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Abstract: Lymph node metastasis (LNM) is associated with poor survival in patients with Head and Neck cancer 
(HNC). Aryl hydrocarbon receptor repressor (AHRR) is thought to be responsible for increased lymphangiogenesis 
and LNM. AHRR and endothelial PAS domain-containing protein 1 (EPAS1) are basic helix-loop-helix/per-arnt-sim 
family transcription factors, however, its central role in lymphangiogenesis remains to be explored. In this study, we 
explored that EPAS1 dimerizes with HIF-1β during lymphangiogenes and tumor growth, inducing expression of many 
genes, including vascular endothelial growth factor-d (VEGFD). AHRR wild-type (Ahrr+/+) transgenic carcinoma of the 
mice develop tumors with greater frequency than AHRR-null (Ahrr-/-) mice, even though prevalence of squamous epithelial 
hyperplasia is not inhibited. Hypoxia induced VEGFD protein in a genotype-dependent fashion in Ahrr+/+, Ahrr+/- and 
Ahrr-/- HNC. However, hypoxia induced upstream proteins in the phosphatidylinositol 3-kinase-signaling cascade to 
a similar extent in HNC of each Ahrr genotype, evidenced by Akt phosphorylation. These findings suggest that AHRR 
induces HIF-1β expression, increasing interaction with EPAS1 enhancing VEGFD production and lymphangiogenesis 
in HNC.
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Introduction

The head and neck cancer (HNC) belong to an 
invasive malignant tumor with low 5-year sur-
vival rate and terribly poor prognosis [1]. Only a 
small number of patients can undergo effective 
surgical excision while most patients suffer 
from metastatic diseases [2]. A major reason 
for the low survival rate is the distant lymph 
node and occult cervical metastases [3]. There- 
fore, suppression of lymph node metastases is 
essential to improve the survival rate of HNC 
patients and prevent subsequent metastasis to 
distant visceral organs [4].

Nevertheless, lymphangiogenesis is closely re- 
lated to the development and occurrence of 
lymph node metastases (LNM) [5]. The results 
showed that vascular endothelial growth fac-
tor-d (VEGFD) was the main regulator of lym-
phangiogenesis [6]. The activation of VEGFD 

signaling pathway can increase lymphatic ves-
sel density and promote lymphangiogenesis 
and lymphatic endothelial cell proliferation, and 
promote the lymphatic node proliferation of 
tumors [7]. Recent findings discovered that 
VEGFD pathway is associated with lymph node 
metastasis, recurrence and prognosis in HNC 
patients [8]. However, the molecular mecha-
nism of increased expression of VEGFD in 
tumors promoting lymph node metastasis or 
lymphangiogenesis remains to be elucidated 
[9].

Aryl hydrocarbon receptor repressor (AHRR) is 
important regulator of gene expression that 
needs to be dimerized with HIF-1β, many of 
them are important components of cell and 
exogenous metabolism [10, 11]. Hypoxia-in- 
ducible factors (HIFs) are key factors regulat- 
ing the adaptive response to hypoxia [12-14]. 
Both the AHRR and EPAS1 are members of the 
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class I bHLH/PAS protein family. The bHLH pro-
teins regulate the expression of various genes, 
and heterodimers must be formed with other 
bHLH proteins to perform their multiple func-
tions [15]. Many studies have assessed the 
interactions between AHRR signaling and hy- 
poxic environment [16, 17]. Although AHRR 
have non-classical mechanisms, which leads to 
interference and crosstalk with other signaling 
pathways and transcription factors, this study 
will focus on the signal interference between 
exogenous response pathways and low oxygen 
environments, and elucidate its potential me- 
chanism.

Methods

Patient and tumor samples

Paraffin embedded tumor specimen from 161 
patients with squamous cell carcinoma of the 
head and neck were included in this research 
[18]. We excluded patients who had received 
preoperative radiotherapy or neoadjuvant che-
motherapy, as well as patients with distant 
metastasis, carcinoma in situ and history of 
other malignancies at the time of diagnosis. 
This research program was approved by the 
Institutional Review Committee of medicine 
school of Shanghai Jiaotong University.

