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GluOC promotes proliferation and metastasis
of TNBC through the ROCK1 signaling
pathway
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Abstract

Background Triple negative breast cancer (TNBC) is a type of breast cancer that is negative for ocestrogen receptor,
progesterone receptor and human epidermal growth factor receptor 2, is highly malignant and aggressive, lacks

of corresponding targeted therapy, and has a relatively poor prognosis. Therefore, understanding the mechanism

of TNBC development and formulating effective treatment strategies for inducing cell death are still urgent tasks

in the treatment of TNBC. Research has shown that uncarboxylated osteocalcin can promote the proliferation of
prostate cancer, lung adenocarcinoma and TNBC cells, but the mechanism by which GluOC affects TNBC growth and
metastasis needs further study.

Methods MDA-MB-231 breast cancer cells were used for in vitro cell analysis. Key target molecules or pathways were
identified by RNA sequencing, and migration ability was detected by scratch assays, Transwell assays, cell adhesion
assays and western blot analysis. Fluorescence staining, colony detection, gRT-PCR and flow cytometry were used to
detect apoptosis, oxidative stress, the cell cycle and the stemness of cancer cells, and a xenotransplantation model in
BALB/C nude mice was used for in vivo analysis.

Results This study demonstrated that GIuOC facilitates the migration of MDA-MB-231 breast cancer cells through the
ROCK1/MYPT1/MLC2 signalling pathway and promotes the proliferation of TNBC cells via the ROCK1/JAK2/PIK3CA/
AKT signalling pathway. Experiments in nude mice demonstrated that GluOC promoted tumour cell proliferation and
metastasis in tumour-bearing mice, which further clarified the molecular mechanism of TNBC growth and invasion.

Conclusion Our findings highlight the importance of GluOC in driving TNBC progression and its association with
poor patient outcomes. This study clarifies the functional effects of GluOC on TNBC growth, providing insight into the
molecular basis of TNBC and potentially providing new ideas for developing targeted therapies to improve patient
outcomes.
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Background

The World Health Organization’s International Agency
for Research on Cancer (IARC) 2018 GLOBOCAN
report revealed that breast cancer surpassed lung can-
cer as the most common cancer among women, with
approximately 20,000 cases per year [1]. Triple negative
breast cancer (TNBC) is highly aggressive, accounting
for 10-20% of total cases [2—4]. TNBC is a breast can-
cer subtype that lacks progesterone receptor (PR), and
estrogen receptor (ER), expression and lacks epidermal
growth factor receptor 2 (HER2) protein overexpres-
sion [5]. TNBC is more likely to occur in young women
than in other populations, disease progression is rapid,
the relapse rete is high, and the prognosis is poor. [6].
Compared with other types of breast cancer, TNBC lacks
effective molecular targets and is prone to metastasis
[7]. The median overall survival of patients with TNBC
metastasis is approximately 18 months, which is much
lower than that of patients with other breast cancer sub-
types, whose survival can exceed five years [8]. These
studies suggest an urgent need to explore new therapeu-
tic targets for TNBC.

