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Abstract

The B2-Adrenergic receptor (32-AR) is a G protein-coupled receptor (GPCR), involved in the development of many
cancers, among which HNSCC. In this contest, $2-AR signaling interacts with different pathways, such as PI3K and
MAPK, commonly activated by TK receptors. For this reason, TK blockade is one of the most adopted therapeutic
strategies in HNSCC patients. In our study we investigated the effects of the 32-AR blocking in HNSCC cell lines, using
the selective inhibitor ICI118,551 (ICl), in combination with the MAPK inhibitor U0126. We found that ICl leads to the
blocking of p38 and NF-kB oncogenic pathways, strongly affecting also the ERK and PI3K pathways. Cotreatment with
U0126 displays a synergic effect on cell viability and pathway alteration. Interestingly, we found that the (32-AR
blockade affects Nrf2-Keap1 stability and its nuclear translocation leading to a drastic ROS increase and oxidative stress.
Our results are confirmed by a TCGA dataset analysis, showing that NFE2L2 gene is commonly overexpressed in HNSC,
and correlated with a lower survival rate. In our system, the PI3K pathway inhibition culminated in the blocking of pro-
survival autophagy, a mechanism normally adopted by cancer cells to became less responsive to the therapies. The
mTOR expression, commonly upregulated in HNSC, was reduced in patients with disease-recurrence. It is well known
that mTOR has a strong autophagy inhibition effect, therefore its downregulation promoted pro-survival autophagy,
with a related increase recurrence rate. Our findings highlight for the first time the key role of 32-AR and related
pathway in HNSCC cell proliferation and drug resistance, proposing it as a valuable therapeutic molecular target.

Introduction

The P2-Adrenergic receptor (f2-AR) is a G protein-
coupled receptor (GPCR), which belongs to the super-
family of adrenergic receptors. They are activated by
several catecholamines, in response to physiologic

stimulations of the sympathetic nervous system (SNS),
such as bronchodilation or smooth muscle relaxation. The
activation of the P2-AR signaling pathway drives cell
malignant development' .

Recent studies proved that a-AR (al and o2 subtypes)

and B-AR (B1, B2, and B3 subtypes) are expressed in
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several neoplasias, such as hemangioma, melanoma,
ovarian, prostate, lung, breast, liver, and head and neck
cancers™™’.

B-AR activation leads to the synthesis of cyclic AMP
(cAMP), through the guanine nucleotide-binding protein
(Gas), involved in the regulation of several cellular pro-
cesses, including differentiation, proliferation, and apop-
tosis. Protein Kinase A (PKA) has a key role in the p-AR
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pathway through the activation of the [B-AR kinase
(BARK), which induces the transient desensitization of
B-AR by B-arrestin, and activates the PI3K/Akt/mTOR
and Src/Ras/MAPK pathways. A second major cAMP
downstream signaling involves the guanine nucleotide
exchange protein (EPAC), that was reported to regulate
cell morphology, motility and secretion dynamics,
through the activation of the Ras-related protein Rap-1A,
which stimulates the downstream kinases B-Raf and the
MAP/extracellular signal-regulated kinases 1/2 (ERK1/2).
Several studies thoroughly described the ERK/MAPK
pathway, that is mainly activated by tyrosine kinase
receptors (RTK), such as EGFR, and that is over-activated
in melanoma, colon, head and neck and breast (HER2+)
cancers®™1°. In the latter, the constitutive HER2— medi-
ated activation of ERK induces an autocrine release of
epinephrine, with positive feedback, that promotes cell
growth'',

Targeted therapies with MAPK inhibitors impair the
expression of several proteins involved in the control of
cell differentiation, proliferation, and apoptosis. These
therapeutic strategies are very effective for the treatment
of several malignancies, such as colon, breast, lung'*'?,
and head and neck cancers.

The B2-AR activation induces a neo-angiogenic switch
that drives prostate cancer progression from the low-
grade pre-neoplastic stage to the high-grade malignant
stage'*. Other studies also demonstrated that B2-AR is
involved in TKI (trastuzumab) resistance in breast cancer
through the PISK/AKT/mTOR signaling pathway'®.
Moreover, it has been demonstrated that EGFR inhibitor
resistance in NSCLC (Non-Small-Cell Lung Carcinoma)
correlates with the activation of the P2-AR pathway
through an IL-6 dependent mechanism'®.

The PI3K pathway components also regulate the
REDOX balance in cancer cells by directly promoting the
nuclear factor erythroid 2-related factor 2 (Nrf2)-medi-
ated response. The Nrf2/Keapl complex is a key effector
in the cell-protective mechanisms against environmental
changes, such as ROS (reactive oxygen species) or xeno-
biotics. Nrf2 is a transcription factor that can be blocked,
in its cytoplasmic form, by Keapl. ROS increase drives the
dissociation of Nrf2 from Keapl and promotes its trans-
location to the nucleus, where it can activate the tran-
scription of antioxidants Responsive Elements (ARE)"”.

It was demonstrated that the MAPK/PI3K pathways
crosstalk, promotes drug resistance autophagy-
mediated'®'®. This is a physiologic cell process that
leads to the degradation/recycle of cytoplasmic cellular
components such as damaged organelles and proteins,
that can have cytoprotective or pro-apoptotic effects.
Moreover, cancer autophagy has a dualistic role as it can
synergize with drugs by increasing their cytotoxicity or
antagonize their effect by promoting the degradation of
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molecular targets or proteins that are involved in the
therapeutic processzo’21.

Some studies showed that the autophagic flux increases
in response to MAPK inhibitors and therefore, its block-
ade could be considered as a therapeutic option. Autop-
hagy gene targeting strategies or inhibitors (chloroquine,
3-Methyladenine) can sensitize resistant cells to MAPKi
(MAPK inhibitors) treatments®*.

