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Chronic stress leads to the activation of the beta-adrenergic pathway. Its activation has been implicated in the
progression of different types of cancer but its role on head and neck squamous cell carcinomas (HNSCCs) remains
undefined. The aim of this study was to investigate the influence of the beta-adrenergic pathway activation in
the progression of HNSCCs and offer a panel of potential treatments for patients with the active beta-adrenergic
pathway. Five hundred and twenty TCGA patients with primary HNSCCs were divided in two groups: ADRB2!°" /
SLC6A2!°" and ADRB2Msh / SLC6A2Msh, Differentially expressed genes (DEGs) were identified through differential
expression analysis. The association of clinicopathological and genomic features between the groups was analyzed
using a bioinformatic approach. Potential drugs for treatment of HNSCC were identified based on the DEGs. There
was association between ADRB2 and SLC6A2 expressions with age, race, tumor site, histologic grade, perineural
invasion, and HPV p16 status. It was identified 898 DEGs between the groups. High ADRB2/SLC6A2 expression
stimulated HNSCC proliferation, adhesion, invasion, and angiogenesis. On the other hand, genes related to cell
stemness were downregulated in patients with activation of the beta- adrenergic pathway. Finally, 56 FDA-
approved antineoplastic and immunotherapeutic drugs were identified as potential targets for the personalized

treatment.

Introduction

Psychological chronic stress has been linked to the onset or to the
worst outcome of several diseases such as depression, anxiety [1], car-
diovascular [2], gastrointestinal [3] illnesses, and cancer [4]. In individ-
uals under chronic stress, higher levels of the hormones norepinephrine
(NE) and epinephrine (E) are released, respectively, by the terminal sym-
pathetic nerve fibers locally and by the adrenal gland systemically [5].
Then NE and E binds to the alpha- or beta-adrenergic (ADRB) recep-
tors, that are thoroughly expressed across the body, and activate the
adrenergic pathway. Interestingly, clinical studies have found associ-
ation between the activation of the alpha- or beta-adrenergic signal-
ing pathway and the worst prognosis [6], perineural invasion [7], and
metastasis [8] in different types of cancer. Furthermore, in vitro stud-
ies have shown that the overactivation of the adrenergic pathway plays
a role in the pathogenesis of several malignant tumor types including
skin [9], pancreas [10], and brain [11] by increasing tumoral progres-
sion, dissemination, and proliferation. The local activation of the adren-

ergic receptors has also been shown to play an important role in the
alteration of the tumoral microenvironment by inducing the epithelial-
mesenchymal transition (EMT) [12], and angiogenesis [13].
Conflicting evidences about the effects of chronic stress on head
and neck squamous cell carcinoma (HNSCC) progression have been dis-
cussed over the years. While some in vitro studies have shown that the
activation of the beta-adrenergic pathway seems to be implicated in
increased proliferative activity [14], invasion, and EMT [15] of head
and neck cancer cells, other studies have had opposing findings. The
stimulation of HNSCC cells with agonists of the beta-adrenergic recep-
tors has resulted in decrease in HNSCC cell migration, invasion [16,17],
and EMT [18]. Clinical studies have obtained dissonant findings as well.
Beta-adrenergic receptor 2 (ADRB2) has been found as a positive pre-
dictive factor for oral cancer in one study [15] or to do not influence
the prognosis of oral cancer in other investigation [19]. These appar-
ently opposing pieces of evidence raise doubts about the function of the
beta-adrenergic pathway activation in the biology of HNSCC.
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Thus, this study was designed to address the enigma about how the
beta-adrenergic pathway activation affects the development of HNSCC
and the impact it has on the patients. For that purpose, it was performed
a comprehensive clinical and genomic analysis of 520 patients with HN-
SCC using a bioinformatic approach.

Material and Methods
Access to the data

Clinical and molecular data of patients with head and neck can-
cer were retrieved through the National Cancer Institute’s (NCI’s)
Genomic Data Commons (GDC - www.portal.gdc.cancer.gov) Legacy
Archive from The Cancer Genome Atlas (TCGA). The database was ac-
cessed using TCGADbiolinks package [20] in the RStudio software (Inte-
grated Development for RStudio Inc., Boston, MA, USA - http://www.r-
project.org). The selection criteria were: 1) patients with primary head
and neck squamous cell carcinoma; and 2) patients with clinical and ge-
nomic information available. A total of 520 patients fulfilled the inclu-
sion criteria. All bioinformatic approach is listed in Supplementary
file 1.

Clinical data

Clinical information was downloaded and imported into RStudio us-
ing the TCGAbiolinks package [20]. Socio-demographic (gender, age,
and race), clinical (tumor site, TNM clinical, and tumor stage), and
microscopical (lymphovascular invasion, perineural invasion, histologic
grade, and HPV p16 status) information were analyzed. The histologic
grade and TNM clinical followed the American Joint Committee on Can-
cer system [21].

Fisher test was used to verify the association of the adrenergic path-
way activation with gender, tobacco consumption, alcohol consump-
tion, lymphovascular invasion, perineural invasion, and HPV p16 sta-
tus. Chi-square test was used to assess the association of the adrenergic
pathway activation with age, ethnic group, tumor site, T, N, M clinical,
tumor stage, histologic grade. Data analysis was carried out using IBM
Statistical Package for the Social Sciences (SPSS) Version 20 (Chicago,
USA). P<0.05 was considered statistically significant.

RNA expression and mutation data

RNA-Seq data (Illumina HiSeq RNAseqv2) were downloaded from
the GDC Data Portal and imported into RStudio. RNA expres-
sion data were obtained using the functions GDCquery, GDCdown-
load, and GDCprepare of TCGAbiolinks package [20]. The TCGAna-
lyze_Preprocessing function, which calculates the Array Intensity corre-
lation for each sample, was used to detect possible outliers. The cut was
set at 0.6 to define the samples with low correlation (outliers). As we did
not find any outliers, we continued with the analysis of the 520 HNSCCs.
Afterwards, we normalized the RNA expression among the samples (TC-
GAnalyze_Normalization) using the EDASeq package [22]. Finally, we
filtered (TCGAnalyze Filtering) those RNAs with low signal across the
samples (cut = 0.25) and obtained a final number of 14,899 RNAs.

The gene mutation data of HNSCCs samples were retrieved from
cBioPortal [23]. Five-hundred and twelve patients had this information
available. To calculate the stemness index [24] of the HNSCCs, the ar-
gument TCGAanalyze_Stemness of the TCGAbiolink package [20] was
used.

Beta-adrenergic pathway activation

A hallmark of the beta-adrenergic pathway activation is the overex-
pression of the adrenergic receptors [5]. They bind to the hormones
epinephrine and norepinephrine, which are secreted in response to
stress. Among the upstream beta-adrenergic RNAs, only ADRB2 were
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expressed in HNSCC. Both ADRB1 and ADRB3 presented low signal and
did not pass the filter. Solute Carrier Family 6 Member 2 (SLC6A2) en-
codes the norepinephrine transport (NET) protein, which is responsible
for the reuptake of NE into presynaptic nerve terminals and is a regu-
lator of norepinephrine homeostasis [25]. SLC6A2 is mostly expressed
in neural tissue however we observed that most of our sample was pos-
itive for SLC6A2. Considering that this gene is upregulated when there
is higher concentration of NE, SLC6A2 was to paired with ADRB2 and
their overexpression was defined as a readout for the beta-adrenergic
pathway activation. The patients were divided into two groups accord-
ing to the ADRB2 and SL.C6A2 expression in ADRB2!°W/SL.C6A2!°" and
ADRB2Migh /SL.C6A2MS,

Differentially expressed genes

Differentially expressed genes (DEGs) between the HNSCCs with
ADRB2!°% /SLC6A2!°" and ADRB2high /SL.C6A2MEN expression were de-
termined with the TCGAbiolinks package [20] using the function TC-
GAanalyze DEA. RNA expression data were batch-corrected using the
tissue source sites (TSS) method and also submitted to voom transfor-
mation. Genes with false discovery rate (FDR)<0.01 and log fold-change
(logFC)>1 or <-1 were considered DEGs. DEGs were upregulated when
logFC>1 and downregulated, when logFC<-1. DEGs between the groups
were represented using ComplexHeatmap package [26].

Gene Ontology and pathway enrichment analysis

Gene Ontology (GO) resource is one of the most comprehensive and
widely used database with the functions of thousands of genes [27].
GO group genes related to the same function in processes and classified
them in: biological process (BP), cell components (CC), and molecular
function (MF). In this study, we performed the GO enrichment analysis
to verify the relationships among the DEGs using the packages Cluster
Profiler [28] and GOplot [29]. Only the processes with a minimum of
5 genes and p<0.05 were considered enriched. Of note, in our analysis,
the logFC and FDR values for each DEG were used to define if the gene
was down- or upregulated.