Cell culture

The human HNCs (FaDu cells and Cal27 cells) 
were purchased from the ATCC, (USA, VA, 
Manassas) and cultured in Dulbecco Modified 
Eagle Medium supplemented with 100 lg/ml 
kanamycin and 10% fetal bovine serum at  
37°C under a 5% CO2 atmosphere [19]. Ac- 
cording to the manufacturer’s instructions, 
5×104 cells per hole were inoculated on fibro-
nectin coated 24-well plate, and proliferation 
tests were performed. Assessment of each 
case in triplicate.

Generation and characterization of Ahrr+/+, 
Ahrr+/- and Ahrr-/- FaDu cells

All transfections were performed by electropor-
ation using 1 millifarad capacitor array charged 
at 350 V. P1 clone containing mouse Ahrr gene 
was obtained from Genomic System. The target 
structure was generated by inserting the 2.7-kb 
KpnI fragment containing the 5’ end of the 
bHLH exon of the Ahrr gene into the KpnI site  

of pPNT, and then connecting the 5.2-kb KpnI/
NotI fragment containing the 3’ end of the 
same bHLH domain. The resulting structure 
was linearized and electroporated into R1 FaDu 
cells by NotI digestion. Homologous recom- 
binants selected by Gancyclovir (1 mM) and 
G418 (0.25 mg/ml) were screened by Southern 
hybridization. In addition to the endogenous 
6-kb fragment, the 300-bp BamHI/XbaI frag-
ment from the Ahrr gene was used to detect the 
presence of recombinant 8-kb EcoRI band. 
Heterozygous clones were sub-cultured onto 
gelatin-coated plates and 3 mg/ml G418 selec-
tion was performed to obtain Ahrr+/- and Ahrr-/- 
cells. Proteins were extracted from these cl- 
ones, separated by SDS-PAGE, transferred to 
nitrocellulose, and detected with polyclonal 
antibodies against the C-terminus of the AHRR 
protein.

Cell colony formation and viability test

Cells were inoculated in 96-well plate at the 
rate of 2,000 cells per hole and cultured with 
5% CO2 in a 37°C incubator. CCK-8 tests were 
measured for Human Lymphatic Endothelial 
Cells (HLECs) as described above at 0, 12 and 
24 h. Assessment of each case in triplicate.

Animal experiments

Animals were obtained from the National 
Cancer Institute and maintained by the Ani- 
mal Resource Facility of Medical College of 
Shanghai Jiaotong University [19]. Animal ex- 
periments and care was carried out strictly fol-
low the “guidelines for the use and care of 
experimental animals” and “principles for the 
care and use of vertebrates”, and was approved 
by the experimental animal ethic board of the 
Medical College of Shanghai Jiaotong Univer- 
sity. Mice were exposed to 92% N2/8% O2 un- 
der one atmospheric pressure in a closed plas-
tic room, which was ventilated and humidified 
to minimize the change of pCO2. At the end of 
the experiments, nude mice were killed with 
excessive sodium pentobarbital (4%, 200 mg/
kg via intraperitoneal injection; Sigma, Shang- 
hai, China).

Tumor xenotransplantation model

As mentioned earlier, the HNC xenotransplan-
tation model was established in mice, and the 
associates were euthanized four weeks after 
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injection [20]. In order to establish the tumor 
xenotransplantation model, HNC xenograft tu- 
mor was injected into nude mice. FaDu/shNC 
and FaDu/shAhrr cells (2×106 cells) were in- 
jected into four weeks male BALB/c nude mice 
subcutaneously (LAE Biotech), and each group 
included 20 mice. The experimental animals 
were grouped according to the randomization 
formula. Researchers were not aware of the 
group allocation at the different stages of the 
experiment during the allocation, the conduct 
of the experiment, the outcome assessment, 
and the data analysis. All animal experiments 
were approved by the Ethics Committee of the 
medical school of Shanghai Jiaotong University.