Based on this evidences, we investigated a new drug
resistance mechanism, that involves the B2-AR and
MAPK pathways, using the selective inhibitors ICI118,551
(ICI) and MEK1/2 (U0126), respectively. We found that
there is a synergic effect of the two drugs, which leads to
an increased ROS production via Nrf2 inhibition. In this
setting, the increase in the autophagic flux can be con-
sidered as a protective mechanism, due to Nrf2 inhibition
that leads to HNSCC cell death.

Results
B2-AR blockade impairs HNSCC cell viability and has a
synergistic effect with the MEK1/2 inhibitor

According to the literature, we studied the mechanisms
underlying HNSCC development and progression, espe-
cially those related to the effect of the selective inhibition
of the $2-AR in HNSCC cell lines UMSCC103 and CAL-
33.

The viability of UMSCC103 cells was significantly
reduced and in a dose and time-dependent manner after
48 h of treatment with 25 uM of ICI (Fig. 1a). We selected
the IC50 and the IC25 (10 uM) for further studies.

Some studies described the role of the MAPK pathway
in cancer resistance to targeted therapy'>'®; therefore, we
also investigated the role of this pathway in the
UMSCC103 cell line using the MEK1/2 inhibitor. Several
combinations of ICI and U0126 were tested to assess cell
viability and to determine if there is a synergistic effect at
different concentrations (Fig. 1b). Similar results have
been obtained using CAL-33 cell line (Fig. S1A-B)

Using an apoptosis assay, based on Annexin V/PI
staining, we observed that the drugs alone increased the
levels of apoptosis and without any effect on cell necrosis.
Interestingly, a synergistic effect on UMSCC103 and
CAL33 cells apoptosis (apoptosis 70,25%) when ICI and
U0126 were combined (Fig. 1¢c, S1C).

B2-AR inhibition regulates the crosstalk between ERK and
PI3K pathways

The B2-AR/cAMP/PKA axis is directly involved in
cancer development’ through the activation of other
signaling molecules, among which, the mitogen-activated
protein kinases (MAPKs) pathway’. In our model, we
analyzed the role of the ERK/p38/NF-kB axis, which is
commonly upregulated in HNSCC patients®®. We found
that short-time treatments (10 min.) of UMSCC103 cells
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Fig. 1 B2-AR and MEK1/2 inhibitors increase cell death by apoptosis, in a synergistic way. a Viability assay on UMSCC 103 treated with ICl at
24 h and 48 h. The $2-AR inhibitor IC50 was ~40 uM at 24 h and ~25 uM at 48 h. b The values are represented in the combination index plot in
function of ICI/U0126 tested concentrations. The drugs show a significant synergism in two combinations (10 uM ICl 4 10 pM U0126 and 25 uM ICl +
10 uM U0126). ¢ Annexin V/PI flow cytometry analysis to determine apoptosis in ICl and U0126-treated cells. Drug combination promotes a strong
apoptosis effect, on UMSCC 103, compared to the single treatments. Annexin V/Pl assays are also shown in the histograms. (**P < 0.01).

with either ICI or U0126 significantly increase ERK
phosphorylation. Moreover, the combination of the two
drugs had a stronger effect on ERK phosphorylation (Fig.
2a). Subsequently, we also investigated p38 and NF-kB,
which are two of the most involved molecules in the ERK
pathway. We observed a marked similarity in their acti-
vation. The phosphorylations of p38 and NF-kB were
significantly reduced with ICI alone or in combination
with U0126, which otherwise was not able to reproduce
this effect when solely used (Fig. 2a). These results suggest
that the NF-kB and p38 activities were not directly
regulated by MEK1/2, but probably through alternative
signaling.

Several studies described the cross-talk between B2-AR
and other molecular axes in cancer'®. In particular, we
focused on the role of the PI3K and the well-characterized
RAS/MEK/ERK signaling in the development and pro-
gression of HNSCC. Several clinical trials are currently
ongoing in patients that are treated with PI3K and/or
mTOR  inhibitors, and in combination with
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chemotherapeutic agents or an anti-EGFR mAB>
Moreover, recent studies demonstrated alternative mole-
cular pathways, that are promoted by p2-AR, and that
involves the Gj, but not G protein, and which activate the
downstream PI3K signaling pathway?”.

We investigated the PI3K/AKT/mTOR pathway in the
UMSCC103, following treatment with ICI, to determine
the effect of B2-AR inhibition in pathways cross-talk
blocking. We found that ICI reduced the activation of
both AKT and mTOR and this effect was more important
when combined with U0126 and after 90 min. Conversely,
the treatment with U0126 alone did not affect AKT
phosphorylation; ~ while, = mTOR  phosphorylation
decreased to ICI treatment levels after 90 min (Fig. 2b).

B2-AR antagonist increases oxidative stress via NFR2
pathway blockade

The increased levels of free radicals and peroxides lead
to cellular oxidative stress, due to an unbalanced meta-
bolism or cellular insults. In this condition, the cells
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Fig. 2 B2-AR and MEK1/2 inhibitors impair MAPK and PI3K pathways. a Immunoblot for ERK/ERK™%¥720'% Nf-kB/Nf-kB*>*, and p38/p38"'%
(below band densitometries); 32-AR blocking increases U0126 inhibition of ERK phosphorylation at a short time, the same trend is observed in Nf-kB.
P38 phosphorylation is strongly reduced only over ICl treatment. b Immunoblot for mTOR/MTOR™** and Akt/AKT**"® (below band densitometries);
the Akt ratio between phosphorylated and non-phosphorylated forms decreases over ICl treatment, while U0126 has no effect; on the other hand, it
increases ICl inhibition of mTOR phosphorylation (*P < 0.05, **P < 0.01, ****P < 0.0001).

activate several processes to readily detoxify these inter- also investigated Nrf2 translocation into the nucleus, and
mediates and repair the resulting damages'”. To further  that is physiologically inhibited by Keapl. We observed
investigate the biological mechanisms underlying the that the treatment with both drugs had a stronger effect
cytotoxic effect of the drugs, we analyzed the levels of on the activation of Nrf2; however, treatment ICI single
ROS after treatments of UMSCC103 and CAL33 cells treatments had significant time and dose-dependent
with ICI, U0126, or their combination and in a dose- inhibition of Nrf2 translocation after 10 and 30 min.
dependent manner (Fig. 3a—b, S2B). In this context, we  Conversely, a longer inhibition time (90 min.) showed an
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enhancement of nuclear and cytoplasmic Nrf2 levels,
probably due to ROS accumulation (Fig. 4b). We con-
firmed this result also by immunofluorescence at 90 min.
of treatment (Fig. 4a).

