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Drug repurposing can overcome both substantial costs and the lengthy process
of new drug discovery and development in cancer treatment. Some Food and
Drug Administration (FDA)-approved drugs have been found to have the
potential to be repurposed as anti-cancer drugs. However, the progress is
slow due to only a handful of strategies employed to identify drugs with
repurposing potential. In this study, we evaluated GPCR-targeting drugs by
high throughput screening (HTS) for their repurposing potential in triple-
negative breast cancer (TNBC) and drug-resistant human epidermal growth
factor receptor-2-positive (HER2+) breast cancer (BC), due to the dire need to
discover novel targets and drugs in these subtypes. We assessed the efficacy
and potency of drugs/compounds targeting different GPCRs for the growth rate
inhibition in the following models: two TNBC cell lines (MDA-MB-231 and MDA-
MB-468) and two HER2+ BC cell lines (BT474 and SKBR3), sensitive or resistant
to lapatinib + trastuzumab, an effective combination of HER2-targeting
therapies. We identified six drugs/compounds as potential hits, of which
4 were FDA-approved drugs. We focused on p-adrenergic receptor-
targeting nebivolol as a candidate, primarily because of the potential role of
these receptors in BC and its excellent long-term safety profile. The effects of
nebivolol were validated in an independent assay in all the cell line models. The
effects of nebivolol were independent of its activation of B3 receptors and nitric
oxide production. Nebivolol reduced invasion and migration potentials which
also suggests its inhibitory role in metastasis. Analysis of the Surveillance,
Epidemiology and End Results (SEER)-Medicare dataset found numerically
but not statistically significant reduced risk of all-cause mortality in the
nebivolol group. In-depth future analyses, including detailed in vivo studies
and real-world data analysis with more patients, are needed to further
investigate the potential of nebivolol as a repurposed therapy for BC.
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Introduction

Drug repurposing is an attractive strategy to circumvent the
time-consuming and costly drug discovery-development process
(Lotfi Shahreza et al., 2018; Xue et al., 2018). Repurposed drugs
can be available for clinical use faster because they require only
preclinical and clinical efficacy studies without requiring
extensive safety studies. Several studies have shown that
several Food and Drug Administration (FDA)-approved drugs
may be repurposed as anti-cancer drugs in prevention and
treatment settings due to their mechanisms of action (Sleire
et al, 2017; Hernandez-Lemus and Martinez-Garcia, 2020;
Sertedaki and Kotsinas, 2020; Zhang et al., 2020). For
example, metformin used to treat diabetes, is found to have
anti-cancer effects and may also prevent tumor development,
possibly by inhibiting the AMPK/mTOR pathway and
immunomodulation (Bodmer et al., 2010; Noto et al.,, 2012;
Franciosi et al., 2013; Wu et al,, 2015; Chae et al.,, 2016; Gong
et al,, 2016; Higurashi et al., 2016). Moreover, lipid-lowering
statins may exhibit anti-cancer properties by targeting the
mevalonate pathway via disruption of the cell cycle and cell
proliferation (Wong et al., 2002; Chan et al., 2003; Boudreau
et al., 2010; Stryjkowska-Gora et al., 2015). In addition, non-
steroidal anti-inflammatory (NSAID) drugs such as aspirin and
COX-2 inhibitors, have anti-cancer activity (Gasic et al., 1972;
Elder et al., 1996; Fu et al., 2004; Brown and DuBois, 2005; Cuzick
et al., 2009; Mahboubi Rabbani and Zarghi, 2019). Systematic
comparison of randomized trials with cohort and case-control
studies have shown that the regular use of aspirin is associated
with a significant reduction in the incidence of several types of
cancers like esophageal, colorectal, biliary, gastric, and breast
cancer (BC) (Algra and Rothwell, 2012). However, the progress
in identifying drugs with a higher likelihood of repurposing for
cancer has been limited due to using only a few strategies such as
clinical correlative studies, experimental investigation based on
mechanism of action, and computational studies to identify
candidate drugs (Nowak-Sliwinska et al, 2019; Zhang et al,
2020).

Given a greater need for better safety of the potential
repurposed drugs for cancer therapy, we have taken a unique
approach of focusing on drugs binding to G protein-coupled
receptors (GPCRs) as targets. With more than 800 receptors in
the human genome, GPCRs constitute the largest superfamily of
cell surface druggable targets (Sriram and Insel, 2018). About
350 non-olfactory GPCRs are suggested to be druggable targets,
and 165 of them are proven drug targets (Yang D. et al,, 2021).
The recent statistics indicate that 527 FDA-approved drugs and
approximately 60 drug candidates presently in clinical trials
target different GPCR pathways (Yang D. et al, 2021).
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GPCR-targeting drugs are often used to treat chronic diseases
because of their excellent safety profile (Hauser et al., 2018).
GPCRs are overexpressed and involved in several cellular
processes in cancer, such as tumor growth, angiogenesis, and
and Gutkind, 2007; Lappano
Maggiolini, 2011; De Francesco et al., 2017). However, most
GPCR targets remain unidentified, and only a few FDA-
approved drugs targeting GPCRs have been investigated for

metastasis (Dorsam and

their anti-cancer effects (Lappano and Maggiolini, 2017).

In this study, we aimed to identify GPCR-targeting drugs for
repurposing in triple-negative BC (TNBC) and drug-resistant
human epidermal growth factor receptor-2-positive (HER2+) BC
due to the unmet clinical need to discover novel targets and drugs
(Kolbasnikov, 1987; Dai et al., 2015; Madrid-Paredes et al., 2015; de
Melo Gagliato et al.,, 2016; Goutsouliak et al., 2020). We performed a
high throughput screening (HTS) aimed at assessing the efficacy and
potency of a large panel of drugs/compounds targeting various
GPCRs for the growth rate inhibition in the following models: two
TNBC cell lines (MDA-MB-231 and MDA-MB-468) and two
HER2+ BC cell lines (BT474 and SKBR3), sensitive or resistant
to lapatinib + trastuzumab, an effective combination of anti-HER2
therapies. Here, we report six drugs/compounds as potential hits,
4 of which are already FDA-approved drugs. We selected the p-
adrenergic receptor-targeting drug, nebivolol as a candidate
primarily due to the potential role of these receptors in BC and
the favorable long-term safety profile of B-blockers. Additionally, the
effects of nebivolol were validated in an independent assay in all the
cell line models. Since metastasis is the main cause of early cancer-
related mortality for these BC subtypes, we also investigated the
effects of nebivolol on invasion and migration of BC. We found that
nebivolol reduced invasion and migration of TNBC cells in a
concentration-dependent manner. We also found that the effects
of nebivolol were not derived through B3 agonism or nitric oxide
(NO) We Cox
proportional hazards modeling using the real-world data from
the Surveillance, Epidemiology and End Results (SEER)-Medicare
database. There was a reduced but not statistically significant risk of

production. also conducted multivariable

all-cause mortality in the nebivolol groups [adjusted hazard ratio
(aHR) of 0.71] compared to the carvedilol group.

Materials and methods
Cell lines and reagents

All experiments were conducted using six cell line models:
two TNBC cell lines (MDA-MB-231 and MDA-MB-468) and

two HER2+ BC cell lines (BT474 and SKBR3), either sensitive
(Parental, P) or resistant to lapatinib + trastuzumab (LTR).
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MDA-MB-231 and MDA-MB-468 cell lines were purchased
from Baylor College of Medicine Tissue and Cell Culture Core
Laboratory. MDA-MB-231 cells were maintained at 37°C and 5%
CO, in Dulbecco’s modified Eagle medium (DMEM) and
supplemented with 10% heat-inactivated fetal bovine serum
(HI-FBS) and 1% Penicillin-Streptomycin-Glutamine (PSG).
MDA-MB-468 cells were maintained in Leibovitz’s L-15
Medium (in free gas exchange with atmospheric air)
supplemented with 10% HI-FBS and 1% PSG. The BT474 cell
(Cheshire,
United Kingdom) (Arpino et al, 2007), and maintained in
DMEM supplemented with 10% HI-FBS and 1% PSG.
SKBR3 cells were obtained from Dr. Joe Gray’s lab (Berkeley
Lab, Berkeley, CA, United States) and were grown in McCoy’s 5A
supplemented with 10% HI-FBS and 1% PSG (Huang et al., 2011;
Wang et al,, 2011). Cell lines resistant to HER-targeted therapy
(Lapatinib + Trastuzumab) (LTR) were obtained from Dr. Rachel

line was  obtained from  AstraZeneca

Schiff’s lab. These cells were generated by long-term culture of
the cells in their original media with increasing concentrations of
trastuzumab (1-50 pug/ml) and lapatinib (0.1-1 uM) as described
before (Huang et al., 2011; Wang et al., 2011). MCF10A cell line
was maintained at 37°C and 5% CO, using MEGM™ Mammary
Epithelial Cell Growth Medium BulletKit™ with 100 ng/ml
cholera toxin. SUM159 cell line was maintained in DMEM
supplemented with 5% HI-FBS and 1% PSG.

