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Abstract: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype with limited
treatment options and high mortality. The oxytocin receptor (OTR) is a class-A G protein-coupled
receptor that has been linked to breast cancer, but its role in tumorigenesis and disease progression
remains underexplored. OTR expression is highest in tumour-adjacent breast tissue, followed by
normal and tumour tissue, indicating a potential role in the tumour microenvironment. OTR levels
were higher in migrated MDA-MB-231 cells than in the control parental cells cultured in normal
medium; OTR overexpression/knock-down and metastasis biomarker experiments revealed that
high OTR expression enhanced metastasis capabilities. These findings align well with data from a
murine breast cancer metastasis model, where metastasised tumours had higher OTR expression
than the corresponding primary tumours, and high OTR expression also correlates to reduced
survival in TNBC patients. OTR agonists/antagonists did not affect MDA-MB-231 cell migration,
and pharmacological analysis revealed that the OT/OTR signalling was compromised. High OTR
expression enhanced cell migration in an OTR ligand-independent manner, with the underlying
mechanism linked to the EGF-mediated ERK1/2-RSK-rpS6 pathway. Taken together, high OTR
expression seems to be involved in TNBC metastasis via increasing cell sensitivity to EGF. These
results support a potential prognostic biomarker role of OTR and provide new mechanistic insights
and opportunities for targeted treatment options for TNBC.

Keywords: oxytocin receptor; epidermal growth factor (EGF); triple-negative breast cancer; metastasis;
biomarker

1. Introduction

Breast cancer is a biologically and molecularly heterogeneous disease comprising
several subtypes with distinct biological signatures that affect clinical prognosis and treat-
ment [1]. It has become the most commonly diagnosed cancer with an estimated 2.3 million
new cases (11.7%) in 2020 [2]. Progress in clinical management strategies and earlier
detection through increased awareness and widespread use of mammography has im-
proved overall survival for female breast cancer patients, with 5-year relative survival
rates of 89% [3]. Despite these positive developments, the 5-year relative survival rate for
metastatic breast cancer remains at only 27%, highlighting the need for new therapeutic
approaches [4].

Metastasis is a complex multistep process, including acquisition of invasive properties
through genetic and epigenetic alterations, local infiltration of tumour cells into the adjacent
tissue, intravasation, survival in circulation, extravasation, and metastatic colonization in
distal organs [5-7]. Many signalling pathways have been implicated in such cancer cell
migration and epithelial-to-mesenchymal transition (EMT) at the early stages of cancer
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cell dissemination [5,6], such as the TGFf3 pathway, the poly(ADP-ribose) polymerase
pathway, and the receptor tyrosine kinase (RTK) pathway [8]. Substantial efforts have been
made towards the development of novel anti-metastatic targeted therapies [9], with limited
success however, especially for patients with triple-negative breast cancer (TNBC).

TNBC lacks the estrogen receptor (ER), the progesterone receptor (PR), and the human
epidermal growth receptor 2 (HER2) and accounts for 10-20% of all breast cancer cases. It
is one of the most aggressive subtypes with a high probability of metastasis, recurrence,
and development of chemotherapy resistance [10,11]. TNBC has the worst prognosis and
distant metastasis-free survival among all breast cancers. TNBC patients typically do not
respond to the available targeted treatments, and systemic chemotherapy remains the
mainstay of clinical treatment despite causing severe side effects [11]. It is therefore critical
to explore novel targets and therapeutic strategies for treating TNBC.

The oxytocin receptor (OTR) might be such a novel target. OTR is a class-A G protein-
coupled receptor (GPCR) expressed in various tissues, mediating a broad range of biological
functions [12]. OTR’s primary function in the female mammary gland is to mediate the
effect of the endogenous peptide ligand oxytocin (OT) during lactation. Emerging evi-
dence suggests potential links with multiple cancer types, including breast cancer [13-16].
OTR mRNA and proteins are expressed in most breast cancer cell lines and 80-90% of
breast carcinomas, including TNBC tumours [17-21], supporting OTR as a potential target
and biomarker for breast cancer. Proliferation studies support the assertion that OTR
modulates breast tumour growth; however, the exact signalling pathways remain poorly
understood [21]. These studies render OTR a promising, yet underexplored target for
receptor-based therapy that warrants further study. This work therefore investigated the
role of the OT/OTR signalling system in breast cancer with a specific focus on TNBC due
to its aggressive behaviour and limited treatment options.

2. Materials and Methods
2.1. Gene Expression and Survival Analysis

The condition search tool (Perturbations) from Genevestigator (https:/ /genevestigator.
com/gv/, accessed on 7 June 2020) was used to identify conditions that significantly affect
OTR expression (gene symbol: OXTR) [22]. Human samples (organism: Homo sapiens)
based on the Affymetrix Human Genome U133 Plus 2.0 Array platform were selected,
followed by manual selection of the studies containing normal and breast tumour tissues.
The original datasets from the selected studies were downloaded from the Gene Expression
Omnibus (GEO) (http:/ /www.ncbi.nlm.nih.gov/geo/, accessed on 7 June 2020) database
and analysed.

The datasets containing breast tumour and paired adjacent noncancerous tissue were
retrieved by a search of the GEO database [23], using the following keywords: “breast
cancer”, “tissue”, “expression profiling by array”, “adjacent”, and “paired”. The Kaplan-
Meier plotter (KM-plotter, http:/ /www.kmplot.com, accessed on 21 April 2021) for breast
cancer (MRNA gene chip) was used to assess the effect of the OTR gene level on TNBC
patient relapse-free survival (RFS) [24].

2.2. Chemicals

OT was synthesised with a purity of >98%, analysed by high-performance liquid
chromatography (HPLC). EGF recombinant human protein was purchased from Life
Technologies Australia Pty Ltd. Invitrogen (PHG0311, Mulgrave, VIC, Australia). Gefitinib
was purchased from Sigma Aldrich (SML-1657-10MG, Bayswater, VIC, Australia). U0126
was purchased from Cell Signaling Technology (9903S). Insolution™ Rapamycin was
purchased from Merck Pty Ltd. (US1553211-1MG, Kilsyth, VIC, Australia). Gefitinib,
rapamycin, and U0126 were dissolved and stocked in DMSO.
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2.3. Cells and Cell Transfection

The human breast cancer cell line MDA-MB-231 is a TNBC cell line originally es-
tablished from the pleural effusion of a female patient with breast adenocarcinoma. The
cell line was a gift from A /Prof Andreas Moller (QIMR Berghofer Medical Research In-
stitute). The cell line was maintained in DMEM medium supplemented with 10% FBS at
37 °C in a humid atmosphere with 5% CO; and 95% air, routinely confirmed negative for
mycoplasma and bacteria contamination, and the cell line was authenticated using STR
profiling. The human OTR expression plasmid (pCMV6-OTR, RC211797) and the empty
vector (pCMV6-vector, PS100001) were purchased from Origene (Rockville, MD, USA). The
human G-protein alpha 15 subunit (wild-type, GNA15), cloned into pcDNA3.1 (pcDNA3.1-
GNA15), was obtained from the cDNA Resource Center (www.cdna.org, Bloomsberg, PA,
USA). Plasmid transient transfections were carried out with FuGENE HD transfection
reagent (Promega, Auburn, VIC, Australia). Selective siRNAs to knock down human OTR
(M-005688-02-0005) and the control (non-targeted) siRNA (D-001206-13-05) were purchased
from Dharmacon as SMARTpools. OTR knock-down transfection was carried out at a
25 nM final concentration of siRNA with DharmaFECT 1 transfection reagent (Dharmacon,
Lafayette, CO, USA). The OTR overexpression and knock-down efficiency tested by qPCR
are shown in Figure S1.

2.4. Transwell Cell Migration Assays

To separate and amplify migrated cells, the cell migration assay was carried out using
24-well transwell inserts (8 um pore size). The cells were starved for 24 h, harvested, and
suspended in serum-free DMEM with 0.1% BSA. The cells were loaded into the upper
chambers (2 x 10° cells in 0.1 mL/insert) and incubated for ~2 h at 37 °C. Then, control
and chemo-attractants (10% FBS) were loaded into the lower chamber (650 nL/well) and
incubated for 24 h. The cells that migrated to the bottom of the membrane and the chamber
were collected (T1 cells). After amplification under normal cell culture conditions, the
amplified T1 cells were admitted to the next cycle of migration and amplification. The
24-well transwell migration assay was also applied for assessing 10% FBS- and 20 ng/mL
epidermal growth factor (EGF)-guided chemotaxis. After 24 h migration, the cells inside
the inserts were gently removed using wet cotton swabs; the filter membrane was washed
with PBS, fixed with 70% ethanol, and stained with 0.2% crystal violet. The number of
migrating cells was counted manually under a light microscope.

To evaluate the effects of OTR agonists/antagonists on the migration ability of the
MDA-MB-231 cells, HTS Transwell®-96 permeable supports (8 um pore size) were applied
for higher throughput using 10% FBS as a chemoattractant. The cells were loaded into
the upper chambers (5 x 10* cells in 50 uL/insert) and incubated for ~2 h at 37 °C. Then,
OTR agonists/antagonists were added to the inserts to a final concentration of 50 nM; the
control and chemoattractant (10% FBS) were loaded into the receiver plate (150 puL/well)
and incubated for 24 h. After 24 h migration, the migrated cells were stained with crystal
violet as described above. The bound crystal violet was eluted by adding 150 uL of 33%
(v/v, diluted with ddH,O) acetic acid into the receiver plate and shaking for 10 min. The
eluent (100 pL) from the receiver plate was transferred to a transparent 96-well plate, and
the absorbance at 570 nm (OD570) was measured on an INFINITE M1000 PRO plate reader
(Tecan Austria GmbH, Grodig, Austria). A standard curve of cell number vs. OD570 was
plotted for quantification (Figure S2).

