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Abstract: Oral tongue squamous cell carcinoma (OTSCC) was one of the most hypoxic tumors with unfavorable out-
comes. Hypoxia-inducible factor-1 (HIF-1) signaling was associated with cancer proliferation, lymph node metasta-
sis, angiogenesis and poor prognosis of OTSCC. Dihydroorotate dehydrogenase (DHODH) catalyzed the rate-limiting 
step in the de novo pyrimidine biosynthesis. The aim of the study was to explore the biological function of DHODH 
and investigate whether DHODH regulated HIF-1 signaling in OTSCC. Proliferation, migration and anoikis resistance 
were used to determine the function of DHODH. Western blot and luciferase activity assays were used to determine 
the regulatory role of DHODH on HIF-1. We found that increased DHODH expression was associated with advanced 
tumor stage and poorly differentiated tumor in head and neck cancer patients in The Cancer Genome Atlas (TCGA). 
DHODH enhanced the proliferation and aggressiveness of OTSCC. Moreover, DHODH prompted tumor growth and 
metastasis in vivo. DHODH promoted transcription, protein stability, and transactivation activity of HIF1A. DHODH-
induced HIF1A upregulation in OTSCC can be reversed by reactive oxygen species (ROS) scavenger, indicating that 
DHODH enhanced HIF1A expression via ROS production. DHODH inhibitor suppressed DHODH-mediated ROS gen-
eration and HIF1A upregulation. Targeting DHODH using clinically available inhibitor, atovaquone, might provide a 
new strategy to treat OTSCC.
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Introduction

Oral tongue squamous cell carcinoma (OTSCC) 
is a major form of head and neck cancers devel-
oped from the stratified layer of mucosal lin-
ings. Approximately, the annual number of new 
cases is 300,000 worldwide [1]. Remarkable 
high prevalence is observed in Asia countries. 
In Hong Kong, increasing incidence is obser- 
ved. OTSCC is commonly found in the anterior 
two-thirds of the tongue, the tonsillar region, 
the buccal mucosa, the gingiva, and the lips  
[2]. Prognosis of oral cancer remains poor, with 
5-year survival rates around 50% [2]. Apart 
from uncontrolled growth, lymph node metas-
tasis and recurrence are common features pre-
sented by OTSCC patients [3]. Tobacco and 
alcohol consumption are major external risk 
factors for oral cancers. Target treatment 
regime for OTSCC remains limited [4]. There are 

no effective preventive measures for OTSCC. 
Given the increasing incidence, there is a press-
ing need to delineate the molecular mecha-
nisms underlying OTSCC tumorigenesis.

OTSCC is one of the most hypoxic tumors with 
unfavorable outcomes [5]. Intra-tumoral hypox-
ia refers to the low oxygenation (PO2<10 mm 
Hg) in the primary tumour due to the poor vas-
culature development for oxygen delivery dur-
ing cancer progression. Normal cells will stop to 
proliferate under oxidative stress. In contrast, 
cancer can adapt to survive and grow by upreg-
ulating the master oncoprotein, hypoxia-induc-
ible factor-1 (HIF-1). HIF-1 protein is a heterodi-
meric transcription factor containing basic- 
helix-loop-helix proteins. About 1-1.5% gen- 
ome includes genes that are transcriptionally 
responsive to hypoxia [6]. HIF-1 is a heterodi-
mer composing of HIF1A and HIF1B. HIF1B is 
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constitutively expressed, and HIF1A degrades 
rapidly at the condition with sufficient oxygen 
supply. Under the hypoxic state, HIF1A will 
accumulate quickly in the cells and form dimer 
with HIF1B to form functional HIF-1 protein. 
HIF-1 signaling plays a crucial role in cancer 
proliferation, lymph node metastasis, epitheli-
al-mesenchymal transition, glycolytic metabo-
lism, and poor prognosis of oral cancers [7-9]. 
Further, HIF1A accumulation is associated with 
angiogenesis and intratumoral lymphatic den-
sity of lower lip squamous cell carcinoma [10, 
11].

Reactive oxygen species (ROS) are reactive 
oxygen-containing molecules produced in the 
course of oxygen metabolism. As a major organ-
elle responsible for oxidative metabolism, mito-
chondria are a key intracellular ROS generator 
in both normal and cancerous epithelial cells. 
ROS can activate key cancer singling cascades, 
including ERK1/2, JNK/MAP kinase, and PI3K/
Akt [12, 13]. ROS level is remarkably increased 
in cancer cells at both normoxic and hypoxic 
conditions. Hypoxic cells showed a remarkable 
increase in the HIF-1 level. Meanwhile, the  
ROS level increased in parallel [14]. ROS is pro-
duced from the electron transport chain when 
the oxygen level reduces, and mitochondria 
potential decreases [15]. It is speculated that 
the mitochondria complex III is the major ROS 
producer when the cell is exposed to a low oxy-
gen environment [15]. ROS generated in the 
hypoxic cell can increase HIF-1 activity by induc-
ing HIF1A transcription [14]. Increasing evi-
dence supported that the oxygen level is not 
the only regulator on HIF-1. Activation of partic-
ular oncogenic singling pathways can result in 
HIF-1 expression in cancers at the normoxic 
condition. As high oxidative stress is a general 
feature of human cancers, we speculated that 
key ROS-producing enzyme is involved in the 
transcription upregulation of HIF1A in both oxy-
gen-dependent and -independent conditions.