Drugs

Trastuzumab (Herceptin®, manufactured by Genentech, San
Francisco, CA, United States) was purchased from McKesson
and was dissolved in sterile, distilled water provided with the
drug. Lapatinib was obtained from LC Laboratories (MA,
United States) and was dissolved in sterile dimethyl sulfoxide
(DMSO). For the screening, a library of 284 drugs/compounds
was purchased from Selleck laboratories. Additional 38 FDA-
approved drugs were purchased from Tocris Bioscience, 20 were
purchased from MedChemExpress, and 8 were from Sigma
(Supplementary File S1). Drug dilutions were made in
appropriate media such that the final DMSO concentration
than  0.1%.
purchased from Selleck and were used as positive controls.

was less Anisomysin and BKM-120 were
For validation studies, nebivolol, carvedilol and metoprolol
were purchased from Selleck laboratories, L-748337 was
and L-NAME was

purchased from Tocris Bioscience,

purchased from MilliporeSigma.

Growth rate inhibition assay
A concentration-response analysis of 350 GPCR-targeting

compounds was conducted using a quantitative HTS (Inglese
et al., 2006) in panel of six BC cell lines as described above. The
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assay conditions (cell number and incubation time) were
optimized for each cell line by plating cells at 5 different cell
densities and monitoring growth daily for 5 days during assay
development. Cell plating densities were selected that ensure cells
are in log phase growth over the course of the experiment while
remaining at or below 70-80% confluence on the last day of the
assay. For primary screens, each assay plate contained a pre-
arrayed experimental drug library, 16 positive controls, an 8-
point dose response curve in duplicate of BKMI120, and
16 DMSO-treated negative controls wells. Additional Day 0
(pre-drug exposure) and Day 3 (untreated endpoint) were also
collected from separate plates and were used for the statistical
correction of growth. Each assay plate had a single concentration
(0.1, 1.0 or 10 uM) of all the drugs on the plate. Assay plates were
then fixed with 4% paraformaldehyde (v/v) after a 72-h drug
exposure and the nuclei were labeled with Hoechst 33342 or 4,6-
Diamidino-2-phenylindole dihydrochloride prior to imaging. All
fluorescent cell images were collected using a 4x/0.2NA Plan Apo
lens using a GE IN Cell 6,000 Analyzer at 405 nm/455 nm
excitation/emission wavelength.

Selection of candidates

Each candidate drug/compound was marked for every GPCR
it had activity against and its mode of action (e.g., agonist, partial
agonist, inverse agonist, or antagonist) using The International
Union of Basic and Clinical Pharmacology (IUPHAR)/British
Pharmacological Society guide to pharmacology website
(Database 2021.3 2022,
guidetopharmacology.org/) (Supplementary File S1).

version August https://www.
The
compounds not found to have direct activity against GPCRs,
were excluded from the analysis. We used two cut-offs to identify
hits: 1) area under the curve for growth rate inhibition (AUCggy)
of <0.95 and 2) concentration by which 50% of growth inhibition
is achieved (GRsg) of <10 uM in two TNBC and two LTR cell
lines. FDA-approved GPCR-targeting drugs used for chronic

diseases were identified.

Validation studies using 8-point
concentration-response curve

To validate the primary HTS results in panel of six BC cell
lines as described above, 8-point concentration-response curves
were generated. Briefly, cells were seeded at 4,000-6,000 cells/
well in a 96-well tissue culture plate for overnight attachment.
Then, drugs were added at various concentrations
(10 nM-31.6 uM) for 72 h. The plates were scanned using the
EnSight Multimode Plate Reader equipped with well-imaging
technology (PerkinElmer, MA, United States). Cell count was
obtained by digital phase and brightfield imaging. Data was
normalized to vehicle 1) and plotted and analyzed using
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GraphPad Prism version 9. For determination of ICs, values, the
data was fitted using non-linear regression analysis and 3-
parameter logistic equation with the slope set to 1: Y =
Bottom + ((Top-Bottom)/(1 + 10 ((X-LogICs))).

Invasion and migration assays

Invasion and migration assays were performed with or
without Matrigel, respectively, on inserts as described before
(Bhat et al., 2018).

Seahorse assay

To confirm the OXPHOS inhibitory function of Nebivolol,
SUM159 TNBC cells (15,000 cells/well) were seeded onto XFp
Seahorse cell plate and treated with 10 M nebivolol. The oxygen
conception rate (OCR) was measured using Cell Mito Stress kit
(Cat. 103010-100, Agilent Technologies) in a Seahorse XFp
Extracellular Flux Analyzers (Agilent Technologies) according
to manufacturer’s instructions and as described before (Park
et al., 2016).

Statistical analyses

All cell-based studies were run at least in duplicates and
repeated at least two independent times. All data points of cell
numbers at different time points (0 vs. 72 h) and under various
conditions (vehicle vs. different concentrations of drugs) were
used for analysis. The number of nuclei present in each image
was counted using IN Cell Developer software version 9.2. Cell
growth was determined using the pre-treatment, negative control
of the endpoint, and the statistical methods described by the
National Cancer Institute (Holbeck et al., 2010; Hafner et al.,
2016). Numeric data was analyzed using Pipeline Pilot version 9.5
and GraphPad Prism version 9 to determine the fitness and the
level of statistical significance of the assays. To evaluate plate-to-
plate variability, data from on-plate controls were used to
compare the minimum significant ratio (MSR) (NCGC Assay
Guidance Manual) (Coussens et al., 2018). The quality of assay
was assessed using the robust z-prime statistics as previously
described (Zhang et al., 1999).

Analysis of the SEER-Medicare data

A retrospective cohort study was conducted using multi-year
SEER-Medicare data from 2009 to 2015 in patients older than
66 years of age. The cohort included patients with BC as the 1st or
only cancer between 01/01/2010 and 12/31/2014, continuously
enrolled in Medicare parts A, B, and D during the 6 months
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immediately prior to BC diagnosis, received [-blocker
monotherapy (carvedilol, metoprolol, or nebivolol) for at least
6 months prior to BC diagnosis without a gap of more than
30 days in therapy. Patients who used multiple B-blockers,
enrolled in Health Maintenance Organization (HMO) or Part
C during the 6-month baseline period, or those eligible for
Medicare due to reasons other than age, were excluded.
Patients were categorized into mutually exclusive and
collectively exhaustive cohorts based on the type of p-blocker
they used. Covariates like age, sex, race, ethnicity, BC as the first
cancer, stage of BC, subtype of BC, use of statins due to their
effects on BC mortality (Lv et al., 2020; Hosio et al., 2021; Kim
et al,, 2022; Zhao et al., 2022), Charlson comorbidity index, and
the year of BC diagnosis were measured. The all-cause mortality
and BC mortality were the outcomes for this study, and patients
were followed from incident BC diagnosis until the earliest of all-
cause mortality, discontinuation of the index [-blocker,
switching or concomitant use of comparator (-blockers, or
the end of the study period (31 December 2015). A sub
analysis in patients with TNBC or HER2+ BC subtypes was
also conducted. Descriptive statistics were calculated across the
exposure groups, mean and standard deviation (sd) was
calculated for continuous variables and the frequency and
percentages were calculated for categorical variables. The
competing risk regression model, adjusted for potential
confounding variables, was used to study the association
between the B-blocker groups and the risk of all-cause or BC
mortality. The Cox proportional hazards model was used to
assess the risk of all-cause mortality between the carvedilol,
metoprolol, and nebivolol groups, after adjusting for baseline

covariates.

Results

GPCRs targeting drugs/compounds
classification

Out of 350 drugs/compounds, 216 targeted at least one
GPCR based on the TUPHAR/BPS guide to pharmacology
website (Database version 2021.3, 2 September 2021)
(Supplementary File SI). A total of 85 GPCRs were targeted
by at least one drug/compound. The most targeted GPCRs
(with >20 drugs/compounds) were H1, D2, 5-HT2A, 5-HT1A,
5-HT6, alD, alA, B2.