Western blot and quantitative analysis

As previously mentioned, Western blot analysis 
was performed using an antibody against AH- 
RR, EPAS1, HIF-1β, caspase-3, VEGFD, and 
GAPDH (Shanghai, Beyotime). GAPDH is used 
as internal parameter control.

Human Lymphatic Endothelial Cells (HLEC) 
migration analysis

According to the manufacturer’s instructions, 
HLEC migration tests were performed using 
Falcon™ [21]. Then, 600 μL of tumor superna-
tant was added to the lower chamber, and 300 
μL of serum-free medium containing 1×104 
HLECs was added to the Transwell chamber 
and incubated with 5% CO2 at 37°C for one day. 
As mentioned earlier, cells were incubated with 
subsequent tumor procedures.

Endothelial tube formation assay

The HLECs were cultured in tumor supernatant 
on 96-well plate at a density of 1×103 cells/well 
for eight hours. The plate was precoated at 
37°C for three hours with 50 μL Matrigel (BD 
Bioscience). After 8 hours of culture, tubular 
image was collected and analyzed by Image  
PP software. Assessment of each case in 
triplicate.

Histomorphological assay of lymphangiogen-
esis

As mentioned earlier, lymphangiogenesis was 
assessed by vascular density using anti-LYVE-1 
antibody. In short, the area with the highest 
vessel density in the tumor area was photo-

graphed, and the digital image of LYVE-1 po- 
sitive lymphatic vessels was photographed. 
Then, percentage of the total tissue area was 
analyzed by Image software.

RNA extraction and RT q-PCR detection

According to the manufacturer’s illustration, 
total RNA was extracted from the samples 
using Trizol reagent (California, Invitrogen,  
USA) [22]. Primers for VEGFD used reverse 
(5’-GGGAACGCTCCAGGACTTAT-3’) and forward 
(5’-GAGGGCAGAATCATCACGAA-3’). This ΔΔCt 
value is obtained from each sample by sub-
tracting ΔCt of the reference sample was 
extracted from ΔCt. Fold changes were identi-
fied as 2-ΔΔCt.

Luciferase report analysis

According to the manufacturer’s instructions, 
luciferase activity was checked using double 
luciferase analysis (Manassas, VA). The AHRR 
promoter fragment was cloned into pGL3 vec-
tor and amplified from human genomic DNA.

Statistical analysis

Statistical significance of the difference was 
evaluated with the unpaired t-test for compari-
sons between 2 means and with one-way anal-
ysis of variance. The data set was analyzed by 
one-way analysis of variance, and the distribu-
tion of cell survival data was preliminarily veri-
fied by K-S test. The tumor volume of mice  
was measured using GraphPad prism 8.0 (CA, 
SanDiego, USA). The lowest significant level 
was P<0.05.

Results

Expression of VEGFD and lymphangiogenesis 
in tissue section of Ahrrlow and Ahrrhigh HNC

As shown in Figure 1A, HNC tissues section 
showed different degrees of immunoreactive 
score (IRS). In HNC tissues, the expression of 
VEGFD was correlated with AHRR level (Figure 
1B). Overall, these results clearly indicated that 
the expression of AHRR had an obvious posi-
tive correlation with VEGFD expression (Figure 
1C). Hypoxia has been shown to regulate the 
production of VEGFD in HNC. Then we next 
determine how the induction was stimulated by 
the AHRR. The latter was indicated as lymphat-
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Figure 1. The expression of VEGFD and lymphangiogenesis in Ahrrlow and Ahrrhigh HNC. A. The immunohistochemical images of low and high expression in HNC were 
analyzed with unrelated IgG as negative control. B. VEGFD concentrations were measured by enzyme immunoassay in HNC tissues. The mean VEGFD concentration 
was used to calculate the mean VEGFD concentration for Ahrrlow and Ahrrhigh HNC. C. Having shown that VEGFD production in the HNC can be stimulated by hypoxia 
exposure, we next determined how induction was regulated by the AHRR. D, E. LVD scores and percentage of high or low AHRR expression in tumors. Horizontal 
lines represent the median. F. Comparison of cumulative five-year survival curves of patients with HNC according to independent AHRR expression-related factors 
with the Log-rank method. The postoperative survival rate of patients with high expression levels of AHRR was poorer than those with lower expression of AHRR. 
The scale bar represents 50 μm (P<0.01).
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ic vessel density (LVD), and they were analyzed 
in our HNC sample cohort to correlate with 
AHRR (Figure 1D, 1E). Log-rank analysis re- 
vealed a significant association between high 
expression of AHRR in cancerous tissue and a 
worse prognosis (P=0.0018) (Figure 1F).

