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Simple Summary: High-impact publications have reported both the beneficial and harmful effects
of catecholamines on cancer hallmarks and outcomes—a contradiction that is underappreciated
and poorly explained. Here, we aimed to investigate whether differences in adrenergic receptor
isoform expression can explain different cancer hallmark responses to catecholamines, since cancer
cells can vary greatly in the expressions of nine adrenergic receptors. For this purpose, we cultured
two cancer cell lines that systematically differ in their adrenergic receptor expressions: A673 cells,
which express α1D-, α2C-, β1-, and β3-adrenergic receptors, and RD sarcoma cells, which barely
express any adrenergic receptors. The cells were treated with noradrenaline to elucidate the effects of
noradrenaline exposure on cell proliferation, migration, and cAMP signaling. While the A673 cells
responded to noradrenaline treatment with decreased cell numbers, cell proliferation and migration,
and increased cAMP signaling, the RD cells did not respond to noradrenaline. Therefore, our findings
indicate that the adrenergic receptor isoform expressions might indeed explain why cancers can
respond differently to increases in catecholamine concentrations due to, e.g., a bout of exercise,
psychosocial stress, surgery, or drugs such as β-blockers.

Abstract: Background: Exercise has beneficial effects on cancer and its treatment, but the underlying
mechanisms are poorly understood. Some studies have linked the positive impact of exercise to
catecholamine signaling. In contrast, cancer stress studies have typically reported that catecholamines
worsen cancer hallmarks and outcomes. Here, we aimed to investigate whether adrenergic receptor
isoform expression can explain the contradictory effects of catecholamines in cancer. Methods: We
cultured two pediatric sarcoma cancer cell lines that either express (A673 cell line) or do not express
(RD cell line) adrenergic receptors. The cells were treated with a 5× dilution series of noradrenaline to
assess the effects of noradrenaline on cell numbers. After these dose-finding experiments, we treated
both cancer cell lines with 60 µM noradrenaline to examine its effect on cell proliferation and migration
and cAMP signaling. Results: Treatment with 60 µM noradrenaline significantly decreased the cell
numbers by 61.89% ± 10.36 (p ≤ 0.001), decreased cell proliferation by 15.88% ± 6.76 (p ≤ 0.05),
decreased cell migration after 24 h (p ≤ 0.001), and increased cAMP concentrations 38-fold (p ≤ 0.001)
in the A673 cells, which express adrenergic receptors, but not in the RD cells, which do not express
adrenergic receptors. Conclusions: Our results indicate, as a proof of principle, that the effects of
catecholamines on cancer progression and metastasis might depend on the expressions of the nine
adrenergic receptor isoforms. As cancers express adrenergic and other receptors differentially, this
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has implications for the response of cancers to exercise, stress, and medication and may help to
further personalize cancer treatments.

Keywords: cancer; tumor cells; rhabdomyosarcoma; Ewing’s sarcoma; catecholamines; noradrenaline;
adrenergic receptors

1. Introduction

Physical activity reduces the risk of developing cancer [1], delays disease progres-
sion [2], improves survival [3], supports the management of treatment side effects [4], and
increases the overall fitness and well-being of cancer patients. Given this high potential of
physical activity in improving both disease-specific outcomes and treatment tolerability,
exercise has been proposed as an adjunct therapy for cancer patients [5], and it is recom-
mended by several cancer associations, such as the American Cancer Society [6] and the
American College of Sports Medicine [7]. Nevertheless, the mechanisms by which exercise
affects cancer are still incompletely understood. What we do know, however, is that exercise
changes the blood concentrations of myokines [8], metabolites [9], immune cells [10], and
hormones [11] and that these factors can potentially affect cancer hallmarks if cancer cells
express receptors or targets for them.

The two stress hormones adrenaline (epinephrine) and noradrenaline (norepinephrine)
are synthesized and secreted by the medulla of the adrenal gland [12]. During exercise,
catecholamine concentrations can increase up to >20 fold depending on the duration and
intensity of exercise [12], which makes adrenaline and noradrenaline the two main hor-
mones whose concentrations increase substantially during physical exertion. For instance,
adrenaline concentrations have been shown to increase from 0.6 nmol/L at rest to 4 nmol/L
after 10 intervals of 6 s sprints [13]. Similarly, noradrenaline levels have been found to
increase from 1.7 nmol/L at rest to 25 nmol/L after exercise [13]. These exercise-induced
increases in catecholamine concentrations can promote the accumulation of natural killer
cells [14], an increase in antitumor immunity, more CD8+ T cell tumor infiltration [15], and
the activation of the Hippo pathway [16], thereby suppressing tumor growth.