Dihydroorotate dehydrogenase (DHODH) locat-
ed on the inner mitochondria membrane con-
trols the rate-limiting step in the de novo pyrimi-
dine (nitrogen base) biosynthesis. DHODH ca- 
talyzes the conversion of dihydroorotate (DHO) 
to orotate by transferring electrons to ubiqui-
none [16, 17]. Pyrimidine derivatives are essen-
tial constitutes (uracil, thymine & cytosine) of 
RNA/DNA [18]. DHODH activity is particularly 

important for rapidly proliferating cancer cells 
and tumor growth. By analyzing expression 
data in the Cancer Genome Atlas Project 
(TCGA), we found that DHODH overexpression 
is significantly associated with the clinicopath- 
ological parameters of head and neck cancer 
patients. DHODH-regulated pyrimidines synthe-
sis could trigger responses of transcription fac-
tor p53 [17]. Apart from pyrimidines synthesis, 
new data suggesting that DHODH activity will 
affect the reactive oxygen species content in 
cancers cells [19]. DHODH is physically associ-
ated with respiratory complexes II and III [18]. 
The existing evidence suggests that DHODH 
might have a function to control cellular gene 
expression or signaling pathways. Additionally, 
we speculated that DHODH-mediated ROS is 
playing an active role in the process. However, 
the role of DHDOH in ROS-generation in OTSCC 
remains unclear.

In this study, we reported that DHODH has a 
tumor-promoting function in OTSCC. Increased 
DHODH expression increases the proliferation 
and aggressiveness of OTSCC. Moreover, we 
found that the DHODH-associated ROS gen- 
eration is associated with the transcription 
activity of HIF-1 in OTSCC. DHODH regulates 
HIF-1 activity by promoting HIF1A expression  
at the transcription level. In mouse xenograft, 
DHODH upregulation is linked with increased 
nuclear HIF-1 staining in the OTSCC. Moreover, 
we noticed that clinical DHODH inhibitor is use-
ful to suppress DHODH-mediated ROS genera-
tion and HIF1A upregulation. These data sug-
gest that targeting DHODH is a potentially 
useful approach which inhibits the tumorigen- 
icity of OTSCC by suppressing the ROS-me- 
diated HIF-1 increase at both normoxic and 
hypoxic condition.

Materials and methods

Cell culture

CAL27 was a tongue squamous cell carcinoma 
cell line obtained from ATCC. SAS was a tongue 
squamous cell carcinoma cell line obtained 
from JCRB cell bank. CAL27 cells were main-
tained in RPMI-1640 medium (Gibco, MA, USA) 
with 10% Fetal Bovine Serum (FBS, Gibco) and 
1% Antibiotic-Antimycotic (Gibco). SAS cells 
were cultured in Dulbecco’s modified Eagle’s 
medium/Ham’s F12 medium (DMEM/F12, 
Gibco) with 10% FBS (Gibco) and 1% Antibiotic-
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Antimycotic (Gibco). All the cells were incubated 
at 37°C under 5% CO2 environment in a humidi-
fied incubator.

siRNA transfection

CAL27 and SAS cells were transfected with 
DHODH-siRNA-1 (15 nM, QIAGEN, CA, USA) or 
DHODH-siRNA-2 (15 nM, QIAGEN) or negative 
control siRNA (15 nM, QIAGEN) using HiPerFect 
Transfection Reagent (QIAGEN). After 72 hours, 
cells were harvested for the detection of 
DHODH expression.

Quantitative polymerase chain reaction (QPCR)

RNA was extracted using TRIzol reagent (Th- 
ermoFisher Scientific, MA, USA) and reverse 
transcription was performed using PrimeScript 
RT reagent Kit with gDNA Eraser (Takara, CA, 
USA). Primers and probes used for QPCR were 
designed from the Universal ProbeLibrary Ass- 
ay Design Center (http://www.roche-applied-
science.com/). Primers sequence and probes 
were as follows: DHODH-forward, 5’-AGACTGG- 
CTGTTCGCTTCAC-3’; DHODH-reverse, 5’-TTCC- 
AGCATGTCAGAGTCTTG-3’; DHODH-probe, #45; 
HIF1A-forward, 5’-AACCTGATGCTTTAACTTTGC- 
TG-3’; HIF1A-reverse, 5’-TGGTCATCAGTTTCTG- 
TGTCG-3’; HIF1A-probe, #28; MMP9-forward, 
5’-GAACCAATCTCACCGACAGG-3’; MMP9-rever- 
se, 5’-GCCACCCGAGTGTAACCATA-3’; MMP9-
probe, #6; CDH2-forward, 5’-GGTGGAGGAG- 
AAGAAGACCAG-3’; CDH2-reverse, 5’-GGCAT- 
CAGGCTCCACAGT-3’; CDH2-probe, #66; Real-
time PCR was performed using FastStart 
Universal Probe Master (Roche Applied Sci- 
ence, Penzberg, Germany) on a LightCycler® 
480 (Roche Applied Science). PCR conditions 
were as follows: 95°C for 10 minutes followed 
by 45 cycles of 95°C for 15 seconds and 60°C 
for 1 minute.