Protein-protein interaction network analysis

The Search Tool for the Retrieval of Interacting Genes (STRING) is
a database used to predict protein-protein interactions (PPI) [30]. We
queried the STRING database with the DEGs names, logFC, and FDR val-
ues to build a protein-protein interaction network, which was analyzed
in the Cytoscape [31].

Survival analysis

Overall survival rates were calculated using Kaplan-Meier method
and the comparison of the survival curves was performed using log-rank
test. Data analysis was carried out using IBM SPSS Version 20 (Chicago,
IL, USA). P-values below 0.05 were considered statistically significant.

Drug-gene interaction analysis

To determine which drugs might be potentially effective
against the DEGs identified between the ADRB2!°"/SLC6A2!W and
ADRB2high /SL.C6A2M8M groups, the Drugs Gene Interaction Database
(DGIdb) [32] was consulted. The DGIdb compiles information of other
four databases: 1) DrugBank; 2) Therapeutic target database (TTD);
3) PharmGKB; and, 4) ClinicalTrial.gov. Using DGIdb in September
2020, we evaluated pharmacological data of components potentially
effective towards our collection of DEGs. Only anti-neoplastic and
immunotherapeutic drugs that were Food and Drugs Administration
(FDA)-approved were analyzed.
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Results

Beta-adrenergic pathway activation in HNSCC is mediated by ADRB2 and
SLC6A2

The first step to study the role of the beta-adrenergic pathway in
HNSCC was to define the key genes that were representative of its ac-
tivation. We have selected the genes that encode the beta-adrenergic
receptors — namely ADRB1, ADRB2, and ADRB3 - which bind to NE
and E. In addition, we included in the analysis the gene SLC6A2, that
encodes the NET protein. NET is responsible for the reuptake of extra-
cellular NE into the cell in neuronal tissues. NET expression has also
been observed in cancer [33,34]. After determining the global gene ex-
pression of all 520 HNSCCs and filtering those genes with low signal
across the samples, it was obtained a final number of 14,899 RNAs that
were expressed in HNSCC. ADRB1 and ADRB3 did not pass the filter
and were excluded from the analysis. On the other hand, ADRB2 and
SLC6A2 exhibited expression in HNSCC and were used as a readout for
the activation of the beta-adrenergic pathway in this study. To further
confirm if ADRB2 and SLC6A2 were simultaneously expressed in HN-
SCC, Spearman’s rank correlation coefficient was calculated. Notably,
the expression of ADRB2 was positively correlated with the expression
of SLC6A2 (p < 0.0001, R = 0.2896, Supplementary figure 1A).

As the overexpression of some genes in cancer can be driven by
their mutation, we also searched for genomic alterations in ADBR2 and
SLC6A2 in HNSCCs. Supplementary figure 1B shows that only 0.2%
and 2.4% of the 520 HNSCC patients presented at least one type of mu-
tation in ADRB2 and SLC6A2, respectively. These data confirm that the
activation of the adrenergic pathway was mediated by the overexpres-
sion of the ADRB2 and SLC6A2 genes rather than by any type of muta-
tion.

Next, we classified the HNSCCs into two categories based on the
average value of ADRB2 (882.03) and SLC6A2 (235.99) expressions:
ADRB2 oV / SLC6A2!°W and ADRB2h8! / SL.C6A2MER . Tumors with high
expression of ADRB2 and low expression of SLC6A2 or vice-versa were
excluded. After the application of the exclusion criteria, the total sample
included 343 patients: 256 (74.6%) with ADRB21°W / SLC6A2!W expres-
sion and 87 (25.4%) patients with ADRB2M8P / SLC6A2h8h expression.

ADRB2 and SLC6A2 expression is associated with histologic grade,
perineural invasion, and hpv p16 status in HNSCC

The clinicopathological features of the HNSCCs included in this study
are shown in Table 1. The great majority of HNSCC patients were
male (p = 0.257) and older than 55 years-old. The group ADRB2high
/ SLC6A2ME presented higher number of young individuals than the
group ADRB2'°" / SLC6A2!°% (14.94% vs 4.69%, p = 0.006). Regard-
ing the race, most patients were white in both groups. There were more
Asian individuals in the ADRB2M8P / SL.C6A2MSP group (p = 0.024).
The most frequent tumor site was the larynx (30.8%) in the ADRB2low
/ SLC6A2!°Y group and the oral tongue (39.08%) in the ADRB2Migh /
SLC6A2MEN group (p = 0.001).

In both groups, moderately differentiated (G2) HNSCCs were more
frequent. However, when it came to less differentiated states, ADRB2!OW
/ SLC6A2!°" group exhibited higher number of tumors graded as G3
and G4 (p = 0.020). Tumors of the ADRB2!°" / SLC6A2!°% group also
presented less perineural invasion (40%) than tumors of the ADRB2high
/ SLC6A2MSM group (57.14%, p = 0.026). Almost all cases in the
group ADRB2high / SLC6A2MEN were negative for HPV pl6 expression
(93.33%), contrasting with the 35.48% of positive cases in the ADRB2low
/ SLC6A2®Y group (p = 0.031). There was no difference between the
groups regarding gender, tobacco and alcohol consumption, T, N, and
M clinical, tumor stage, and lymphovascular invasion (p > 0.05).
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Overview of DEGs in ADRB2° / SLC6A2!°Y vs ADRB2Mgh / SLC6A2heh
HNSCC

To understand better the molecular mechanisms regulated by the
activation of the beta-adrenergic pathway in HNSCC, we performed the
differentially expression analysis. A total of 898 DEGs were identified
between ADRB2!°" / SLC6A2!°% and ADRB2M" / SL.C6A2MED groups
based on RNA-Seq data: 258 upregulated and 640 downregulated DEGs
(Fig. 1A and Supplementary File 2). The heatmap in Fig. 1B shows the
top 50 downregulated and top 50 upregulated DEGs between the groups
ADRB2'°% / SLC6A2!°" and ADRB2"8! / SL.C6A2bish,

GO analysis links ADRB2"" / SLC6A2Mgh HNSCC to angiogenesis, cell
proliferation, and ECM plasticity

To assess how the DEGs were related and to identify potential mech-
anisms that might distinguish the ADRB2!®" / SLC6A2!°" HNSCC from
ADRB2high / 51,C6A2high HNSCC, we performed the over-representation
enrichment analysis using the GO database. We divided the DEGs be-
tween the groups ADRB2°" / SLC6A2!°" and ADRB2Migh / S1.c6A2high in
upregulated and downregulated genes according to their logFC values.
The GO analysis revealed that there were 768 downregulated (Fig. 2A)
and 528 upregulated processes in the ADRB2Mgh / SLC6A2MEN group
(Fig. 2B). The downregulated processes were divided in 671 biological
processes, 18 cell components, and 78 molecular functions. Among the
upregulated processes, 410 were biological processes, 37 cell compo-
nents, and 80 molecular functions (Supplementary File 3).

The enrichment maps of the top 30 biological processes (Fig. 2C-
D) show that the ADRB2h8h / SLC6A2h8E presented multiple processes
related to the tumoral progression that were upregulated: keratinocyte
differentiation, extracellular matrix (ECM) metabolism, and cell adhe-
sion. On the other hand, processes associated with the development of
different types of tissue, and cellular metabolism were downregulated
in the ADRB2h8h / SL.C6A2MEN group.

Next, the processes closely related to the tumor progression were
manually curated and grouped according to their main role. These
grouped biological processes accompanied by their involved genes are
represented in Fig. 3. One can observe that processes associated with
angiogenesis, proliferation, and microenvironment are upregulated in
ADRB2"8" / SL.C6A2Psh tumors.

PPI network analysis in ADRB2"8" / SLC6A2"" ys ADRB2!V /
SLC6A2Y HNSCC

PPI network is a widely used tool to map predicted physical and
functional interactions among proteins in a large scale. In this study,
the STRING was chosen once this is the most comprehensive and up-
to-date PPI database. To visualize the interactions among the DEGs,
we firstly constructed the PPI network inputting all DEGs names, logFC
values, and FDR. The resulting network included 868 nodes and 3060
edges. Each node in the network represented one protein. The edges rep-
resented the relationships between the proteins. Because the network
was too large to obtain additional important information, we manu-
ally selected the most altered DEGs and/or DEGs that are related to
known tumoral processes (starting node). From the starting node, the
first neighbors were automatically retrieved from the STRING database
successively and clean networks were generated. The network of the
Fig. 4A includes the proteins that were most closely related to ADRB2
and SLC6A2 and contains 146 nodes and 701 edges. In the Fig. 4B,
the findings of this study are confirmed: proteins that regulate the tu-
mor invasion and spread in HNSCC are shown to be overexpressed. Up-
regulation of MMP-1, 3, 10, and 13, and CSF2 and downregulation of
VCAM1 and ICAM4 are implicated in the cancer cells migration and
stromal invasion. Additionally, the overexpression of VEGF-C, and NGF
and underexpression of LEF1 are indicatives of the local influence of
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Table 1
Clinicopathological characteristics of ADRB2!°" / SLC6A2!°" and ADRB2Mgh / SLC6A2Msh head and neck squamous cell carcinomas.