Identification of hits and a candidate
compound

We conducted a cell-count based high-throughput growth

assay. All screens were completed in 2 biological replicates run
per cell line for all of the compounds, and multiple assay quality
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and reproducibility metrics were monitored throughout the
screening campaign. From this analysis, we showed consistent
rates of growth in control wells across all runs and cell line
models, a high level of reproducibility in dose response curves
across biological batches (Running MSR <3 for all cell lines), and
a highly robust assay read-out determined by the (Median Z'-
factor > 0.70 for all cell lines) (Supplementary File S2).
Concentration response curves were then evaluated
(Supplementary File S3) to calculate AUCggy and GRs, values
(Supplementary File S4). Using two cut-offs of <0.95 AUCgg;
and <10 pM GRs values in two TNBC and two LTR cell lines, we
identified six hits in all BC cell lines models (Table 1). Out of
these six candidate drugs/compounds, 4 were FDA approved
drugs that targeted CaS, mGlu5, 1, B2, f3, 5-HT2A, 5-HT1A, 5-
HT1B, 5-HT5A, 5-HT7, and 5-HTS6, receptors, with some drugs
targeting more than one GPCRs (Table 1). Among these targets,
B-adrenergic receptors were identified as commonly targeted
GPCRs for various chronic diseases like heart failure and
hypertension (Yang A. et al., 2021; Abosamak and Shahin,
2022), and with a role in BC (Barron et al., 2012). B-blockers
are typically well tolerated drugs and are used long-term by many
patients. Among [-blockers, only nebivolol (f1, B2, and
B3 antagonist) inhibited the growth rate of all cell line models
with AUCggy < 0.95 and GRsy < 10 uM (Table 2). Other f-
blockers targeting 1 and/or f2 did not inhibit HER2+ BC and
TNBC cell growth (Table 2), suggesting that the effects of
nebivolol are independent of its -blocker role. Nebivolol also
had more favorable safety profile when compared with other
FDA approved candidates (Supplementary File S5), further
justifying its selection for further exploration.

Validation of the candidate compound
nebivolol

Nebivolol inhibited cell growth measured by the cell count in
concentration-dependent manner in all six BC cell lines models
(ICsp = MDA-MB-231: 6.57 uM, MDA-MB-468: 4.60 uM,
BT474 LTR: 3.47uM, BT474 P: 7.96 uM, SKBR3 LTR:
8.05 uM, SKBR3 P: 2.55 uM, Figure 1A) similar to our screen
data (Figure 1B). In addition, carvedilol and metoprolol showed
no significant inhibition in agreement with the HTS data (Figures
1C-F). Nebivolol did not inhibit cell growth of the normal
human mammary epithelial cell line MCF10A (Supplementary
File S6), suggesting cancer cell-specific effects of nebivolol.

Apart from its B-adrenergic receptors blockade, nebivolol also
dilates blood vessels through the L-arginine/NO pathway in the
endothelium through B3 agonism (Maffei et al., 2007; Gupta and
Wright, 2008; Maffei and Lembo, 2009; Coats and Jain, 2017).
Therefore, we tested the effects of 33 antagonist (L-748337, 7 uM)
(Rozec et al,, 2009) and NO synthase blocker (L-NAME, 1 mM)
(Martin et al,, 1993) on cell growth by nebivolol in MDA-MB-
231 and SKBR3 P cell lines. L-748337 and L-NAME did not reverse
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TABLE 2 AUCgg and GRsq values for B-blockers in BC cell lines models.

Drug/compound TNBC-1 TNBC-2 HER2+BC Resistant-1 HER2+BC Sensitive-1 HER2+BC Resistant-2 HER2+BC Senitive-2 GPCR
target
MDA-MB-231 MDA-MB-468 BT474-LTR BT474-P SKBR3-LTR SKBR3-P
AUCgri GRsp AUCgri GRs9p AUCgr1 GRs AUCggr; GRs AUCgr1 GRs5 AUCgr1 GR5o
(uM) (uM) (uM) (uM) (uM) (uM)
Acebutolol HCI 1.03 NA 1.03 NA 111 NA 1.05 NA 1.07 NA 1.04 NA p1 Ams
Timolol Maleate 1.03 NA 1.04 NA 111 NA 1.04 NA 1.06 NA 1.02 NA p2 Ams
Betaxolol 1.05 NA 1.01 NA 1.07 NA 1.01 NA 1.07 NA 1.00 NA (B1, p2) A
Betaxolol hydrochloride (Betoptic)  1.05 NA 1.04 NA 1.10 NA 1.02 NA 1.06 NA 0.98 NA (B1, B2) A8
Carteolol HCl 1.04 NA 1.03 NA 111 NA 1.05 NA 1.10 NA 1.04 NA (BL, B2) e
Carvedilol 1.03 NA 0.94 3.60 1.04 NA 0.96 7.95 1.07 NA 1.00 NA (B1, p2) A
Metoprolol Tartrate 1.01 NA 0.98 NA 1.01 NA 0.99 NA 1.00 NA 1.00 NA (B1, p2) A
Sotalol 1.03 NA 1.05 NA 1.09 NA 1.05 NA 1.07 NA 1.03 NA (B1, p2) A
ICI-118551 1.06 NA 1.05 NA 111 NA 1.04 NA 1.07 NA 1.01 NA p2 mAs, p3 Ams
Propranolol HCI 1.04 NA 1.03 NA 1.10 NA 111 NA 1.06 NA 1.01 NA (B1, p2) A
Labetalol HCI 1.06 NA 1.04 NA 1.07 NA 1.10 NA 1.06 NA 1.01 NA (B1, p2) A
Nebivolol 0.87 2.84 0.80 2.37 0.88 2.68 0.88 330 0.85 4.26 0.94 NA (B1, B2, B3) “m¢

Antg, Antagonist; InAg, Inverse Agonist, NA, not available.
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HTS and validation studies indicate that nebivolol inhibits cell growth in all six BC cell lines models. (A) Effects of nebivolol on cell growth
measured by the cell count in all six BC cell lines models with ICsg 6.57 yM (MDA-MB-231), 4.60 uM (MDA-MB-468), 3.47 uM (BT474 LTR), 7.96 uM
(BT474 P), 8.05 uM (SKBR3 LTR), 2.55 pM (SKBR3 P). (B) HTS data for nebivolol with similar effects on cell growth in all six BC cell lines models. (C—F)
Carvedilol and metoprolol effects on cell growth measured by the cell count and from HTS data in all six BC cell lines models.

the cell growth inhibition effects of nebivolol (Figure 2), suggesting
that the effects of nebivolol on cell growth inhibition were
independent of 3 receptors and NO pathways.

Nebivolol reduced invasion (ICso = 208.3 nM) and migration
(ICs50 = 9.39nM) of MDA-MB-231 cells in a concentration-
dependent manner (Figure 3). Nebivolol (10 uM) also inhibited
mitochondrial oxidative phosphorylation (OXPHOS) in TNBC
cells (Supplementary File S7), which is consistent with another
published report on nebivolol (Nuevo-Tapioles et al., 2020) and
high OXPHOS activity of many metastatic TNBC cells (Park
et al.,, 2016; Jia et al., 2018).
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Effects of nebivolol and other B-blockers
on all-cause and BC mortality in patients

The cohort included 4,843 patients, of these 4.79% (n = 232)
patients were in the nebivolol group, 20.42% (n = 989) patients
were in the carvedilol group, and 74.79% (n = 3,622) patients in
the metoprolol group. The mean age of patients in the nebivolol
group was 76.54 years (sd = 6.67 years), 78.71 years (sd =
7.60 years) in the carvedilol group, and 77.93 years (sd =
7.59 years) in the metoprolol group. Almost 99% of the
cohort were females as expected for the BC study. Most of
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the patients were White and 95% of the cohort were not of
Hispanic descent. Most patients were diagnosed at BC stages 0,
1, or 2 across all three p-blockers: 82.76% (n = 192) in the
nebivolol group, 79.07% (n = 782) in carvedilol group, and
81.53% (n =2,953) in metoprolol group. TNBC and HER2+ BC,
accounted for 37.93% (n = 51) in the nebivolol group, 35.79%
(n = 180) in the carvedilol group, and 37.71% (n = 681) in the
metoprolol group. Baseline characteristics of patients are
reported in Table 3.