2.5. gPCR

TRIzol reagent was used for total RNA extraction. cDNA was synthesised from total
RNA (500 ng/sample) using Invitrogen SuperScript™ III Reverse Transcriptase (Thermo
Fisher Scientific, Waltham, MA, USA). Applied Biosystems TagMan Gene Expression assays
were used for quantitative real-time PCR analysis of gene expression. Relative mRNA
levels of OTR (Hs00168573_m1) and E-cadherin (Hs01023895_m1) were compared with
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the housekeeping gene GAPDH (Hs02786624_g1). The #ACT Fast Tagman method was
performed to analyse gene expression.

2.6. Scratch Wound Healing Assay

Cells (2 x 10° cells/well) were grown in 24-well plates overnight and then serum-
starved for 24 h. Then, the cells were scratched using 200 pL pipette tips, immediately
rinsed twice with PBS, and subsequently cultured in serum-free medium in the presence
of the treatment or vehicles. Photos were taken using a Nikon Ti-U inverted fluorescence
microscope at 0 h and 24 h after the scratches were made (20X objectives). The wound
width was measured using Fiji/Image].

2.7. Gelatin Zymography Assay

The cells were grown in 6-well plates (2 x 10° cells/well/2 mL). The medium was
removed after adhesion, and the cells were washed twice with serum-free media and then
incubated in serum-free medium for 24 h in the presence of the ligand treatment or vehicle.
The medium in the plate after 24 h incubation was the conditioned medium for the gelatin
zymography assay, an indirect measure of MMP-9 expression. The samples (30 ug/sample)
were fractionated on SDS-PAGE gel containing 1 mg/mL gelatin in the resolving gel. The
gels were washed 2 x 30 min with washing buffer (2.5% Triton X-100, 50 mM Tris-HCl,
pH 7.5, 5 mM CaCly, 1 uM ZnClp), rinsed for 5-10 min in incubation buffer (1% Triton
X-100, 50 mM Tris-HCl, pH 7.5, 5 mM CaCl,, 1 uM ZnCl,) at 37 °C, and then incubated
in fresh incubation buffer for 24 h at 37 °C with agitation. The gels were then stained
with 0.5% Coomassie blue for 30 min and destained until bands could clearly be seen.
Non-stained regions of the gel corresponding to gelatinase activity were quantified by
densitometry using the BIO-RAD ChemiDoc™ Imaging System (Bio-Rad Laboratories,
Hercules, CA, USA).

2.8. Western Blots

The cells were seeded in 48-well plates (~10 x 10* cells/well) and serum-starved
overnight before treatment. The cells were washed with ice-cold PBS after corresponding
treatments and then lysed with Laemmli buffer containing 50 mM DTT (Sigma-Aldrich,
Bayswater, VIC, Australia). Total protein samples (~20 ug/sample) were fractionated
by SDS-PAGE gel electrophoresis and transferred onto Polyvinylidene Fluoride (PVDF)
membrane (Merk Millipore Ltd., County Cork, Ireland). The membrane was probed with
different primary antibodies, including mouse AKT/MAPK Signaling Pathway Antibody
Cocktail (ab151279; Abcam), Phospho-S6 Ribosomal Protein (Ser?®>/236) Antibody (2211;
Cell Signaling Technology), and mouse anti-GAPDH antibody (sc-47724; Santa Cruz).
The membranes were then incubated with the appropriate IRDye680 or IRD800 labelled
secondary antibody, imaged, and analysed using the ODYSSEY Infrared Imaging System
(LI-COR, Lincoln, NE, USA).

2.9. Fluorescence Imaging Plate Reader Functional Calcium Assay

Activation of Gg-signalling after OTR ligand stimulation in MDA-MB-231 cells was
measured by detection of intracellular calcium release using a fluorescent imaging plate
reader (FLIPR) Calcium 4 Evaluation kit (Molecular Devices, Sunnyvale, CA, USA). An
SH-SY5Y cell line with native OTR expression and good Gq/calcium response was used
as the positive signal control for the FLIPR assay. Briefly, the cells were plated in 384-well
plates with a black wall and clear bottom and incubated at 37 °C overnight. The next day;,
the supernatant was removed, and the cells were incubated in a calcium dye loading buffer
for 30 min at 37 °C. Then, the plate was transferred to a FLIPR Tetra instrument (Molecular
Device, USA) for peptide injection and fluorescence measurements. The OTR ligands were
added at various concentrations once reading commenced, and fluorescence was measured
in real time from the bottom of the plate.
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2.10. Functional cAMP Assay

The PerkinElmer’s LANCE® Ultra cAMP kit (PerkinElmer, Melbourne, VIC, Australia)
was applied to measure cAMP produced via activation of Gs-signalling in MDA-MB-231
cells upon OTR ligand stimulation. The assay was conducted in 384-well plates with a total
volume of 20 pL. For the OTR-overexpressing group, cAMP accumulation measurements
were performed 48 h after transient plasmid transfection. Briefly, the peptides and cells
were prepared in freshly made stimulation buffer from the kit. After the peptide dilutions
were prepared and added into the 384-well plate, the cells were added and incubated at
37 °C for 30 min. Following the incubation, the Eu-cAMP tracer and the ULight-cAMP
mAb prepared in the cAMP detection buffer provided within the kit were added into the
plate, followed by incubation at 25 °C for 1 h. The TR-FRET signal was then detected at 665
nm on an INFINITE M1000 PRO plate reader (Tecan Austria GmbH, Grodig, Austria).

2.11. Statistical Analysis

All data were expressed as the mean =+ standard error of the mean (SEM) of at least
three independent assays unless otherwise specified. The data were analysed using Prism
9 (GraphPad Software Version 9.0.0, San Diego, CA, USA). ANOVA analysis followed by
Tukey’s multiple comparisons test was used when comparing more than two groups. The
significance level was considered as below 0.05 in all experiments.

3. Results
3.1. Oxytocin Receptor Expression Is Highest in Tumour-Adjacent Breast Tissues Followed by
Normal and Tumour Breast Tissue

Only limited information exists regarding OTR expression in healthy breast compared
to breast cancer tissue, which is, however, central for understanding OTR’s functional role in
breast cancer and for supporting potential OTR-specific therapeutic strategies. Ten datasets
containing both breast tumour tissue and normal breast tissues were identified from Gen-
evestigator (Figure 1A,B, Table 1). The OTR gene expression was significantly higher in
normal breast tissues than in breast tumour tissues in 7 out of 10 datasets (Figure 1B), in-
cluding GSE21422 (p = 0.0434, normal vs. invasive ductal carcinomas), GSE7904 (p < 0.0001,
normal vs. tumour), GSE10810 (p = 0.0007, normal vs. tumour), GSE31448 (p = 0.0003,
normal vs. tumour), GSE10780 (p < 0.0001, normal vs. tumour), GSE20711 (p = 0.0010,
normal vs. tumour), and GSE3744 (p < 0.0001, normal vs. tumour).

Additionally, OTR gene expression in paired adjacent and tumour breast tissues
was analysed from three datasets retrieved from the GEO database (Table 1), including
GSE109169, containing 25 paired adjacent and tumour samples (no ER/PR/HER?2 ex-
pression data available), GSE139038, containing 18 paired samples (including two TNBC
tumour tissue with paired adjacent tissue), and GSE76250, containing 33 paired adjacent
breast tissues and the corresponding TNBC tissues and 132 non-paired TNBC tumour
tissues. This analysis confirmed that OTR mRNA levels are higher in adjacent breast tissue
compared to the paired/corresponding breast tumour tissue (Figure 1C).
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Figure 1. Oxytocin receptor gene expression analysis in normal, adjacent and, tumour breast tissue.
(A) The workflow of the strategy to find OTR expression alteration specific to breast cancer using
the Perturbations tool from Genevestigator. (B) Detailed OTR gene (OXTR) expression data (log2
transformed) comparing tumour and normal breast tissues from breast cancer RNA-Seq expres-
sion datasets, based on Affymetrix Human Genome U133 Plus 2.0 Array platform, extracted from
Genevestigator. DCIS, ductal carcinomas in situ, IDC, invasive ductal carcinomas. (C) OTR gene
expression analysis of paired breast tumour and adjacent breast tissue. The datasets are based on
various sequencing platforms and presented as expression data obtained from the GEO database
without log2 transformation. TNBC, triple-negative breast cancer. All human patient data are ex-
pressed as a min to max boxplot. The Mann-Whitney test was used to analyse non-paired samples
from two groups. One-way ANOVA analysis followed by Tukey’s multiple comparison test was used
to compare datasets containing more than two groups. A paired t-test was used to analyse paired
tumour and normal or adjacent samples. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001.
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Table 1. Overview of the datasets containing both breast cancer and normal breast tissues identified
in Genevestigator and in the GEO database.

Datasets Containing Breast Cancer and Normal Breast Tissues Identified Using Genevestigator in Figure 1B

Overall Design and Sample Information(Affymetrix Human Genome U133 Plus 2.0 Array

GEO Accession Platform, OTR Gene ID, 206825_at)
16 invasive ductal carcinomas samples (including 2 node metastasis samples) analysed with the
GSE22544
U133 Plus 2.0 array compared to 4 normal control samples
Dataset including 5 healthy tissue samples, 9 ductal carcinomas in situ, and 5 invasive
GSE21422 .
ductal carcinomas
GSE7904 62 samples including 43 tumours, 7 normal breast, and 12 normal organelles
GSE25407 3 examples of Stage-I breast tumour and 3 samples of breast reduction mammoplasty tissue were
expanded as explant cultures for RNA extraction and hybridisation to Affymetrix microarrays
Affymetrix human U133 plus 2.0 array was used to transcriptionally profile both normal and
GSE7307 diseased human tissues representing over 90 distinct tissue types (herein, breast tissues
analysed only)
GSE10810 58 samples including 31 tumours and 27 controls; some of the samples are paired
Tumour tissues from 353 patients with invasive adenocarcinoma who underwent initial surgery.
GSE31448 )
Dataset also includes 4 normal breast samples
GSE10780 143 histologically normal breast tissues and 42 invasive ductal carcinoma tissues
GSE20711 Dataset includes 2 normal breast tissues and 88 breast tumour tissues
GSE3744 Dataset includes 7 normal breast tissues and 40 breast tumour tissues

Datasets from the GEO database containing paired adjacent and breast tumour tissues in Figure 1C *

GEO accession

Samples Platform OTR geneID ?