Western blot

Cell were lysed by using RIPA buffer with 1% 
PMSF (Sigma-Aldrich, MO, USA), 1% protease 
inhibitor (Roche Applied Science) and 1% phos-
phatase inhibitor (Cell Signaling Technology, 
MA, USA). The Mini-PROTEAN Tetra Cell (Bio-
Rad, CA, USA) system was used for SDS-PAGE 
electrophoresis. Protein was transferred into 
Immobilon-P PVDF Membrane (Merck Millipore, 
CA, USA) by Semi-Dry Electrophoretic Transfer 

Cell (Bio-Rad). The membrane was incubated 
for an hour in blocking buffer with gently shak-
ing, followed by incubation with β-tubulin anti-
bodies (Cell Signaling Technology), β-actin anti-
bodies (Cell Signaling Technology), N-cadherin 
antibodies (Cell Signaling Technology), MMP-9 
antibodies (Cell Signaling Technology), DHODH 
antibodies (Santa Cruz Biotechnology, TX, USA) 
and HIF1A antibodies (BD Biosciences, CA, 
USA) overnight at 4°C. After that, the mem-
brane was incubated with secondary antibod-
ies (ThermoFisher Scientific, MA, USA) for an 
hour at room temperature. Immunoreactivity 
was detected by WesternBright ECL Spray 
(advansta, CA, USA). Densitometry analysis of 
bands was carried out using Image Studio™ 
Lite (LI-COR Biosciences, NE, USA).

Cell proliferation assay

xCELLigence DP system (ACEA Biosciences 
Inc., CA, USA) was used for real-time detection 
of proliferation of oral cancer cell lines. E-Plate 
16 (ACEA Biosciences Inc.) was used in prolif-
eration assays. Cells were seeded in E-Plate 16 
and cell index of cancer cells was continuously 
measured.

Colony formation assay

Cells were seeded in a six-well plate with 600 
cells in each well. After incubation for 14 days, 
cells were fixed with 70% ethanol and stained 
with 0.5% crystal violet. The numbers of colo-
nies with more than 50 cells were counted.

Anoikis analysis

Each well of a 96-well microplate was coated 
with 10 mg/ml Poly-HEMA (Sigma-Aldrich) and 
dried overnight in a laminar flow hood at room 
temperature. OTSCC were seeded into the  
coated wells. Cell viability was detected by 
alarmblue cell viability test (ThermoFisher 
Scientific).

Lentivirus vector construction, lentivirus pro-
duction, and lentivirus transduction

DHODH-overexpressing lentivector and mock 
lentivector were custom made from Vector- 
Builder Inc. (IL, USA). Lentivirus packaging was 
performed using pPACKH1 HIV Lentivector 
Packaging Kit (System Biosciences, CA, USA). 
Lentivirus transduction of CAL27 and SAS cells 
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was carried out using TransDuxTM MAX Len- 
tivirus Transduction Reagent (System Biosci- 
ences).

Cell migration and invasion

xCELLigence DP system (ACEA Biosciences 
Inc.) was used for real-time detection of migra-
tion and invasion of oral cancer cell lines. CIM-
Plate 16 (ACEA Biosciences Inc.) was used in 
migration and invasion assays. For migration 
assays, the upper chamber was coated with  
20 μg/ml fibronectin (Sigma-Aldrich) on both 
sides. The lower chamber was fulfilled with 
complete medium. Then, cells were seeded 
into the upper chamber. For invasion assay, the 
upper surface of the upper chamber was fur-
ther coated with Matrigel (BD Biosciences) in 
1:50 dilution for 4 hours at 37°C. Cell index of 
cancer cells was continuously measured.

Flow cytometry analysis

Cells were resuspended in phosphate-buffered 
saline (PBS) with 2% FBS. Then, cells were 
stained with antibodies for 10 minutes in the 
dark at 2-8°C. For intracellular proteins, cells 
were fixed with 2% paraformaldehyde and per-
meabilization buffer containing 0.5% Tween-20 
followed by incubation with antibodies. After 
washing twice with PBS, cells were resuspend-
ed into 300 μL of PBS and fluorescence was 
measured by using CytoFLEX S flow cytometer 
(Beckman Coulter, Inc., IN, USA).