In the BC cohort, patients using carvedilol (12.74%) had the
highest rate of all-cause mortality during the follow-up period,
followed by metoprolol (10.77%), and nebivolol (5.60%) of
nebivolol. The median time to all-cause mortality in the BC
cohort was 306 days for nebivolol, 319.5 days for carvedilol, and
388 days for metoprolol. The median time to BC mortality in this
cohort was 250 days for nebivolol, 127.5 days for carvedilol, and
197 days for metoprolol. In the TNBC and HER2+ BC cohort, BC
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mortality accounted for 7.22% of carvedilol users, and 7.93% of
metoprolol users. The event frequency in the nebivolol group was
very low and thus the risk of BC mortality in this group could not
be assessed using the existing SEER-Medicare data. The median
time to BC mortality in the TNBC and HER2+ BC subgroup was
306 days for nebivolol, 386 days for carvedilol, and 281.5 days for
metoprolol. The Kaplan Meier plot for the three exposure groups
and the time to all-cause mortality is shown in Figure 4. The
multivariable Cox proportional hazards model found that there
was no significant difference in the risk of all-cause mortality in
the nebivolol aHR = 0.71, 95%, confidence interval (CI) = 0.40 to
1.28, p-value = 0.25), and metoprolol groups aHR = 1.00, 95%,
CI = 0.82 to 1.24, p-value = 0.97) compared to the carvedilol
group. The multivariable competing risk model found that there
was no significant difference in the risk of BC mortality in the
metoprolol group (aHR = 1.66, 95% CI = 0.86 to 3.18, p-value =
0.13) compared to the carvedilol group (data not shown). The
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nebivolol group could not be included in this analysis because of
low event frequency.

Discussion

In the present study, we conducted HTS aimed at evaluating
the efficacy and potency of GPCR-targeting drugs/compounds
for their growth inhibition in TNBC and HER2+ BC cell line
models. We identified six drugs/compounds as potential hits.
Out of these six hits, 4 were FDA-approved drugs. We selected p-
adrenergic receptor-targeting nebivolol as a candidate mainly
because of the potential role of these receptors in BC and the
favorable long-term safety profile of B-blockers. The effects of
nebivolol were validated in an independent assay in all the cell
line models. We found that the effects of nebivolol were not
derived through B3 agonism or NO production. Nebivolol also
reduced invasion/migration potential, suggesting its inhibitory
role in metastasis which requires further investigation. Results
from the real-world evidence study using the data from the
SEER-Medicare data did not find a significant difference in all-
cause mortality or BC mortality. However, lab findings from this
study highlight the need to identify the exact mechanism of
action of nebivolol and the impact of nebivolol therapy on BC
mortality in a greater number of patients, especially in TNBC and
HER2+ BC subgroups.
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The development of new drugs is a lengthy process that is
both time and resource consuming. Since it is known that up to
90% of drugs fail during development (Takebe et al., 2018;
Hingorani et al., 2019), drug repurposing offers an alternative
approach that allows the use of already approved drugs to treat
diseases beside previously intended ones (Low et al., 2020).
Because the safety of the original drugs have already been
extensively assessed and approved, drug repurposing is
associated with lower overall developmental costs and risk
assessments (Xue et al., 2018; Parvathaneni et al.,, 2019). We
found that the approach to identify GPCR candidates by HTS
was highly feasible because HTS assays and large compound
libraries with GPCR-targeting chemistry are largely available
(Yasi et al., 2020). Previous studies have developed and used
HTS platforms to identify new hits in different types of cancers
and diseases (Marciano et al., 2019; She et al., 2021; Zhao et al,,
2021). To our knowledge, ours is the first study evaluating the
effects of only GPCR-targeting drugs/compounds in a panel of
cancer cell lines.

Several preclinical studies have suggested that B-blockers play
a role in inhibiting various cellular processes involved in BC
development and metastasis (Barron et al., 2012). For instance,
stress and adrenergic activation was shown to increase
proliferation, invasion and migration of BC cells, and these
effects were inhibited by B-blockers (Sloan et al., 2010; Wilson
etal., 2015; Montoya et al., 2017). Also, p-blockers were found to
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TABLE 3 Difference in baseline characteristics between the nebivolol, metoprolol, and carvedilol groups.

10.3389/fphar.2022.1049640

Variables Nebivolol Metoprolol Carvedilol p-value
mean/n sd/% mean/n sd/% mean/n sd/%
Age (mean, sd) 76.54 6.67 77.92 7.6 78.71 7.6 <0.01
Age categories (n, %) <0.01
65-70 45 194 689 19.02 165 16.68
71-75 71 30.6 870 24.02 216 21.84
>75 116 50 2063 56.96 608 61.48
Race (n, %) <0.01
White <11 <11 3177 87.71 816 82.51
Black <11 <11 252 6.96 110 11.12
Other <11 <11 171 4.72 <11 <11
Missing <11 <11 22 0.61 <11 <11
Ethnicity (n, %) <0.01
Not Hispanic/Latino <11 <11 3464 95.64 914 92.42
Hispanic/Latino <11 <11 158 4.36 75 7.58
Index Year (n, %) <0.01
2010 12 5.17 659 18.19 166 16.78
2011 34 14.66 665 18.36 154 15.57
2012 57 24.57 682 18.83 211 21.33
2013 60 25.86 784 21.65 229 23.15
2014 69 29.74 832 2297 229 23.15
Number of Charlson comorbidities (n, %) <0.01
0 89 38.36 1429 39.45 209 21.13
1-3 110 47.41 1869 51.6 573 57.94
4 33 14.22 324 8.95 207 20.93
Statin use (n, %) 142 61.21 2163 59.72 671 67.85 <0.01
Breast cancer characteristics
Breast cancer subtype (n, %) 0.44
HER2+ 13 5.6 193 533 44 4.45
HR+/HER2- 144 62.07 2256 62.29 635 64.21
TNBC 16 6.9 269 7.43 69 6.98
Triple positive 22 9.48 219 6.05 67 6.77
Unknown 37 15.95 685 18.91 174 17.59
Breast cancer as the: (n, %) 0.7
First cancer 24 10.34 431 11.9 122 12.34
Only cancer 208 89.66 3191 88.1 867 87.66
Breast cancer stage (n, %) <0.01
Stage 0 35 15.09 493 13.61 119 12.03
Stage 1 110 47.41 1532 42.3 351 35.49
Stage 2 47 20.26 928 25.62 312 31.55
Stage 3 18 7.76 274 7.56 98 9.91
Stage 4 <11 <11 180 4.97 51 5.16
Unknown <11 <11 215 5.94 58 5.86

For cells with counts <11, in addition to the respective cell, another cell within the category for the exposure group is blinded to prevent calculation of the cell for which count is less than 11.
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Kaplan Meier plot for nebivolol, carvedilol and metoprolol exposure groups and the time to all-cause mortality in TNBC and HER2+ BC patients.

present a direct cytotoxic activity against BC cancer cells
(Szewczyk et al., 2012; Ashrafi et al., 2017). It was found that
B-blockers can also increase the production of inflammatory
cytokines and inhibit angiogenesis in the tumoral stroma, which
may improve the effects of anti-cancer treatments (Pasquier et al.,
2011; Jean Wrobel et al, 2016; Caparica et al., 2020). The
preclinical evidence of B-blockers activity against BC and the
convenient safety profile have generated an interest in
repurposing of these drugs in the treatment of BC (Ishida
et al, 2016). Few retrospective studies have shown that the
use of P-blockers is associated with better prognosis in BC
patients (Powe et al, 2010; Spera et al, 2017). However,
meta-analyses of studies that integrated patients with both
early and advanced stage BC showed that the effects of (-
blockers on patient outcomes remain inconclusive (Raimondi
etal., 2016; Kim et al., 2017; Li et al., 2020; Caparica et al., 2021).
While preclinical studies suggest that f-blockers may be effective
in BC, clinical studies investigating associations between the use
of B-blockers and better BC outcomes have not tested the effects
of individual B-blockers with unique pharmacology.

IUPHAR reports nebivolol as a third generation p-blocker that
can inhibit 1, 2, B3 adrenergic receptors (Frazier et al, 2011;
Priyadarshni and Curry, 2022). It is primarily classified as
Bl adrenergic receptor with the highest affinity among all B-
blockers, which explains its good tolerability in patients with lung
conditions like asthma (Fongemie and Felix-Getzik, 2015). At doses
of <10 mg, nebivolol is more selective to pl1 compared to B3.
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Conversely, at higher doses and in patients with poor or
impaired metabolism, nebivolol blocks Pl and B2 receptors at
similar selectivity (Priyadarshni and Curry, 2022). In addition,
nebivolol shows vasodilatory properties via endothelium-derived
NO induction, mainly by enhancing endothelial NO synthase
activity, through B3 agonism (Rozec et al, 2009; Gauthier and
Trochu, 2010; Sanaee and Jamali, 2014; Fongemie and Felix-
Getzik, 2015). These reports by multiple
investigators are in contrast to nebivolol labeled as 33 antagonist
by ITUPHAR. Nonetheless, we found that the effects of nebivolol
were not dependent on 3 adrenergic receptors or NO synthase

independent

activity. Recently, nebivolol was found to inhibit the growth of colon
and breast carcinomas by reducing oxidative phosphorylation via
blocking Complex I and ATP synthase activities and induction of
apoptosis (Nuevo-Tapioles et al.,, 2020), which was also confirmed in
another TNBC cell line by our studies. Hence, nebivolol could act
independently of B-adrenergic receptor inhibition.