Head and neck squamous cell carcinoma

ADRB2!°¥ /SLC6A2'" ADRB2"i8" /SLC6A2"ish

Variables p
N Percentage (%) N Percentage (%)
Gender
Male 194 75.78 60 68.97 0.257
Female 62 24.22 27 31.03
Age
<45 12 4.69 13 14.94 0.006
46-55 58 22.66 20 22.99
>55 186 72.66 54 62.07
Ethnic group*
White 222 89.16 69 81.18 0.024
Black 25 10.04 11 12.94
Asian 1 0.40 4 4.70
Indian or Alaska native 1 0.40 1 1.18
Tumor site
Alveolar ridge 5 1.95 4 4.60 0.0001
Base of tongue 18 7.03 1 1.15
Buccal Mucosa 11 4.30 4 4.60
Floor of mouth 33 12.90 10 11.49
Hard palate 3 1.17 1 1.15
Hypopharynx 5 1.95 1 1.15
Larynx 77 30.08 13 14.94
Lip 3 1.17 0 0
Oral cavity 30 11.72 15 17.24
Oral tongue 42 16.40 34 39.08
Oropharynx 6 2.34 2 2.30
Tonsil 23 8.99 2 2.30
Tobacco consumption
Smoker 144 56.25 48 55.17 0.901
Not reported 112 43.75 39 44.83
Alcohol consumption
No 81 32.53 35 40.70 0.189
Yes 168 67.47 51 59.30
T clinical
T1 17 6.64 6 6.98 0.679
T2 72 28.12 24 27.91
T3 64 25.00 26 30.23
T4 93 36.33 29 33.72
X 10 3.91 1 1.16
N clinical*
NO 109 42.58 41 47.65 0.723
N1 46 17.97 18 20.93
N2 86 33.59 23 26.74
N3 6 2.34 1 1.16
NX 9 3.52 3 3.49
M clinical*
MO 238 93.33 82 95.34 0.371
M1 3 1.18 2 2.33
MX 14 5.49 2 2.33
Tumor stage*
I 8 3.23 3 3.53 0.872
Il 43 17.34 17 20.00
I 50 20.16 19 22.35
I\% 147 59.27 46 54,12
Histologic grade*
G1 26 10.24 13 14.94 0.020
G2 136 53.54 59 67.82
G3 75 29.53 13 14.94
G4 6 2.36 0 0
GX 11 4.33 2 2.30
Lymphovascular invasion
No 97 59.15 40 65.57 0.443
Yes 67 40.85 21 3443
Perineural invasion®
No 102 60.00 27 42.86 0.026
Yes 68 40.00 36 57.14
HPV p16 status®
Negative 40 64.52 14 93.33 0.031
Positive 22 35.48 1 6.67
TOTAL 256 100 87 100

* Patients with unknown information excluded. Fisher test used for gender, Tobacco consumption, Alcohol consumption, Lym-
phovascular invasion, Perineural invasion, HPV p16 status. Chi-square test used for Age, Ethnic group, Tumor site, T, N, M clinical,
Tumor stage, Histologic grade. p < 0.05 was considered statistically significant.
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ADRB2high /SL,C6A 2PN tumors. Complete data in Supplementary file 2.
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GO Analysis - Downregulated biological processes (nRG = 768)
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Fig. 2. GO and pathway enrichment analysis of DEGs in HNSCCs. (A) Downregulated and (B) Upregulated biological processes identified in ADRB2"ig" /SL.C6A2Migh

tumors. (C-D) Enrichment maps showing the interactions among the processes from

the beta-adrenergic pathway activation on the vascular and nervous
tissues.

Interestingly, proteins related to cancer cell stemness, namely SOX2,
ALDH1A1, and EYA1 were underexpressed (Fig. 4C) in ADRB2high /
SLC6A2MEN group. To further assess if ADRB2Mgh / S1.C6A2MEN group
was associated to a lower degree of stemness, we calculated the stem-
ness score [24] of both groups. Indeed, we found higher stemness index
in ADRB2!°"/ SLC6A2!°"% HNSCCs than in ADRB2"8" / SLC6A2M8" HN-
SCCs (p = 0.0417, Fig. 4D).

A and B. Complete data in Supplementary file 3.

ADRB2Migh /SL.C6A2MEh predicts worst prognosis of patients with
pharyngeal and laryngeal squamous cell carcinoma

Clinical follow-up of the 343 patients with HNSCC ranged from 0
to 6417 days. Survival analysis indicated that the beta-adrenergic path-
way activation did not influence the prognosis of the patients with HN-
SCCs (p = 0.173, Supplementary Figure 2A). When the tumors were
analyzed according to their anatomic location, patients with larynx and
pharynx squamous cell carcinomas presenting ADRB2Migh/SLC6A2Migh
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Fig. 3. Upregulated processes in ADRB2Mgh / SLC6A2MEh HN-
SCC. DEGs and their relationship with the biological processes
within the (A) angiogenesis, (B) cell proliferation, and (C) mi-
croenvironment classifications. The biological processes iden-
tified in the GO analysis were group according to their major
role in HNSCC.
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Fig. 4. PPI network of the DEGs in HNSCC. (A) Functional protein interactions network, (B) Microenvironment-related interactions, and (C) Cancer stem cell-related
interactions in ADRB2Mg" /SLC6A2"MEM group. (D) Stemness score of ADRB2Msh/ SLC6A2M8M compared with ADRB2°%/ SLC6A2!°% tumors. Student’s t test.
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Fig. 5. Drug-gene interaction analysis and potential therapeutics for HNSCC. Heatmap showing the top-drugs and respective target-DEGs in HNSCC. Complete data

in Supplementary file 4.

expression had lower survival rates than patients with HNSCC present-
ing ADRB2!°Y/SLC6A21°W expression (p=0.039, Supplementary Figure
2C). Beta-adrenergic pathway was not a prognostic predictor factor for
oral cavity HNSCCs (p = 0.839, Supplementary Figure 2B).

Drug-gene interaction analysis reveals potential therapeutic options for
HNSCC

The DEGs were inserted into the DGIdb database to explore the po-
tential therapeutic options available for these genes. It was identified
56 FDA-approved antineoplastic and immunotherapeutic drugs that had
113 genes as targets (Supplementary file 4). In the Fig. 5, drugs tar-
geting two or more genes are displayed.

Among the listed drugs, docetaxel, fluorouracil, gemcitabine, and
mitomycin are already used or in advanced phases of clinical trials
for HNSCC therapy. Additionally, anakira, azacytidine, paclitaxel, suni-
tinib, and trichostatin are currently in pre-clinical or early clinical
phases in studies of HNSCC therapy. Cyclophosphamide, lenalidomide,
thalidomide, vinblastine, and vincristine have shown unsatisfactory re-
sults in HNSCC treatment in previous studies. Dactinomycin, mercap-
topurine, mycophenolic acid, prednisone, procarbazine, streptozotocin,
thiotepa, and tretinoin have not yet been tested as HNSCC therapy.

Discussion

Defining the role of chronic stress in HNSCC progression and out-
come has been proven a challenging task. This might be explained
by the heterogeneity among HNSCC from different anatomic sites and
also by the complexity within the tumor bulk [35]. In an attempt to
overcome this last limitation, we performed an integrated analysis of
the clinical and molecular aspects of 520 HNSCC patients based on
the beta-adrenergic pathway activation. Applying bioinformatics meth-
ods, we identified, for the first time, 898 DEGs between the ADRB2loW
/ SLC6A2!°" and ADRB2Mgh / SL.C6A2MEM groups. By exploring these
DEGs, several pathways related to cancer progression were shown to be

altered and, ultimately, some DEGs were identified as potential targets
for the personalized treatment of HNSCC.