Xenograft model and pulmonary metastasis 
animal model

All animal experiments were performed accord-
ing to the institutional guidelines and were 
approved by the Institutional Committee on the 
Use of Live Animals in Teaching and Research 
(protocol no. 4606-18) at the Animal Labor- 
atory, Department of Surgery, University of 
Hong Kong (Hong Kong, SAR, China). For  
xenograft model, DHODH-overexpressing SAS 
(1×106 cells in 100 μl) or control SAS (1×106 
cells in 100 μl) were injected subcutaneously 
into the flank of athymic nu/nu mice (5 weeks 
old, weight range: 18-22 g). The tumor size was 
measured daily in two dimensions using cali-
pers and the tumor volume was calculated 
using the following formula: Volume (mm3) = 
(L×W2)/2, where L is the length (mm) and W is 

the width (mm). At the end of the experiment, 
all mice were sacrificed and the tumors were 
harvested. For pulmonary metastasis animal 
model, oral cancer cells were injected into  
nude mice via tail vein. DHODH-overexpressing 
SAS (7.5×105) or control SAS (7.5×105) were 
suspended in 250 μl PBS containing 0.1% BSA 
to avoid cell gathering. Following circulation 
system, injected cells migrated and gathered  
in lung, and developed metastatic foci. The 
body weight of nude mice was measured twice 
a week. The nude mice were sacrificed after 45 
days and their lung tissue samples were col-
lected. The number of metastatic foci was then 
counted. H&E staining was performed on lung 
section.

H2O2, antioxidant and DHODH inhibitor treat-
ment

H2O2 (Sigma-Aldrich), N-Acetyl-L-cysteine (NAC, 
Sigma-Aldrich) and ammonium pyrrolidinedi-
thiocarbamate (PDTC, Sigma-Aldrich) were 
used to treat OTSCC cells for 72 h, 8 h and  
24 h, respectively. Two DHODH inhibitors, leflu-
nominde (ABCAM) and atovaquone (Sigma-
Aldrich), were used to treat OTSCC cells for 72 
h.

ROS detection

Dichloro-dihydro-fluorescein diacetate (DCFH-
DA, Sigma-Aldrich) was used to detect ROS  
on a flow cytometer. Cells were stained with 10 
μM DCFH-DA at 37°C for 15 minutes. Intrace- 
llular DCFH-DA could be oxidized into DCF  
with fluorescence by cellular ROS. Fluoresc- 
ence signal was measured by using CytoFLEX  
S (Beckman Coulter, CA, USA) and data was 
analysed by FlowJo 7.6 (FlowJo LLC, OR, USA).

Hypoxia treatment

Incubator chamber (billups-rothenberg, CA, 
USA) fulfilled with low-oxygen gas (Linde, Du- 
blin, Ireland) containing 1% O2, 5% CO2 and  
94% N2 was used to build hypoxic environment. 
The hypoxic chamber was incubated in humidi-
fied incubator at 37°C.

Transcription activation activity of HIF-1 pro-
tein

HIF-1-responsive luciferase construct was 
obtained from Addgene (HRE-luciferase, plas-
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mid #26731). HRE-luciferase vector contained 
three hypoxia response elements (HRE, TGTC- 
ACGTCCTGCACGACTCTAGT). HRE-luciferase vec- 
tor was transfected into OTSCC cells using 
Lipofectamine 3000 Transfection Reagent (Th- 
ermoFisher Scientific). Dual-Luciferase assay 
(Promega, WI, USA) was performed to measure 
the changes in HIF-1 activity.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded mouse xen- 
ograft was cut into 4 μm sections. IHC was per-
formed to measure the expression of DHODH 
and HIF1A. After antigen retrieval and peroxi-
dase blocking, sections were incubated with 
HIF1A antibodies (ABCAM, Cambridge, UK) and 
DHODH antibodies (BD Biosciences). IHC visu-
alization was performed using REAL EnVDe- 
tectSys Perox/DAB+ (DAKO, CA, USA).

Statistical analysis

All results were shown as averages and pre-
sented as mean ± SD from three or more inde-
pendent experiments. Data were processed 
and analyzed with Excel (Microsoft, WA, USA) or 
SPSS V20.0 (Armonk, NY, USA). All the tests 
were 2-sided. P-values <0.05 were considered 
as statistical significance.

Results

Increased DHODH expression was associated 
with clinicopathological features of head and 
neck cancer patients

To investigate the clinical significance of 
DHODH expression in head and neck cancer, 
we evaluated the association of DHODH level 
with the clinical parameters of head and neck 
cancer patients in The Cancer Genome Atlas 
(TCGA). DHODH mRNA level was significantly 
increased in tumor tissues in comparison with 
normal tissues (Figure 1A). High DHODH was 
significantly associated with advanced tumor 
stage (Figure 1B). Poorly and moderately differ-
entiated tumors showed a higher expression of 
DHODH than well-differentiated ones (Figure 
1C). These results indicated that high DHODH 
expression might be involved in tumorigenesis 
and aggressive phenotype in head and neck 
cancer. High DHODH level was found in the 
males as compared with the female patients 
(Figure 1E). DHODH level did not show a signifi-

cant difference between HPV-positive patients 
and negative ones (Figure 1D).

Aberrant DHODH methylation in head and 
neck cancers

Eleven probes were used to examine the meth-
ylation status of CpGs of the DHDOH gene in 
TCGA. Among the 11 probes, 10 probes are 
located at the promoter region of DHODH (from 
1267 bp upstream of TSS to 282 bp down-
stream of TSS) (Figure 2A). The probe cg16- 
579770 is located at the transcript coding 
region (at -16295 to TSS). Among the ten 
probes situated in the promoter region, cg22- 
381196, cg19061957, cg10190104, cg0015- 
7456, cg06220725, and cg07817698 showed 
significant difference in methylation level be- 
tween tumor and normal tissue (Figure 2B). 
Aggregation box plot was used to indicate the 
mean methylation of all the ten probes. Results 
revealed that DHODH promoter methylation 
was significantly reduced in head and neck 
cancer tissues as compared to normal tissues 
(Figure 2B, 2C). Methylation of CpGs mapped 
by cg16579770 was significantly increased in 
the tumor as compared to normal tissue (Fi- 
gure 2D). Moreover, the methylation level of 
cg16579770 was significantly associated with 
the stage of head and neck cancers (Figure 
2E).