However, exercise is only one of the multiple stimuli that can affect adrenaline and
noradrenaline concentrations. Psychosocial stress (i.e., public performance), physiological
stress (i.e., pain), and environmental stress (i.e., cold exposure) have also been reported to
alter catecholamine concentrations [17]. Additionally, drug and substance usage is known
to modulate catecholamine signaling by targeting adrenergic receptor isoforms [18]. Sur-
prisingly, while exercise, which is associated with temporary increases in catecholamines,
suppresses tumor growth [14,19], chronic stress-induced catecholamine concentration
increases appear to worsen cancer hallmarks and outcomes [20,21]. The drug adminis-
tration of, i.e., β-blockers, is mostly associated with beneficial effects, that are, however,
restricted to specific cancer types [22,23]. We term the contradiction of catecholamine
signaling having both beneficial and adverse effects on cancer as the “cancer catecholamine
conundrum” [12].

We hypothesize that the variable and often opposite effects of catecholamine signaling
on cancer hallmarks and progression are mediated by the variable adrenergic receptor
isoform expression on cancer cells [12]. Adrenergic receptors are a class of G protein-
coupled receptors (GPCRs) that bind to the catecholamines adrenaline and noradrenaline.
The receptors are classified into three main adrenergic receptor families: alpha-1 (α-1),
alpha-2 (α-2), and beta (β), with three receptor isoforms each [24]. Depending on the G
protein complex that is coupled to the receptor, catecholamine binding can initiate different
and even opposite cellular responses to noradrenaline and adrenaline receptor binding [25].
We propose that cancer cells with distinct adrenergic receptor isoform expression profiles
may respond differently to catecholamine exposure. Specifically, we expect that cancer cells
expressing higher levels of adrenergic receptors will exhibit altered proliferation, migration,
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and signaling responses upon noradrenaline treatment, whereas cancer cells with low
receptor expression may not respond to noradrenaline. This variability in adrenergic
receptor expression could provide a mechanistic explanation for the contradictory effects of
catecholamines on cancer hallmarks, as seen in exercise- and stress-related cancer studies.

The aim of the present study, therefore, was to investigate whether differences in
adrenergic receptor isoform expressions can explain different cancer hallmark responses to
catecholamines. For this purpose, we compared the A673 Ewing’s sarcoma cancer cell line,
which generally expresses high amounts of α1-, α2-, and β-adrenergic receptors, with the
RD rhabdomyosarcoma cancer cell line, which expresses low levels of adrenergic receptors.
In doing so, we aimed to address the following research question: Do the cell proliferation
and migration and cAMP signaling responses to noradrenaline treatment differ between
A673 and RD sarcoma cells?

2. Methods
2.1. Cell Lines and Culturing

We selected the A673 Ewing sarcoma and the RD rhabdomyosarcoma cancer cell
lines based on their adrenergic receptor expressions in the cancer cell line encyclopedia
(CCLE; [26]). Both cell lines belong to the group of pediatric sarcomas but differ in their
adrenergic receptor isoform expressions. While A673 cells express α1D-, α2C-, β1-, and
β3-adrenergic receptors, RD cells do not express α1-, α2-, or β-adrenergic receptors [27].

The A673 cell line was obtained from ACTT. The RD cell line was obtained from Dr.
Henning Wackerhage. We cultured the A673 and RD cell lines (DSMZ, Braunschweig,
Germany) in RPMI 1640 (A673 cells) and DMEM/F12 medium (RD cells) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (all
obtained from Life Technologies, Grand Island, NY, USA). The cells were authenticated
(Eurofins Genomics Europe Applied Genomics GmbH, Ebersberg, Germany) and frequently
tested for mycoplasma contamination. We sub-cultured the cells twice every week at 80%
confluence and used the cells for experiments up to passage 30.