Here we identified a group of alterations in the microenvironment
of ADRB2high / SL.C6A2hsh HNSCCs that are pivotal to the tumoral
progression. Beta-adrenergic signaling significantly led to the enhance-
ment of metalloproteinases (MMP1, MMP3, MMP10, and MMP13) and
laminins (LAMC2 and LAMA3) expression, corroborating others’ find-
ings [14]. These molecules are directly implicated in the extracellu-
lar matrix (ECM) remodeling, facilitating tumor cell invasion, and con-
tributing to the metastasis [36,37]. Furthermore, we have observed de-
creased expression of cell adhesion molecules (EPCAM, VCAM1, and
ICAM4), what might potentiate the motility of cells of the tumoral mi-
croenvironment.

Besides dysregulating the ECM components, the activation of the
beta-adrenergic pathway was shown to significantly stimulate the an-
giogenesis by the overexpression of VEGFC, as shown previously [14].
Additionally, ADRB2Migh / S1.G6A2hi8h HNSCCs presented higher expres-
sion of NGF, implicated in cancer cells dissemination and perineural
invasion in HNSCC [38]. Indeed, our clinicopathological findings con-
firmed the molecular data: more patients with beta-adrenergic path-
way overactivation displayed perineural invasion than patients with
ADRB2!®Y / SLC6A2!°W expression (p = 0.026, Table 1).

Inflammation has been shown to exert a dual role in HNSCC, and the
activation of the beta-adrenergic receptors upregulated the expression
of genes involved in inflammation [14,39]. In this study, we also found
higher expression of pro-inflammatory genes (PTGS2/COX2 and IL1A),
suggesting the close relationship between the beta-adrenergic pathway
and inflammation. Notably, PTGS2 expression has been associated with
poorer prognosis, and resistance to cisplatin in gastric cancer [40] and
was significantly upregulated in ADRB2Migh / SL.C6A2high HNSCCs.

Another notable facet of the activation of the beta-adrenergic path-
way in HNSCC was that patients with ADRB2MsP / SLC6A2Migh expres-
sion presented underexpression of genes related to cancer cell stemness
(SOX2, ALDH1A1, and EYA1) and lower stemness score. The genuine
cancer stem cells comprise only about 5% [41] of the tumoral bulk, but
the remaining cells present different grades of differentiation due to the
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epithelial-mesenchymal transition. Thus, the term stemness refers to a
less differentiated state of the malignant cell rather than the pure CSC
[24]. Interestingly, our pathological findings demonstrated that less pa-
tients of the ADRB2Mgh / SLC6A2MEN group presented tumor graded
as less differentiated (G3 or G4, ADRB2!°¥ / SLC6A2!°": 31.89% vs
ADRB2Migh / S1.C6A2M8N:14,94%, p = 0.020, Table 1). These findings re-
lated to stemness may seem contradictory to our data above: ADRB2high
/ SLC6A2Migh tumors present more aggressive and invasive behavior but
have lower stemness score. However, the stemness is best defined as
transitory rather permanent state [42]. Thus, those tumors in frankly
expansion might exhibit a temporary phenotype related to the local in-
vasion, proliferation, and angiogenesis. On the other hand, those tumors
in a less active state may have lower metabolic activity, and increased
stemness [43]. In this context, the plasticity of the cancer cells is essen-
tial to the success of the tumoral bulk to invade locally, metastasize, and
be resistant to the therapy.

Finally, our results showed that the beta-adrenergic pathway acti-
vation did not influence the prognosis of HNSCC. However, when the
lesions were split according to their anatomic location, patients with
tumors arising in the larynx and pharynx that presented ADRB2high
/ SLC6A2Msh expression had lower survival rates than patients with
ADRB2Y / SL.C6A2!°W HNSCCs. Curiously, the patients with ADRB2loW
/ SLC6A2°Y expression showed greater number of patients with HPV
pl6 positive (35.48% vs 6.67%, p = 0.031). This finding may be ex-
plained by the higher percentage of tumors arising in the oropharyn-
geal region in ADRB2!°V / SLC6A2!°% than in ADRB2Ms8h / SLC6A2Mish
tumors (p = 0.0001).

As the concomitant high expression of ADRB2 and SLC6A2 was a
prognostic factor for larynx and pharynx squamous cell carcinomas
(p = 0.039), we identified some drugs that may be an interesting option
to the management of these tumors. Interestingly, some drugs that are
already used in the management of HNSCC (docetaxel, fluorouracil, and
gemcitabine) came up as an option. This can explain the high frequency
of resistant tumors to these therapies: maybe the tumor heterogeneity
among the patients may incite the drug resistance in some individuals
and the successful treatment in others. Furthermore, we also identified
other drugs that are currently under investigation and underscore that
the results of these clinical trials should be analyzed carefully in the
light of the personalized medicine: we may be missing drugs that would
work properly in one patient but not in another.

This study has some limitations, as follows: 1) The lack of clinical
information about the mental status of the patients. This study used
the activation of the beta-adrenergic pathway as a read-out of for the
chronic stress however, one cannot confirm if the patients were, indeed,
with clinical chronic stress; 2) This study analyzed HNSCCs of different
anatomic regions collectively. This may have masked individual features
of the tumors as the behavior of HNSCC varies according to the where
it arises. Thus, as future perspectives, we suggest a clinical study with
information on the level of stress (psychological tests), and hormone
dosage (plasma and/or saliva). Additionally, validation of our data in
different databases may be interesting to verify if the DEGs identified in
this study might be used as a molecular signature of a more aggressive
HNSCC subtype.

In conclusion, this was the first study to provide a comprehensive
panorama of the beta-adrenergic pathway activation repercussion in
HNSCC. We have shown that beta- adrenergic pathway overexpression
presents intimate relationship with the tumoral proliferation, invasion,
migration, and angiogenesis. Concomitant high expression of ADRB2
and SLC6A2 was a prognostic factor for larynx and pharynx squamous
cell carcinomas. Finally, we demonstrated a panel with possible treat-
ment for patients with HNSCC.

Declaration of Competing Interest

The authors declare they do not have conflict of interest.

10

Translational Oncology 14 (2021) 101117
Acknowledgments

This study was supported by the Sao Paulo Research Foundation
(FAPESP), grant #2016/00051-2.

Financial Support

This study was supported by the Sao Paulo Research Foundation
(FAPESP), grant #2016/00051-2.

Author Contribution

G.L.S Methodology, Data curation, Formal analysis, Investigation,
and Writing the original draft. D.G.B Visualization, and Review and
editing. G.I.M Visualization, and Review and editing. K.C.T Conceptu-
alization, Methodology, Data curation, Formal analysis, Investigation,
Project administration, and Review and editing.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tranon.2021.101117.