DHODH modulated OTSCC proliferation and 
colony formation

To address whether DHODH has a functional 
role in oral cancers, we knockdown DHODH 
using two different siRNAs (Figure 3A, 3B)  
and examined cell proliferation using real-time 
cell proliferation assays. OTSCC proliferation 
was significantly reduced after knockdown of 
DHODH (Figure 3C). Further, knockdown DH- 
ODH increased the doubling time (Figure 3D) 
and inhibited colony formation ability of OTSCC 
cells (Figure 3E, 3F).

DHODH enhanced anoikis resistance, migra-
tion, and invasion of OTSCC 

We addressed whether DHODH promoted an- 
chorage-independent growth (resistance to an- 
oikis) and increased invasiveness [20]. First, 
OTSCC were seeded in culture plates coated 
with poly-HEMA, and the cell viability was mea-
sured using alamarBlue assay. Knockdown 
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DHODH significantly reduced cell viability under 
anchorage-independent growth conditions (Fi- 
gure 4A). To confirm the data, we repeated the 
cell viability assay in DHODH-overexpressing 
lines (Figure 4B). Increased DHODH expression 
led to a significant increase in cell viability 
under anchorage-independent growth condi-
tions (Figure 4C). The results indicate that 
DHODH promoted anoikis resistance in OTSCC. 
Then, we examined the changes in migration/
invasion ability of DHODH-knockdown and 
-overexpressing OTSCC cells using the xCELLi-
gence DP system. DHODH knockdown signifi-
cantly inhibited migration and invasion (Figure 
4D), while DHODH overexpression enhanced 
migration and invasion (Figure 4E). Further, 

results from flow cytometry analysis showed 
that DHODH overexpression increased the pro-
tein expression level of epithelial-mesenchymal 
transition (EMT) markers CDH2, MMP9 and 
ZEB2 in oral cancer cells (Figure 4F). In con-
trast, DHODH overexpression decreased the 
expression of CDH1 (Figure 4F). To investi- 
gate whether DHODH regulated EMT markers 
via HIF1A, DHODH-overexpressing cells were 
transfected with HIF1A siRNA and the expres-
sion of EMT markers were determined again. 
Silencing of HIF1A abrogated the increase of 
CDH2, MMP9 and ZEB2 expression induced by 
DHODH overexpression (Figure 4F), implicating 
that DHODH modulated EMT markers at least 
partially through HIF1A.

Figure 1. Increased DHODH expression was associated 
with tumour stage, grade and sex in head and neck can-
cer (TCGA, http://ualcan.path.uab.edu/analysis.html). (A) 
mRNA expression level of DHODH in tumour and normal 
tissue from head and neck cancer patients. (B-E) mRNA 
expression level of DHODH in tumour tissue stratified by 
stage (B), grade (C), HPV status (D) and sex (E) in head 
and neck cancer patients. Grade 1, well differentiated; 
Grade 2, moderately differentiated; Grade 3, poorly differ-
entiated; Grade 4, undifferentiated.
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Figure 2. DHODH promoter was hypomethylated in tumour of head and neck cancer patients (TCGA, http://www.bioinfo-zs.com/smartapp/). A. Location of 11 
probes. B and C. Methylation levels of 10 probes in promoter region of DHODH in head and neck cancer patients. D. Methylation level of probe cg16579770 in head 
and neck cancer patients. E. Methylation level of cg16579770 in tumour tissue stratified by stage in head and neck cancer patients.
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Figure 3. DHODH enhanced proliferation and colony formation of OTSCC. (A) QPCR analysis of DHODH expression 
in OTSCC cells transfected with DHODH-siRNA-1 (15 nM) or DHODH-siRNA-2 (15 nM) or negative control siRNA (15 
nM). (B) Western blot analysis of DHODH expression in OTSCC cells transfected with DHODH siRNA or negative 
control siRNA. β-tubulin was used as loading control. Densitometry analysis of bands was carried out using Image 
Studio™ Lite. Densitometry values of DHODH were normalized to β-tubulin and displayed under each blot. (C, D) 
Cell proliferation (C) and doubling time (D) of OTSCC cells transfected with DHODH siRNA or negative control siRNA 
using xCELLigence DP system. (E) Colony formation assay of OTSCC cells transfected with DHODH siRNA or nega-
tive control siRNA. (F) Representative images of colony formation in (E). Data are expressed as mean ± SD (n=3). 
*P<0.05, **P<0.01 (Student t test).
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Figure 4. DHODH promoted migration and invasion in OTSCC. (A) Analysis of anoikis in OTSCC cells transfected with DHODH-siRNA-1 (15 nM) or DHODH-siRNA-2 (15 
nM) or negative control siRNA (15 nM). (B) Western blot analysis of DHODH expression in DHODH-overexpressing OTSCC cells. Densitometry values of DHODH were 
normalized to β-tubulin and displayed under each blot. (C) Analysis of anoikis in DHODH-overexpressing OTSCC cells. (D, E) Real-time monitor of cell migration and 
invasion using xCELLigence DP system in OTSCC cells transfected with DHODH siRNA (D) and DHODH-overexpressing OTSCC cells (E). (F) Flow cytometry analysis of 
expression levels of EMT-related genes in DHODH-overexpressing OTSCC cells. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01 (Student t test).
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DHODH prompted tumor growth and metasta-
sis in vivo