These results demonstrate that Nrf2 blockade, medi-
ated by the B,-AR antagonist, leads to the inhibition of
the super-oxide-dismutase (SOD). SOD activity was
significantly lower in the samples treated with ICI at
25 uM (P <0.05). Conversely, the treatment with U0126
led to an increment in SOD activity, that was reverted by
ICI in the combined treatment in a dose-dependent
fashion (P<0.001) (Fig. 4c). Moreover, the functional
block of the NRF2 has been confirmed by evaluating the
expression of its downstream genes Gclc, Nqo2, and
Ho-1. We observed for all these genes that the treatment
with ICI (90 min.) strongly reduced their expression
(Fig. 4d).

Autophagic flux impairment is driven by B,-AR inhibition

The PI3K pathway is a well-known regulator of the
autophagic flux. In our model, we found lower phos-
phorylation levels of AKT and mTOR, a direct autophagy
flux inhibitor. Autophagy is a self-degradative process that
is activated in several conditions by the cell, and that
mainly regulates the energetic metabolism during devel-
opment, or after cell insults**. This process is mediated by
the activation of survival mechanisms, that lead to cell
materials recycling, misfolded/aggregated protein degra-
dation, and pathogen elimination. We investigated this
process in UMSCC103 cells using fluorescence micro-
scopy, on LysoTracker stained samples treated with 2-
AR and MEK1/2 inhibitors. In our model, treatments with
ICI or U0126 alone did not significantly affect the auto-
phagosome number and size’; while, the combination of
the drugs led to a stronger effect (Fig. 5a, S2A). Moreover,
we confirmed the effect on autophagosome by LC3B
immunofluorescence (Fig. 5d).

To further investigate the molecular regulation of the
autophagy flux in our model, we analyzed the expression
of p62, an autophagy clearance marker, involved in the
turnover of the proteins that constitute the autophago-
some scaffold. We observed a significant decrease in p62
level of expression when a combination treatment with
ICI and U0126 was used, and that resulted in an increased
rate of autophagosome degradation. Meanwhile, we ana-
lyzed the expression of LC3 II/LC3 1, a direct interactor of
p62 and considered a marker of the early autophagosome
scaffold vesicles building. In our case, the treatment with
the combination drugs led to a significant enhancement of
LC3 II/LC3 1 levels, which correlated with increased
number and size of autophagosome vesicles. The same
trend was observed after treatment with ICI at the con-
centration of 25puM. These results demonstrate an
autophagy flux activation that is driven by [2-AR
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inhibition, and that is increased in combination with the
MEK1/2 inhibitor (Fig. 5b). To investigate the role of
autophagy in our model, we analyzed UMSCC103 viability
when co-treating them with the autophagy flux inhibitor
3-methyladenine (3-MA). We observed that 3-MA sig-
nificantly reduced cell viability, after treatment with ICI
(P <0.05),U0126 (P < 0.05), or a combination of both (P <
0.05). This experiment suggests that, in UMSCC103 cells,
B2-AR and MEK1/2 blockade induces the activation of
autophagy as a protective mechanism and in response to
cell insults mediated by the drugs (Fig. 5c).

Clinical screening of ADRB2 expression and associated
genes in HNSCC patients

To identify a potential clinical association between
NFE2L2, MAPK1, MTOR, AKT1, and ADRB2 in HNSCC
patients, an in-silico analysis of the TCGA-HNSC dataset
was performed. Initially, a comparison of gene expression
in patients with and without survival was performed.
Here, the expression of NFE2L2 (Fig. 6a) was shown to be
significantly increased in patients without survival;
whereas, no significant differences could be found in
MAPK1 (Fig. 6a). The difference in the expression of
mTOR (Fig. 5a) across these two patient groups was not
significant but presented a visible trend for an association
between higher gene expression and increased survival.

To study a closer relationship of selected genes
(NFE2L2, MAPK1, and MTOR) in correlation with
ADRB2, the patients with an above-median expression of
ADRB2 were selected for further analyses. MAPK1 was
the only gene that presented a significant reduction in
expression between Stage IV and stage I of disease (p =
0.0423) (Fig. 6b). The same genes were evaluated for
disease recurrence and we found that mTOR only (Fig.
6¢) had significantly lower expression in patients with
disease recurrence. No significant differences were
observed in MAPK1 and NFE2L2 (Fig. 6c).