For the treatment of the cells, we prepared a noradrenaline stock solution of 3 mM by
dissolving 12.3 mg noradrenaline (noradrenaline-hydrochloride in crystalline form was
obtained from Merck, Darmstadt, Germany) in 20 mL of DEPC-treated H2O (Invitrogen™,
Thermo Fisher Scientific, Waltham, MA, USA). We stored 1 mL aliquots of the stock solution
at −20 ◦C for a maximum of three months until they were used for the experiments. We
diluted the noradrenaline stock solution to the desired concentration with growth medium.
The cells treated with growth medium only, as a control, were treated with growth medium
that contained DEPC-treated H2O in the same ratio as the noradrenaline solution.

2.2. RNA Sequencing and Transcriptome Analysis

We analyzed the transcriptomes of the A673 and RD sarcoma cells to (1) confirm the
CCLE adrenergic receptor expression data and (2) analyze the effects of noradrenaline on
gene expressions in the A673 and RD cell lines. For this purpose, we seeded 2 × 106 cells
per Petri dish (150 mm) in quadruplicate and incubated the dishes at 37 ◦C and 5% CO2
for 24 h. After the cells were adhered to the plastic, we treated them with 60 µM of
noradrenaline for 24 or 48 h or with growth medium for 48 h (control). After washing with
phosphate-buffered saline (PBS), we pelleted the cells with a cell scraper. The total RNA
was extracted using Trizol reagent (Invitrogen™, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol. Transcriptome sequencing was conducted
by Novogene (Novogene UK Company Limited, Cambridge, UK). We calculated the FPKM
(fragments per kilobase of transcripts per million fragments mapped) value of each gene to
normalize the read count based on the gene length and the total number of mapped reads.
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2.3. Sulforhodamine B Assay

To measure the effects of noradrenaline on the A673 and RD sarcoma cell numbers,
we treated the cells for 24, 48, and 72 h with different concentrations of noradrenaline or
growth medium only (control) and quantified the cell numbers using the sulforhodamine B
(SRB) assay. This assay is commonly used in cancer cell lines to estimate cell numbers and
to test for drug toxicity [28]. For this purpose, we seeded A673 and RD cells in triplicates in
three 24-well plates each, with 50,000 cells per well. After 24 h, when the cells were adhered
to the plastic, we tested different concentrations of noradrenaline in a 5× dilution series:
0.3 mM, 60 µM, 12 µM, 2.4 µM, 0.48 µM, and 96 nM. We fixed the cells after 24, 48, and
72 h to the tissue-culture plates with 10% trichloroacetic acid and incubated the plates for
at least one hour at 4 ◦C. After dyeing the cells with 0.05% SRB, washing with 1% acetic
acid, and air-drying, we added 10 mM Tris base solution to each well to solubilize the
protein-bond dye. Photometric measurements were conducted using the Tecan Infinite™
M200 plate-reader (Tecan Trading AG, Männedorf, Switzerland) at 530 nm. The experiment
was repeated three times, and we present the results of one run representing all runs.

2.4. Proliferation Assay

To measure the effects of noradrenaline on the cell proliferation of A673 and RD
sarcoma cells, we treated the cells with 60 µM of noradrenaline for 72 h. The noradrenaline
concentration and treatment duration in this proliferation assay were selected based on
the results of the preliminary SRB assay. After seeding 20,000 cells per well in duplicate
in a 24-well plate, we incubated the cells for 24 h until they adhered to the plastic. Cell
proliferation was assessed by 5′-ethynyl-2′-deoxyuridine (EdU) incorporation using the
EdU Cell Proliferation Kit for Imaging (EdU-Click 555, baseclick GmbH, Neuried, Germany)
according to the manufacturer’s protocol. We added the EdU solution to the medium during
the last 4 h of the 72 h incubation period. Further, we dyed cells with bisBenzimide H 33342
trihydrochloride (B2261, Sigma-Aldrich, St. Louis, MO, USA) to visualize the living cells
and took fluorescence microscopy images with the Zeiss Axiovert 100 microscope (Carl
Zeiss AG, Oberkochen, Germany) at 10× magnification. In each image, we defined three
random view fields and counted at least 2000 cells per experiment.