GPL5175 [HuEx-1_0-st]

25 sets of paired Affymetrix Human Exon 1.0

GSE109169 adjacent/tumour breast 2661992
. . ST Array
tissue specimens : .
[transcript (gene) version]
65 samples including 41 breast
tumours, 18 adjacent tissues
[paired normal], and 6 GPL27630 Print_1437
GSE139038 apparently normal tissues (Block_Column_Row IDs) 7-14.20
from breasts operated on for
non-malignant conditions
198 samples including iffLrlr?eStifx[EEﬁj;O]
GSE76250 165 TNBC tissues and 33 b TC03001145.hg.1

Transcriptome Array 2.0

paired adjacent breast tissues ; .
[transcript (gene) version]

2, these studies were retrieved from the GEO database, and the OTR ID was different in different sequencing
platforms. # tumour tissue was defined as having over 70% (GSE139038) or 80% (GSE76250) tumour cells, paired
normal and apparently normal had to be morphologically normal with no tumour cells (GSE139038).

3.2. Oxytocin Receptor Expression Is Higher in Migrated/Metastasised Breast Cancer Cells Than
in Primary Cells

Chemotactic cell migration is a fundamental mechanism underlying cancer cell metas-
tasis. To determine whether OTR expression correlates with chemotaxis of breast cancer
cells, the OTR levels in migrated cells were analysed (Figure 2A,B). The MDA-MB-231
cell line was chosen due to its well-studied characteristics, relevance in metastasis, good
translation for in vivo models, and its triple-negative subtype [25,26]. After two and four
screening and amplification cycles, the 2nd (T2) and 4th (T4) generation of cells had ~2.1-
and 2.5-fold higher OTR mRNA expression compared to the control parental cells cultured
in a normal medium with 10% FBS, respectively (p < 0.0001, Figure 2B).
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Figure 2. High oxytocin receptor expression correlates with increased metastasis potential in triple-
negative MDA-MB-231 breast cancer cells. (A) The workflow of the transwell migration assay
showing the separation of migrated cells (T1 cells). After amplification under normal cell culture
conditions, the amplified T1 cells were admitted to the next cycle of migration and amplification.
This cycle was repeated four times, and the T2 and T4 cells were collected for OTR RNA expression
analysis. (B) qPCR results for OTR RNA expression in different subtypes of MDA-MB-231 cells,
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal
control. The data are presented as fold changes compared to the control cells (wild-type MDA-
MB-231 cells). Data are means 3 SD of one experiment performed in triplicate. (C) OTR RNA
expression (log2 transformed) of different groups from the microarray dataset GSE137842, which
was derived from the published in vivo study mimicking human bone metastasis in mice using
MDA-MB-231 cells [27]. (D,E) Representative images (10 x objectives, scale bar (bottom right, white)
= 41.86 um) and migrated cell number (fold changes of control group) of MDA-MB-231 cells with
OTR upregulation/downregulation in the transwell migration assay obtained from experiments
conducted at the same time (n = 3 independent experiments with triplicates). Vector group, the control
MDA-MB-231 cells transfected with the vector plasmid; pCMV6-OTR, MDA-MB-231 cells transfected
with the pPCMV6-OTR plasmid; ncRNA, the control MDA-MB-231 cells transfected with the non-
targeting control RNA; siOTR, MDA-MB-231 cells transfected with OTR-targeting siRNA SMARTpool.
(F) Relapse-free survival (RFS) analysis of OTR in TNBC patients (restrict patient population to ‘triple-
negative”: IHC ER", IHC PR, array HER2") from KM-plotter. The patients were divided into high-
and low-expression groups using the best cutoff. ‘Only JetSet best prob set” was used as the probe set
option, and ‘exclude biased arrays’ was selected for array quality control purposes. Statistical analysis
for (B) included ANOVA analysis followed by Tukey’s multiple comparisons test. Statistical analysis
for (C) included a paired f-test. Statistical analysis for (D,E) included a Student’s t-test. *, p < 0.05;
**,p <0.01; *** p < 0.0001.

These results aligned well with the dataset GSE137842, derived from an in vivo study
mimicking human bone metastasis in mice using MDA-MB-231 cells [27]. The OTR ex-
pression was higher in the tumour cells that metastasised in human bone implants than
in their corresponding primary xenograft tumour cells analysed by GEO2R (Figure 2C,
log2-fold change = 2.0586, adjusted p = 0.0146) [27]. These data point to a correlation
between high OTR levels and metastasis in triple-negative MDA-MB-231 cells both in vitro
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and in vivo. Such a correlation was further confirmed by the migration capability results
from MDA-MB-231 cells with OTR overexpression or knock-down. When OTR was over-
expressed (pCMV6-OTR group), more cells migrated to the bottom well than the vector
group (Figure 2D, p < 0.01). When OTR was knocked down (siOTR group), fewer cells
migrated than the non-targeting control RNA group (Figure 2E, p < 0.05).

Patient survival analysis showed that RFS was lower for TNBC patients with high
OTR expression in the tumour tissues than those with low OTR expression (Figure 2F,
p = 0.0047), aligning well with the data analysis and the in vitro results described above
and supporting the hypothesis that high OTR expression may play a role in facilitating
metastasis, which is directly linked to reduced patient survival.

3.3. Oxytocin Receptor Agonists/Antagonists Do Not Affect Cell Migration, and the Oxytocin
Receptor Does Not Function via G- and Gs-Pathways in MDA-MB-231 Cells

As OTR expression correlated with cell migration, it was of interest to investigate if
OTR agonists/antagonists would affect cell migration. Four peptides were selected based
on their pharmacological properties (Figure 3A) [28,29]: endogenous OT, the selective
OTR agonist [Thr4,Gly7]OT (TGOT), the selective OTR antagonist desGly-NH;,d(CH,)5[D-
Tyr?, Thr*]OVT, and the approved drug atosiban (AT), which is a biased OTR ligand
that blocks the Gq pathway and activates the Gj3 pathway [30]. None of the OTR ag-
onists/antagonists significantly affected cell migration in control or OTR-overexpressing
MDA-MB-231 cells (Figure 3B).

As no significant differences in cell migration were observed between the OTR agonists
and antagonists, OTR signalling was investigated. OTR activation typically results in Gq-
mediated calcium accumulation, including in breast cancer cells [19,31,32]. One study
also reported Gs-mediated cyclic adenosine monophosphate (cAMP) accumulation in
MDA-MB-231 cells upon 100 nM OT treatment [33]. MDA-MB-231 cells also express the
vasopressin (VP) V3R that is activated by OT at higher concentrations and that signals
via the Gs-cAMP pathway [34,35]. Therefore, both calcium and cAMP accumulation were
examined to determine whether OTR was functional in the MDA-MB-231 cells or if there
might be an involvement of the VP receptors.

Interestingly, no intracellular calcium accumulation was detected upon OT stimulation
regardless of whether or not there was OTR overexpression (Figure 3C). EGF also did
not induce a significant signal in the FLIPR assay at the concentration of 20 ng/mL, as
used in the migration assay. A vector encoding for GNA15, a member of the G4 subunit
family that mediates intracellular signalling for calcium release [36], was co-transfected
with the pCMV6-OTR plasmid to achieve overexpression of both GNA15 and OTR in
MDA-MB-231 cells. This experiment would reveal if the lack of signal was due to a
general lack or downregulation of Gq [37]. However, again, no significant intracellular
calcium accumulation upon OT treatment in the GNA15- and OTR-overexpressing cells
was observed (Figure 3C), supporting that OTR was not functional and that this was
independent of Gq. These findings also excluded the involvement of V1,R and VR,
which are activated by OT at the tested concentrations [35,38] and that also signal via
the G4/ calcium pathway. OT or VP (1 pM-10 uM) also did not induce any intracellular
cAMP accumulation (Figure 3D), thereby excluding a functional OTR- or V,R-mediated
Gs pathway.

These results confirmed that OTR was not functional in the classical sense of Gq/Gs-
protein dependent signalling in MDA-MB-231 cells. This is interesting as a compromised
OTR function could be a cancer-promoting mechanism undermining the protective role of
OTR against breast cancer development, as discussed in another study [39].
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Figure 3. Effects of oxytocin receptor agonists and antagonists on migration ability and effects
of oxytocin on intracellular calcium or cAMP accumulation in MDA-MB-231 cells. (A) Affinity
information of OTR agonists and antagonists selected for the cell migration study obtained from
references [28,29]. (B) Effects of OTR agonists and antagonists (50 nM) on cell migration of MDA-MB-
231 cells with normal OTR expression (vector group) and with OTR overexpression (pCMV6-OTR
group). 10% FBS was used as the chemoattractant. The same volume of H,O was used as vehicle
control of peptide treatments. The concentrations of the ligands were set to 50 nM to ensure OTR
selectivity for the OTR-selective ligands. Statistical analysis for (B) included ANOVA analysis
followed by Tukey’s multiple comparisons test (n = 3 independent experiments with triplicates).
*,p < 0.05. OT, oxytocin; AT, atosiban; OTR, oxytocin receptor; V14R, vasopressin receptor 1a; V1R,
vasopressin receptor 1b; V,R, vasopressin receptor 2. (C) Representative OT concentration-response
curve measuring calcium signals in SH-SY5Y cell line, wild-type (WT), OTR, and/or GNA transfected
MDA-MB-231 cells treated by OT (1 pM-10 uM) and EGF (0.02 ng/mL-20 ng/mL). SH-SY5Y cell line
with native OTR expression and good Gq/calcium response was used as the positive signal control
for the FLIPR assay. OTR and GNA15-overexpression was achieved by transient transfection of
OTR- or GNA15-expressing plasmids or by co-transfection of OTR- and GNA15-expressing plasmids.
(D) cAMP standard curve for the LANCE Ultra cAMP signalling assay kit and representative OT/VP
concentration-response curve measuring cAMP accumulation for WT or OTR-overexpressing MDA-
MB-231 cells. Vasopressin (VP) was included to control for any potential involvement of V,R-related
cAMP signalling (VP more potent at V,R than OT). Data in C and D are means & SD of one
representative experiment (n = 3 in total) performed in triplicate.