Discussion

B2-AR is a GPCR involved in the transmission of
intracellular signals, in response to oxidative stress or
hormone stress-mediated pathways. The activation of p2-
AR can regulate several processes that are involved in
cancer initiation and progression, inflammation, neo-
angiogenesis, apoptosis and anoikis, cell motility, immune
cell response, and epithelial-mesenchymal transition. p2-
AR signaling activates several pathways, including the
PI3K/AKT/mTOR and/or RAF-MEK-ERK pathways’. It
has been demonstrated that this receptor is overexpressed
in several types of HNSCC and correlates with worse
prognosis®®. Considering the status of 2-AR in HNSCC,
we decided to investigate the role of this receptor in the
resistance to targeted therapy resistance, which is medi-
ated by the above downstream pathways.
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A

The low survival rate of HNSCC patients is due to
delayed diagnosis, recurrence, and drug resistance. New

PI3K/Akt signaling, consequently inhibiting cell cycle

. . . . 2
progression, angiogenesis, and metastasis’®.

approaches have been developed to overcome these lim-
itations by promoting new therapeutic strategies against
more-specific molecular targets®’. Many studies showed
promising results when using several compounds that
target the MAPK pathway components. In the clinic,
cetuximab is the most adopted targeted therapy for
HNSCC. This drug directly binds the extracellular domain
of EGFR and inactivates downstream ERK1/2 and/or
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Our study aimed at characterizing 2-AR associated
pathways, at the phenotype and molecular levels and
investigate their roles in HNSCC drug resistance. For this,
we inhibited 2-AR and MEK1/2 with selective inhibitors
and we found, that the inhibition of f2-AR and MEK1/2
reduced cell viability by inactivating apoptosis. This effect
confirms that UMSCC103 cell proliferation is impaired by
EGFR downstream blockade, but also by alternative
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pathways involving the p2-AR signaling. Surprisingly, the
combined treatment had a synergistic effect, compared to
the single treatments, and in a concentration-dependent
manner.

To further understand the molecular mechanisms
underlying drugs cytotoxicity, we analyzed the expression
and the activation levels of the molecular factors that are
involved in f2-AR and EGFR pathways. The ERK pathway
is significantly inhibited in UMSCC103 cells after a long
period of treatment with U0126, and the inhibition was
less significant following treatment with ICIL. Interestingly,
the combination of 2 drugs induced a blockade of ERK
phosphorylation after only 10 min. of treatment. In this
context, we confirmed that B2-AR blocking affected
cancer proliferation, probably through its interaction with
other pathways, such as the ERK pathway29. Therefore,
ICI can potentiate U0126-induced ERK inhibition and
reducing related cytotoxicity. To clarify the role of f2-AR
signaling and associated pathways, we analyzed the acti-
vation of the downstream molecular effectors that were
mainly involved in cancer. Therefore, we focused on the
p38 kinase that is involved in several cancer biological
mechanisms, such as cell survival, differentiation, migra-
tion, drug resistance, neo-angiogenesis, and inflammation
(IL-6 and TNF-a)*’. The p38 kinase regulates cytokines
expression by modulating the activity of several tran-
scription factors, among which the Nuclear Factor kappa-
B (NF-kB), that is mostly involved in cancer progression
and relapse. The regulation of the p38 gene is also pro-
moted at the post-transcriptional level through mechan-
isms that affect mRNA stability and protein
translation®>*!. NE-kB can be considered a crossroads
between B2-AR and MAPK pathways*>?, therefore, we
hypothesized that it could be impaired by the drugs used
in the study. We found that the selective blockade of the
2-AR signaling inhibits the phosphorylation of both p38
and NF-kB; while, U0126 did not affect their activation.

Several studies demonstrated that the PI3K/Akt/mTOR
axis is an alternative downstream signaling pathway of 32-
AR%. Our results confirmed this mechanism, as ICI
induced a reduction in Akt activation, after 30 min. of
treatment; while, U0126 had no effect. As expected,
mTOR phosphorylation was also reduced after 90 min. of
treatment with the P2-AR inhibitor. Interestingly, fol-
lowing treatment with the MEK1/2 inhibitor, we observed
a similar effect. It is well known that Akt phosphorylation
is linked to the downstream activation of mTOR; how-
ever, we observed a dualistic role of ERK in the regulation
of the PI3K/Akt/mTOR pathway. According to litera-
ture®, our results confirmed that ERK can induce Akt
inhibition and mTOR activation. In this way, we can make
sense of the late synergic effect of the drugs on mTOR
inhibition. Therefore, our results suggest a new signaling
model, where both f2-AR and MAPK collaborate in ERK
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1/2 and mTOR increased-activations. Indeed, our inhi-
bitors showed a synergistic effect that was specific for
these two kinases (Fig. 7).

Moreover, 2-AR also activates p38 and AKT, with a
downstream involvement of NF-kB and alternative path-
ways. These effectors, together with mTOR and ERK, are
implicated in the regulation of oxidative stress and
autophagy®*™°. In particular, the analysis of oxidative
stress levels highlighted a dose-dependent increase in
ROS production after ICI treatment of UMSCC103 cells
and a lower effect in cells treated with U0126. The
combination of drugs leads to a higher ROS production,
confirming, that the blockade of both pathways increased
the above effect when compared to single treatments. It is
well-known that the PI3K/Akt/mTOR and MAPK axis
can directly affect the nuclear translocation of Nrf2, the
master regulator of the oxidative stress response®’.
Interestingly, the selective blockade of 32-AR leads to the
retention of Nrf2 in the cytoplasm, promoting an
increased ROS production due to the inhibition of the
antioxidant cell response, and the related activation of the
apoptotic program. This evidences suggest that the
selective targeting of these important pathways in cancer
could be an important strategy to reduce drug resistance
in cancer cells and improve anticancer effects as a result
of ROS production.

The regulation of Nrf2 has a key role in cancer cell
survival, due to its downstream transcriptional activation
of several ROS metabolism effectors. In our context,
MEK1/2 inhibition mildly regains Nrf2 nuclear translo-
cation, with the related upregulation of the SOD activity.
Conversely, ICI blocked Nrf2 translocation for a short
time, which is also confirmed by the functional assay on
the SOD activity. These results suggest that the ROS
increase, which was observed in the treated samples, is
probably due to two distinct effects: U0126 mediated ROS
increase, and ICI inhibition of the oxidative stress defense.

