMT. There are two 
possible mechanisms: HIF-1α may activate the EMT transcrip-
tion factor Twist in hypoxic HNSCC cells (34), or MTDH may 
mediate the epigenetic regulation of Twist in cancer cells (35). 
There may be multiple links between MTDH, HIF-1α and 
Twist in HNSCC. The current results indicated that decreased 
MTDH reversed the promotion of cell metastasis by hypoxia, 
which may imply that hypoxia-regulated HNSCC cell metas-
tasis depends on MTDH expression. However, downregulation 
of MTDH and HIF-1α partially reversed the induction of 
EMT biomarkers by hypoxia, which may indicate that hypoxia 
promoted HNSCC EMT via a complex pathway of mediators 
other than MTDH and HIF-1α.

Considering the aforementioned findings in HNSCC, 
there may be a loop connection between MTDH and HIF-1α 
in HNSCC cells, and hypoxia may promote HNSCC cell 
glycolysis and metastasis via this loop. If cells grow at a suffi-
cient distance from the oxygen-delivering vasculature within 
HNSCC tumors, adaption to hypoxic stress occurs, resulting 
in the nuclear translocation of HIF-1α to promote the tran-
scription of glycolytic genes and oncogenes, including LDHA 
and MTDH, to accelerate energy synthesis and progression, 
respectively. MTDH activates the PI3K and NF-κB pathways, 
which may increase HIF-1α expression in turn and further 
enhance the aforementioned process. The present study also 
found that HNSCC cell migration/invasion and glycolysis in 
hypoxia were suppressed when this positive feedback was 
disrupted by knockdown of MTDH expression. Thus, targeting 
MTDH in HNSCC may be a promising direction for improving 
the survival time of HNSCC patients, as MTDH reduced the 
malignant activity of HNSCC cells in normoxia and hypoxia. 
In summary, hypoxia promotes HNSCC cell migration/inva-
sion and glycolysis by mediating a HIF-1α-MTDH feedback 
loop. These findings implicate HIF-1α-MTDH as a promising 
target for anticancer drugs in solid tumors, and help to explain 
the pro-tumorigenic and unfavorable effect of MTDH in 
HNSCC as reported in our previous study.
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