AHRR competes with EPAS1 to combine HIF-
1β in cultured Ahrr+/+, Ahrr+/- and Ahrr-/- HNC

HIF-1β, the co-binding partner of EPAS1 and 
AHRR, is a member of the class II bHLH/PAS 
protein family and an important basis for the 
interaction between the two signal pathways 
(Figure 2A, 2B). Although Akt phosphorylation 
activated PI3K Signal is similar in Ahrr+/+, Ahrr+/- 
and Ahrr-/- FaDu cells, it is uncertain whether 
more VEGFD activity in Ahrr-/- FaDu cells can be 
attributed to the increase of downstream pro-

tein levels (Figure 2C, 2D). This can be inter-
preted by the elevated levels of background 
proteins of EPAS1 or HIF-1β, or by the increased 
sensitivity of these proteins to hypoxia-induced 
hypoxia in Ahrr-/- FaDu cells. The levels of EPAS1 
protein in Ahrr+/+, Ahrr+/- and Ahrr-/- mice expos- 
ed to vehicle or hypoxia were significantly differ-
ent by enzyme-linked immunosorbent assay 
(Figure 2E). Western blot analysis showed that 
HIF-1β protein level was not associated with 
hypoxic exposure and AHRR genotype (Figure 
2F-H).

Hypoxic activation of the EPAS1/PI3K/VEGFD 
signaling axis in Ahrr+/+, Ahrr+/- and Ahrr-/- HNC

Although hypoxia-induced VEGFD expression in 
Ahrr+/+ FaDu HNC is more obvious than that in 
Ahrr-/- and Ahrr+/- FaDu HNC, it is necessary to 

Figure 2. EPAS1 and HIF-1β protein levels in Ahrr+/+, Ahrr+/- and Ahrr-/- FaDu cell cultures. A, B. HIF-1β is a member 
of class II bHLH/PAS protein family, a common binding partner of EPAS1 and AHRR, and an important basis for the 
interaction between the two signaling pathways. C-E. EPAS1 protein levels were determined by enzyme immunoas-
say on 10 µg total protein isolated from FaDu cell cultured with normoxia or hypoxia. F-H. HIF-1β protein levels were 
determined by western blot analysis of 10 µg total protein isolated from FaDu cell cultured with normoxia or hypoxia. 
Band density was calculated for each protein and expressed relative to GAPDH band density. Data are mean ± 
SD in triplicates in an independent experiment, which was repeated at least for three times with the same results 
(P<0.01).
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Figure 3. Hypoxia activation of the EPAS1/PI3K/VEGFD signaling axis in Ahrr+/+, Ahrr+/- and Ahrr-/- FaDu HNC. West-
ern blot determination of Akt (A, B) and p-Akt (C) and VEGFD (D-F) protein band density was determined using 10 µg 
total protein isolated from HNC cultured with vehicle or hypoxia (n=15 for each group and each Ahrr genotype). (B, 
C) There was no significant difference in the level of total Akt protein in the medium exposed to Ahrr+/+, Ahrr+/- and 
Ahrr-/- FaDu HNC, nor was there any difference with any Ahrr genotype exposed to hypoxia. (D) The increased sensi-
tivity of Ahrr+/+ FaDu HNC to VEGFD under hypoxia cannot be explained by the increased expression of Akt protein. 
(E, F) These results suggest that the greater sensitivity to stimulating VEGFD production in Ahrr+/+ FaDu HNC occurs 
at a point downstream of Akt activation. (G-I) Under hypoxia, tumor cells release more inflammatory factors. Band 
density was calculated for each protein and expressed relative to band density of GAPDH (P<0.01).