2.5. Migration Assay

We assessed the effects of noradrenaline on the cell migration of A673 and RD sarcoma
cells using 35 mm Culture-Insert 2 Wells in µ-Dishes (ibidi GmbH, Gräfelfing, Germany).
As stated above, the noradrenaline concentration and treatment duration were selected
based on the results of the preliminary SRB assay. First, we seeded cells at a density of
7 × 105 per mL (70 µL volume) in each of the two chambers of the silicone insert and
incubated the dishes at 37 ◦C and 5% CO2 for 24 h. The cells were incubated in growth
medium without FBS in order to starve the cells and to induce a reduced proliferative state.
After the cells adhered to the plastic and reached up to 100% confluence, we removed the
silicone insert to uncover the 500 µm cell-free gap. We then treated the cells with 60 µM
of noradrenaline or growth medium (control) and took microscopy images with the Zeiss
Axiovert 100 microscope (Carl Zeiss AG, Oberkochen, Germany) at 10× magnification
immediately after treatment as a baseline. In the next step, we took microscopy images
after 24, 48, and 72 h of treatment in each dish and analyzed the images by the percentage
of scratch open area using the web-based quantitative image analysis software FastTrack
AI software number 1.1 (ibidi GmbH, Gräfelfing, Germany). The cells were seeded on
three different dates with three technical replicates each. We present the results of one run
representing all runs.

2.6. cAMP Signaling Assay

To analyze the effects of noradrenaline on the cyclic adenosine monophosphate (cAMP)
signaling pathway of A673 and RD sarcoma cells, we assessed the cellular concentrations
of cAMP after treating the cells with 60 µM or 20 nM of noradrenaline or growth medium
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only (control). We quantified the cAMP concentrations using a cAMP competitive enzyme-
linked immunosorbent assay (ELISA) kit (Invitrogen™, Thermo Fisher Scientific, Waltham,
MA, USA). For this purpose, we seeded 3.5 × 105 cells per well in 24-well plates (one plate
for each cell line) and incubated the cells at 37 ◦C and 5% CO2 for 24 h. After the cells
were adhered to the plastic, we treated the cells with 60 µM or 20 nM of noradrenaline or
with growth medium for 5, 15, and 30 min. Cell lysis was then induced by 0.1 M hydrogen
chloride (HCl) and 1% Triton X-100. After ten minutes of incubation at room temperature,
we centrifuged the plates at 600× g at room temperature for another ten minutes and used
the supernatant duplicates in the assay according to the manufacturer’s protocol. The
optical density values were analyzed using a Tecan Infinite™ M200 plate-reader (Tecan
Trading AG, Männedorf, Switzerland) at 405 nm with correction at 580 nm. We calculated
the cAMP concentrations by data interpolation based on the standard curve’s exponential
function in Microsoft Excel™ Office 2016 (Microsoft, Redmond, WA, USA).

2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.2.0 (GraphPad, San Diago,
CA, USA). The data are expressed as the means ± standard deviations. We used two-
way ANOVA with Tukey’s multiple comparison test to assess the effects of noradrenaline
treatment on the cell numbers and cAMP concentrations of the A637 and RD sarcoma cancer
cell lines. Additionally, we performed an unpaired t-test with Holm–Šídák correction to
examine the effects of noradrenaline treatment on cell proliferation, and two-way ANOVA
with with Šídák’s multiple comparison test to analyze the effects on cell migration. The
level of significance was set at p ≤ 0.05 for all tests. GraphPad Prism 9.2.0 (GraphPad, San
Diago, CA, USA) was used to visualize the results.

3. Results

To investigate whether differences in adrenergic receptor isoform expressions can
explain different cancer hallmark responses to catecholamines, we selected two pediatric
sarcoma cancer cell lines that systematically differ in their adrenergic receptor expressions.
For this purpose, we retrieved the adrenergic receptor isoform expression data of >1000 can-
cer cell lines from the cancer cell line encyclopedia [26]. Among sarcoma cancer cell lines,
Ewing’s sarcoma cell line A673 expresses high amounts of all three groups of adrenergic
receptors, with z-transformed expression levels above 4.04 for the α1D-, α2C-, β1-, and
β3-adrenergic receptors. In contrast, the RD rhabdomyosarcoma cell line expresses hardly
any adrenergic receptors, with z-transformed adrenergic receptor isoform expression levels
below 0.4. Both cell lines were authenticated by Eurofins by STR/DNA profiling.

The CCLE adrenergic receptor isoform expression data were confirmed by our RNA
sequencing analysis (Figure 1). The treatment with 60 µM of noradrenaline only had minor
effects on the adrenergic receptor gene expressions in both the A673 cells and RD cells.