3.4. MDA-MB-231 Cells Overexpressing the Oxytocin Receptor Are More Sensitive to EGF

The EMT process is a critical driver of TNBC metastasis, and EGF is one of the most
abundant growth factors in the tumour microenvironment inducing the EMT during
local invasion. FBS contains multiple growth factors including EGF; for example, the
concentration of betacellulin (a member of the EGF family) is ~3.68 ng/mL in FBS [40].
OTR overexpression-induced metastasis might thus be associated with EGF in the tumour
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microenvironment, which was investigated by replacing 10% FBS with EGF (20 ng/mL)
as the chemoattractant in the transwell migration assay. Reducing the complexity of the
chemoattractant makes it EGF-specific, supporting further pathway analysis.

OTR up- or down-regulation still led to increased or decreased cell migrations with
EGF as the sole chemoattractant (p < 0.05, Figure 4A,B), indicating that EGF plays a key
role and OTR overexpression increases cell sensitivity to EGF-mediated migration. This
EGF-mediated migration ability of cells with or without OTR overexpression was further
confirmed in scratch wound healing assays, where the cell monolayer gap closed faster
upon EGF stimulation in the pPCMV6-OTR group than in the vector group (Figure 4C).
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Figure 4. High oxytocin receptor expression correlates with high sensitivity to EGF-stimulated
migration. (A,B) Effects of OTR overexpression or knock-down on EGF-guided MDA-MB-231 cell
chemotaxis obtained from experiments conducted at the same time (10 x objectives, scale bar (bottom
right, white) = 41.86 um, n = 3 independent experiments with triplicates). Vector group, the control
MDA-MB-231 cells transfected with the vector plasmid; pCMV6-OTR group, MDA-MB-231 cells
transfected with the pPCMV6-OTR plasmid; ncRNA group, the control MDA-MB-231 cells transfected
with the non-targeting control RNA; siOTR, MDA-MB-231 cells transfected with OTR-targeting
siRNA SMARTpool. (C) Effects of OTR overexpression or knock-down on cell migration tested
by a scratch wound healing assay. Photos were taken using a Nikon Ti-U inverted fluorescence
microscope at 0 h and 24 h after scratches were made (20 x objectives). (D) mRNA expression of the
metastasis marker E-cadherin in MDA-MB-231 cells with or without OTR overexpression treated by
EGF (20 ng/mL) and/or OT (1 uM). (E) Comparison of MMP-9 activity in MDA-MB-231 cells with or
without OTR overexpression treated by EGF (20 ng/mL) and/or OT (1 uM) determined by a gelatin
zymography assay. The bands were derived from the same gel. The bar graph quantifies MMP-9
bands by densitometric analysis. Vehicle group, MDA-MB-231 cells without EGF/OT treatment.
Statistical analysis for (A,B) included the Student’s t-test. Statistical analysis for (C-E) included
ANOVA analysis followed by Tukey’s multiple comparisons test. n > 3 independent experiments,
*,p<0.05*,p<0.01.

E-cadherin is a predictive marker for breast cancer metastasis, as loss of E-cadherin fa-
cilitates metastasis formation by disrupting intercellular contacts, an early step of metastatic
dissemination. Matrix metalloproteinases (MMPs) are a family of zinc-dependent endo-
proteinases that catalyse hydrolysis of extracellular matrix (ECM) components, thereby
facilitating tumour cell invasion and metastasis. EGF significantly decreased E-cadherin in
OTR-overexpressing MDA-MB-231 cells (Figure 4D, p < 0.05), and E-cadherin expression
was also significantly lower in the EGF-treated pCMV6-OTR group than the EGF-treated
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vector group (Figure 4D, p < 0.05). In addition, the MMP-9 expression was promoted
(Figure 4E), which was confirmed by gelatin zymography assay. However, the differ-
ences of MMP-9 expression between the EGF-treated vector group and the EGF-treated
pCMV6-OTR group did not reach statistical significance. Addition of OT (1 uM) to EGF
(20 ng/mL) did not affect cell migration in the scratch wound healing assay (Figure 4C),
and the EGF-stimulated upregulation of E-cadherin and MMP-9 was also not significantly
affected (Figure 4D,E). These results support an OTR-enhanced, EGF-stimulated migration
that is independent of OTR ligand activation.

3.5. Oxytocin Receptor Enhances EGF-Stimulated RSK Activation, with the mTOR Pathway
Contributing to the Downstream rpS6 Activation

The ERK (extracellular signal regulated kinase) and mTOR (mammalian target of
rapamycin) pathways are recognised key coordinators of the EMT process and cell migra-
tion during cancer metastasis, and both pathways can mediate the intracellular signals
of OTR [12,41] and EGFR [42,43] independently (Figure 5A). RSK (ribosomal s6 kinase)
is a principal effector of ERK that promotes the motility and invasive capacity of carci-
noma cells [44], and RSK can also activate mTOR [45]. RpS6 (ribosomal protein S6) is
another protein of interest; it is a downstream effector of both the ERK and the mTOR
pathways [46] (Figure 5A), and it is essential for the protein synthesis required during
cancer progression. Phosphorylated ERK1/2 (p-ERK1/2), RSK (p-RSK), and rpS6 (p-rpS6)
were therefore measured to investigate the intracellular signalling mechanism underlying
the EGF-stimulated migration of OTR-overexpressing MDA-MB-231 cells. The phosphory-
lation of ERK1/2, RSK, and rpS6 all peaked between 30 and 60 min of treatment in both the
OTR-overexpressing and the control cells (Figure 5B). This is most likely due to EGF bind-
ing to EGFR on the cell surface, which usually peaks after 30-40 min and declines once EGF
is internalised and degraded [47]. EGF induced similar ERK1/2 and rpS6 phosphorylation
in the OTR-overexpressing and control cells but significantly more RSK phosphorylation in
the OTR-overexpressing cells at 30 and 60 min (Figure 5B, p = 0.0111 and p = 0.0065).

To verify the involvement of EGFR in EGF-induced ERK1/2-RSK-rpS6 activation,
the cells were pre-treated with the EGFR inhibitor gefitinib (20 uM) one hour prior to
stimulation with EGF, and gefitinib remained in the solution with subsequent EGF treatment
for up to four hours. In the control cells, gefitinib completely blocked ERK1/2, RSK, and
rpS6 phosphorylation (Figure 5B). By contrast, in OTR-overexpressing cells, gefitinib
only partially inhibited the EGF-stimulated ERK1/2 and RSK phosphorylation, with a
significant phosphorylation peak difference at 60 min (Figure 5B, p < 0.01 and p < 0.05
pCMV6-OTR vs. vector group at 60 min for ERK1/2 and RSK, respectively). This indicates
that EGF can induce ERK1/2 and RSK phosphorylation in an EGFR-independent manner.
Moreover, gefitinib failed to inhibit the OTR-overexpressing cell migration (Figure 5C,
p > 0.05 gefitinib vs. vehicle), confirming that EGF was able to induce EGFR-independent
but OTR-dependent migration when OTR was overexpressed.

More downstream-pathway-specific inhibitors were used to dissect the pathways
further. U0126 is a selective small molecule inhibitor for MEK1/2, the immediate upstream
kinase of ERK1/2 [48]. In contrast to gefitinib, U0126 (10 uM) completely blocked the
EGF-induced phosphorylation of ERK1/2 and the downstream RSK and rpSé6 in the OTR-
overexpressing cells (Figure 5D). No obvious differences of the inhibition efficacy of U0126
were observed between the control cells and the OTR-overexpressing cells (Figure 5D).
The U0126-treated cells migrated less than untreated cells in both the control and the
OTR-overexpressing cells (Figure 5C, p < 0.001 and p < 0.01 U0126 vs. vehicle in vector
and pCMV6-OTR groups, respectively). Furthermore, U0126 successfully inhibited the cell
migration of the OTR-overexpressing cells (p < 0.01). As U0126 specifically inhibits the
MEK-ERK1/2 pathway, in contrast to gefitinib, which blocks EGFR further upstream, it
seems that the MEK-ERK1/2 pathway plays a dominant role in EGF signalling but is not
entirely dependent on EGFR when OTR is overexpressed.
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Figure 5. Effects of EGF on ERK1/2, RSK and rpS6 phosphorylation and migration ability in OTR-
overexpressing cells. (A) EGFR and OTR independently induce ERK1/2 and mTOR signalling linked
to cancer metastasis. (B) Representative Western blot images and quantification of phosphorylated
ERK1/2, RSK, and rpS6 relative to GAPDH in EGF-treated cells with or without gefitinib (20 uM)
pre-treatment, the cells included control (vector) and OTR-overexpressing (pCMV6-OTR) MDA-MB-

231 groups. (C) Representative images (20 x objectives, scale bar (bottom right, white) =