Based on our results about mTOR activation and its
involvement in autophagy regulation®®, we investigated
this cellular mechanism, while also considering pieces of
evidence on its key role in drug resistance®®. Lysosomes
formation was increased in all samples and particularly
after co-treatment, which suggests the perturbation of
autophagy in UMSCC103 cells. The vesicular flux analysis
has been performed by quantifying the autophagosomes
scaffolding, which correlated with the LC3 lipidation
mechanism and p62 mediated degradation. Our results
showed, that U0126 alone, did not impact on autophagy;
while, ICI mildly promoted the autophagosome forma-
tion, especially at treatment concentration of 25 pM.
Furthermore, the drug combination strongly increased the
flux rate, probably due to the described dualistic role of
ICI and U0126 in the regulation of interconnected path-
ways. We also investigated the effect of the activation of
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this mechanism in the pro-apoptotic/pro-survival balance.
We observed that the treatment of UMSCC103 cells with
the autophagosome formation inhibitor 3-MA, increased
the effect of ICI and U0126 combination. This event
suggests that autophagy can be considered as a protective
mechanism that is employed by cancer cells to overcame
drug cytotoxicity.

Several TCGA dataset studies showed that the NFE2L2
gene is commonly overexpressed in cancer tissues*’ and
particularly in HNSCC*'. In our study, we found a strong
correlation between the overexpression of this gene and a
lower survival rate. Moreover, we found that mTOR,
which is commonly upregulated in HNSC*?, was expres-
sed at low levels in patients with disease-recurrence.
mTOR is an autophagy inhibitor and its downregulation
in recurrent patients is potentially due to the protective
role of autophagy that is reported in our study.

Conclusion

In conclusion, our findings demonstrate that the inhi-
bition of f2-AR and MAPK pathways has a synergistic
effect on UMSCC cell viability. In our model, the f2-AR
blockade affects PI3K/Akt/mTOR, p38, and NFkB acti-
vations; while, the MEK1/2 inhibitor affects ERK
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phosphorylation. The combination of the 2 drugs ampli-
fies their effects on mTOR and ERK.

We have also found that the drug combination strongly
increases the oxidative stress in UMSCC103 cells through
the regulation of Nrf2 nuclear translocation. Moreover,
B2-AR/MEK1/2 inhibition enhances the autophagic flux
rate and its blockade increases their cytotoxicity, which
highlights a protective effect autophagy-mediated.

We show, through the analysis of patient data sets, that
ADRB2 expression correlates with the expression of
MAPK1 and mTOR.

This evidences provide new insights for the treatment
of HNSCC.

Material and methods
Chemicals, cell culture, and in vitro treatment

All chemicals were purchased from Sigma-Aldrich (St.
Louis, USA) unless otherwise specified. Selective inhibi-
tors of p2-AR (ICI118,551) and MEK1/2 (U0126) were
obtained from Tocris Bioscience (Bristol, United King-
dom). 3-Methyladenine were purchased from Merck
(Darmstadt, Germany).

UMSCC103 (OSCC cell line) used in this study was
established at the University of Michigan under a protocol
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approved by the Institutional Review Board Office under
the university’s regulations and described herel5. The
human head and neck cancer cell lines Cal-33 (oral
squamous cancer cell lines) were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA). Cells were cultured in DMEM and RPMI (Gibco,
NY, USA) supplemented with 2 mM glutamine, 100 [U/
mL penicillin, 100 pg/mL  streptomycin (Invitrogen,
Carlsbad, CA), and 10% heat-inactivated fetal bovine
serum (FBS) (Gibco, NY, USA) at 37°C in a humidified
atmosphere under 5% CO2. The cell line was kept
mycoplasma-free; checking was performed every three
months.

Cell viability assay

Cell viability was measured by the colorimetric 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium  bromide
(MTT) assay. Cells were seeded in 96-well plates at a
density of 10* cells per well, then they were treated with
100 uL of 1 mg/mL MTT (Sigma) in DMEM medium
containing 10% fetal bovine serum for 4 h at 37°C. The
medium was then replaced with 200 uL. of DMSO and
shaken for 15 min, then absorbance at 540 nm was mea-
sured using a microplate ELISA reader with DMSO used
as the blank. To quantify the synergistic or antagonist
effect of the drugs combinations, Combenefit® software
was used*”.

CellRoX Assay

Cells were plated on glass-bottom 35-mm MatTek
dishes and treated with ICI and/or U0126 for 24 h and
100 uM menadione for 1h at 37 °C. A quantity of 50 uM
N-acetylcysteine was added to menadione-treated wells.
The cells were then stained with 5uM CellROX green
reagent by adding the probe to the complete media and
incubating at 37°C for 30min. The cells were then
washed with PBS and then imaged on a fluorescence
microscope EVOS FL Cell Imaging System (Thermo
Scientific, Rockford, USA). N-acetylcysteine treatment
inhibited the fluorescent signal induced by menadione,
confirming that the signal was specifically produced by
ROS increase*>**,

Live-Fluorescence staining

To stain lysosomes, cells were treated with the drugs, as
explained before, and with Chloroquine (CQ) 100 pM for
2h before staining with 60 nM LysoTracker (Thermo
Fisher Scientific, USA) and incubation for 45 min at 37 °C.

FACS analysis

Apoptosis (Annexin V apoptosis detection kit, BD
biosciences), CellROX assay (Thermo Fisher Scientific,
USA), LysoTracker assay (Thermo Fisher Scientific, USA),
were performed according to the manufacturer’s
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instructions. Cells were analyzed with a FACSAria III (BD
Biosciences, San Jose, CA) or a BD Accuri Cytometer (BD
Biosciences, San Jose, CA). Data were analyzed by FlowJo
V10 software (FlowJo LLC, USA).