References
[1] B.E. Cohen, D. Edmondson, .M. Kronish, State of the art review: depression, stress,
anxiety, and cardiovascular disease, Am. J. Hypertens. 28 (2015) 1295-1302,
doi:10.1093/ajh/hpv047.
M.Y. Liu, N. Li, W.A. Li, H. Khan, Association between psychosocial stress and hy-
pertension: a systematic review and meta-analysis, Neurol. Res. 39 (2017) 573-580,
doi:10.1080/01616412.2017.1317904.
A. Labanski, J. Langhorst, H. Engler, S. Elsenbruch, Stress and the brain-
gut axis in functional and chronic-inflammatory gastrointestinal diseases:
a transdisciplinary challenge, Psychoneuroendocrinology (2020) 111,
doi:10.1016/j.psyneuen.2019.104501.
X. Zhang, Y. Zhang, Z. He, K. Yin, B. Li, L. Zhang, Z. Xu, Chronic stress promotes
gastric cancer progression and metastasis: an essential role for ADRB2, Cell Death
Dis 10 (2019) 1-15, doi:10.1038/s41419-019-2030-2.
S.W. Cole, A.K. Sood, Molecular pathways: beta-adrenergic signaling in cancer, Clin.
Cancer Res. 18 (2012) 1201-1206, doi:10.1158/1078-0432.CCR-11-0641.
K. Takahashi, K. Kaira, A. Shimizu, T. Sato, N. Takahashi, H. Ogawa, D. Yoshinari,
T. Yokobori, T. Asao, I. Takeyoshi, T. Oyama, Clinical significance of f2-adrenergic
receptor expression in patients with surgically resected gastric adenocarcinoma, Tu-
mor Biol 37 (2016) 13885-13892, doi:10.1007/s13277-016-5139-2.
H. Ogawa, K. Kaira, Y. Motegi, T. Yokobori, T. Takada, R. Kato, K. Osone, R. Taka-
hashi, K. Suga, N. Ozawa, C. Katayama, T. Oyama, A. Shimizu, T. Yao, T. Asao,
H. Saeki, K. Shirabe, Prognostic significance of f2-adrenergic receptor expression
in patients with surgically resected colorectal cancer, Int. J. Clin. Oncol. 25 (2020)
1137-1144, doi:10.1007/s10147-020-01645-6.
Z.F. Zhang, X.S. Feng, H. Chen, Z.J. Duan, L.X. Wang, D. Yang, P.X. Liu, Q.P. Zhang,
Y.L. Jin, Z.G. Sun, H. Liu, Prognostic significance of synergistic hexokinase-2 and
beta2-adrenergic receptor expression in human hepatocelluar carcinoma after cura-
tive resection, BMC Gastroenterol. 16 (2016), doi:10.1186/512876-016-0474-8.
E.V Yang, T.D. Eubank, The impact of adrenergic signaling in skin cancer pro-
gression: possible repurposing of g-blockers for treatment of skin cancer, Cancer
Biomark. 13 (2013) 155-160, doi:10.3233/CBM-130325.
C. Kim-Fuchs, C.P. Le, M.A. Pimentel, D. Shackleford, D. Ferrari, E. Angst, F. Hol-
lande, E.K. Sloan, Chronic stress accelerates pancreatic cancer growth and invasion:
a critical role for beta-adrenergic signaling in the pancreatic microenvironment,
Brain. Behav. Immun. 40 (2014) 40-47, doi:10.1016/j.bbi.2014.02.019.
J.J. He, W.H. Zhang, S.L. Liu, Y.F. Chen, C.X. Liao, Q.Q. Shen, P. Hu, Activation of
p-adrenergic receptor promotes cellular proliferation in human glioblastoma, Oncol.
Lett. 14 (2017) 3846-3852, doi:10.3892/01.2017.6653.
O. Krizanova, P. Babula, K. Pacak, Stress, catecholaminergic system and cancer,
Stress 19 (2016) 419-428, doi:10.1080/10253890.2016.1203415.
Y. Zhao, W. Li, Beta-adrenergic signaling on neuroendocrine differentiation, angio-
genesis, and metastasis in prostate cancer progression, Asian J. Androl. 21 (2019)
253-259, doi:10.4103/aja.aja_32_18.
D.G. Bernabé, A.C. Tamae, E.R. Biasoli, S.H.P. Oliveira, Stress hormones in-
crease cell proliferation and regulates interleukin-6 secretion in human oral
squamous cell carcinoma cells, Brain. Behav. Immun. 25 (2011) 574-583,
doi:10.1016/j.bbi.2010.12.012.
H. Liu, C. Wang, N. Xie, Z. Zhuang, X. Liu, J. Hou, H. Huang, Activation of adren-
ergic receptor 2 promotes tumor progression and epithelial mesenchymal tran-
sition in tongue squamous cell carcinoma, Int. J. Mol. Med. 41 (2018) 147-154,
doi:10.3892/ijmm.2017.3248.
D.M. Bravo-Calderén, A. Assao, N.G. Garcia, C.M. Coutinho-Camillo, M. Roffé,
J.N. Germano, D.T. Oliveira, Beta adrenergic receptor activation inhibits oral
cancer migration and invasiveness, Arch. Oral Biol. 118 (2020) 104865,
doi:10.1016/j.archoralbio.2020.104865.

[2]

[3]

[4

=

[5

fad}

[6

)

[7]

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]


https://doi.org/10.1016/j.tranon.2021.101117
https://doi.org/10.1093/ajh/hpv047
https://doi.org/10.1080/01616412.2017.1317904
https://doi.org/10.1016/j.psyneuen.2019.104501
https://doi.org/10.1038/s41419-019-2030-2
https://doi.org/10.1158/1078-0432.CCR-11-0641
https://doi.org/10.1007/s13277-016-5139-2
https://doi.org/10.1007/s10147-020-01645-6
https://doi.org/10.1186/s12876-016-0474-8
https://doi.org/10.3233/CBM-130325
https://doi.org/10.1016/j.bbi.2014.02.019
https://doi.org/10.3892/ol.2017.6653
https://doi.org/10.1080/10253890.2016.1203415
https://doi.org/10.4103/aja.aja_32_18
https://doi.org/10.1016/j.bbi.2010.12.012
https://doi.org/10.3892/ijmm.2017.3248
https://doi.org/10.1016/j.archoralbio.2020.104865

G. Lopes-Santos, D.G. Bernabé, G.I. Miyahara et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Y. Yamanaka, T. Mammoto, T. Kirita, M. Mukai, T. Mashimo, M. Sugimura,
Y. Kishi, H. Nakamura, Epinephrine inhibits invasion of oral squamous carci-
noma cells by modulating intracellular cAMP, Cancer Lett 176 (2002) 143-148,
doi:10.1016/50304-3835(01)00764-9.

S. Sakakitani, K.A. Podyma-Inoue, R. Takayama, K. Takahashi, M. Ishigami-Yuasa,
H. Kagechika, H. Harada, T. Watabe, Activation of 2-adrenergic receptor signals
suppresses mesenchymal phenotypes of oral squamous cell carcinoma cells, Cancer
Sci (2020) cas.14670, doi:10.1111/cas.14670.

H. Dong, X.-X. Liao, H.-M. Mai, N. Zhou, D.-Y. Wang, J.-B. Peng, L.-H. Yang,
Expression of beta adrenergic receptor in oral squamous cell carcinoma and its
significance to the prognosis, Int. J. Clin. Exp. Pathol. 10 (2017) 10431-10440
http://www.ncbi.nlm.nih.gov/pubmed/31966380 (accessed October 7, 2020).

A. Colaprico, T.C. Silva, C. Olsen, L. Garofano, C. Cava, D. Garolini, T.S. Sabedot,
T.M. Malta, S.M. Pagnotta, I. Castiglioni, M. Ceccarelli, G. Bontempi, H. Noushmehr,
TCGADbiolinks: An R/Bioconductor package for integrative analysis of TCGA data,
Nucleic Acids Res. 44 (2016) e71, doi:10.1093/nar/gkv1507.

S.B. Edge, C.C. Compton, The american joint committee on cancer: The 7th edition
of the AJCC cancer staging manual and the future of TNM, Ann. Surg. Oncol. 17
(2010) 1471-1474, doi:10.1245/s10434-010-0985-4.

D. Risso, K. Schwartz, G. Sherlock, S. Dudoit, GC-Content normalization for RNA-Seq
Data, BMC Bioinforma. 12 (2011) 1-17, doi:10.1186/1471-2105-12-480.

E. Cerami, J. Gao, U. Dogrusoz, B.E. Gross, S.0. Sumer, B.A. Aksoy, A. Jacob-
sen, C.J. Byrne, M.L. Heuer, E. Larsson, Y. Antipin, B. Reva, A.P. Goldberg,
C. Sander, N. Schultz, The cBio Cancer Genomics Portal: an open platform for ex-
ploring multidimensional cancer genomics data, Cancer Discov. 2 (2012) 401-404,
doi:10.1158/2159-8290.CD-12-0095.