Given that DHODH increased OTSCC prolifera-
tion and invasion in vitro, we validated the find-
ings using in vivo xenograft model. DHODH-
overexpressing SAS cells and control cells were 
subcutaneously injected into nude mice to gen-
erate xenograft tumors. DHODH overexpres-
sion promoted tumor growth over time (Figure 
5A, 5B). The final tumor weight was also in- 
creased in xenograft derived from DHODH-
overexpressing cells (Figure 5C). Also, we test-
ed whether DHODH increased metastasis in 
vivo using pulmonary metastasis animal model. 
DHODH-overexpressing SAS cells and control 
cells were inoculated into nude mice via tail 
vein and metastatic foci in the lung were mea-
sured. Thirty-seven days after tumor cell inocu-
lation, body weight began to decrease in a 
mouse injected with DHODH-overexpressing 
SAS cells (Figure 5E). A higher number of lung 
metastatic foci was observed in mice inocu- 
lated with DHODH-overexpressing SAS cells 
(Figure 5D, 5F). H&E staining showed that more 
and larger lung metastatic foci were observed 
in the DHODH-overexpressing group as com-
pared with the control group (Figure 5G).

HIF1A expression was controlled by reactive 
oxygen species (ROS) in OTSCC

To test the role of ROS in activating HIF1A 
expression, we treated OTSCC cells with H2O2 
or two different ROS scavengers (NAC and 
PDTC). H2O2 treatment increased the mRNA 
level of HIF1A in a dose-dependent manner 
(Figure 6A). In contrast, NAC and PDTC treat-
ment resulted in a dose-dependently suppres-
sion of HIF1A mRNA in OTSCC (Figure 6B, 6C). 
The results suggested that OTSCC ROS has a 
stimulating effect on HIF1A transcription.

DHODH governed HIF1A expression by ROS

DHODH is a ROS-generating enzyme in OTSCC. 
Knockdown of DHODH significantly decreased 
intracellular ROS production (Figure 7A). Kn- 
ockdown of DHODH significantly inhibited 
HIF1A mRNA (Figure 7B) and protein (Figure 
7C) level under both normoxic and hypoxic con-
ditions. The results suggested that DHODH has 
a regulatory function on HIF1A expression in 
OTSCC. Next, we asked whether DHODH over-
expression altered the HIF-1 activity in OTSCC. 

After translocation to the nucleus, dimeric 
HIF-1 binds to the hypoxia-response element 
(HRE) of its target genes and activates gene 
transcription [21]. To measure the transcription 
activation activity of HIF-1, OTSCC were trans-
fected with HIF1-responsive luciferase con-
struct (HRE-luciferase) and 2 DHODH-specific 
siRNAs. HRE-luciferase vector contained lucif-
erase gene under the control of three HRE. 
Therefore luciferase activity reflected the tran-
scription activation activity of HIF-1. Knock- 
down of DHODH suppressed the transcription 
activation activity of HIF-1 under both normoxic 
and hypoxic conditions (Figure 7D). To answer 
whether DHODH controls HIF1A expression  
via the ROS-generating function, DHODH-over- 
expressing cells were treated with NAC and 
expression level of HIF1A was determined by 
QPCR and western blot. NAC treatment in- 
hibited mRNA and protein levels of HIF1A in 
DHODH-overexpressing OTSCC (Figure 7E, 7F), 
implicating that DHODH enhanced HIF1A 
expression via ROS production. Moreover, NAC 
treatment inhibited the transcription activation 
activity of HIF-1 in DHODH-overexpressing cells 
(Figure 7G). To test whether DHODH increased 
the protein stability of HIF1A, we treated CAL27 
cells with cycloheximide (CHX) to inhibit de novo 
protein synthesis and evaluated the protein 
level of HIF1A at 15, 30 and 45 minutes. 
Knockdown of DHODH using siRNA decreased 
the stability of HIF1A protein (Figure 7H). To 
validate the regulatory role of DHODH on HIF1A 
expression in vivo, the expression of DHODH 
and HIF1A were measured in xenografts deri- 
ved from DHODH-overexpressing SAS cells and 
control cells using IHC. A higher expression of 
both DHODH and HIF1A was observed in xeno-
grafts derived from DHODH-overexpressing 
SAS cells in comparison with control cells 
(Figure 7I), indicating that DHODH promoted 
HIF1A expression in vivo. Moreover, more cells 
showed accumulation of HIF1A protein in the 
nucleus in DHODH-overexpressing SAS cells as 
compared to control cells (Figure 7I).