In conclusion, our HTS and validation data suggest that nebivolol
may inhibit cellular growth in TNBC and HER2+ BC. While the
effects of nebivolol on cell growth inhibition are not mediated by
B3 receptors, it is possible that other effects of nebivolol on invasion/
migration and mitochondrial oxidative phosphorylation are
dependent on these pathways. In-depth future analysis including
detailed in vivo studies are required to further validate these results.
Also, in vivo pharmacokinetic studies investigating the tumoral levels
of nebivolol are needed to determine whether the doses that are used
in patients with hypertension are sufficient to achieve the desired
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anti-tumor effects. Our studies also highlight the need to investigate
individual B-blockers separately due to differences in their affinity,
potency, and efficacy against different 3-adrenergic receptors. Large
real-world dataset is also needed to investigate the effects of nebivolol
on cancer-specific and all-cause mortality, especially in HER2+ and
TNBC subgroups. Future analysis of nebivolol in early-stage disease
setting with larger sample size (currently not available) and in non-
hypertensive patients will be of interest. Further, our studies highlight
that a similar approach can be used to identify potential drug
candidates for repurposing in other cancer types.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

NA performed experiments, data analysis and drafted the
manuscript. RB, RP, MS, MT, and JP performed and/or assisted
with the experiments and data analysis. SC, SY, RAB, MJ, and BK
performed data analysis and interpretation. LT, HA, AR, MS,
NN, and CJ helped with data collection. CS and MT designed and
coordinated all the experiments and edited the manuscript. All
authors read and approved the final manuscript.

Funding

This research was supported in part by the University of
Houston Drug Discovery Institute Seed Grant to MT, by

References

Abosamak, N. E. R., and Shahin, M. H. (2022). “Beta 2 receptor agonists/
antagonists,” in StatPearls (USA: Treasure Island).

Algra, A. M., and Rothwell, P. M. (2012). Effects of regular aspirin on long-term
cancer incidence and metastasis: A systematic comparison of evidence from
observational studies versus randomised trials. Lancet. Oncol. 13, 518-527.
doi:10.1016/S1470-2045(12)70112-2

Arpino, G., Gutierrez, C., Weiss, H., Rimawi, M., Massarweh, S., Bharwani, L.,
et al. (2007). Treatment of human epidermal growth factor receptor 2-
overexpressing breast cancer xenografts with multiagent HER-targeted therapy.
J. Natl. Cancer Inst. 99, 694-705. doi:10.1093/jnci/djk151

Ashrafi, S., Shapouri, R., and Mahdavi, M. (2017). Immunological consequences
of immunization with tumor lysate vaccine and propranolol as an adjuvant: A study
on cytokine profiles in breast tumor microenvironment. Immunol. Lett. 181, 63-70.
doi:10.1016/j.imlet.2016.11.014

Barron, T. I, Sharp, L., and Visvanathan, K. (2012). Beta-adrenergic blocking
drugs in breast cancer: A perspective review. Ther. Adv. Med. Oncol. 4, 113-125.
doi:10.1177/1758834012439738

Bhat, R. R, Yadav, P., Sahay, D., Bhargava, D. K., Creighton, C.J., Yazdanfard, S.,
etal. (2018). GPCRs profiling and identification of GPR110 as a potential new target
in HER2+ breast cancer. Breast Cancer Res. Treat. 170, 279-292. doi:10.1007/
$10549-018-4751-9

Frontiers in Pharmacology

12

10.3389/fphar.2022.1049640

Department of Defense BCRP grants W8IXWH-14-1-
0340 that provided support to NA, RB, and MT, and by
CPRIT grants (RP150578 and RP200668) which provided
support to RP, MS, NN, and CS.

Acknowledgments

We thank Dr. Rachel Schiff for providing cell lines resistant
to HER-targeted therapy.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1049640/full#supplementary-material

Bodmer, M., Meier, C., Krahenbuhl, S,, Jick, S. S., and Meier, C. R. (2010). Long-
term metformin use is associated with decreased risk of breast cancer. Diabetes Care
33, 1304-1308. doi:10.2337/dc09-1791

Boudreau, D. M., Yu, O., and Johnson, J. (2010). Statin use and cancer risk: A
comprehensive review. Expert Opin. Drug Saf. 9, 603-621. doi:10.1517/
14740331003662620

Brown, J. R, and Dubois, R. N. (2005). COX-2: A molecular target for colorectal
cancer prevention. J. Clin. Oncol. 23, 2840-2855. doi:10.1200/JC0O.2005.09.051

Caparica, R., Bruzzone, M., Agostinetto, E., De Angelis, C., Fede, A., Ceppi, M.,
et al. (2021). Beta-blockers in early-stage breast cancer: A systematic review and
meta-analysis. ESMO Open 6, 100066. doi:10.1016/j.esmoop.2021.100066

Caparica, R, Richard, F., Brandao, M., Awada, A., Sotiriou, C., and De Azambuja,
E. (2020). Prognostic and predictive impact of beta-2 adrenergic receptor

expression in HER2-positive breast cancer. Clin. Breast Cancer 20, 262-273.
doi:10.1016/j.c1bc.2020.01.007

Chae, Y. K., Arya, A., Malecek, M. K., Shin, D. S., Carneiro, B., Chandra, S., et al.
(2016). Repurposing metformin for cancer treatment: Current clinical studies.
Oncotarget 7, 40767-40780. doi:10.18632/oncotarget.8194

Chan, K. K., Oza, A. M., and Siu, L. L. (2003). The statins as anticancer agents.
Clin. Cancer Res. 9, 10-19.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1049640/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1049640/full#supplementary-material
https://doi.org/10.1016/S1470-2045(12)70112-2
https://doi.org/10.1093/jnci/djk151
https://doi.org/10.1016/j.imlet.2016.11.014
https://doi.org/10.1177/1758834012439738
https://doi.org/10.1007/s10549-018-4751-9
https://doi.org/10.1007/s10549-018-4751-9
https://doi.org/10.2337/dc09-1791
https://doi.org/10.1517/14740331003662620
https://doi.org/10.1517/14740331003662620
https://doi.org/10.1200/JCO.2005.09.051
https://doi.org/10.1016/j.esmoop.2021.100066
https://doi.org/10.1016/j.clbc.2020.01.007
https://doi.org/10.18632/oncotarget.8194
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1049640

Abdulkareem et al.

Coats, A., and Jain, S. (2017). Protective effects of nebivolol from oxidative stress
to prevent hypertension-related target organ damage. J. Hum. Hypertens. 31,
376-381. doi:10.1038/jhh.2017.8

Coussens, N. P, Sittampalam, G. S., Guha, R., Brimacombe, K., Grossman, A.,
Chung, T. D. Y., et al. (2018). Assay guidance manual: Quantitative biology and
pharmacology in preclinical drug discovery. Clin. Transl. Sci. 11, 461-470. doi:10.
1111/cts. 12570

Cuzick, J., Otto, F., Baron, J. A., Brown, P. H., Burn, J., Greenwald, P., et al. (2009).
Aspirin and non-steroidal anti-inflammatory drugs for cancer prevention: An
international consensus statement. Lancet. Oncol. 10, 501-507. doi:10.1016/
S1470-2045(09)70035-X

Dai, X,, Li, T, Bai, Z,, Yang, Y., Liu, X,, Zhan, ], et al. (2015). Breast cancer
intrinsic subtype classification, clinical use and future trends. Am. J. Cancer Res. 5,
2929-2943.

De Francesco, E. M,, Sotgia, F., Clarke, R. B, Lisanti, M. P., and Maggiolini, M.
(2017). G protein-coupled receptors at the crossroad between physiologic and
pathologic angiogenesis: Old paradigms and emerging concepts. Int. J. Mol. Sci. 18,
2713. doi:10.3390/ijms18122713

De Melo Gagliato, D., Jardim, D. L., Marchesi, M. S., and Hortobagyi, G. N.
(2016). Mechanisms of resistance and sensitivity to anti-HER2 therapies in HER2+
breast cancer. Oncotarget 7, 64431-64446. doi:10.18632/oncotarget.7043

Dorsam, R. T., and Gutkind, J. S. (2007). G-protein-coupled receptors and cancer.
Nat. Rev. Cancer 7, 79-94. doi:10.1038/nrc2069

Elder, D. ., Hague, A., Hicks, D. J., and Paraskeva, C. (1996). Differential growth
inhibition by the aspirin metabolite salicylate in human colorectal tumor cell lines:
Enhanced apoptosis in carcinoma and in vitro-transformed adenoma relative to
adenoma relative to adenoma cell lines. Cancer Res. 56, 2273-2276.