21.18 pm)

and quantification of migrated MDA-MB-231cells (with or without OTR overexpression) attracted
by EGF (20 ng/mL) and treated with inhibitors (n = 2 independent experiments with triplicates).
(D) Representative Western blot images of phosphorylated ERK1/2, RSK, and rpS6 in control (vector
group) or OTR-overexpressing (pCMV6-OTR group) MDA-MB-231 cells pre-treated with U0126
(10 uM) or rapamycin (5 nM), with quantification of the phosphorylated ERK1/2, RSK, and rpS6 in
control MDA-MB-231 cells. Con, control samples from cells without treatment, which reflected the
base line of the protein activation status in (B and D). The quantitation of ERK1/2, RSK, and rpS6
phosphorylation were normalised relative to the level of GAPDH (n = 3 independent experiments).
Vector group, MDA-MB-231 cells transfected with the vector plasmid, which were used as control
cells without OTR overexpression; pPCMV6-OTR group, MDA-MB-231 cells transfected with the
PCMV6-OTR plasmid for OTR overexpression. Data were analysed using ANOVA analysis followed by
Tukey’s multiple comparisons test. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001, vs. vehicle group.
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Both the mTOR and the ERK1/2-RSK pathways are independently linked to rpS6 acti-
vation [46]. To assess whether the mTOR pathway was involved, the OTR-overexpressing
MDA-MB-231 cells were pre-treated with the selective mTOR inhibitor rapamycin (5 nM)
for one hour before EGF was added. Rapamycin did not affect ERK1/2 activation compared
to cells only treated with EGF, but blocked rpS6 phosphorylation (Figure 5D). Rapamycin
also reduced EGF-stimulated RSK activation, but the effects of rapamycin on RSK activation
in the OTR-overexpressing MDA-MB-231 cells were not further investigated. Rapamycin
also decreased the cell migration of OTR-overexpressing cells but with lower efficacy than
U0126 (Figure 5C). These results suggest that in OTR-overexpressing cells, the mTOR
pathway contributes to rpS6 phosphorylation upon EGF stimulation, independently of
ERK1/2 activation, indicating that mTOR and ERK1/2 pathways that are differentially
able to activate the downstream rpS6 have different metastatic potential.

4. Discussion

TNBC remains the most difficult breast cancer subtype to treat, with poorer clinical
outcomes than the other subtypes [10,11]. TNBC lacks targeted therapy approaches, leaving
chemotherapy as the mainstay of treatment options [11]. OTR has been implicated in
breast cancer initiation and progression [13-17,20], but its mechanistic role in breast cancer
development and progression remains underexplored. This study investigated OTR’s
expression profile in breast cancer patients and revealed that OTR can facilitate metastasis
when upregulated, relating it to TNBC patient survival.

OTR expression differences between breast tumour tissue and normal breast tissue
have been inadequately studied due to the problematic protein-based detection methods
(lack of well-validated selective antibodies) [21,49]. Only a single study so far indicated that
OTR expression is lower in tumour tissue (>11 fold at mRNA level and >2 fold at the protein
level, n = 4) than in normal contralateral breast tissue [39]. According to the Pan-Cancer
Analysis of Whole Genomes project [50], tissue adjacent to breast adenocarcinoma (distinct
from healthy normal and tumour tissues) appears to have the highest OTR levels (adjacent
> normal > adenocarcinoma). This study took advantage of the increasing gene expression
data generated by a variety of high-throughput hybridisation array- and sequencing-based
techniques (e.g., RNA-seq and ChlP-seq), accessible through databases such as the GEO
database [23]. The OTR gene expression analysis of the breast tissue of several published
datasets (Table 1) confirmed a higher OTR expression in tumour-adjacent tissue than in
tumour tissue (Figure 1B,C).

There exist several potential reasons why OTR overexpression is observed in adjacent
tissue but not in tumour tissue. First, in the female breast, OTRs are typically located on the
cell membrane cells of the basal cell layer, which mainly consists of myoepithelial cells and
undifferentiated cells, with very few epithelial cells being OTR-positive. However, most
breast tumours arise from the epithelial cells [51], which could be a main reason for the high
OTR levels observed in adjacent tissue. Another explanation could be that tumour-adjacent
tissue is enriched for stroma pathways [52] and undergoes EMT [53], as increased OTR
levels are also observed in the stroma in EMT and in fibroblast-to-myofibroblast transd-
ifferentiation during the development of adenomyosis [54]. Other cancer development
theories might also help to explain this adjacent-specific OTR overexpression. For example,
it could relate to the tumour microenvironment in which tumour-secreted factors influence
surrounding tissue to promote tumour invasion or metastasis [52]. OTR, unlike other
members of the GPCR superfamily, can undergo dramatic and cell-specific up- and down-
regulation [55]. For instance, OTR is upregulated in the uterine smooth muscle cells during
gestation and mammary gland myoepithelial cells during lactation, resulting in higher OT
sensitivity [56]; serum deprivation (a similar situation to nutrition deprivation in the solid
tumour) of Hs578T breast cancer cells results in loss of OTR expression and OT-induced
intracellular calcium accumulation, while serum restoration recovers OTR expression and
responsiveness to OT [19]. Something similar might occur during breast tumour growth,
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with a changing tumour microenvironment affecting OTR expression, thereby modulating
tumour growth, migration and/or invasion.

Based on the OTR-expression analysis, it was hypothesised that OTR expression
could be linked to changes in the tumour microenvironment in preparation for metastasis.
This hypothesis is supported by a mouse study using MDA-MB-231 cells, where the
OTR levels were higher in metastasised tumour cells than in the corresponding primary
xenograft tumour cells (Figure 2C) [27], as well as by this study’s transwell migration
assays, where selected and amplified migrated T2 and T4 cells had ~2.1-fold and ~2.5-fold
higher OTR expression than the parental control cells cultured in normal medium with
10% FBS (Figure 2B). These results align well with recent findings in a transgenic mouse
model of OTR overexpression where OTR overexpression in the tumour microenvironment
promotes mammary-specific tumour growth and metastasis [57]. Patients with metastatic
TNBC usually have short progression-free survival (median 34 months) after the failure
of first-line chemotherapy [58]. The link of high OTR expression to a higher likelihood of
metastasis (which is associated with worse prognosis [59]) also aligns well with the patient
survival data, where high OTR expression correlates with reduced survival of patients with
TNBC (Figure 2F).

EGF is one of the most abundant growth factors, promoting EMT during metastasis by
binding to EGFR on the plasma membrane of cancer cells. EGF enhanced cell migration of
OTR-overexpressing MDA-MB-231 cells compared to control cells (Figure 4A), suggesting
that the increased EGF sensitivity is linked to high OTR levels. OTR overexpression might
affect EGFR expression, and crosstalk between EGFR and GPCRs has become increasingly
well documented in different cellular systems, representing a prevalent mechanism of how
GPCRs can regulate cell growth, migration, and invasion [60].

OT/OTR and EGF/EGER signalling both play critical roles during mammary gland
development, and OTR signalling often overlaps with EGFR pathways, supporting the
possibility of interactions of OTR and EGFR signalling in breast cancer too. For example,
OTR can induce either transient activation (<30 min) and translocation of EGFR/ERK1/2,
thereby stimulating cell proliferation, or lead to a sustained EGFR/ERK1/2 activation
(>3 h), thereby inhibiting proliferation in HEK293 and MDCK cells [61,62]. OTR activation
can also promote long-term potentiation in hippocampal CA1 synapses by enhancing EGFR-
mediated local translation of protein kinase M [63] and inducing COX2 expression and
PGEF2 production in bovine endometrial epithelial cells involving EGFR transactivation [64],
supporting the OTR-EGFR link. OTR and EGEFR also share common signalling pathways,
including the ERK1/2 and mTOR pathways that promote cell migration [12,60]. This study
describes the first evidence of OTR expression affecting EGF-induced cancer cell migration
capabilities and signalling. In OTR-overexpressing cells, ERK1/2-RSK-rpS6 signalling and
cell migration still occurred, even in the presence of the EGFR-specific inhibitor gefitinib.
Mechanistically, this appears to occur through EGF-mediated signalling via both EGFR
and OTR to facilitate cell migration, since EGF activated not only EGFR but also induced
intracellular signalling transduction and cell migration via an EGFR-independent but OTR-
dependent mechanism (Figures 4 and 5). Such EGFR-bypass signalling mechanisms have
been linked to drug resistance in cancer cells in the past [65,66], and increased levels of
OTR might also contribute to such resistance development for EGFR-targeted treatment in
breast cancer patients.

The further downstream MEK1/2 inhibitor U0126 completely blocked ERK1/2-RSK-
rpS6 phosphorylation and efficiently reduced cell migration (Figure 5C,D), supporting an
EGF- and OTR-overexpression-associated signalling pathway via ERK1/2 activation that
is independent of EGFR. Considering that rpS6 is a downstream effector of both the ERK
and the mTOR pathways linked to cancer development and metastasis [12,41,42,46], the
mTOR-selective inhibitor rapamycin was used to investigate the involvement of the mTOR
pathway in the EGF-mediated signalling transduction. Inhibition of the mTOR pathway via
rapamycin in the OTR-overexpressing MDA-MB-231 cells blocked rpS6 phosphorylation
and reduced cell migration (Figure 5C,D), suggesting an involvement of the mTOR pathway
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that is independent of the ERK1/2 pathway, but to a minor degree (lower inhibition efficacy
of rapamycin on cell migration than U0126). Taken together, these results support a
dominant involvement of the ERK1/2-RSK-rpS6 pathway in enhancing EGF-induced cell
migration in MDA-MB-231 cells.

Interestingly, this OTR-dependent pathway was not linked to classical ligand-receptor
activation via Gq or Gs protein, as demonstrated by the absence of any signalling ef-
fects when the MDA-MB-231 cells were treated with OT or other OTR-specific ligands
(Figure 3C,D), indicating compromised Gq and Gs functionality. The involvement of the
V1aR/VipR-mediated G4 pathway and the V,R-mediated Gs pathway was excluded since
OT would activate these receptors at the tested concentrations (Figure 3C,D) [35]. MDA-
MB-231 cells also have no OT mRNA expression [67]; exogenous OT did not affect cell
migration (Figure 4C) or the metastasis markers (Figure 4D,E); nor did OT induce ERK1/2,
RSK, and rpS6 activation (Figure S3). Such a compromised OT/OTR signalling system
could however be of advantage to cancer cells considering the reported protective effects
of OT/OTR signalling [39,68,69]. Based on all these observations, the proposed signalling
transduction model is presented in Figure 6.