Osteocalcin is the most abundant noncollagen protein
in bones [9]. It is one of the indicators of bone metabo-
lism, and most of it is deposited in the bone matrix [10,
11].When bone resorption occurs, the acidic environ-
ment created by osteoclasts located in the resorptive
lacunar can decarboxylate osteocalcin present in the
extracellular matrix, allowing large amounts of uncar-
boxylated osteocalcin (GluOC) to be released into the
bloodstream [12, 13]. GIuOC is believed to act as a hor-
mone, regulate glucose metabolism, promote testoster-
one secretion, act on muscle tissue to improve muscle
sensitivity to insulin, and improve cognitive function
[11]. In addition, a link has been noted between osteocal-
cin and tumourigenesis [14]. Ye and Kayed et al. revealed
that osteocalcin can promote the proliferation of PC-3
human prostate cancer cells and pancreatic cancer cells.
[15, 16]. Osteocalcin production is associated with pros-
tate cancer metastasis [17]. Osteocalcin can accumulate
in neutrophils to promote the development of lung can-
cer [18] and facilitate the development of prostate cancer
cells through Group C6 member A of the G protein-cou-
pled receptor family (GPRC6A) receptor [15]. Studies by
Pietschmann et al. and Salem et al. showed that serum
osteocalcin levels were markedly greater in patients with
breast cancer and bone metastases than in healthy con-
trols [19]. These studies provide new insights into the
effects of GluOC on tumourigenesis, suggesting that
osteocalcin and GluOC may be useful targets for the pre-
vention of bone metastasis in breast cancer. Our previous
study revealed that GluOC promotes TNBC cell prolif-
eration and migration, but the underlying still needs to
be further explored [20].
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Rho-associated spiral kinases (ROCK) mediate many
pathophysiological signals and play a variety of biological
roles through binding with downstream target effectors,
including those involved in contraction, adhesion, migra-
tion, proliferation, and apoptosis [21]. ROCK1 plays
vital roles in the proliferation, migration and invasion of
TNBC [22-25]. In addition, there is growing evidence
that signalling pathways, including the PI3K/AKT [26],
JAK/STAT [27], Wnt/beta-catenin [28], and Hedgehog
signalling pathways [29], play crucial roles in cancers. The
PI3K/Akt pathway can regulate tumour proliferation and
survival, and plays an important role in the progression of
breast cancer. PI3K gene alterations occur in nearly 30%
of TNBC patients [30, 31]. Studies have shown that muta-
tions in the P3-a gene PIK110CA account for 20-25% of
PI3K family mutations [32]. Moreover, these mutations
can affect the proliferation and metastasis of TNBC, and
can be used as a potential therapeutic target for TNBC
therapy. However, whether GluOC can activate ROCK1
and the PI3K/AKT signalling pathway to promote TNBC
proliferation and metastasis has not been reported.

In this study, we performed transcriptomics analysis to
identify the genes associated with GluOC-mediated pro-
motion of MDA-MB-231 breast cancer cell proliferation
and migration for further study. The results showed that
GluOC directly affected the migration of MDA-MB-231
breast cancer cells via the ROCK1/MYPT1/MLC2 signal-
ling pathway. Furthermore, we found that ROCK1 plays
a key role in the proliferation of TNBC cells. Therefore,
we treated MDA-MB-231 breast cancer cells with the
ROCK1 inhibitor Y-27632 and/or GluOC. The results
showed that GluOC inhibited the apoptosis of cancer
cells via the ROCK1/JAK2/PIK3CA/AKT signalling path-
way, promoted cell cycle progression, reduced ROS lev-
els during cancer cell death, and promoted an increase in
stem cell properties. Studies in nude mice also confirmed
that GluOC promoted the proliferation and metastasis of
TNBC cells.

Materials and methods

Transcriptomic analysis

MDA-MB-231 breast cancer cells were divided into con
and 160 ng/mL GIluOC treatment groups. The cells were
collected for omics analysis, which was performed at
Shanghai Applied Protein Technology Co., Ltd. (Shang-
hai, China). The detailed information is provided in the
supplemental information.

Wound healing

The migration ability of cancer cells was calculated by
wound healing experiments. When the density of can-
cer cells in the six-well plate reached approximately 90%,
the cell monolayer was scraped with a 10 pl pipette tip,
and the fragments were washed three times with PBS.
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The cells were incubated in medium supplemented
with Y-27632 (MCE, HY-10071) and/or GluOC for 24 h
and observed under an inverted light microscope (Bio-
Rad, 1450031). Cell images were taken at 20xmagnifca-
tion. Three regions with cells were randomly selected
to assess cell migration. The wound area was calculated
using Image] software version 6 (National Institutes of
Health). Wound closure %: (A—g — Ampa 1)/ Ai=o h<100%.
All experimental data are from three independent
experiments.