3.1. Effects of Noradrenaline on A673 and RD Sarcoma Cell Numbers

In the first step, we aimed to assess the effects of different noradrenaline concentrations
and treatment durations on the cell numbers of A673 and RD sarcoma cells. For this purpose,
we treated A673 and RD cells with a 5× dilution series of noradrenaline from 300 µM to
0.096 µM or growth medium (control) and measured the effects of noradrenaline on the
cell numbers after 24, 48, and 72 h using a sulforhodamine B (SRB) assay. This showed
that noradrenaline concentrations of 0.096, 0.48, 2.4, and 12 µM did not affect cell numbers
in both cell lines (Figure 2). In the A673 cells, the treatment with 60 µM of noradrenaline
for 72 h decreased the cell numbers significantly by 61.89% ± 10.36 compared to the cells
treated with growth medium only. The same treatment did not affect the cell numbers of
RD cells. A concentration of 300 µM of noradrenaline decreased the cell numbers by more
than 75% after 24 h and by 95% after 48 h in both cell lines (see Supplementary Table S1).
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Figure 1. Adrenergic receptor isoform mRNA expressions in (a) A673 and (b) RD tumor cells. 
Expressions are displayed as fragments per kilobase of transcript per million fragments mapped 
(FPKM) in cells treated with 60 µM of noradrenaline and controls treated with growth medium only. 
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Figure 1. Adrenergic receptor isoform mRNA expressions in (a) A673 and (b) RD tumor cells.
Expressions are displayed as fragments per kilobase of transcript per million fragments mapped
(FPKM) in cells treated with 60 µM of noradrenaline and controls treated with growth medium only.
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Figure 2. Effects of noradrenaline treatment on cell numbers of (a) A673 and (b) RD cells after 24 (•),
48 (■) and 72 (▲) hours. While the treatments with 0.096, 0.48, 2.4, and 12 µM of noradrenaline did
not affect the cell numbers of either the A673 or the RD sarcoma cells, the treatment with 60 µM
of noradrenaline for 72 h significantly increased the cell numbers of the A673 cells but not the
RD cells. The treatment of A673 and RD sarcoma cells with 300 µM of noradrenaline for 24 and
48 h significantly reduced the cell numbers of both cell lines. The cell numbers of each sample are
illustrated as their percentage compared to the control cells treated with growth medium only. The
results are displayed as individual data points as well as the mean ± SD. The asterisks indicate
significant differences in the cell numbers between the cells treated with growth medium only
(control) and the noradrenaline-treated cells: **** p ≤ 0.001.

3.2. Effects of Noradrenaline on Proliferation of the A673 and RD Sarcoma Cell Lines

Increased cell proliferation is a hallmark of cancer that contributes to cancer growth
and progression. Given the considerable effects of the noradrenaline treatment on the cell
numbers of A673 cells, we next aimed to investigate whether this could be associated with
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reduced proliferation rates of A673 cells after noradrenaline treatment. For this purpose,
we treated A673 and RD sarcoma cells with 60 µM of noradrenaline or growth medium
(control) for 72 h and incorporated 5′-ethynyl-2′-deoxyuridine (EdU) into the cells during
the last four hours of the treatment period to detect cell proliferation. Additionally, we
stained the nuclei using bisBenzimide H 33342 trihydrochloride. Three images per sample
were taken with a fluorescence microscope. We counted the cells in three random view
fields per image, with more than 2000 cells counted in each experiment. In the A673 cells,
the noradrenaline treatment significantly decreased cell proliferation by 15.88% ± 6.76,
going from 49.89% ± 5.99 in the control cells to 34.01% ± 1.88 in the cells treated with
60 µM of noradrenaline (Figure 3). The same treatment did not affect the proliferation rates
in the RD cells, with 34.20% ± 2.15 proliferating cells in the control and 35.06% ± 4.15 in
the treated cells (see Supplementary Table S2).
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Figure 3. Proliferation rates of A673 and RD sarcoma cells after noradrenaline treatment. (a) Treatment
with 60 µM of noradrenaline for 72 h significantly decreased cell proliferation of A673 cells, but
did not affect cell proliferation rates of RD cells. Asterisks indicate significant differences in cell
proliferation between cells treated with 60 µM of noradrenaline (□) and cells treated with growth
medium only (•): * p ≤ 0.05. (b) Representative images of fluorescence microscopy view fields of
A673 and RD sarcoma cells treated with 60 µM of noradrenaline or growth medium only.