T.M. Malta, A. Sokolov, A.J. Gentles, T. Burzykowski, L. Poisson, J.N. Weinstein,
B. Kaminiska, J. Huelsken, L. Omberg, O. Gevaert, A. Colaprico, P. Czerwiriska,
S. Mazurek, L. Mishra, H. Heyn, A. Krasnitz, A.K. Godwin, A.J. Lazar, J.M. Stu-
art, K.A. Hoadley, P.W. Laird, H. Noushmehr, M. Wiznerowicz, S.J. Caesar-Johnson,
J.A. Demchok, I. Felau, M. Kasapi, M.L. Ferguson, C.M. Hutter, H.J. Sofia, R. Tar-
nuzzer, Z. Wang, L. Yang, J.C. Zenklusen, J. (Julia) Zhang, S. Chudamani, J. Liu,
L. Lolla, R. Naresh, T. Pihl, Q. Sun, Y. Wan, Y. Wu, J. Cho, T. DeFreitas, S. Frazer,
N. Gehlenborg, G. Getz, D.I. Heiman, J. Kim, M.S. Lawrence, P. Lin, S. Meier,
M.S. Noble, G. Saksena, H. Zhang, B. Bernard, N. Chambwe, V. Dhankani, T. Kni-
jnenburg, R. Kramer, K. Leinonen, Y. Liu, M. Miller, S. Reynolds, I. Shmulevich,
V. Thorsson, W. Zhang, R. Akbani, B.M. Broom, A.M. Hegde, Z. Ju, R.S. Kanchi,
A. Korkut, J. Li, H. Liang, S. Ling, W. Liu, Y. Lu, G.B. Mills, K.-S. Ng, A. Rao, M. Ryan,
J. Wang, J.N. Weinstein, J. Zhang, A. Abeshouse, J. Armenia, D. Chakravarty,
W.K. Chatila, I. de Bruijn, J. Gao, B.E. Gross, Z.J. Heins, R. Kundra, K. La, M. Ladanyi,
A. Luna, M.G. Nissan, A. Ochoa, S.M. Phillips, E. Reznik, F. Sanchez-Vega, C. Sander,
N. Schultz, R. Sheridan, S.O. Sumer, Y. Sun, B.S. Taylor, J. Wang, H. Zhang,
P. Anur, M. Peto, P. Spellman, C. Benz, J.M. Stuart, C.K. Wong, C. Yau, D.N. Hayes,
J.S. Parker, M.D. Wilkerson, A. Ally, M. Balasundaram, R. Bowlby, D. Brooks,
R. Carlsen, E. Chuah, N. Dhalla, R. Holt, S.J.M. Jones, K. Kasaian, D. Lee, Y. Ma,
M.A. Marra, M. Mayo, R.A. Moore, A.J. Mungall, K. Mungall, A.G. Robertson,
S. Sadeghi, J.E. Schein, P. Sipahimalani, A. Tam, N. Thiessen, K. Tse, T. Wong,
A.C. Berger, R. Beroukhim, A.D. Cherniack, C. Cibulskis, S.B. Gabriel, G.F. Gao,
G. Ha, M. Meyerson, S.E. Schumacher, J. Shih, M.H. Kucherlapati, R.S. Kucherlapati,
S. Baylin, L. Cope, L. Danilova, M.S. Bootwalla, P.H. Lai, D.T. Maglinte, D.J. Van Den
Berg, D.J. Weisenberger, J.T. Auman, S. Balu, T. Bodenheimer, C. Fan, K.A. Hoadley,
A.P. Hoyle, S.R. Jefferys, C.D. Jones, S. Meng, P.A. Mieczkowski, L.E. Mose,
A.H. Perou, C.M. Perou, J. Roach, Y. Shi, J.V Simons, T. Skelly, M.G. Soloway,
D. Tan, U. Veluvolu, H. Fan, T. Hinoue, P.W. Laird, H. Shen, W. Zhou, M. Bel-
lair, K. Chang, K. Covington, C.J. Creighton, H. Dinh, H. Doddapaneni, L.A. Done-
hower, J. Drummond, R.A. Gibbs, R. Glenn, W. Hale, Y. Han, J. Hu, V. Korchina,
S. Lee, L. Lewis, W. Li, X. Liu, M. Morgan, D. Morton, D. Muzny, J. Santibanez,
M. Sheth, E. Shinbrot, L. Wang, M. Wang, D.A. Wheeler, L. Xi, F. Zhao, J. Hess,
E.L. Appelbaum, M. Bailey, M.G. Cordes, L. Ding, C.C. Fronick, L.A. Fulton, R.S. Ful-
ton, C. Kandoth, E.R. Mardis, M.D. McLellan, C.A. Miller, H.K. Schmidt, R.K. Wilson,
D. Crain, E. Curley, J. Gardner, K. Lau, D. Mallery, S. Morris, J. Paulauskis, R. Penny,
C. Shelton, T. Shelton, M. Sherman, E. Thompson, P. Yena, J. Bowen, J.M. Gastier-
Foster, M. Gerken, K.M. Leraas, T.M. Lichtenberg, N.C. Ramirez, L. Wise, E. Zmuda,
N. Corcoran, T. Costello, C. Hovens, A.L. Carvalho, A.C. de Carvalho, J.H. Fregnani,
A. Longatto-Filho, R.M. Reis, C. Scapulatempo-Neto, H.C.S. Silveira, D.O. Vidal,
A. Burnette, J. Eschbacher, B. Hermes, A. Noss, R. Singh, M.L. Anderson, P.D. Castro,
M. Ittmann, D. Huntsman, B. Kohl, X. Le, R. Thorp, C. Andry, E.R. Duffy, V. Lyadov,
O. Paklina, G. Setdikova, A. Shabunin, M. Tavobilov, C. McPherson, R. Warnick,
R. Berkowitz, D. Cramer, C. Feltmate, N. Horowitz, A. Kibel, M. Muto, C.P. Raut,
A. Malykh, J.S. Barnholtz-Sloan, W. Barrett, K. Devine, J. Fulop, Q.T. Ostrom,
K. Shimmel, Y. Wolinsky, A.E. Sloan, A. De Rose, F. Giuliante, M. Goodman, B.Y. Kar-
lan, C.H. Hagedorn, J. Eckman, J. Harr, J. Myers, K. Tucker, L.A. Zach, B. Deyarmin,
H. Hu, L. Kvecher, C. Larson, R.J. Mural, S. Somiari, A. Vicha, T. Zelinka, J. Bennett,
M. Iacocca, B. Rabeno, P. Swanson, M. Latour, L. Lacombe, B. Tétu, A. Bergeron,
M. McGraw, S.M. Staugaitis, J. Chabot, H. Hibshoosh, A. Sepulveda, T. Su, T. Wang,
O. Potapova, O. Voronina, L. Desjardins, O. Mariani, S. Roman-Roman, X. Sastre, M.-
H. Stern, F. Cheng, S. Signoretti, A. Berchuck, D. Bigner, E. Lipp, J. Marks, S. McCall,
R. McLendon, A. Secord, A. Sharp, M. Behera, D.J. Brat, A. Chen, K. Delman, S. Force,
F. Khuri, K. Magliocca, S. Maithel, J.J. Olson, T. Owonikoko, A. Pickens, S. Rama-
lingam, D.M. Shin, G. Sica, E.G. Van Meir, H. Zhang, W. Eijckenboom, A. Gillis, E. Ko-
rpershoek, L. Looijenga, W. Oosterhuis, H. Stoop, K.E. van Kessel, E.C. Zwarthoff,
C. Calatozzolo, L. Cuppini, S. Cuzzubbo, F. DiMeco, G. Finocchiaro, L. Mattei,
A. Perin, B. Pollo, C. Chen, J. Houck, P. Lohavanichbutr, A. Hartmann, C. Stoehr,
R. Stoehr, H. Taubert, S. Wach, B. Wullich, W. Kycler, D. Murawa, M. Wiznerowicz,
K. Chung, W.J. Edenfield, J. Martin, E. Baudin, G. Bubley, R. Bueno, A. De Rienzo,
W.G. Richards, S. Kalkanis, T. Mikkelsen, H. Noushmehr, L. Scarpace, N. Girard,

11

[25]

[26]

[27]