Cell migration assay

A transwell chamber (diameter 6.5 mm, aperture 8 puM,
Corning Costar, Cambridge, MA) was used to detect
cell migration. After starvation treatment for 12 h,
the cells were washed three times with PBS and subse-
quently resuspended in the upper chamber of the tran-
swell chamber. The cell density in the upper chamber was
1x10° cells/well. Then, 600 pl of medium containing 10%
foetal bovine serum (FBS, VivaCell, C04001-500) was
added to the lower chamber. The 24-well plates were cul-
tured in an incubator for 8 h and then cultured for 24 h
after the addition of Y-27632 and GluOC. After wash-
ing with PBS, the transwell chamber was fixed with 10%
formaldehyde solution for 30 min, stained with 1% crys-
tal violet solution (Solarbio, #G1064), and cultured for
15 min. After the chamber was dry, the cells above the
chamber were wiped and photographed with an inverted
microscope (Leica, DM1750). Cell images were taken at
40x magnification.

Cell adhesion assay

For cell adhesion assays, the cells were incubated in
12-well plates (3x10° per well) for 10-180 s. Y-27632 and
GluOC were added to 12-well plates and incubated for
24 h. Then, the cells in each well were trypsinized (1 ml
of trypsin was diluted in 19 ml of PBS) for various lengths
of time. At 10 s, 60 s, 120 s, 180 s and 240 s, the adher-
ent cells were gently washed with PBS, trypsinized and
counted. Each experiment was repeated three times.

Colony formation assay

MDA-MB-231 breast cancer cells were digested with
trypsin and then resuspended in a 24-well plate at a den-
sity of 100 cells/well. The plates were then incubated with
Y-27632 and GluOC for 24 h. Subsequently, the waste
liquid was discarded every 2 days, and the medium was
replaced with fresh medium for 14 days. Finally, after
washing with PBS 3 times, the cells were fixed with meth-
anol, stained with 1% crystal violet solution for approxi-
mately 15 min, observed under an inverted microscope
and photographed.
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Fluorescence staining

MDA-MB-231 breast cancer cells (3x10% were inocu-
lated in 6-well plates for incubation, and the stock solu-
tion was removed and added to Y-27632 and/or GluOC
for incubation for 24 h. Then the cells were washed twice
with precooled PBS and then fixed with paraformalde-
hyde solution at room temperature for 30 min. Then, 0.5
mL of Hoechst 33258 staining solution (10 pg/mL, Solar-
bio, C0021) was added to each well, and the plates were
incubated at room temperature for 15 min in the dark.
Then, the dye solution was removed, and the cells were
washed with PBS 3 times for 3 min each. Finally, the
6-well plates were placed under a fluorescence micro-
scope (Leica, DM6B) to observe the morphology of the
cell nucleus.

Apoptosis assay

MDA-MB-231 breast cancer cells were treated with
Y-27632 or GluOC for 24 h, and the cells were harvested
after washing with PBS 3 times. The cells were digested
with pancreatic enzyme without EDTA for 10 min, 1 ml
of culture solution was added, and the mixture was cen-
trifuged at 1000 rpm for 5 min. The waste solution was
discarded, and 1 ml of precooled PBS was added. The
cells were precipitated again, the waste solution was dis-
carded, 500 pL of 1x binding buffer was added, and the
mixture was then suspended in 5 ml flow tube after fil-
tration through a 70 pm filter membrane. Then, 5 pL
of Annexin V/FITC was added, the solution was mixed
(Solarbio, CA1020), and incubated at 37 °C in the dark
for 5 min; 5 uL of propyl iodide solution (PI) was added,
the mixture was incubated at 37 ‘C in the dark for 5 min,
and the mixture was finally stored in ice in dark. The flu-
orescence intensity was measured by FACSCanto II flow
cytometry (FACSAria™ III flow cytometer, Becton Dick-
inson and Company), and the proportions of apoptotic
cells and dead cells were analysed by Flow]Jo software.

Cell-cycle analysis

MDA-MB-231 breast cancer cells were inoculated into
6-well plates (3x10* cells/well) and treated with Y-27632
and/or GluOC after adhesion. The cells were collected
into a centrifuge tube, washed twice with PBS, 70% etha-
nol was added, and the tube was placed at 4 “C overnight
for fixation. After the fixing solution was removed, the
cells were washed with precooled PBS 3 times, resus-
pended in the prepared propyl iodide dyeing solution
(Beyotime, C1052), incubated at 37 ‘C for 30 min in the
dark, and then placed on ice for preservation. Finally,
the fluorescence intensity of the PI-DNA complex in the
cell suspension was measured using FACSCanto 1II flow
cytometry (FACSAria™III flow cytometry, Becton Dick-
inson and Company), and the data were analysed using
Flow]Jo software.