SOD enzymatic assay

SOD activity was measured by SOD Assay Kit WST,
obtained from Dojindo, (Kunamoto, Japan). UMSCC103
cells untreated or treated with the drugs, were homo-
genized in cold PBS, followed by centrifugation at 8000xg
for 10 min to remove insoluble materials. SOD activity
was determined by analysis of SOD-dependent reduction
of ROS, which leads to the conversion of WST-1 (water-
soluble tetrazolium salt) in a water-soluble formazan dye
(absorbance at 450 nm), linearly related to the SOD
activity.

Immunoblot analysis

Cells were lysed in 2% SDS containing 2 mM phenyl-
methyl sulphonyl fluoride (PMSF) (Sigma), 10 pg/ml
antipain, leupeptin and trypsin inhibitor, 10 mM sodium
fluoride and 1mM sodium orthovanadate (all from
Sigma) and sonicated for 30s. Proteins of whole-cell
lysates were assessed using the Lowry method and equal
amounts were separated on SDS-PAGE. The proteins
were transferred to a nitrocellulose membrane (Schleicher
and Schuell, BioScience GmbH, Germany) by electro-
blotting. The balance of total protein levels was confirmed
by staining the membranes with Ponceau S (Sigma).
Immunoblottings were performed with the following
antibodies: anti-ERK2 (C-14, positive also for ERK1), anti-
phospho-ERKs (E-4), anti-phospho-Aktl (5.Ser 473), anti-
Aktl (G5), anti-phospho-p38 (E1), anti-p38 (A1F7), anti-
phospho-mTOR (59.Ser 2448), anti-mTOR (30), and «-
tubulin (B-7) (all from Santa Cruz Biotechnology, Santa
Cruz CA); anti-LC3B (from Abcam, Cambridge UK).

Peroxidase-conjugate anti-mouse or anti-rabbit IgG
(Amersham-Pharmacia Biotech, UK, or Santa Cruz) were
used for enhanced chemiluminescence (ECL) detection.

RNA isolation and qRT-PCR

Total RNA was isolated by RNeasy Mini Kit (Qiagen)
according to manufacturer’s instructions, RNA was trea-
ted with DNase (Promega, Milan, Italy) to exclude DNA
contamination and 1pg total RNA reverse-transcribed
using VILO SuperScript (Invitrogen, Monza, Italy). Gene
expression assays were performed on a StepOne Ther-
mocycler (Applied Biosystems, Monza, Italy) and the
amplifications carried out using SYBR Green PCR Master
Mix (Applied Biosystems, Monza, Italy). The reaction
conditions were as follows: 95 °C for 15 min, followed by
40 cycles of three steps consisting of denaturation at 94 °C
for 155, primer annealing at 60°C for 30s, and primer
extension at 72 °C for 30s. A melting curve analysis was
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Table 1 Sequences of primers used.

Gcle Forward Primer GGAAGTGGATGTGGACACCAGA
Reverse Primer GCTTGTAGTCAGGATGGTTTGCG

Ngo2 Forward Primer GTATGCCATGAACCTTGAGCCG
Reverse Primer GCTCATCAGTGATGTCGCTAGC

Ho-1 Forward Primer CCAGGCAGAGAATGCTGAGTTC
Reverse Primer AAGACTGGGCTCTCCTTGTTGC

GAPDH Forward Primer GTCTCCTCTGACTTCAACAGCG
Reverse Primer ACCACCCTGTTGCTGTAGCCAA

performed from 70°C to 95°C in 0.3°C intervals. Each
sample was performed in triplicate. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used to nor-
malize for differences in RNA input. Primers sequences
are reported in Table 1.

In silico analysis

In silico analysis of selected markers was performed
using gene expression profiles generated as part of The
Cancer Genome Atlas (TCGA) Program of the National
Cancer Institute. The gene expression data was generated
through RNA-sequencing using an Illumina HiSeq2000
(Cancer Genome Atlas Network 2015). In this study, the
TCGA dataset of Head and Neck Squamous Cell Carci-
noma (TCGA-HNSC) was selected for further down-
stream analyses.

The comparison of the gene expression in NFE2L2,
MAPK1, and MTOR across patients with and without
survival was performed using the complete TCGA-HNSC
data (n =496). Further analyses on the genes NFE2L2,
AKT1, ADRB2, MAPK1, and MTOR were performed on a
selection of patients with an above-median ADRB2
expression (n =248). Unpaired ¢-test (Mann—Whitney)
was used to analyses differences between dual compar-
isons (alive vs. dead, recurrence vs. no recurrence),
whereas the comparison of multiple groups (disease stage)
was analyzed using Kruskal—Weallis analysis. Also, Kaplan-
Meier curves were generated presenting overall survival in
ADRB2-high patients in relation to selected genes. Patient
groups were separated according to median expression
and survival curves were analyzed using Mantel-Cox test.
P-values below 0.05 were considered to be significant
Analyses were performed using GraphPad Prism 8.

Author details

'Department of Experimental Medicine, University of Campania “Luigi
Vanvitelli” via L. Armanni 5, 80138 Naples, Italy. 2Department of Radiotherapy,
Policlinico Umberto |, “Sapienza” University of Rome, 00185 Rome, Italy. *The
John van Geest Cancer Research Centre, School of Science and Technology,
Nottingham Trent University, Clifton Lane, Nottingham NG11 8NS, UK.
“Department of Precision Medicine, University of Campania “Luigi Vanvitelli,
Via De Crecchio, 16, 80138 Naples, Italy. “Division of Anesthesia and Pain

Official journal of the Cell Death Differentiation Association

Page 13 of 14

Medicine, Istituto Nazionale Tumori-IRCCS-“Fondazione G. Pascale”, Via Mariano
Semmola, 80131 Naples, Italy. 6Epidemiology Unit, Istituto Nazionale Tumori
“Fondazione G. Pascale”, IRCCS, Via Mariano Semmola, 80131 Naples, Italy.
’Animal Facility, Istituto Nazionale Tumori-IRCCS-Fondazione “G. Pascale”,
“Fondazione G. Pascale”, Via Mariano Semmola, 80131 Naples, Italy

Competing interests
The authors declare no competing interests.