understand whether hypoxia-induced PI3K sig-
nal exists in all AHRR genotypes of HNC. In 
order to quantitatively stimulate PI3K signal- 
ing upstream of EPAS1 by hypoxia, we used 
Western blot to detect Akt protein phosphoryla-
tion (Figure 3A). There was no significant differ-
ence in total Akt protein level in the medium 
exposed to Ahrr+/+, Ahrr+/- and Ahrr-/- FaDu HNC, 
nor was there any difference with any AHRR 
genotype exposed to hypoxia (Figure 3B). How- 
ever, compared with cells exposed to vectors, 
the activation of PI3K signals in all Ahrr+/+, 
Ahrr+/- and Ahrr-/- FaDu HNC exposed to hypoxia 
increased by phosphorylation of Akt (Figure 
3C). In the presence of a single vector, the 
phosphorylated Akt band density of each AHRR 

genotype HNC was similar, and the induction 
amount of each AHRR genotype HNC was simi-
lar after hypoxia. Therefore, the higher sensitiv-
ity of Ahrr-/- HNC to VEGFD under hypoxia can-
not be explained by the increased expression of 
Akt protein (Figure 3D). These findings indicate 
that greater sensitivity to stimulating VEGFD 
production in Ahrr+/+ HNC occurs downstream 
of Akt activation (Figure 3E, 3F). Under hypoxia, 
tumor cells release more inflammatory factors 
(Figure 3G-I).

Interaction of AHRR, EPAS1, and ARNT in HNC 
cells of AHRR-null or wild-type

Quantitative RT-PCR analysis showed that the 
amounts of EPAS1 and ARNT mRNAs were 
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Figure 4. Interaction of EPAS1, ARNT, and AHRR in HNC cells of AHRR-null or wild-type. A-C. Quantitative RT-PCR 
analysis of EPAS1, ARNT, and AHRR mRNAs in HNC cells 2 days after hypoxia. The data were standardized by the 
abundance of GAPDH mRNA. D-F. Western blotting analysis (IB) of EPAS1, ARNT and GAPDH in nuclear extracts 
of isolated HNC cells after 3 days of hypoxia. All quantitative data were mean ± SEM of HNC cells in each group. 
**P<0.05 versus HNCs and HNCs/shNT.

increased in HNC cells of both AHRR-null and 
wild-type at 2 days after hypoxia (Figure 4A, 
4B). The amount of AHRR mRNA in HNC cells 
did not differ in wild-type cells at 3 days after 
hypoxia (Figure 4C). These increases were sig-
nificantly lower in AHRR-null cells than in wild-
type cells. Immunoblot analysis also revealed 
similar changes in the nuclear abundance of 

EPAS1 and ARNT proteins at 3 days after hypox-
ia (Figure 4D-F).

Effect of shRNA silencing AHRR on lymphan-
giogenesis in HNCs

In order to detect the regulatory effect of AHRR 
on lymphangiogenesis in HNC cells, an in vitro 
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Figure 5. Effects of Ahrr knockdown on lymphangiogenesis in HNC tumors. A. Effect of conditioned medium (CM) 
from indicated HNC sublines on HLECs tubule formation. B-D. Effect of CM from indicated HNC sublines on HLECs 
transwell migration. E, F. Effect of CM from indicated HNC sublines on HLECs proliferation, measured by CCK-8. 
**P<0.05 versus HNCs and HNCs/shNT.

endothelial tubule formation test was used. 
Conditioned medium (CM) refers to the culture 
medium after removing cells. In the experi-
ment, the cells were removed by high-speed 
centrifugation from cell culture medium. CM 
was collected from Ahrr-modified HNC subline 
and added to 3D culture HLECs. Compared  
with CM of FaDu/shAhrr cells, the formation of 
tubules by HLECs induced by FaDu/shNT cells 
was significantly enhanced, while the formation 
of tubules by HLECs induced by CM of Cal27/
Vector cells was significantly less than that of 
Cal27/Ahrr cells (Figure 5A). Tumor cell CM may 
regulate the formation of HLECs tubules by 
altering endothelial cell proliferation or migra-
tion. We studied these two possibilities by 
Transwell and CCK-8 assay, and found that 
Ahrr-high CM promoted the migration (Figure 
5B-D) and viability of HLECs (Figure 5E, 5F).