3.3. Effects of Noradrenaline on Cell Migration of A673 and RD Sarcoma Cell Lines

Cell migration is a marker for the metastasis potential of cancer cells. Therefore, we
analyzed the effects of noradrenaline on the cell migration of A673 and RD sarcoma cells.
We used the ibidi™ migration assay dishes with removable silicone inserts, which leave
a 500 µm cell-free gap. The cells were treated with 60 µM of noradrenaline or growth
medium (control) for 72 h, and microscopic images of the cell-free gap were captured
after 0, 24, 48, and 72 h of treatment. We calculated the percentage of scratch open area
using the ibidi wound healing analysis FastTrack AI. This experiment was conducted three
times with three technical replicates each. In the A673 cells, the noradrenaline treatment
significantly reduced cell migration compared to the cells treated with growth medium
only (Figure 4). After 24 h, we observed a remaining scratch open area of 52.47% ± 14.10 in
the A673 cells treated with 60 µM of noradrenaline, whereas the control A673 cells had a
scratch open area of 25.10% ± 7.64. After 48 h, the A673 cells treated with growth medium
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only completely closed the gap, whereas the cells treated with 60 µM of noradrenaline still
displayed a scratch open area of 28.59% ± 5.07. In contrast, RD cell migration was not
affected by the noradrenaline treatment at any time (see Supplementary Table S3).
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Figure 4. Cell migration of A673 and RD sarcoma cells after noradrenaline treatment. (a) Microscopic
images of the cell-free gap after 0, 24, 48, and 72 h of treatment with 60 µM noradrenaline or growth
medium (control) of A673 and RD sarcoma cells. (b) The treatment with 60 µM of noradrenaline for 24
and 48 h significantly decreased cell proliferation of the A673 cells compared to the cells treated with
growth medium only (control). (c) In the RD cells, the same treatment did not affect cell migration.
The results are displayed as individual data points representing one technical replicate each, as well
as the mean ± SD of one representative experiment. The asterisks denote significant differences in
cell migration between the cells treated with 60 µM of noradrenaline (□) and the cells treated with
growth medium only (•): *** p ≤ 0.001.
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3.4. Effects of Noradrenaline on cAMP Signaling in A673 and RD Sarcoma Cell Lines

The cyclic adenosine monophosphate (cAMP) signaling pathway is involved in various
aspects of cancer development and progression [29]. We, therefore, aimed to investigate if
and how noradrenaline alters the concentration of the second messenger molecule cAMP
in A673 and RD sarcoma cells. For this purpose, we measured the cAMP concentrations in
A673 and RD cells using a competitive enzyme-linked immunosorbent assay (ELISA) kit
after treatment with either 60 µM or 20 nM of noradrenaline or growth medium (control)
for 5 or 30 min, respectively. We used at least two technical replicates per sample and
three technical replicates in the A673 cells treated with 60 µM of noradrenaline. While the
treatment with 60 µM of noradrenaline significantly increased the cAMP levels 38-fold from
0.78 ± 0.13 pmol/mL to 29.15 ± 1.09 pmol/mL after 5 min and to 29.80 ± 1.02 pmol/mL
after 30 min in the A673 cells, it did not affect the cAMP concentrations in the RD cells,
as expected (Figure 5). Notably, the treatment with a physiological plasma noradrenaline
concentration of 20 nM did not affect the cAMP concentrations in either the A673 or the RD
cells (see Supplementary Table S4).
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Figure 5. The effects of noradrenaline treatment on the cyclic adenosine monophosphate (cAMP)
concentrations in (a) A673 and (b) RD cells. While the treatment with 60 µM noradrenaline signifi-
cantly increased the cAMP concentrations in the A673 cells after both 5 and 30 min, it did not affect
the cAMP concentrations in the RD cells. The treatment of the A673 and RD sarcoma cells with
20 nM of noradrenaline did not affect the cAMP concentrations in either of the two cell lines. The
results are displayed as individual data points representing one technical replicate each, as well as the
mean ± SD. The asterisks indicate significant differences in the cAMP concentrations between the
cells treated with 60 µM (□) or 20 nM (•) of noradrenaline and the cells treated with growth medium
only: **** p ≤ 0.001.