Pharmacological DHODH inhibitor suppresses 
HIF1 activity in OTSCC

To test whether targeting DHODH is potentially 
useful in OTSCC treatment, 2 FDA-approved 
DHODH inhibitors (leflunomide and atova-
quone) were tested. Both leflunomide and ato-
vaquone can reduce ROS production in OTSCC 



DHODH modulates HIF-1 signaling

60 Am J Cancer Res 2022;12(1):48-67



DHODH modulates HIF-1 signaling

61 Am J Cancer Res 2022;12(1):48-67

cells (Figure 8A). Leflunomide 
and atovaquone treatment su- 
ppressed HIF1A mRNA and 
protein expression in both nor-
moxic and hypoxic conditions 
(Figure 8B, 8C). Atovaquone 
treatment inhibited the tran-
scription activation activity of 
HIF-1 (Figure 8D). In contrast, 
leflunomide did not alter the 
transcription activation activity 
of HIF-1 (Figure 8D). Functi- 
onally, atovaquone treatment 
significantly suppressed pro- 
liferation (Figure 8E), colony 
formation (Figure 8F), and 
migration/invasion (Figure 8G) 
of OTSCC cells. These results 
suggested that targeted treat-
ment with atovaquone might 
potentially be useful in OTSCC 
treatment.

Discussion

In the current study, we found 
that head and neck cancers 
have high expression of DH- 
ODH. Besides, a high DHODH 
level is significantly associated 
with the clinicopathological 
features of head and neck can-
cer patients. Reduced CpG 
island methylation in the pro-
moter region is one of the pos-
sible causes related to the high 
DHODH level in head and neck 
cancer cells. Of the 11 CpGs 
examined, we noticed that me- 
thylation of CpG on the coding 
region of DHODH (-16295) is 
remarkably increased in head 
and neck cancers as compa- 
red with the normal controls. 
Generally, CpG methylation at 
the promoter region will inhibit 
transcription initiation result-

Figure 5. DHODH enhanced tumor growth and metastasis in OTSCC. (A-C) Xenograft model. Tumor volume over 
time (A) and final tumor weight (C) of xenografts derived from DHODH-overexpressing SAS cells and control cells. 
Images of excised tumor were shown in (B). (D-G) Metastasis model. (D) Images of lungs from mice injected with 
DHODH-overexpressing SAS cells and control cells. (E) Body weight of mice. (F) The number of metastasis foci on 
the lung. (G) Representative images of H&E-stained lungs from mice injected with DHODH-overexpressing SAS cells 
and control cells. Data are expressed as mean ± SD (n=5 for A, C; n=6 for E, F). *P<0.05, **P<0.01 (Student t test).

Figure 6. ROS enhanced HIF1A expression in OTSCC. QPCR analysis of HI-
F1A expression in OTSCC cell treated by H2O2 (A), NAC (B) and PDTC (C). 
Data are expressed as mean ± SD (n=3). **P<0.01 (One-way analysis of 
variance followed by a Tukey’s test).
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Figure 7. DHODH promoted HIF1A expression via ROS. A. Flow cytometry analysis of ROS production in OTSCC cells 
transfected with DHODH siRNA or negative control siRNA. B. QPCR analysis of HIF1A expression in OTSCC cells 
transfected with DHODH siRNA or negative control siRNA. C. Western blot analysis of HIF1A expression in OTSCC 
cells transfected with DHODH siRNA or negative control siRNA. β-tubulin was used as loading control. Densitom-
etry analysis of bands was carried out using Image Studio™ Lite. Densitometry values of HIF1A were normalized 
to β-tubulin and displayed under each blot. D. Dual luciferase analysis of transcription activation activity of HIF-1 
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ing in epigenetic silencing of the associated 
genes. The functional implication of CpG meth-
ylation on the gene coding region and transcrip-
tion is less clear. In plant protoplasts, it has 
been reported that CpG methylation of the cod-
ing region still has a negative impact on expres-
sion in gene without methylation sites in the 
promoter regulatory region [22].

DHODH is a ROS-generating enzyme in oral 
cancers with key functional implication. DHODH 
increases proliferation and colony formation 
ability. DHODH overexpression promotes oral 
cancer growth and development in the pre-clin-
ical model. Also, oral cancers with high DHODH 
expression are more aggressive with a higher 
capacity to migrate and invade. Our findings 
provide evidence suggesting that DHDOH pro-
motes tumorigenesis of oral cancers. DHODH 
catalyzes the ubiquinone-mediated oxidation  
of dihydroorotate to orotate in the de novo 
pyrimidine biosynthesis process and ATP syn-
thesis. Thus, it is speculated that DHODH is 
playing an active role in oral cancer prolifera-
tion. It is believed that DHODH is essential for 
the initial phases of the carcinogenesis of  
epithelial cancers [23]. Our results provide evi-
dence suggesting that DHODH could also 
increase the invasiveness of cancers, but the 
mechanism of action remains poorly under- 
stood.