Fongemie, J., and Felix-Getzik, E. (2015). A review of nebivolol pharmacology
and clinical evidence. Drugs 75, 1349-1371. doi:10.1007/s40265-015-0435-5

Franciosi, M., Lucisano, G., Lapice, E., Strippoli, G. F., Pellegrini, F., and
Nicolucci, A. (2013). Metformin therapy and risk of cancer in patients with
type 2 diabetes: Systematic review. PLoS One 8, €71583. doi:10.1371/journal.
pone.0071583

Frazier, E. P., Michel-Reher, M. B., Van Loenen, P., Sand, C., Schneider, T., Peters,
S. L., etal. (2011). Lack of evidence that nebivolol is a s-adrenoceptor agonist. Eur.
J. Pharmacol. 654, 86-91. doi:10.1016/j.ejphar.2010.11.036

Fu, S. L, Wu, Y. L, Zhang, Y. P., Qiao, M. M., and Chen, Y. (2004). Anti-cancer
effects of COX-2 inhibitors and their correlation with angiogenesis and invasion in
gastric cancer. World J. Gastroenterol. 10, 1971-1974. doi:10.3748/wjg.v10.i13.1971

Gasic, G. J., Gasic, T. B., and Murphy, S. (1972). Anti-metastatic effect of aspirin.
Lancet 2, 932-933. doi:10.1016/s0140-6736(72)92581-0

Gauthier, C., and Trochu, J. N. (2010). Nebivolol: The first vasodilatory beta-
blocker with a beta3-adrenergic agonist activity. Ann. Cardiol. Angeiol. 59, 155-159.
doi:10.1016/j.ancard.2010.05.003

Gong, Z., Aragaki, A. K., Chlebowski, R. T., Manson, J. E., Rohan, T. E., Chen, C,,
et al. (2016). Diabetes, metformin and incidence of and death from invasive cancer
in postmenopausal women: Results from the women’s health initiative. Int.
J. Cancer 138, 1915-1927. doi:10.1002/ijc.29944

Goutsouliak, K., Veeraraghavan, J., Sethunath, V., De Angelis, C., Osborne, C. K.,
Rimawi, M. F,, et al. (2020). Towards personalized treatment for early stage HER2-
positive breast cancer. Nat. Rev. Clin. Oncol. 17, 233-250. doi:10.1038/s41571-019-
0299-9

Gupta, S., and Wright, H. M. (2008). Nebivolol: A highly selective betal-
adrenergic receptor blocker that causes vasodilation by increasing nitric oxide.
Cardiovasc. Ther. 26, 189-202. doi:10.1111/j.1755-5922.2008.00054.x

Hafner, M., Niepel, M., Chung, M., and Sorger, P. K. (2016). Growth rate
inhibition metrics correct for confounders in measuring sensitivity to cancer
drugs. Nat. Methods 13, 521-527. doi:10.1038/nmeth.3853

Hauser, A. S., Chavali, S., Masuho, I, Jahn, L. J., Martemyanov, K. A., Gloriam, D.
E., et al. (2018). Pharmacogenomics of GPCR drug targets. Cell 172, 41-54. doi:10.
1016/j.cell.2017.11.033

Hernandez-Lemus, E., and Martinez-Garcia, M. (2020). Pathway-based drug-
repurposing schemes in cancer: The role of translational bioinformatics. Front.
Oncol. 10, 605680. doi:10.3389/fonc.2020.605680

Higurashi, T., Hosono, K., Takahashi, H., Komiya, Y., Umezawa, S., Sakai, E.,
etal. (2016). Metformin for chemoprevention of metachronous colorectal adenoma
or polyps in post-polypectomy patients without diabetes: A multicentre double-
blind, placebo-controlled, randomised phase 3 trial. Lancet. Oncol. 17, 475-483.
doi:10.1016/S1470-2045(15)00565-3

Hingorani, A. D., Kuan, V., Finan, C., Kruger, F. A., Gaulton, A., Chopade, S.,
et al. (2019). Improving the odds of drug development success through human
genomics: Modelling study. Sci. Rep. 9, 18911. doi:10.1038/541598-019-54849-w

Frontiers in Pharmacology

10.3389/fphar.2022.1049640

Holbeck, S. L., Collins, J. M., and Doroshow, J. H. (2010). Analysis of Food and
Drug Administration-approved anticancer agents in the NCI60 panel of human
tumor cell lines. Mol. Cancer Ther. 9, 1451-1460. doi:10.1158/1535-7163.MCT-10-
0106

Hosio, M., Urpilainen, E., Hautakoski, A., Marttila, M., Arffman, M., Sund, R,,
et al. (2021). Association of antidiabetic medication and statins with survival from
ductal and lobular breast carcinoma in women with type 2 diabetes. Sci. Rep. 11,
10445. doi:10.1038/s41598-021-88488-x

Huang, C,, Park, C. C, Hilsenbeck, S. G., Ward, R,, Rimawi, M. F., Wang, Y. C,,
et al. (2011). 1 integrin mediates an alternative survival pathway in breast cancer
cells resistant to lapatinib. Breast Cancer Res. 13, R84. doi:10.1186/bcr2936

Inglese, J., Auld, D. S., Jadhav, A., Johnson, R. L., Simeonov, A., Yasgar, A., et al.
(2006). Quantitative high-throughput screening: A titration-based approach that
efficiently identifies biological activities in large chemical libraries. Proc. Natl. Acad.
Sci. U. S. A. 103, 11473-11478. doi:10.1073/pnas.0604348103

Ishida, J., Konishi, M., Ebner, N., and Springer, J. (2016). Repurposing of
approved cardiovascular drugs. J. Transl. Med. 14, 269. doi:10.1186/s12967-016-
1031-5

Jean Wrobel, L., Bod, L., Lengagne, R., Kato, M., Prevost-Blondel, A., and Le Gal,
F. A. (2016). Propranolol induces a favourable shift of anti-tumor immunity in a
murine spontaneous model of melanoma. Oncotarget 7, 77825-77837. doi:10.
18632/oncotarget.12833

Jia, D., Park, J. H,, Jung, K. H., Levine, H., and Kaipparettu, B. A. (2018).
Elucidating the metabolic plasticity of cancer: Mitochondrial reprogramming and
hybrid metabolic States. Cells 7, 21. do0i:10.3390/cells7030021

Kim, D. S., Ahn, H. S, and Kim, H. J. (2022). Statin use and incidence and
mortality of breast and gynecology cancer: A cohort study using the national health
insurance claims database. Int. J. Cancer 150, 1156-1165. doi:10.1002/ijc.33869

Kim, H. Y., Jung, Y. ], Lee, S. H., Jung, H. ], and Pak, K. (2017). Is beta-blocker
use beneficial in breast cancer? A meta-analysis. Oncology 92, 264-268. doi:10.1159/
000455143

Kolbasnikov, S. V. (1987). Mass screening of patients with hypertension in a
district hospital. Sov. Med. 10, 56-57.