Together, these findings demonstrate that high OTR expression is linked to increased
MDA-MB-231 cell migration and reduced survival of TNBC patients; however, how EGF
triggers the intracellular signal transduction in an OTR-dependent manner remains an open
question and further research is needed to provide more detailed mechanistic insights into
the interactions and signalling pathways of the OTR and EGFR pair, including whether and
how OTR and EGEFR could regulate the expression of each other. This study furthermore
raises a critical point concerning whether OTR'’s function is compromised also in other
breast cancer cell lines, something that should be investigated early on when studying OTR
in breast cancer. Of note, only the main Gq and Gs pathways were investigated; the G; and
[-arrestin pathways were not examined.
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Figure 6. EGF-mediated signal transduction involving the oxytocin receptor in promoting metas-
tasis. Normal OT/OTR signalling via Gq or Gs was compromised in MDA-MB-231 cells. Involve-
ment of the V1,R/Vp,R-mediated Gq pathway and V;R-mediated Gs pathway were excluded. In
OTR-overexpressing MDA-MB-231 cells, EGF induced ERK1/2-RSK activation via both EGFR and
OTR. The mTOR pathway was also involved in EGF-stimulated rpSé6 activation, independent of
ERK1/2 activation.

5. Conclusions

In summary, this study provides first evidence that high OTR levels can promote
metastasis in TNBC, correlating with reduced patient survival. The underlying mecha-
nisms are linked to enhanced EGF sensitivity and the activation of the ERK1/2-RSK-rpS6
pathway promoting cell migration. The results support the existence of an EGF-mediated
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downstream ERK1/2-RSK-rpS6 signalling pathway that bypasses EGFR in the presence of
high OTR expression and compromised OTR signalling, which could be a cancer growth or
survival adaptation. These are interesting new observations that should be verified across
other TNBC cell lines as well as in vivo. These findings could have several implications
towards the improved clinical management of TNBC, including using high OTR expression
as a prognostic biomarker or as a target for therapeutic interventions to prevent or reduce
TNBC metastasis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomedicines10071595/s1, Figure S1: Efficiency of plasmid trans-
fection for OTR overexpression and siRNA transfection for OTR knockdown, Figure S2: Standard
curve of MDA-MB-231 cell number versus absorbance at 570 nm (OD570), Figure S3: Represen-
tative Western blot images and quantification of phosphorylated ERK1/2, RSK, and rpS6 in OT
(1 uM)-treated cells with or without OTR overexpression.

Author Contributions: M.M. and H.L. designed the experiments. H.L. performed the experiments
and collected the data, M.M. supervised and obtained research funding for this study. M.M. and H.L.
analysed and interpreted the results. M.M. and H.L. wrote the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: Funding supporting the studies are listed as follows: M.M. was supported by grants from
Cancer Australia and the Cancer Council Queensland (1146504), by the European Research Council
under the European Union’s Horizon 2020 research and innovation program (714366) and by the
Australian Research Council (DP190101667, FT210100266). H.L. was supported by the Research
Training Scholarship of the University of Queensland (UQ).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or supplementary material.

Acknowledgments: We thank Andreas Moller (QIMR Berghofer Medical Research Institute) for the
human breast cancer MDA-MB-231 cell line and guidance throughout the project, Lotten Ragnarsson
and Asa Andersson (UQ) for their help with the cAMP assay, and Paul Alewood, David Fairlie, and
James Lim (UQ) for their general support and technical assistance in the project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Pasculli, B;; Barbano, R.; Parrella, P. Epigenetics of breast cancer: Biology and clinical implication in the era of precision medicine.
Semin. Cancer Biol. 2018, 51, 22-35. [CrossRef] [PubMed]

2. Sung, H,; Ferlay, ].; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

3. Miller, K.D,; Siegel, R.L.; Lin, C.C.; Mariotto, A.B.; Kramer, ].L.; Rowland, J.H.; Stein, K.D.; Alteri, R.; Jemal, A. Cancer treatment
and survivorship statistics, 2016. CA Cancer ]. Clin. 2016, 66, 271-289. [CrossRef] [PubMed]

4.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer ]. Clin. 2020, 70, 7-30. [CrossRef]

5. Neophytou, C.; Boutsikos, P.; Papageorgis, P. Molecular Mechanisms and Emerging Therapeutic Targets of Triple-Negative Breast
Cancer Metastasis. Front. Oncol. 2018, 8, 31. [CrossRef]

6.  Van Zijl, F; Krupitza, G.; Mikulits, W. Initial steps of metastasis: Cell invasion and endothelial transmigration. Mutat. Res. 2011,
728, 23-34. [CrossRef]

7. Nguyen, D.X.; Massague, ]. Genetic determinants of cancer metastasis. Nat. Rev. Genet. 2007, 8, 341-352. [CrossRef]

8.  Yang, R,;Li, Y,; Wang, H.; Qin, T.; Yin, X.; Ma, X. Therapeutic progress and challenges for triple negative breast cancer: Targeted
therapy and immunotherapy. Mol. Biomed. 2022, 3, 8. [CrossRef]

9.  Cipriano, E.; Mesquita, A. Emerging Therapeutic Drugs in Metastatic Triple-Negative Breast Cancer. Breast Cancer Basic Clin. Res.
2021, 15, 11782234211002491. [CrossRef]

10. Aysola, K.; Desai, A.; Welch, C.; Xu, J.; Qin, Y.; Reddy, V.; Matthews, R.; Owens, C.; Okoli, J.; Beech, D.J.; et al. Triple Negative

Breast Cancer—An Overview. Hered. Genet. 2013, 2013, 1. [CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines10071595/s1
https://www.mdpi.com/article/10.3390/biomedicines10071595/s1
http://doi.org/10.1016/j.semcancer.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29339244
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3322/caac.21349
http://www.ncbi.nlm.nih.gov/pubmed/27253694
http://doi.org/10.3322/caac.21590
http://doi.org/10.3389/fonc.2018.00031
http://doi.org/10.1016/j.mrrev.2011.05.002
http://doi.org/10.1038/nrg2101
http://doi.org/10.1186/s43556-022-00071-6
http://doi.org/10.1177/11782234211002491
http://doi.org/10.4172/2161-1041.S2-001

Biomedicines 2022, 10, 1595 18 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Twelves, C.; Jove, M.; Gombos, A.; Awada, A. Cytotoxic chemotherapy: Still the mainstay of clinical practice for all subtypes
metastatic breast cancer. Crit. Rev. Oncol. 2016, 100, 74-87. [CrossRef] [PubMed]

Jurek, B.; Neumann, I.D. The Oxytocin Receptor: From Intracellular Signaling to Behavior. Physiol. Rev. 2018, 98, 1805-1908.
[CrossRef] [PubMed]

Lerman, B.; Harricharran, T.; Ogunwobi, O.O. Oxytocin and cancer: An emerging link. World ]. Clin. Oncol. 2018, 9, 74-82.
[CrossRef] [PubMed]

Cassoni, P.; Sapino, A.; Marrocco, T.; Chini, B.; Bussolati, G. Oxytocin and oxytocin receptors in cancer cells and proliferation. J.
Neuroendocr. 2004, 16, 362-364. [CrossRef]

Cassoni, P.; Marrocco, T.; Deaglio, S.; Sapino, A.; Bussolati, G. Biological relevance of oxytocin and oxytocin receptors in cancer
cells and primary tumors. Ann. Oncol. 2001, 12 (Suppl. 2), S37-539. [CrossRef]

Viero, C.; Shibuya, I.; Kitamura, N.; Verkhratsky, A.; Fujihara, H.; Katoh, A.; Ueta, Y.; Zingg, H.H.; Chvatal, A.; Sykova, E.; et al.
REVIEW: Oxytocin: Crossing the bridge between basic science and pharmacotherapy. CNS Neurosci. Ther. 2010, 16, e138—e156.
[CrossRef]

Ito, Y.; Kobayashi, T.; Kimura, T.; Matsuura, N.; Wakasugi, E.; Takeda, T.; Shimano, T.; Kubota, Y.; Nobunaga, T.; Makino, Y.; et al.
Investigation of the oxytocin receptor expression in human breast cancer tissue using newly established monoclonal antibodies.
Endocrinology 1996, 137, 773-779. [CrossRef]

Bussolati, G.; Cassoni, P; Ghisolfi, G.; Negro, F.; Sapino, A. Inmunolocalization and gene expression of oxytocin receptors in
carcinomas and non-neoplastic tissues of the breast. Am. J. Pathol. 1996, 148, 1895-1903.

Copland, J.A,; Jeng, Y.J.; Strakova, Z.; Ives, K.L.; Hellmich, M.R.; Soloff, M.S. Demonstration of functional oxytocin receptors
in human breast Hs578T cells and their up-regulation through a protein kinase C-dependent pathway. Endocrinology 1999, 140,
2258-2267. [CrossRef]

Sapino, A.; Cassoni, P,; Stella, A.; Bussolati, G. Oxytocin receptor within the breast: Biological function and distribution. Anticancer
Res. 1998, 18, 2181-2186.