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-03056-X).

Received: 20 May 2020 Revised: 11 September 2020 Accepted: 15
September 2020
Published online: 13 October 2020

References

1. Cole, S. W. & Sood, A. K Molecular pathways: beta-adrenergic signaling in
cancer. Clin. Cancer Res. 18, 1201-1206 (2012).

2. Armaiz-Pena, G. N. et al. Src activation by adrenoreceptors is a key switch for
tumour metastasis. Nat. Commun. 4, 1-12 (2013).

3. Hassan, S. et al. Behavioral stress accelerates prostate cancer development in
mice. J. Clin. Invest. 123, 874-886 (2013).

4. Lutgendorf, S. K et al. Stress-related mediators stimulate vascular endothelial
growth factor secretion by two ovarian cancer cell lines. Clin. Cancer Res. 9,
45144521 (2003).

5. Barbieri, A. et al. Role of endothelial nitric oxide synthase (eNOS) in chronic
stress-promoted tumour growth. J. Cell Mol. Med. 16, 920-926 (2012).

6. Barbieri, A. et al. The stress hormone norepinephrine increases migration of
prostate cancer cells in vitro and in vivo. Int. J. Oncol. 47, 527-534 (2015).

7. Tang,J, i, Z, Ly, L. & Cho, C. H. B-Adrenergic system, a backstage manipulator
regulating tumour progression and drug target in cancer therapy. Semin.
Cancer Biol. 23, 533-542 (2013).

8. Kim, M. O, Na, S. 1, Lee, M. Y, Heo, J. S. & Han, H. J. Epinephrine increases DNA
synthesis via ERK1/2s through cAMP, Ca(2+)/PKC, and PI3K/Akt signaling
pathways in mouse embryonic stem cells. J. Cell Biochem. 104, 1407-1420
(2008).

9. Dhillon, A. S, Hagan, S, Rath, O. & Kolch, W. MAP kinase signalling pathways in
cancer. Oncogene 26, 3279-3290 (2007).

10.  Zhang, W, Yano, N, Deng, M, Mao, Q, Shaw, S. K & Tseng, Y. T. B-adrenergic
receptor-Pi3k signaling crosstalk in mouse heart: Elucidation of immediate
downstream signaling cascades. PLoS ONE 6, https.//doiorg/10.1371/journal.
pone.0026581. (2011).

11. Zheng, F. et al. P38a MAPK-mediated induction and interaction of FOXO3a
and p53 contribute to the inhibited-growth and induced-apoptosis of human
lung adenocarcinoma cells by berberine. J. Exp. Clin. Cancer Res. 33, 36 (2014).

12. Hata, A. N. et al. Synergistic activity and heterogeneous acquired resistance of
combined MDM2 and MEK inhibition in KRAS mutant cancers. Oncogene 36,
6581-6591 (2017).

13. Zhou V. et al. Selumetinib suppresses cell proliferation, migration and trigger
apoptosis, G1 arrest in triple-negative breast cancer cells. BMC Cancer 16,
https.//doi.org/10.1186/512885-016-2773-4. (2016).

14, Zahalka, A. H. et al. Adrenergic nerves activate an angio-metabolic switch in
prostate cancer. Science 358, 321-326 (2017).

15. Liu, D. et al. B2-AR signaling controls trastuzumab resistance-dependent
pathway. Oncogene 35, 47-58 (2016).

16. Nilsson M. B. et al. Stress hormones promote EGFR inhibitor resistance in
NSCLC: Implications for combinations with -blockers. Sci. Transl. Med. 9,
https://doi.org/10.1126/scitranslmed.aao4307. (2017).

17. Panieri, E. & Saso, L. Potential applications of NRF2 inhibitors in cancer therapy.
Oxid. Med. Cell Longev. 2019, 8592348 (2019).

18, Cai, J. et al. Mir-215-5p induces autophagy by targeting PI3K and activating
ROS-mediated MAPK pathways in cardiomyocytes of chicken. J. Inorg. Bio-
chem. 193, 60-69 (2019).


https://doi.org/10.1038/s41419-020-03056-x
https://doi.org/10.1038/s41419-020-03056-x
https://doi.org/10.1371/journal.pone.0026581
https://doi.org/10.1371/journal.pone.0026581
https://doi.org/10.1186/s12885-016-2773-4
https://doi.org/10.1126/scitranslmed.aao4307

Mele et al. Cell Death and Disease (2020)11:850

22.

23.

24.

25.

26.

27.

28.

29.

30.

He, C. et al. Beclin 2 functions in autophagy, degradation of G protein-coupled
receptors, and metabolism. Cell 154, 1085-1099 (2013).

Mele L. et al. Glucose-6-phosphate dehydrogenase blockade potentiates tyr-
osine kinase inhibitor effect on breast cancer cells through autophagy per-
turbation. J. Exp. Clin. Cancer Res. 38, https//doi.org/10.1186/513046-019-1164-
5. (2019).

Lamberti, M. et al. Levofolene modulates apoptosis induced by 5-fluorouracil
through autophagy inhibition: clinical and occupational implications. Int. J.
Oncol. 46, 1893-1900 (2015).

Li, S. et al. Transcriptional regulation of autophagy-lysosomal function in BRAF-
driven melanoma progression and chemoresistance. Nat. Commun. 10, 1693
(2019).

Leelahavanichkul, K, Amornphimoltham, P, Molinolo, A. A, Basile, J. R,
Koontongkaew, S. & Gutkind, J. S. A role for p38 MAPK in head and neck
cancer cell growth and tumor-induced angiogenesis and lymphangiogenesis.
Mol. Oncol. 8, 105-118 (2014).