Mitochondria can coordinate signal cascade 
responsible for the hypoxic transcription activi-
ty mediated by HIF-1. Several studies have 
shown that inhibiting the enzymes involved in 
the oxidative phosphorylation process of mito-
chondria will destabilize HIF-1 under hypoxic 
conditions. Inhibition of mitochondrial complex 
I, the first enzyme in the mitochondrial electron 
transport chain of mitochondria, can reduce 
oxygen consumption and inhibit the hypoxia-
induced accumulation of HIF1A in human  
hepatoma cells [24]. It has been reported that 
ROS-generating enzyme can stimulate HIF1A 
transcription in cancer cells. Therefore, we 
speculated that DHODH might function as a 

transcription activator of HIF1A in oral can- 
cers.

Increased ROS has a positive impact on HIF-1A 
accumulation. ROS could inhibit PHD activity, 
thus enhanced the stability of HIF1A [25, 26]. 
Using H2O2 as an external source of ROS, we 
noticed that HIF1A mRNA was significantly 
increased in OTSCC. As DHODH promote ROS 
generation in OTSCC, we addressed whether 
DHODH modulated HIF1A expression. As ex- 
pected, DHODH promoted transcription, pro-
tein stability, and transactivation activity of 
HIF1A. Additionally, DHODH induced HIF1A 
upregulation in OTSCC can be reversed with  
the use of ROS scavenger. Again, the data  
highlighted that DHODH could exert gene and 
signal regulatory function via ROS.

Given that targeting DHODH with specific siRNA 
inhibits oral cancer proliferation, migration, and 
invasion. We speculate that the DHODH inhibi-
tor, which is readily available clinically are  
useful for oral cancer treatment. Therefore, we 
evaluate the effectiveness of leflunomide  
and atovaquone which function differently in 
oral cancer cell lines. Leflunomide is an FDA-
approved drug for rheumatoid arthritis [27]. 
The metabolite of leflunomide, A77 1726, could 
reversibly inhibit DHODH activity by competing 
with the substrates ubiquinone competitively 
and dihydroorotate noncompetitively [28]. 
Atovaquone is an FDA-approved drug for malar-
ia [29]. Atovaquone was safe and well-tolerated 
in humans [30]. Atovaquone is a direct non-
competitive inhibitor of dihydroorotate binding 
site on DHODH [31]. Atovaquone could also 
inhibit complex III and prevent the formation of 
ubiquinone, the substrate of DHODH [29]. Our 
data showed that both leflunomide and atova-
quone could reduce ROS level and HIF1A 
expression in OTSCC. However, reduced overall 
HIF-1 activity is only observed in OTSCC treated 
with atovaquone.

In conclusion, our results suggested that 
DHODH promotes oral cancer by increasing 

in OTSCC cells transfected with DHODH siRNA or negative control siRNA. E. QPCR analysis of HIF1A expression 
in DHODH-overexpressing OTSCC cells treated by NAC (10 mM). F. Western blot analysis of HIF1A expression in 
DHODH-overexpressing OTSCC cells treated by NAC (10 mM). G. Dual luciferase analysis of transcription activation 
activity of HIF-1 in DHODH-overexpressing OTSCC cells treated by NAC (10 mM). H. Western blot analysis of HIF1A 
expression in CAL27 cells treated with CHX (100 μg/ml). I. IHC analysis of DHODH and HIF1A expression in xenograft 
derived from DHODH-overexpressing SAS cells and control cells. Data are expressed as mean ± SD (n=3). **P<0.01 
(Student t test).
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Figure 8. DHODH inhibitors suppressed HIF1A expression and inhibited proliferation, migration and invasion in OTSCC. A. Flow cytometry analysis of intracellular 
ROS production in OTSCC cells treated with DHODH inhibitors. B. QPCR analysis of HIF1A expression in OTSCC cell treated with DHODH inhibitors. C. Western blot 
analysis of HIF1A expression in OTSCC cells treated with DHODH inhibitors under hypoxic condition. β-tubulin was used as loading control. Densitometry analysis 
of bands was carried out using Image Studio™ Lite. Densitometry values of HIF1A were normalized to β-tubulin and displayed under each blot. D. Dual luciferase 
analysis of transcription activation activity of HIF-1 in OTSCC cells treated with DHODH inhibitors. E. Real-time monitor of proliferation of OTSCC cells treated with 
atovaquone (15 μM) using xCELLigence DP system. F. Colony formation assay of OTSCC cells treated with atovaquone (10 μM). G. Real-time monitor of cell migra-
tion and invasion using xCELLigence DP system in OTSCC cells treated with atovaquone. Except for special mention, CAL27 cells and SAS cells were treated with 
leflunomide at the concentration of 3.0 μM and 15.6 μM, respectively. CAL27 cells and SAS cells were treated with atovaquone at the concentration of 5.1 μM and 
6.7 μM, respectively. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01 (Student t test).
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HIF1A production. The transcription activation 
effect is mediated by the ROS-generating func-
tion of DHODH. Apart from inhibition of oral 
cancer proliferation and colony formation, ato-
vaquone is a potent inhibitor on oral cancer 
migration and invasion. Thus, targeting DHODH 
might be considered as a new treatment re- 
gime in oral cancer.
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