Liu, H.; Gruber, C.W.; Alewood, P.F.,; Moller, A.; Muttenthaler, M. The oxytocin receptor signalling system and breast cancer: A
critical review. Oncogene 2020, 39, 5917-5932. [CrossRef] [PubMed]

Hruz, T,; Laule, O.; Szabo, G.; Wessendorp, F.; Bleuler, S.; Oertle, L.; Widmayer, P.; Gruissem, W.; Zimmermann, P. Genevestigator
v3: A reference expression database for the meta-analysis of transcriptomes. Adv. Bioinform. 2008, 2008, 420747. [CrossRef]
Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository.
Nucleic Acids Res. 2002, 30, 207-210. [CrossRef] [PubMed]

Gyorffy, B.; Lanczky, A.; Eklund, A.C.; Denkert, C.; Budczies, J.; Li, Q.; Szallasi, Z. An online survival analysis tool to rapidly
assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1,809 patients. Breast Cancer Res. Treat. 2010,
123, 725-731. [CrossRef] [PubMed]

Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]
Saunus, ].M.; Smart, C.E.; Kutasovic, ].R.; Johnston, R.L.; Kalita-de Croft, P.; Miranda, M.; Rozali, E.N.; Vargas, A.C.; Reid, L.E,;
Lorsy, E.; et al. Multidimensional phenotyping of breast cancer cell lines to guide preclinical research. Breast Cancer Res. Treat.
2018, 167, 289-301. [CrossRef]

Lefley, D.; Howard, F,; Arshad, F,; Bradbury, S.; Brown, H.; Tulotta, C.; Eyre, R.; Alferez, D.; Wilkinson, ].M.; Holen, L; et al.
Development of clinically relevant in vivo metastasis models using human bone discs and breast cancer patient-derived xenografts.
Breast Cancer Res. 2019, 21, 130. [CrossRef]

Manning, M.; Stoev, S.; Chini, B.; Durroux, T.; Mouillac, B.; Guillon, G. Peptide and non-peptide agonists and antagonists for the
vasopressin and oxytocin Vla, V1b, V2 and OT receptors: Research tools and potential therapeutic agents. Prog. Brain Res. 2008,
170, 473-512. [CrossRef]

Manning, M.; Misicka, A.; Olma, A.; Bankowski, K.; Stoev, S.; Chini, B.; Durroux, T.; Mouillac, B.; Corbani, M.; Guillon, G.
Oxytocin and vasopressin agonists and antagonists as research tools and potential therapeutics. J. Neuroendocr. 2012, 24, 609-628.
[CrossRef]

Busnelli, M.; Sauliere, A.; Manning, M.; Bouvier, M.; Gales, C.; Chini, B. Functional selective oxytocin-derived agonists discrimi-
nate between individual G protein family subtypes. J. Biol. Chem. 2012, 287, 3617-3629. [CrossRef]

Taylor, A.H.; Ang, V.T; Jenkins, ].S.; Silverlight, J.J.; Coombes, R.C.; Lugmani, Y.A. Interaction of vasopressin and oxytocin with
human breast carcinoma cells. Cancer Res. 1990, 50, 7882-7886. [PubMed]

Cassoni, P.; Marrocco, T.; Bussolati, B.; Allia, E.; Munaron, L.; Sapino, A.; Bussolati, G. Oxytocin induces proliferation and
migration in immortalized human dermal microvascular endothelial cells and human breast tumor-derived endothelial cells.
Mol. Cancer Res. 2006, 4, 351-359. [CrossRef] [PubMed]

Cassoni, P; Sapino, A.; Fortunati, N.; Munaron, L.; Chini, B.; Bussolati, G. Oxytocin inhibits the proliferation of MDA-MB231
human breast-cancer cells via cyclic adenosine monophosphate and protein kinase A. Int. J. Cancer 1997, 72, 340-344. [CrossRef]
Garona, J.; Pifano, M.; Orlando, U.D.; Pastrian, M.B.; lannucci, N.B.; Ortega, H.H.; Podesta, E.J.; Gomez, D.E.; Ripoll, G.V.; Alonso,
D.F. The novel desmopressin analogue [V4Q5]dDAVP inhibits angiogenesis, tumour growth and metastases in vasopressin type
2 receptor-expressing breast cancer models. Int. J. Oncol. 2015, 46, 2335-2345. [CrossRef]


http://doi.org/10.1016/j.critrevonc.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26857987
http://doi.org/10.1152/physrev.00031.2017
http://www.ncbi.nlm.nih.gov/pubmed/29897293
http://doi.org/10.5306/wjco.v9.i5.74
http://www.ncbi.nlm.nih.gov/pubmed/30254962
http://doi.org/10.1111/j.0953-8194.2004.01165.x
http://doi.org/10.1093/annonc/12.suppl_2.S37
http://doi.org/10.1111/j.1755-5949.2010.00185.x
http://doi.org/10.1210/endo.137.2.8593829
http://doi.org/10.1210/endo.140.5.6723
http://doi.org/10.1038/s41388-020-01415-8
http://www.ncbi.nlm.nih.gov/pubmed/32782397
http://doi.org/10.1155/2008/420747
http://doi.org/10.1093/nar/30.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://doi.org/10.1007/s10549-009-0674-9
http://www.ncbi.nlm.nih.gov/pubmed/20020197
http://doi.org/10.1186/bcr2889
http://doi.org/10.1007/s10549-017-4496-x
http://doi.org/10.1186/s13058-019-1220-2
http://doi.org/10.1016/S0079-6123(08)00437-8
http://doi.org/10.1111/j.1365-2826.2012.02303.x
http://doi.org/10.1074/jbc.M111.277178
http://www.ncbi.nlm.nih.gov/pubmed/2174737
http://doi.org/10.1158/1541-7786.MCR-06-0024
http://www.ncbi.nlm.nih.gov/pubmed/16778082
http://doi.org/10.1002/(SICI)1097-0215(19970717)72:2&lt;340::AID-IJC23&gt;3.0.CO;2-I
http://doi.org/10.3892/ijo.2015.2952

Biomedicines 2022, 10, 1595 19 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

Muttenthaler, M.; Andersson, A.; Vetter, I.; Menon, R.; Busnelli, M.; Ragnarsson, L.; Bergmayr, C.; Arrowsmith, S.; Deuis, J.R,;
Chiu, H.S,; et al. Subtle modifications to oxytocin produce ligands that retain potency and improved selectivity across species.
Sci. Signal. 2017, 10, eaan3398. [CrossRef]

Giannone, F.; Malpeli, G.; Lisi, V.; Grasso, S.; Shukla, P.; Ramarli, D.; Sartoris, S.; Monsurro, V.; Krampera, M.; Amato, E.; et al.
The puzzling uniqueness of the heterotrimeric G15 protein and its potential beyond hematopoiesis. J. Mol. Endocrinol. 2010, 44,
259-269. [CrossRef]

Kankanamge, D.; Tennakoon, M.; Weerasinghe, A.; Cedeno-Rosario, L.; Chadee, D.N.; Karunarathne, A. G protein alphaq exerts
expression level-dependent distinct signaling paradigms. Cell. Signal. 2019, 58, 34-43. [CrossRef]

Gruber, C.W.; Koehbach, J.; Muttenthaler, M. Exploring bioactive peptides from natural sources for oxytocin and vasopressin
drug discovery. Futur. Med. Chem. 2012, 4, 1791-1798. [CrossRef]

Ariana, M.; Pornour, M.; Mehr, S.S.; Vaseghi, H.; Ganji, S.M.; Alivand, M.R.; Salari, M.; Akbari, M.E. Preventive effects of oxytocin
and oxytocin receptor in breast cancer pathogenesis. Pers. Med. 2019, 16, 25-34. [CrossRef]

Bastian, S.E.; Dunbar, A.].; Priebe, I.K.; Owens, P.C.; Goddard, C. Measurement of betacellulin levels in bovine serum, colostrum
and milk. J. Endocrinol. 2001, 168, 203-212. [CrossRef]

Klein, B.Y.; Tamir, H.; Hirschberg, D.L.; Glickstein, S.B.; Welch, M.G. Oxytocin modulates mTORC1 pathway in the gut. Biochem.
Biophys. Res. Commun. 2013, 432, 466—471. [CrossRef]

Conde, E.; Angulo, B.; Tang, M.; Morente, M.; Torres-Lanzas, ].; Lopez-Encuentra, A.; Lopez-Rios, F.; Sanchez-Cespedes, M.
Molecular context of the EGFR mutations: Evidence for the activation of mTOR/S6K signaling. Clin. Cancer Res. 2006, 12, 710-717.
[CrossRef] [PubMed]

Wee, P.; Wang, Z. Epidermal Growth Factor Receptor Cell Proliferation Signaling Pathways. Cancers 2017, 9, 52. [CrossRef]
[PubMed]

Doehn, U.; Hauge, C.; Frank, S.R.; Jensen, C.J.; Duda, K.; Nielsen, J.V.; Cohen, M.S.; Johansen, J.V.; Winther, B.R.; Lund, L.R; et al.
RSK is a principal effector of the RAS-ERK pathway for eliciting a coordinate promotile/invasive gene program and phenotype
in epithelial cells. Mol. Cell 2009, 35, 511-522. [CrossRef] [PubMed]

Carriere, A.; Cargnello, M.; Julien, L.A.; Gao, H.; Bonneil, E.; Thibault, P.; Roux, P.P. Oncogenic MAPK signaling stimulates
mTORCT1 activity by promoting RSK-mediated raptor phosphorylation. Curr. Biol. 2008, 18, 1269-1277. [CrossRef]

Roux, P.P; Shahbazian, D.; Vu, H.; Holz, M.K,; Cohen, M.S.; Taunton, J.; Sonenberg, N.; Blenis, ]. RAS/ERK signaling promotes
site-specific ribosomal protein S6 phosphorylation via RSK and stimulates cap-dependent translation. J. Biol. Chem. 2007, 282,
14056-14064. [CrossRef]

Leslie, M. EGF is internalized and degraded. J. Cell Biol. 2005, 170, 339. [CrossRef]

Cheng, Y.; Tian, H. Current Development Status of MEK Inhibitors. Molecules 2017, 22, 1551. [CrossRef]

Sriram, K.; Wiley, S.Z.; Moyung, K.; Gorr, M.W.; Salmeron, C.; Marucut, J.; French, R.P.; Lowy, AM.; Insel, P.A. Detection and
Quantification of GPCR mRNA: An Assessment and Implications of Data from High-Content Methods. ACS Omega 2019, 4,
17048-17059. [CrossRef]