Translational Oncology 14 (2021) 101117

M. Aymerich, E. Campo, E. Giné, A.L. Guillermo, N. Van Bang, P.T. Hanh, B.D. Phu,
Y. Tang, H. Colman, K. Evason, P.R. Dottino, J.A. Martignetti, H. Gabra, H. Juhl,
T. Akeredolu, S. Stepa, D. Hoon, K. Ahn, K.J. Kang, F. Beuschlein, A. Breggia, M. Bir-
rer, D. Bell, M. Borad, A.H. Bryce, E. Castle, V. Chandan, J. Cheville, J.A. Copland,
M. Farnell, T. Flotte, N. Giama, T. Ho, M. Kendrick, J.-P. Kocher, K. Kopp, C. Moser,
D. Nagorney, D. O’Brien, B.P. O'Neill, T. Patel, G. Petersen, F. Que, M. Rivera,
L. Roberts, R. Smallridge, T. Smyrk, M. Stanton, R.H. Thompson, M. Torbenson,
J.D. Yang, L. Zhang, F. Brimo, J.A. Ajani, A.M.A. Gonzalez, C. Behrens, J. Bondaruk,
R. Broaddus, B. Czerniak, B. Esmaeli, J. Fujimoto, J. Gershenwald, C. Guo, A.J. Lazar,
C. Logothetis, F. Meric-Bernstam, C. Moran, L. Ramondetta, D. Rice, A. Sood, P. Tam-
boli, T. Thompson, P. Troncoso, A. Tsao, I. Wistuba, C. Carter, L. Haydu, P. Hersey,
V. Jakrot, H. Kakavand, R. Kefford, K. Lee, G. Long, G. Mann, M. Quinn, R. Saw,
R. Scolyer, K. Shannon, A. Spillane, J. Stretch, M. Synott, J. Thompson, J. Wilmott,
H. Al-Ahmadie, T.A. Chan, R. Ghossein, A. Gopalan, D.A. Levine, V. Reuter, S. Singer,
B. Singh, N.V. Tien, T. Broudy, C. Mirsaidi, P. Nair, P. Drwiega, J. Miller, J. Smith,
H. Zaren, J.-W. Park, N.P. Hung, E. Kebebew, W.M. Linehan, A.R. Metwalli, K. Pacak,
P.A. Pinto, M. Schiffman, L.S. Schmidt, C.D. Vocke, N. Wentzensen, R. Worrell,
H. Yang, M. Moncrieff, C. Goparaju, J. Melamed, H. Pass, N. Botnariuc, I. Caraman,
M. Cernat, I. Chemencedji, A. Clipca, S. Doruc, G. Gorincioi, S. Mura, M. Pirtac,
1. Stancul, D. Tcaciuc, M. Albert, I. Alexopoulou, A. Arnaout, J. Bartlett, J. Engel,
S. Gilbert, J. Parfitt, H. Sekhon, G. Thomas, D.M. Rassl, R.C. Rintoul, C. Bifulco,
R. Tamakawa, W. Urba, N. Hayward, H. Timmers, A. Antenucci, F. Facciolo, G. Grazi,
M. Marino, R. Merola, R. de Krijger, A.-P. Gimenez-Roqueplo, A. Piché, S. Cheva-
lier, G. McKercher, K. Birsoy, G. Barnett, C. Brewer, C. Farver, T. Naska, N.A. Pen-
nell, D. Raymond, C. Schilero, K. Smolenski, F. Williams, C. Morrison, J.A. Borgia,
M.J. Liptay, M. Pool, C.W. Seder, K. Junker, L. Omberg, M. Dinkin, G. Manikhas,
D. Alvaro, M.C. Bragazzi, V. Cardinale, G. Carpino, E. Gaudio, D. Chesla, S. Cot-
tingham, M. Dubina, F. Moiseenko, R. Dhanasekaran, K.-F. Becker, K.-P. Janssen,
J. Slotta-Huspenina, M.H. Abdel-Rahman, D. Aziz, S. Bell, C.M. Cebulla, A. Davis,
R. Duell, J.B. Elder, J. Hilty, B. Kumar, J. Lang, N.L. Lehman, R. Mandt, P. Nguyen,
R. Pilarski, K. Rai, L. Schoenfield, K. Senecal, P. Wakely, P. Hansen, R. Lechan,
J. Powers, A. Tischler, W.E. Grizzle, K.C. Sexton, A. Kastl, J. Henderson, S. Porten,
J. Waldmann, M. Fassnacht, S.L. Asa, D. Schadendorf, M. Couce, M. Graefen,
H. Huland, G. Sauter, T. Schlomm, R. Simon, P. Tennstedt, O. Olabode, M. Nel-
son, O. Bathe, P.R. Carroll, J.M. Chan, P. Disaia, P. Glenn, R.K. Kelley, C.N. Lan-
den, J. Phillips, M. Prados, J. Simko, K. Smith-McCune, S. VandenBerg, K. Roggin,
A. Fehrenbach, A. Kendler, S. Sifri, R. Steele, A. Jimeno, F. Carey, I. Forgie, M. Man-
nelli, M. Carney, B. Hernandez, B. Campos, C. Herold-Mende, C. Jungk, A. Unterberg,
A. von Deimling, A. Bossler, J. Galbraith, L. Jacobus, M. Knudson, T. Knutson, D. Ma,
M. Milhem, R. Sigmund, A.K. Godwin, R. Madan, H.G. Rosenthal, C. Adebamowo,
S.N. Adebamowo, A. Boussioutas, D. Beer, T. Giordano, A.-M. Mes-Masson, F. Saad,
T. Bocklage, L. Landrum, R. Mannel, K. Moore, K. Moxley, R. Postier, J. Walker,
R. Zuna, M. Feldman, F. Valdivieso, R. Dhir, J. Luketich, E.M.M. Pinero, M. Quintero-
Aguilo, C.G. Carlotti, J.S. Dos Santos, R. Kemp, A. Sankarankuty, D. Tirapelli,
J. Catto, K. Agnew, E. Swisher, J. Creaney, B. Robinson, C.S. Shelley, E.M. Godwin,
S. Kendall, C. Shipman, C. Bradford, T. Carey, A. Haddad, J. Moyer, L. Peterson,
M. Prince, L. Rozek, G. Wolf, R. Bowman, K.M. Fong, I. Yang, R. Korst, W.K. Rath-
mell, J.L. Fantacone-Campbell, J.A. Hooke, A.J. Kovatich, C.D. Shriver, J. DiPersio,
B. Drake, R. Govindan, S. Heath, T. Ley, B. Van Tine, P. Westervelt, M.A. Rubin,
J. 11 Lee, N.D. Aredes, A. Mariamidze, Machine Learning Identifies Stemness Fea-
tures Associated with Oncogenic Dedifferentiation, Cell. 173 (2018) 338-354 el5,
doi:10.1016/j.cell.2018.03.034.

K.A. Streby, N. Shah, M.A. Ranalli, A. Kunkler, T.P. Cripe, Nothing but NET: A re-
view of norepinephrine transporter expression and efficacy of 131I-mIBG therapy,
Pediatr. Blood Cancer. 62 (2015) 5-11, doi:10.1002/pbc.25200.

Z. Gu, R. Eils, M. Schlesner, Complex heatmaps reveal patterns and correla-
tions in multidimensional genomic data, Bioinformatics 32 (2016) 2847-2849,
doi:10.1093/bioinformatics/btw313.

S. Carbon, E. Douglass, N. Dunn, B. Good, N.L. Harris, S.E. Lewis, C.J. Mungall,
S. Basu, R.L. Chisholm, R.J. Dodson, E. Hartline, P. Fey, P.D. Thomas, L.P. Albou,
D. Ebert, M.J. Kesling, H. Mi, A. Muruganujan, X. Huang, S. Poudel, T. Mushaya-
hama, J.C. Hu, S.A. LaBonte, D.A. Siegele, G. Antonazzo, H. Attrill, N.H. Brown,
S. Fexova, P. Garapati, T.E.M. Jones, S.J. Marygold, G.H. Millburn, A.J. Rey, V. Tro-
visco, G. Dos Santos, D.B. Emmert, K. Falls, P. Zhou, J.L. Goodman, V.B. Strelets,
J. Thurmond, M. Courtot, D.S. Osumi, H. Parkinson, P. Roncaglia, M.L. Acencio,
M. Kuiper, A. Lreid, C. Logie, R.C. Lovering, R.P. Huntley, P. Denny, N.H. Camp-
bell, B. Kramarz, V. Acquaah, S.H. Ahmad, H. Chen, J.H. Rawson, M.C. Chibu-
cos, M. Giglio, S. Nadendla, R. Tauber, M.J. Duesbury, N.T. Del, B.H.M. Meldal,
L. Perfetto, P. Porras, S. Orchard, A. Shrivastava, Z. Xie, H.Y. Chang, R.D. Finn,
A.L. Mitchell, N.D. Rawlings, L. Richardson, A. Sangrador-Vegas, J.A. Blake,
K.R. Christie, M.E. Dolan, H.J. Drabkin, D.P. Hill, L. Ni, D. Sitnikov, M.A. Har-
ris, S.G. Oliver, K. Rutherford, V. Wood, J. Hayles, J. Bahler, A. Lock, E.R. Bolton,
J. De Pons, M. Dwinell, G.T. Hayman, S.J.F. Laulederkind, M. Shimoyama, M. Tu-
taj, S.J. Wang, P. D’Eustachio, L. Matthews, J.P. Balhoff, S.A. Aleksander, G. Bink-
ley, B.L. Dunn, J.M. Cherry, S.R. Engel, F. Gondwe, K. Karra, K.A. MacPherson,
S.R. Miyasato, R.S. Nash, P.C. Ng, T.K. Sheppard, A. Shrivatsav Vp, M. Simison,
M.S. Skrzypek, S. Weng, E.D. Wong, M. Feuermann, P. Gaudet, E. Bakker, T.Z. Be-
rardini, L. Reiser, S. Subramaniam, E. Huala, C. Arighi, A. Auchincloss, K. Axelsen,
G.P. Argoud, A. Bateman, B. Bely, M.C. Blatter, E. Boutet, L. Breuza, A. Bridge,
R. Britto, H. Bye-A-Jee, C. Casals-Casas, E. Coudert, A. Estreicher, L. Famiglietti,
P. Garmiri, G. Georghiou, A. Gos, N. Gruaz-Gumowski, E. Hatton-Ellis, U. Hinz,
C. Hulo, A. Ignatchenko, F. Jungo, G. Keller, K. Laiho, P. Lemercier, D. Lieber-
herr, Y. Lussi, A. Mac-Dougall, M. Magrane, M.J. Martin, P. Masson, D.A. Natale,
N.N. Hyka, I. Pedruzzi, K. Pichler, S. Poux, C. Rivoire, M. Rodriguez-Lopez, T. Saw-
ford, E. Speretta, A. Shypitsyna, A. Stutz, S. Sundaram, M. Tognolli, N. Tyagi,
K. Warner, R. Zaru, C. Wu, J. Chan, J. Cho, S. Gao, C. Grove, M.C. Harrison,


https://doi.org/10.1016/S0304-3835(01)00764-9
https://doi.org/10.1111/cas.14670
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00109-1/sbref0019
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1245/s10434-010-0985-4
https://doi.org/10.1186/1471-2105-12-480
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1002/pbc.25200
https://doi.org/10.1093/bioinformatics/btw313

G. Lopes-Santos, D.G. Bernabé, G.I. Miyahara et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

K. Howe, R. Lee, J. Mendel, H.M. Muller, D. Raciti, K. Van Auken, M. Berriman,
L. Stein, P.W. Sternberg, D. Howe, S. Toro, M. Westerfield, The Gene Ontology Re-
source: 20 years and still GOing strong, Nucleic Acids Res. 47 (2019) D330-D338,
doi:10.1093/nar/gky1055.