Lappano, R., and Maggiolini, M. (2011). G protein-coupled receptors: Novel
targets for drug discovery in cancer. Nat. Rev. Drug Discov. 10, 47-60. doi:10.1038/
nrd3320

Lappano, R., and Maggiolini, M. (2017). Pharmacotherapeutic targeting of G
protein-coupled receptors in oncology: Examples of approved therapies and
emerging concepts. Drugs 77, 951-965. doi:10.1007/s40265-017-0738-9

Li, C, Li, T, Tang, R, Yuan, S., and Zhang, W. (2020). p-Blocker use is not
associated with improved clinical outcomes in women with breast cancer: A meta-
analysis. Biosci. Rep. 40, BSR20200721. doi:10.1042/BSR20200721

Lotfi Shahreza, M., Ghadiri, N., Mousavi, S. R., Varshosaz, J., and Green, J. R.
(2018). A review of network-based approaches to drug repositioning. Brief.
Bioinform. 19, 878-892. doi:10.1093/bib/bbx017

Low, Z. Y., Farouk, I. A, and Lal, S. K. (2020). Drug repositioning: New
approaches and future prospects for life-debilitating diseases and the COVID-19
pandemic outbreak. Viruses 12, 1058. doi:10.3390/v12091058

Lv, H, Shi, D., Fei, M., Chen, Y., Xie, F., Wang, Z., et al. (2020). Association
between statin use and prognosis of breast cancer: A meta-analysis of cohort studies.
Front. Oncol. 10, 556243. doi:10.3389/fonc.2020.556243

Madrid-Paredes, A., Canadas-Garre, M., Sanchez-Pozo, A., and Calleja-
Hernandez, M. A. (2015). De novo resistance biomarkers to anti-HER2
therapies in HER2-positive breast cancer. Pharmacogenomics 16, 1411-1426.
doi:10.2217/pgs.15.88

Maffei, A., Di Pardo, A., Carangi, R., Carullo, P., Poulet, R., Gentile, M. T., et al.
(2007). Nebivolol induces nitric oxide release in the heart through inducible nitric
oxide synthase activation. Hypertension 50, 652-656. doi:10.1161/
HYPERTENSIONAHA.107.094458

Maffei, A., and Lembo, G. (2009). Nitric oxide mechanisms of nebivolol. Ther.
Adv. Cardiovasc. Dis. 3, 317-327. doi:10.1177/1753944709104496

Mahboubi Rabbani, S. M. I, and Zarghi, A. (2019). Selective COX-2 inhibitors as
anticancer agents: A patent review (2014-2018). Expert Opin. Ther. Pat. 29,
407-427. doi:10.1080/13543776.2019.1623880

Marciano, R., Prasad, M., Ievy, T., Tzadok, S., Leprivier, G., Elkabets, M., et al.
(2019). High-throughput screening identified compounds sensitizing tumor cells to
glucose starvation in culture and VEGF inhibitors in vivo. Cancers (Basel) 11, 156.
doi:10.3390/cancers11020156

Martin, W., Gillespie, J. S., and Gibson, I. F. (1993). Actions and interactions of
NG-substituted analogues of L-arginine on NANC neurotransmission in the bovine
retractor penis and rat anococcygeus muscles. Br. J. Pharmacol. 108, 242-247.
doi:10.1111/j.1476-5381.1993.tb13469.x

frontiersin.org


https://doi.org/10.1038/jhh.2017.8
https://doi.org/10.1111/cts.12570
https://doi.org/10.1111/cts.12570
https://doi.org/10.1016/S1470-2045(09)70035-X
https://doi.org/10.1016/S1470-2045(09)70035-X
https://doi.org/10.3390/ijms18122713
https://doi.org/10.18632/oncotarget.7043
https://doi.org/10.1038/nrc2069
https://doi.org/10.1007/s40265-015-0435-5
https://doi.org/10.1371/journal.pone.0071583
https://doi.org/10.1371/journal.pone.0071583
https://doi.org/10.1016/j.ejphar.2010.11.036
https://doi.org/10.3748/wjg.v10.i13.1971
https://doi.org/10.1016/s0140-6736(72)92581-0
https://doi.org/10.1016/j.ancard.2010.05.003
https://doi.org/10.1002/ijc.29944
https://doi.org/10.1038/s41571-019-0299-9
https://doi.org/10.1038/s41571-019-0299-9
https://doi.org/10.1111/j.1755-5922.2008.00054.x
https://doi.org/10.1038/nmeth.3853
https://doi.org/10.1016/j.cell.2017.11.033
https://doi.org/10.1016/j.cell.2017.11.033
https://doi.org/10.3389/fonc.2020.605680
https://doi.org/10.1016/S1470-2045(15)00565-3
https://doi.org/10.1038/s41598-019-54849-w
https://doi.org/10.1158/1535-7163.MCT-10-0106
https://doi.org/10.1158/1535-7163.MCT-10-0106
https://doi.org/10.1038/s41598-021-88488-x
https://doi.org/10.1186/bcr2936
https://doi.org/10.1073/pnas.0604348103
https://doi.org/10.1186/s12967-016-1031-5
https://doi.org/10.1186/s12967-016-1031-5
https://doi.org/10.18632/oncotarget.12833
https://doi.org/10.18632/oncotarget.12833
https://doi.org/10.3390/cells7030021
https://doi.org/10.1002/ijc.33869
https://doi.org/10.1159/000455143
https://doi.org/10.1159/000455143
https://doi.org/10.1038/nrd3320
https://doi.org/10.1038/nrd3320
https://doi.org/10.1007/s40265-017-0738-9
https://doi.org/10.1042/BSR20200721
https://doi.org/10.1093/bib/bbx017
https://doi.org/10.3390/v12091058
https://doi.org/10.3389/fonc.2020.556243
https://doi.org/10.2217/pgs.15.88
https://doi.org/10.1161/HYPERTENSIONAHA.107.094458
https://doi.org/10.1161/HYPERTENSIONAHA.107.094458
https://doi.org/10.1177/1753944709104496
https://doi.org/10.1080/13543776.2019.1623880
https://doi.org/10.3390/cancers11020156
https://doi.org/10.1111/j.1476-5381.1993.tb13469.x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1049640

Abdulkareem et al.

Montoya, A., Amaya, C. N., Belmont, A., Diab, N., Trevino, R,, Villanueva, G.,
et al. (2017). Use of non-selective beta-blockers is associated with decreased tumor
proliferative indices in early stage breast cancer. Oncotarget 8, 6446-6460. doi:10.
18632/oncotarget.14119

Noto, H., Goto, A., Tsujimoto, T., and Noda, M. (2012). Cancer risk in diabetic
patients treated with metformin: A systematic review and meta-analysis. PLoS One
7, €33411. doi:10.1371/journal.pone.0033411

Nowak-Sliwinska, P., Scapozza, L., and Ruiz I Altaba, A. (2019). Drug
repurposing in oncology: Compounds, pathways, phenotypes and computational
approaches for colorectal cancer. Biochim. Biophys. Acta. Rev. Cancer 1871,
434-454. doi:10.1016/j.bbcan.2019.04.005

Nuevo-Tapioles, C., Santacatterina, F., Stamatakis, K., Nunez De Arenas, C.,
Gomez De Cedron, M., Formentini, L., et al. (2020). Coordinate beta-adrenergic
inhibition of mitochondrial activity and angiogenesis arrest tumor growth. Nat.
Commun. 11, 3606. doi:10.1038/s41467-020-17384-1

Park, J. H., Vithayathil, S., Kumar, S., Sung, P. L., Dobrolecki, L. E., Putluri, V.,
et al. (2016). Fatty acid oxidation-driven src links mitochondrial energy
reprogramming and oncogenic properties in triple-negative breast cancer. Cell
Rep. 14, 2154-2165. doi:10.1016/j.celrep.2016.02.004

Parvathaneni, V., Kulkarni, N. S, Muth, A, and Gupta, V. (2019). Drug
repurposing: A promising tool to accelerate the drug discovery process. Drug
Discov. Today 24, 2076-2085. doi:10.1016/j.drudis.2019.06.014

Pasquier, E., Ciccolini, J., Carre, M., Giacometti, S., Fanciullino, R., Pouchy, C.,
et al. (2011). Propranolol potentiates the anti-angiogenic effects and anti-tumor
efficacy of chemotherapy agents: Implication in breast cancer treatment. Oncotarget
2, 797-809. doi:10.18632/oncotarget.343

Powe, D. G., Voss, M. J., Zanker, K. S., Habashy, H. O., Green, A. R,, Ellis, I. O,,
et al. (2010). Beta-blocker drug therapy reduces secondary cancer formation in
breast cancer and improves cancer specific survival. Oncotarget 1, 628-638. doi:10.
18632/oncotarget.101009

Priyadarshni, S., and Curry, B. H. (2022). “Nebivolol,” in StatPearls (USA:
Treasure Island).