Petryszak, R.; Keays, M.; Tang, Y.A.; Fonseca, N.A.; Barrera, E.; Burdett, T.; Fullgrabe, A.; Fuentes, AM.; Jupp, S.;
Koskinen, S.; et al. Expression Atlas update—an integrated database of gene and protein expression in humans, animals and
plants. Nucleic Acids Res. 2016, 44, D746-D752. [CrossRef]

Amico, J.A.; Rauk, PN.; Cai, H.M. Estradiol and progesterone regulate oxytocin receptor binding and expression in human breast
cancer cell lines. Endocrine 2002, 18, 79-84. [CrossRef]

Aran, D.; Camarda, R.; Odegaard, J.; Paik, H.; Oskotsky, B.; Krings, G.; Goga, A.; Sirota, M.; Butte, A.]. Comprehensive analysis of
normal adjacent to tumor transcriptomes. Nat. Commun. 2017, 8, 1077. [CrossRef] [PubMed]

Trujillo, K.A.; Heaphy, C.M.; Mai, M.; Vargas, K.M.; Jones, A.C.; Vo, P,; Butler, K.S,; Joste, N.E.; Bisoffi, M.; Griffith, ] K. Markers of
fibrosis and epithelial to mesenchymal transition demonstrate field cancerization in histologically normal tissue adjacent to breast
tumors. Int. J. Cancer 2011, 129, 1310-1321. [CrossRef] [PubMed]

Liu, X.; Shen, M.; Qi, Q.; Zhang, H.; Guo, S.W. Corroborating evidence for platelet-induced epithelial-mesenchymal transition and
fibroblast-to-myofibroblast transdifferentiation in the development of adenomyosis. Hum. Reprod. 2016, 31, 734-749. [CrossRef]
Zingg, H.H.; Laporte, S.A. The oxytocin receptor. Trends Endocrinol. Metab. 2003, 14, 222-227. [CrossRef]

Soloff, M.S.; Alexandrova, M.; Fernstrom, M.]. Oxytocin receptors: Triggers for parturition and lactation? Science 1979, 204,
1313-1315. [CrossRef]

Li, D,; San, M.; Zhang, J.; Yang, A.; Xie, W.; Chen, Y.; Lu, X.; Zhang, Y.; Zhao, M.; Feng, X.; et al. Oxytocin receptor induces
mammary tumorigenesis through prolactin/p-STAT5 pathway. Cell Death Dis 2021, 12, 588. [CrossRef]

Lee, K.L.; Kuo, Y.C,; Ho, Y.S.; Huang, Y.H. Triple-Negative Breast Cancer: Current Understanding and Future Therapeutic
Breakthrough Targeting Cancer Stemness. Cancers 2019, 11, 1334. [CrossRef]

Kassam, F,; Enright, K.; Dent, R.; Dranitsaris, G.; Myers, ].; Flynn, C.; Fralick, M.; Kumar, R.; Clemons, M. Survival outcomes for
patients with metastatic triple-negative breast cancer: Implications for clinical practice and trial design. Clin. Breast Cancer 2009, 9,
29-33. [CrossRef]

Kose, M. GPCRs and EGFR-Cross-talk of membrane receptors in cancer. Bioorg Med. Chem. Lett. 2017, 27, 3611-3620. [CrossRef]


http://doi.org/10.1126/scisignal.aan3398
http://doi.org/10.1677/JME-09-0134
http://doi.org/10.1016/j.cellsig.2019.02.006
http://doi.org/10.4155/fmc.12.108
http://doi.org/10.2217/pme-2018-0009
http://doi.org/10.1677/joe.0.1680203
http://doi.org/10.1016/j.bbrc.2013.01.121
http://doi.org/10.1158/1078-0432.CCR-05-1362
http://www.ncbi.nlm.nih.gov/pubmed/16467080
http://doi.org/10.3390/cancers9050052
http://www.ncbi.nlm.nih.gov/pubmed/28513565
http://doi.org/10.1016/j.molcel.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19716794
http://doi.org/10.1016/j.cub.2008.07.078
http://doi.org/10.1074/jbc.M700906200
http://doi.org/10.1083/jcb1703fta3
http://doi.org/10.3390/molecules22101551
http://doi.org/10.1021/acsomega.9b02811
http://doi.org/10.1093/nar/gkv1045
http://doi.org/10.1385/ENDO:18:1:79
http://doi.org/10.1038/s41467-017-01027-z
http://www.ncbi.nlm.nih.gov/pubmed/29057876
http://doi.org/10.1002/ijc.25788
http://www.ncbi.nlm.nih.gov/pubmed/21105047
http://doi.org/10.1093/humrep/dew018
http://doi.org/10.1016/S1043-2760(03)00080-8
http://doi.org/10.1126/science.221972
http://doi.org/10.1038/s41419-021-03849-8
http://doi.org/10.3390/cancers11091334
http://doi.org/10.3816/CBC.2009.n.005
http://doi.org/10.1016/j.bmcl.2017.07.002

Biomedicines 2022, 10, 1595 20 of 20

61.

62.

63.

64.

65.

66.

67.

68.

69.

Guzzi, F; Zanchetta, D.; Cassoni, P.; Guzzi, V.; Francolini, M.; Parenti, M.; Chini, B. Localization of the human oxytocin receptor
in caveolin-1 enriched domains turns the receptor-mediated inhibition of cell growth into a proliferative response. Oncogene 2002,
21, 1658-1667. [CrossRef] [PubMed]

Rimoldi, V.; Reversi, A.; Taverna, E.; Rosa, P.; Francolini, M.; Cassoni, P.; Parenti, M.; Chini, B. Oxytocin receptor elicits different
EGFR/MAPK activation patterns depending on its localization in caveolin-1 enriched domains. Oncogene 2003, 22, 6054-6060.
[CrossRef] [PubMed]

Lin, Y.T.; Huang, C.C.; Hsu, K.S. Oxytocin promotes long-term potentiation by enhancing epidermal growth factor receptor-
mediated local translation of protein kinase Mzeta. J. Neurosci. 2012, 32, 15476-15488. [CrossRef]

Krishnaswamy, N.; Lacroix-Pepin, N.; Chapdelaine, P.; Taniguchi, H.; Kauffenstein, G.; Chakravarti, A.; Danyod, G.; Fortier,
M.A. Epidermal growth factor receptor is an obligatory intermediate for oxytocin-induced cyclooxygenase 2 expression and
prostaglandin F2 alpha production in bovine endometrial epithelial cells. Endocrinology 2010, 151, 1367-1374. [CrossRef] [PubMed]
Tani, T.; Yasuda, H.; Hamamoto, J.; Kuroda, A.; Arai, D.; Ishioka, K.; Ohgino, K.; Miyawaki, M.; Kawada, I.; Naoki, K.; et al.
Activation of EGFR Bypass Signaling by TGFalpha Overexpression Induces Acquired Resistance to Alectinib in ALK-Translocated
Lung Cancer Cells. Mol. Cancer Ther. 2016, 15, 162-171. [CrossRef]

Barr, S.; Thomson, S.; Buck, E.; Russo, S.; Petti, F.; Sujka-Kwok, 1.; Eyzaguirre, A.; Rosenfeld-Franklin, M.; Gibson, N.W.,;
Miglarese, M.; et al. Bypassing cellular EGF receptor dependence through epithelial-to-mesenchymal-like transitions. Clin. Exp.
Metastasis 2008, 25, 685-693. [CrossRef]

Cassoni, P.; Marrocco, T.; Sapino, A.; Allia, E.; Bussolati, G. Oxytocin synthesis within the normal and neoplastic breast: First
evidence of a local peptide source. Int. |. Oncol. 2006, 28, 1263-1268. [CrossRef]

Murrell, T.G. The potential for oxytocin (OT) to prevent breast cancer: A hypothesis. Breast Cancer Res. Treat. 1995, 35, 225-229.
[CrossRef]

Imanieh, M.H.; Bagheri, F.; Alizadeh, A.M.; Ashkani-Esfahani, S. Oxytocin has therapeutic effects on cancer, a hypothesis. Eur. J.
Pharmacol. 2014, 741, 112-123. [CrossRef]


http://doi.org/10.1038/sj.onc.1205219
http://www.ncbi.nlm.nih.gov/pubmed/11896597
http://doi.org/10.1038/sj.onc.1206612
http://www.ncbi.nlm.nih.gov/pubmed/12955084
http://doi.org/10.1523/JNEUROSCI.2429-12.2012
http://doi.org/10.1210/en.2009-1304
http://www.ncbi.nlm.nih.gov/pubmed/20080869
http://doi.org/10.1158/1535-7163.MCT-15-0084
http://doi.org/10.1007/s10585-007-9121-7
http://doi.org/10.3892/ijo.28.5.1263
http://doi.org/10.1007/BF00668213
http://doi.org/10.1016/j.ejphar.2014.07.053

	Introduction 
	Materials and Methods 
	Gene Expression and Survival Analysis 
	Chemicals 
	Cells and Cell Transfection 
	Transwell Cell Migration Assays 
	qPCR 
	Scratch Wound Healing Assay 
	Gelatin Zymography Assay 
	Western Blots 
	Fluorescence Imaging Plate Reader Functional Calcium Assay 
	Functional cAMP Assay 
	Statistical Analysis 

	Results 
	Oxytocin Receptor Expression Is Highest in Tumour-Adjacent Breast Tissues Followed by Normal and Tumour Breast Tissue 
	Oxytocin Receptor Expression Is Higher in Migrated/Metastasised Breast Cancer Cells Than in Primary Cells 
	Oxytocin Receptor Agonists/Antagonists Do Not Affect Cell Migration, and the Oxytocin Receptor Does Not Function via Gq-- and Gs-Pathways in MDA-MB-231 Cells 
	MDA-MB-231 Cells Overexpressing the Oxytocin Receptor Are More Sensitive to EGF 
	Oxytocin Receptor Enhances EGF-Stimulated RSK Activation, with the mTOR Pathway Contributing to the Downstream rpS6 Activation 

	Discussion 
	Conclusions 
	References