G. Yu, L.G. Wang, Y. Han, Q.Y. He, ClusterProfiler: An R package for comparing
biological themes among gene clusters, Omi. A J. Integr. Biol. 16 (2012) 284-287,
doi:10.1089/0mi.2011.0118.

W. Walter, F. Sanchez-Cabo, M. Ricote, GOplot: An R package for visually combin-
ing expression data with functional analysis, Bioinformatics 31 (2015) 2912-2914,
doi:10.1093/bioinformatics/btv300.

D. Szklarczyk, A.L. Gable, D. Lyon, A. Junge, S. Wyder, J. Huerta-Cepas, M. Si-
monovic, N.T. Doncheva, J.H. Morris, P. Bork, L.J. Jensen, C. Von Mering, STRING
v11: Protein-protein association networks with increased coverage, supporting func-
tional discovery in genome-wide experimental datasets, Nucleic Acids Res. 47 (2019)
D607-D613, doi:10.1093/nar/gky1131.

P. Shannon, A. Markiel, O. Ozier, N.S. Baliga, J.T. Wang, D. Ramage, N. Amin,
B. Schwikowski, T. Ideker, Cytoscape: a software environment for integrated mod-
els of biomolecular interaction networks, Genome Res. 13 (2003) 2498-2504,
doi:10.1101/gr.1239303.

K.C. Cotto, A.H. Wagner, Y.Y. Feng, S. Kiwala, A.C. Coffman, G. Spies, A. Wol-
lam, N.C. Spies, O.L. Griffith, M. Griffith, DGIdb 3.0: A redesign and expansion
of the drug-gene interaction database, Nucleic Acids Res 46 (2018) D1068-D1073,
doi:10.1093/nar/gkx1143.

H. Zhang, R. Huang, N.K.V. Cheung, H. Guo, P.B. Zanzonico, H.T. Thaler, J.S. Lewis,
R.G. Blasberg, Imaging the norepinephrine transporter in neuroblastoma: A com-
parison of [18F]-MFBG and 123I-MIBG, Clin. Cancer Res. 20 (2014) 2182-2191,
doi:10.1158/1078-0432.CCR-13-1153.

H. Zhang, J. Miao, F. Li, W. Xue, K. Tang, X. Zhao, X. Jing, J. Zhang, C. Huang,
N. Hou, J. Han, Norepinephrine transporter promotes the invasion of human colon
cancer cells, Oncol. Lett. 19 (2020) 824-832, doi:10.3892/01.2019.11146.

C.R. Leemans, P.J.F. Snijders, R.H. Brakenhoff, The molecular landscape of head and
neck cancer, Nat. Rev. Cancer. 18 (2018) 269-282, doi:10.1038/nrc.2018.11.

12

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Translational Oncology 14 (2021) 101117

E. Gobin, K. Bagwell, J. Wagner, D. Mysona, S. Sandirasegarane, N. Smith, S. Bai,
A. Sharma, R. Schleifer, J.X. She, A pan-cancer perspective of matrix metallopro-
teases (MMP) gene expression profile and their diagnostic/prognostic potential, BMC
Cancer 19 (2019), doi:10.1186,/512885-019-5768-0.

S. Wang, G. Liou, S. Liu, J.S. Chang, J. Hsiao, Y. Yen, Y. Chen, W. Wu, J. Chang,
Y. Chen, Laminin y2-enriched extracellular vesicles of oral squamous cell car-
cinoma cells enhance in vitro lymphangiogenesis via integrin a3-dependent up-
take by lymphatic endothelial cells, Int. J. Cancer. 144 (2019) 2795-2810,
doi:10.1002/ijc.32027.

C. Lin, Z. Ren, X. Yang, R. Yang, Y. Chen, Z. Liu, Z. Dai, Y. Zhang, Y. He, C. Zhang,
X. Wang, W. Cao, T. Ji, Nerve growth factor (NGF)-TrkA axis in head and neck
squamous cell carcinoma triggers EMT and confers resistance to the EGFR inhibitor
erlotinib, Cancer Lett. 472 (2020) 81-96, doi:10.1016/j.canlet.2019.12.015.

R. Glaser, J.K. Kiecolt-Glaser, Stress-induced immune dysfunction: implications for
health, Nat. Rev. Immunol. 5 (2005) 243-251, doi:10.1038/nri1571.

X. mian Lin, S. Li, C. Zhou, R. zhen Li, H. Wang, W. Luo, Y. shan Huang, L. kuai Chen,
J. long Cai, T. xiang Wang, Q. hao Zhang, H. Cao, X. ping Wu, Cisplatin induces
chemoresistance through the PTGS2-mediated anti-apoptosis in gastric cancer, Int.
J. Biochem. Cell Biol. 116 (2019), doi:10.1016/j.biocel.2019.105610.

S.K. Bhutia, P.P. Naik, P.P. Praharaj, D.P. Panigrahi, C.S. Bhol, K.K. Ma-
hapatra, S. Saha, S. Patra, Identification and characterization of stem cells
in oral cancer, Methods Mol. Biol. (2019) 129-139 Humana Press Inc.,
doi:10.1007/7651_2018_184.

A. Sanchez-Danés, C. Blanpain, Deciphering the cells of origin of squamous cell car-
cinomas, Nat. Rev. Cancer. 18 (2018) 549-561, doi:10.1038/s41568-018-0024-5.
C.T. Lucido, J.L. Callejas-Valera, P.L. Colbert, D.W. Vermeer, W.K. Miskimins, W.C.
Spanos, P.D. Vermeer, f2-Adrenergic receptor modulates mitochondrial metabolism
and disease progression in recurrent/metastatic HPV(+) HNSCC, Oncogenesis. 7
(2018). https://doi.org/10.1038/s41389-018-0090-2.


https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btv300
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkx1143
https://doi.org/10.1158/1078-0432.CCR-13-1153
https://doi.org/10.3892/ol.2019.11146
https://doi.org/10.1038/nrc.2018.11
https://doi.org/10.1186/s12885-019-5768-0
https://doi.org/10.1002/ijc.32027
https://doi.org/10.1016/j.canlet.2019.12.015
https://doi.org/10.1038/nri1571
https://doi.org/10.1016/j.biocel.2019.105610
https://doi.org/10.1007/7651_2018_184
https://doi.org/10.1038/s41568-018-0024-5

	Beta-adrenergic pathway activation enhances aggressiveness and inhibits stemness in head and neck cancer
	Introduction
	Material and Methods
	Access to the data
	Clinical data
	RNA expression and mutation data
	Beta-adrenergic pathway activation
	Differentially expressed genes
	Gene Ontology and pathway enrichment analysis
	Protein-protein interaction network analysis
	Survival analysis
	Drug-gene interaction analysis

	Results
	Beta-adrenergic pathway activation in HNSCC is mediated by ADRB2 and SLC6A2
	ADRB2 and SLC6A2 expression is associated with histologic grade, perineural invasion, and hpv p16 status in HNSCC
	Overview of DEGs in ADRB2low / SLC6A2low vs ADRB2high / SLC6A2high HNSCC
	GO analysis links ADRB2high / SLC6A2high HNSCC to angiogenesis, cell proliferation, and ECM plasticity
	PPI network analysis in ADRB2high / SLC6A2high vs ADRB2low / SLC6A2low HNSCC
	ADRB2high/SLC6A2high predicts worst prognosis of patients with pharyngeal and laryngeal squamous cell carcinoma
	Drug-gene interaction analysis reveals potential therapeutic options for HNSCC

	Discussion
	Declaration of Competing Interest
	Acknowledgments
	Financial Support
	Author Contribution
	Supplementary materials
	References