4. Discussion

Here, we show that A673 and RD sarcoma cells differ in both their adrenergic recep-
tor isoform expressions and their responses to noradrenaline. While A673 cells express
α1D-, α2C-, β1-, and β3-adrenergic receptors and respond to noradrenaline treatment
with decreased cell proliferation and migration and increased cAMP signaling, RD cells
barely express adrenergic receptors and do not respond to noradrenaline. Therefore, the
contradictory findings in relation to catecholamine signaling and cancer indeed might be
related to differences in the adrenergic receptor isoform expressions.
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One of the fundamental characteristics of cancer cells is their ability to proliferate
continuously and uncontrollably, even in the absence of external stimuli [30]. Here, we
showed that noradrenaline treatment reduced cell numbers in the A673 but not in the RD
sarcoma cells (Figure 2), which is likely associated with the reduced proliferation rates of
the A673 cells upon noradrenaline treatment (Figure 3). This is in contrast to the results
of previous works, where noradrenaline has been shown to enhance the proliferation of
gastric [31], breast [32], and colon cancer cells [33]. However, all of these cancer cells
express β2-adrenergic receptors, whereas A673 cells mainly express α1D-, α2C-, β1-, and
β3-adrenergic receptors, but not β2-adrenergic receptors (z-transformed relative expression
of −5.07). Indeed, β2 signaling has been associated with increased cancer cell proliferation
before [34]. Consequently, our analyses suggest that noradrenaline might decrease cell
proliferation and, hence, delay disease progression in some types of cancers with certain
adrenergic receptor isoforms (i.e., α1D-, α2C-, β1-, and/or β3- adrenergic receptors, which
are expressed in A673 sarcoma cells), whereas it has detrimental, cancer-promoting effects
in others expressing β2-adrenergic receptors.

Another important cancer hallmark besides cell proliferation is the ability of cancer
cells to migrate, which is necessary for the development of metastases [35]. While we
observed decreased cell migration in the A673 sarcoma cells upon noradrenaline exposure,
the RD cells were not affected by the same treatment (Figure 4). In previous works, nora-
drenaline has been shown to increase migration in breast [36], glioma [37], colon [33], and
prostate [38] cancer cells, whereas it decreased migration in glioblastoma [39] and oral [40]
cancer cells. In pancreatic cancer cells, noradrenaline has been shown to both increase [41]
and decrease [42] cell migration. Again, it is tempting to speculate that β2 signaling might
be responsible for the decreased cell migration upon noradrenaline exposure observed in
this study, as increased cell migration is associated with β2 signaling [43] and A673 cells do
not express β2 receptors. However, cells in oral cancer do express β2-adrenergic receptors
and were reported to decrease migration after noradrenaline treatment as well [40]. Further
research will be necessary to fully understand the effects of noradrenaline on the metastasis
potential of cancer cells and how this might be related to β2-adrenergic receptors.

Cyclic adenosine monophosphate (cAMP) is a second messenger in the cellular re-
sponse to catecholamines. Depending on the Gα-protein isoform that is coupled to the
adrenergic receptor, catecholamine binding can either inhibit or stimulate adenylyl cyclase,
which converts ATP to cAMP. Here, we showed that adrenaline significantly increased the
cAMP concentrations in the A673 cells but not in the RD sarcoma cells (Figure 5). This is
in line with what we know about adrenergic receptors, since A673 cells firmly express β1-
(coupled Gα-protein: GαS) and β3- (Gα-protein: Gαq) adrenergic receptors, which both
stimulate adenyl cyclase and cAMP synthesis upon catecholamine binding [12]. However,
the clinical implications of altered cAMP concentrations remain elusive, since cAMP can
either suppress or promote cancer cell growth and metastasis depending on the cancer
type, stage, and context [44]. What is more, both the agonists and antagonists of cAMP
signaling can be used for cancer therapy in a cancer-dependent manner [44]. In A673 cells,
the inhibition of the cAMP downstream effector protein kinase A (PKA) has been shown
to suppress tumor growth and metastasis [45], which might suggest a tumor-promoting
role of cAMP signaling in A673 cells. This is in contrast to the decreased cell proliferation
and migration we observed in the A673 cells after the noradrenaline treatment in this study.
Future work should aim to selectively express different adrenergic receptor isoforms in
receptor null cells, such as RD cells, to see which receptor isoforms mediate which hallmark
effects upon noradrenaline stimulation.