Raimondi, S., Botteri, E., Munzone, E., Cipolla, C., Rotmensz, N., Decensi, A.,
et al. (2016). Use of beta-blockers, angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers and breast cancer survival: Systematic review and
meta-analysis. Int. J. Cancer 139, 212-219. doi:10.1002/ijc.30062

Rozec, B., Erfanian, M., Laurent, K., Trochu, J. N., and Gauthier, C. (2009).
Nebivolol, a vasodilating selective beta(1)-blocker, is a beta(3)-adrenoceptor agonist
in the nonfailing transplanted human heart. J. Am. Coll. Cardiol. 53, 1532-1538.
doi:10.1016/j.jacc.2008.11.057

Sanaee, F., and Jamali, F. (2014). Action and disposition of the P3-agonist
nebivolol in the presence of inflammation; an alternative to conventional pl1-
blockers. Curr. Pharm. Des. 20, 1311-1317. doi:10.2174/13816128113199990550

Sertedaki, E., and Kotsinas, A. (2020). Drug repurposing and DNA damage in
cancer treatment: Facts and misconceptions. Cells 9, 1210. doi:10.3390/cells9051210

She, X, Gao, Y., Zhao, Y., Yin, Y., and Dong, Z. (2021). A high-throughput screen
identifies inhibitors of lung cancer stem cells. Biomed. Pharmacother. 140, 111748.
doi:10.1016/j.biopha.2021.111748

Sleire, L., Forde, H. E., Netland, I. A,, Leiss, L., Skeie, B. S., and Enger, P. O. (2017).
Drug repurposing in cancer. Pharmacol. Res. 124, 74-91. doi:10.1016/j.phrs.2017.
07.013

Sloan, E. K., Priceman, S. J., Cox, B. F., Yu, S., Pimentel, M. A., Tangkanangnukul,
V., et al. (2010). The sympathetic nervous system induces a metastatic switch in
primary breast cancer. Cancer Res. 70, 7042-7052. doi:10.1158/0008-5472.CAN-10-
0522

Frontiers in Pharmacology

14

10.3389/fphar.2022.1049640

Spera, G., Fresco, R., Fung, H., Dyck, J. R. B, Pituskin, E., Paterson, L, et al. (2017).
Beta blockers and improved progression-free survival in patients with advanced
HER2 negative breast cancer: A retrospective analysis of the ROSE/TRIO-012 study.
Ann. Oncol. 28, 1836-1841. doi:10.1093/annonc/mdx264

Sriram, K., and Insel, P. A. (2018). G protein-coupled receptors as targets for
approved drugs: How many targets and how many drugs? Mol. Pharmacol. 93,
251-258. doi:10.1124/mol.117.111062

Stryjkowska-Gora, A., Karczmarek-Borowska, B., Gora, T., and Krawczak, K.
(2015). Statins and cancers. Contemp. Oncol. 19, 167-175. doi:10.5114/w0.2014.
44294

Szewczyk, M., Richter, C., Briese, V., and Richter, D. U. (2012). A retrospective
in vitro study of the impact of anti-diabetics and cardioselective pharmaceuticals on
breast cancer. Anticancer Res. 32, 2133-2138.

Takebe, T., Imai, R., and Ono, S. (2018). The current status of drug discovery and
development as originated in United States academia: The influence of industrial
and academic collaboration on drug discovery and development. Clin. Transl. Sci.
11, 597-606. doi:10.1111/cts.12577

Wang, Y. C., Morrison, G., Gillihan, R., Guo, J., Ward, R. M., Fu, X,, et al. (2011).
Different mechanisms for resistance to trastuzumab versus lapatinib in HER2-
positive breast cancers--role of estrogen receptor and HER2 reactivation. Breast
Cancer Res. 13, R121. doi:10.1186/bcr3067

Wilson, J. M., Lorimer, E., Tyburski, M. D., and Williams, C. L. (2015). B-
Adrenergic receptors suppress RaplB prenylation and promote the metastatic
phenotype in breast cancer cells. Cancer Biol. Ther. 16, 1364-1374. doi:10.1080/
15384047.2015.1070988

Wong, W. W, Dimitroulakos, J., Minden, M. D., and Penn, L. Z. (2002). HMG-CoA
reductase inhibitors and the malignant cell: The statin family of drugs as triggers of
tumor-specific apoptosis. Leukemia 16, 508-519. doi:10.1038/sj.leu.2402476

Wu, L., Zhu, J., Prokop, L. J., and Murad, M. H. (2015). Pharmacologic therapy of
diabetes and overall cancer risk and mortality: A meta-analysis of 265 studies. Sci.
Rep. 5, 10147. doi:10.1038/srep10147

Xue, H., Li, J., Xie, H.,, and Wang, Y. (2018). Review of drug repositioning
approaches and resources. Int. J. Biol. Sci. 14, 1232-1244. doi:10.7150/ijbs.24612
Yang, A., Yu, G., Wu, Y., and Wang, H. (2021a). Role of p2-adrenergic receptors

in chronic obstructive pulmonary disease. Life Sci. 265, 118864. doi:10.1016/j.Ifs.
2020.118864

Yang, D., Zhou, Q., Labroska, V., Qin, S., Darbalaei, S., Wu, Y., et al. (2021b). G
protein-coupled receptors: Structure- and function-based drug discovery. Signal
Transduct. Target. Ther. 6, 7. doi:10.1038/s41392-020-00435-w

Yasi, E. A,, Kruyer, N. S, and Peralta-Yahya, P. (2020). Advances in G protein-
coupled receptor high-throughput screening. Curr. Opin. Biotechnol. 64, 210-217.
doi:10.1016/j.copbio.2020.06.004

Zhang, J. H,, Chung, T. D., and Oldenburg, K. R. (1999). A simple statistical
parameter for use in evaluation and validation of high throughput screening assays.
J. Biomol. Screen. 4, 67-73. do0i:10.1177/108705719900400206

Zhang, Z., Zhou, L., Xie, N., Nice, E. C,, Zhang, T., Cui, Y., et al. (2020).
Overcoming cancer therapeutic bottleneck by drug repurposing. Signal Transduct.
Target. Ther. 5, 113. doi:10.1038/s41392-020-00213-8

Zhao, G.,Ji, Y., Ye, Q., Ye, X., Wo, G., Chen, X,, et al. (2022). Effect of statins use
on risk and prognosis of breast cancer: A meta-analysis. Anticancer. Drugs 33,
€507-e518. doi:10.1097/CAD.0000000000001151

Zhao, Y., Du, X,, Duan, Y., Pan, X,, Sun, Y,, You, T, et al. (2021). High-
throughput screening identifies established drugs as SARS-CoV-2 PLpro inhibitors.
Protein Cell 12, 877-888. do0i:10.1007/s13238-021-00836-9

frontiersin.org


https://doi.org/10.18632/oncotarget.14119
https://doi.org/10.18632/oncotarget.14119
https://doi.org/10.1371/journal.pone.0033411
https://doi.org/10.1016/j.bbcan.2019.04.005
https://doi.org/10.1038/s41467-020-17384-1
https://doi.org/10.1016/j.celrep.2016.02.004
https://doi.org/10.1016/j.drudis.2019.06.014
https://doi.org/10.18632/oncotarget.343
https://doi.org/10.18632/oncotarget.101009
https://doi.org/10.18632/oncotarget.101009
https://doi.org/10.1002/ijc.30062
https://doi.org/10.1016/j.jacc.2008.11.057
https://doi.org/10.2174/13816128113199990550
https://doi.org/10.3390/cells9051210
https://doi.org/10.1016/j.biopha.2021.111748
https://doi.org/10.1016/j.phrs.2017.07.013
https://doi.org/10.1016/j.phrs.2017.07.013
https://doi.org/10.1158/0008-5472.CAN-10-0522
https://doi.org/10.1158/0008-5472.CAN-10-0522
https://doi.org/10.1093/annonc/mdx264
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.5114/wo.2014.44294
https://doi.org/10.5114/wo.2014.44294
https://doi.org/10.1111/cts.12577
https://doi.org/10.1186/bcr3067
https://doi.org/10.1080/15384047.2015.1070988
https://doi.org/10.1080/15384047.2015.1070988
https://doi.org/10.1038/sj.leu.2402476
https://doi.org/10.1038/srep10147
https://doi.org/10.7150/ijbs.24612
https://doi.org/10.1016/j.lfs.2020.118864
https://doi.org/10.1016/j.lfs.2020.118864
https://doi.org/10.1038/s41392-020-00435-w
https://doi.org/10.1016/j.copbio.2020.06.004
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1038/s41392-020-00213-8
https://doi.org/10.1097/CAD.0000000000001151
https://doi.org/10.1007/s13238-021-00836-9
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1049640

	Screening of GPCR drugs for repurposing in breast cancer
	Introduction
	Materials and methods
	Cell lines and reagents
	Drugs
	Growth rate inhibition assay
	Selection of candidates
	Validation studies using 8-point concentration-response curve
	Invasion and migration assays
	Seahorse assay
	Statistical analyses
	Analysis of the SEER-Medicare data

	Results
	GPCRs targeting drugs/compounds classification
	Identification of hits and a candidate compound
	Validation of the candidate compound nebivolol
	Effects of nebivolol and other β-blockers on all-cause and BC mortality in patients

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