Effects of Ahrr knockdown and EPAS1/VEGFD 
signal axis on LNM in HNC tumors in vivo

To explore the role of AHRR in lymphangiogen-
esis and LNM in vivo, shAhrr and shNT cells 
were inoculated into mice. Immunohistoche- 
mical detection of tumors in mice showed that 
lymphangiogenesis of Ahrr+/+ tumors was high-

er than that of Ahrr-/- and Ahrr+/- tumors (Figure 
6A). In addition, the LNM of shNT tumors was 
significantly higher than that of shAhrr#3 tumors 
(Figure 6B, 6C).

Discussion

LNM accounts for more than 90% of the total 
mortality of solid tumors [1]. In current studies, 
we found that before tumorigenesis, AHRR can 
increase the production of VEGFD in transplant-
ed tumors, which is a key role of lymphangio-
genesis and tumor growth [23-25]. In conclu-
sion, these findings indicate that the increased 
expression of AHRR in HNC cells up-regulates 
the expression of Akt phosphorylation and 
VEGFD, thus promoting lymphangiogenesis and 
LNM in HNC cells.

In the study, we found the inhibition of Akt 
phosphorylation by Ahrr gene knock-out de- 
creased lymphangiogenesis, LNM and VEGFD 
expression. The hypoxic conditions of precan-
cerous epithelial cells during accelerated gr- 
owth stabilized or up-regulated EPAS1, which 
promoted the local production of lymphangio-
genesis factors [26]. These studies are in ac- 
cordance with PI3K activation of VEGFD, but 
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also indicate that EPAS1 expression level is up-
regulated in HNCs [27]. These studies suggest 
that AHRR enhances the sensitivity of HNC to 
VEGFD signal pathways. In addition, the loss of 
tensin homologues and phosphatase is com-
mon in HNC carcinogenesis to avoid the inhibi-
tion of PI3K signal [28]. Therefore, AHRR regu-
lates the production of VEGFD through its 
interaction with HIF-1β, which may induce the 
cascade of multiple signals in the carcinogene-
sis of HNC [29]. Similarly, the existence of AHRR 
in many tissues does not exclude the possibility 
of the activation of EPAS1, which may also be 
induced by the interaction between AHRR and 
HIF-1β in many other human cancers depen-
dent on lymphangiogenesis [30].

According to our findings, we believe that AHRR 
regulates the production of VEGFD by enhanc-
ing HIF-1β, thus accelerating the interaction 
with stable EPAS1. When diffuse epithelial 
hyperplasia was observed in all HNCs, AHRR 
interacted with HIF-1β, enhancing the expres-
sion of EPAS1 to stably stimulate VEGFD pro-
duction, resulting in an increase in tumor gr- 
owth [31, 32]. When AHRR is induced, the 
unimpeded interaction between EPAS1/HIF-1β 
increases the production of VEGFD, leading to  

a more universal tumorigenesis [33]. The in- 
teraction of AHRR-HIF-1β may activate the pro-
duction of VEGFD and the growth of tumors in 
oxygen-deficient environment induced by the 
excessive proliferation of HNC or the increase 
of growth factors previously associated with 
HNC carcinogenesis [16]. This effect does not 
decrease the activation of PI3K cascade reac-
tion, but it decreases the physiological res- 
ponse of EPAS1 to the activation of down-
stream VEGFD production and subsequent gr- 
owth of tumors.

Conclusions

Selective AHRR regulators have been shown to 
promote the proliferation of HNC in the absence 
of AHRR-mediated toxicity correlated with diox-
in exposure. These studies indicate that stimu-
lating AHRR signal can increase the carcino-
genesis of HNC in vivo by interacting with 
HIF-1β. Potential AHRR regulators enhancing 
HNC tumors are currently being explored.
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