Although this study generated some insights into the potential role of adrenergic
receptor isoforms on the variable effects of catecholamines in cancer, it still has to be eval-
uated within the context of its limitations. First and foremost, we analyzed the effects
of noradrenaline treatment on different cancer hallmarks in a total of two cell lines only,
namely the A673 and RD sarcoma cancer cell lines. These cell lines were chosen based on
their contrasting adrenergic receptor expressions, and they represent two of the most com-
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mon pediatric sarcomas. Still, it will be essential to confirm our findings in a larger number
of cell lines in order to further explore the adrenoreceptor isoform-specific responses of
cancer cells to noradrenaline. A second limitation of this study is that it required rather
high noradrenaline concentrations to induce cellular responses in vitro. The resting values
of unconjugated noradrenaline typically range from 1 to 1.5 nM [25] and can increase up
to >20-fold upon maximal exercise [46] up to 25 nM after 10 intervals of 6 s sprints [13].
However, 60 µM of noradrenaline was required to reduce the cell numbers and to increase
the cAMP levels in the A673 cells, whereas 20 nM of noradrenaline neither affected the
cell numbers nor the cAMP signaling in the A673 and RD sarcoma cells. Consequently,
the noradrenaline concentrations necessary to alter cancer hallmarks in vitro might not be
reached under physiological conditions in vivo. Again, this should be clarified, e.g., by
using exercise-conditioned sera in future in vitro studies, ideally involving a larger number
of cancer cell lines. In doing so, future work could also address the third and final limitation
of the present study, as we only assessed the effects of noradrenaline treatment on cancer
cells and neglected the potential roles of the other catecholamines. This is crucial, since
noradrenaline, adrenaline [12], and dopamine [47] release has been shown to affect cancer
hallmarks and outcomes. By using exercise-conditioned sera in future studies, it might be
possible to mimic the effects of the complex interplay between catecholamines and other
co-released factors.

5. Conclusions

This study revealed that the same treatment with noradrenaline induced different
proliferation, migration, and cAMP signaling responses in the two sarcoma cell lines A673
and RD. As expected, only the adrenergic receptor-expressing A673 cells responded to the
noradrenaline treatment, whereas the non-expressing RD sarcoma cells did not respond.
This seems trivial but is a likely mechanism to explain why cancers can respond differently
to catecholamine concentration increases due to, e.g., a bout of exercise, a stressful diagnosis,
or the stress associated with cancer surgery. In addition, the duration and the magnitude
of catecholamine exposure might affect if and how cancer cells respond to exercise- and
stress-induced catecholamine release. This might also be linked to the eustress versus
chronic stress concept.

While this study provides important insights into the role of adrenergic receptor
isoforms in mediating the variable effects of noradrenaline on different cancer hallmarks,
further research will be necessary to validate our findings in a larger number of cancer
cell lines. This could improve our understanding of the adrenoreceptor isoform-specific
responses to noradrenaline treatments across different cancer types, i.e., by using a system-
atic knock-out or knock-in of specific adrenergic receptor isoforms alone or in combination.
Additionally, the relatively high noradrenaline concentrations required to elicit a response
in vitro highlight the need for future studies to investigate the impact of more physiolog-
ically relevant conditions, such as using exercise-conditioned sera, to better mimic the
in vivo environment. This approach would also allow for the exploration of the effects of
other catecholamines, like adrenaline and dopamine, which play crucial roles in cancer
biology but were not addressed in this present study. By broadening the scope of research
to include these factors and conducting more comprehensive in vitro experiments, future
work could provide a more holistic understanding of the complex interactions between
catecholamines and cancer cells. This may help to further personalize cancer treatments in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/onco4040028/s1, Table S1: Effect of noradrenaline on A673 and
RD sarcoma cell numbers; Table S2: Effect of noradrenaline on cell proliferation in A673 and RD
sarcoma cell lines; Table S3: Effect of noradrenaline on cell migration in A673 and RD sarcoma cell
lines; Table S4: Effect of noradrenaline on cAMP signaling in A673 and RD sarcoma cell lines.
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