Vander Broek, R, Mohan, S, Eytan, D. F, Chen, Z. & Van Waes, C. The PI3K/Akt/
mTOR axis in head and neck cancer: Functions, aberrations, cross-talk, and
therapies. Oral. Dis. 21, 815-825 (2015).

Kolmus, K, Tavernier, J. & Gerlo, S. 32-Adrenergic receptors in immunity and
inflammation: stressing NF-kB. Brain. Behav. Immun. 45, 297-310 (2015).
Shang, Z J, Liy, K & Liang, D. F. Expression of (2-adrenergic receptor in oral
squamous cell carcinoma. J. Oral. Pathol. Med. 38, 371-376 (2009).

Mosca, L. et al. AdoMet triggers apoptosis in head and neck squamous cancer
by inducing ER stress and potentiates cell sensitivity to cisplatin. J. Cell. Physiol.
234, https.//doi.org/10.1002/jcp.28000. (2019).

Peng, Q, Deng, Z, Pan, H, Gu, L, Liu, O. & Tang, Z. Mitogen-activated protein
kinase signaling pathway in oral cancer (Review). Oncol. Lett. 15, 1379-1388
(2018).

Liu, X. et al. Epinephrine stimulates esophageal squamous-cell carcinoma cell
proliferation via (3-adrenoceptor-dependent transactivation of extracellular
signal-regulated kinase/cyclooxygenase-2 pathway. J. Cell Biochem. 105, 53-60
(2008).

Koul, H. K, Pal, M. & Koul, S. Role of p38 MAP kinase signal transduction in solid
tumors. Genes Cancer 4, 342-359 (2013).

Official journal of the Cell Death Differentiation Association

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 14

Xia, L. et al. Role of the NFkB-signaling pathway in cancer. Onco Targets Ther.
11, 2063-2073 (2018).

Vermeulen, L, De Wilde, G, Van Damme, P, Vanden Berghe, W. & Haegeman,
G. Transcriptional activation of the NF-kappaB p65 subunit by mitogen- and
stress-activated protein kinase-1 (MSK1). EMBO J. 22, 1313-1324 (2003).
Mendoza, M. C, Er, E. E. & Blenis, J. The Ras-ERK and PI3K-mTOR pathways:
Cross-talk and compensation. Trends Biochem. Sci. 36, 320-328 (2011).
Paquette M, El-Houjeiri L, Pause A. mTOR pathways in cancer and autophagy.
Cancers 10, https;//doi.org/10.3390/cancers10010018. (2018).

Rezatabar, S. et al. RAS/MAPK signaling functions in oxidative stress, DNA
damage response and cancer progression. J. Cell Physiol. 234, 14951-14965
(2019).

Morgan, M. J. & Liu, Z. G. Crosstalk of reactive oxygen species and NF-«B
signaling. Cell Res. 21, 103115 (2011).

Bai, Y. et al. Sulforaphane protection against the development of doxorubicin-
induced chronic heart failure is associated with Nrf2 Upregulation. Cardiovasc.
Ther. 35, €12277 (2017).

Cave, D. D. et al. S-Adenosylmethionine-mediated apoptosis is potentiated by
autophagy inhibition induced by chloroquine in human breast cancer cells. J.
Cell Physiol. 233, 1370-1383 (2018).

Garcia-Mayea, Y. et al. Autophagy inhibition as a promising therapeutic target
for laryngeal cancer. Carcinogenesis 40, 1525-1534 (2019).

Kerins, M. J. & Ooi, A. A catalogue of somatic NRF2 gain-of-function mutations
in cancer. Sci. Rep. 8, 12846 (2018).

Cheng, H. J. et al. Genomic and transcriptomic characterization links cell lines
with aggressive head and neck cancers. Cell Rep. 25, 1332-1345.e5 (2018).
Di Veroli, G. Y. et al. Combenefit: an interactive platform for the analysis and
visualization of drug combinations. Bioinformatics 32, 2866-2868 (2016).
Martino, E. et al. Annurca apple polyphenol extract selectively kills MDA-MB-
231 cells through ROS generation, sustained JNK activation and cell growth
and survival inhibition. Sci Rep 9, https.//doiorg/10.1038/541598-019-49631-x.
(2019).

Amodio, G. et al. PERK-mediated unfolded protein response activation and
oxidative stress in PARK20 fibroblasts. Front. Neurosci. 13, https//doiorg/
10.3389/fnins.2019.00673. (2019).


https://doi.org/10.1186/s13046-019-1164-5
https://doi.org/10.1186/s13046-019-1164-5
https://doi.org/10.1002/jcp.28000
https://doi.org/10.3390/cancers10010018
https://doi.org/10.1038/s41598-019-49631-x
https://doi.org/10.3389/fnins.2019.00673
https://doi.org/10.3389/fnins.2019.00673

	&#x003B2;2-AR blockade potentiates MEK1/2 inhibitor effect on HNSCC by regulating the Nrf2-mediated defense mechanism
	Introduction
	Results
	&#x003B2;2-AR blockade impairs HNSCC cell viability and has a synergistic effect with the MEK1/2 inhibitor
	&#x003B2;2-AR inhibition regulates the crosstalk between ERK and PI3K pathways
	&#x003B2;2-AR antagonist increases oxidative stress via NFR2 pathway blockade
	Autophagic flux impairment is driven by &#x003B2;2-AR inhibition
	Clinical screening of ADRB2 expression and associated genes in HNSCC patients

	Discussion
	Conclusion
	Material and methods
	Chemicals, cell culture, and in�vitro treatment
	Cell viability assay
	CellRoX Assay
	Live-Fluorescence staining
	FACS analysis
	SOD enzymatic assay
	Immunoblot analysis
	RNA isolation and qRT-PCR
	In silico analysis

	Acknowledgements