Xu et al. Cancer Cell International (2024) 24:263

Detection of reactive oxygen species (ROS)

MDA-MB-231 breast cancer cells were incubated with
Y-27632 and/or GluOC for 24 h. After the cells were
washed with precooled PBS for 2 times, they were incu-
bated at 37 C with 10 umol/L H2DCFH-DA (Solarbio,
CA1410) for 30 min and mixed by inversion every 5 min,
and then the stained cells were harvested and washed
twice with cold PBS. Finally, the fluorescence induced
by ROS production was analysed by FACSCanto II flow
cytometry. Flow]Jo software was used to analyse the data.

Measurement of SOD levels

After 24 h of treatment with GluOC and Y-27632, the
cells were washed twice with PBS and incubated with
extraction reagents from a superoxide dismutase (SOD)
WST-1 detection kit (Solarbio, BC5165); and the levels of
SOD in the MDA-MB-231 cells were analysed according
to the manufacturer’s instructions.

Mitochondrial membrane potential (AWm) detection
Breast cancer cells were treated with Y-27632 and/or
GluOC for 24 h. After washing with PBS 2 times, 1 ml
of cell culture medium was added, 1 ml of JC-1 (J22202,
Lablead Biotech) working solution was added, the sam-
ple was thoroughly mixed, and the cells were incubated
at 37 “C for 20 min. At the end of incubation, the waste
solution was removed, and after washing with JC-1 stain-
ing buffer (1x) 5 times, 2 ml of cell culture solution was
added, and the cells were observed under an inverted flu-
orescence microscope.

Western blot analysis

MDA-MB-231 breast cancer cells were treated with
Y-27632 and/or GluOC for 24 h, washed twice with pre-
warmed PBS, and lysed in a cocktail containing RIPA
buffer for 10 min. The supernatant of the lysate was
harvested by centrifugation at 12,000 rpm for 10 min at
4 °C. The protein concentration was determined with a
BCA protein assay kit (Lablead Biotech, B5001), and a
known amount of bovine serum albumin (BSA) was used
to standardize the protein concentration. Cell lysates
containing the same amount of protein were subjected
to SDS-PAGE, and the separated proteins were elec-
trotransferred to PVDF membranes in a TransBolt-SD
apparatus. At room temperature, the membrane was
blocked in TBST with 5% no fat milk for 2 h and incu-
bated overnight at 4 ‘C with diluted primary antibod-
ies against B-actin (Cohesion, CPA9066), ROCK1 (Cell
Signaling Technology, #4035), P-MYPT1 (Cell Signaling
Technology, #5163), MYPT1 (Cell Signaling Technol-
ogy, #2634), P-MLC2 (Cell Signaling Technology, #3671),
MLC2 (Abmart, T55708), Bcl-2 (Cell Signaling Technol-
ogy, #15,071), Bax (Cell Signaling Technology, #2772),
cleaved-caspase3 (Wanleibio, WL01992), caspase3 (Cell
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Signaling Technology, #14,220), cleaved-caspase9 (Cell
Signaling Technology, #9505T), caspase9 (Cell Sig-
naling Technology, #9508), Nrf2 (Abmart, TA0639S),
HO-1 (Wanleibio, W1L02400), CDK1 (Abcam, ab13327),
Cyclin A2 (Abcam, AB181591), Cyclin B1 (Cell Signal-
ing Technology, #12,231), OCT4 (Wanleibio, WL03686),
NANOG (Wanleibio, WL03273), SOX2 (Wanleibio,
WL03767), P-JAK2 (Wanleibio, WL02997), JAK2 (Wan-
leibio, WL02188), P-PIK3CA (Bioss, bs-5570R), PIK3CA
(Bioss, bs-2067R), P-AKT (Cell Signaling Technol-
ogy, #4060), AKT (Abcam, 179,463), P-CREB (Abmart,
TN23982), CREB (Cell Signaling Technology, #9197).
After the membranes were washed with TBST for
30 min, they were incubated with a suitable horseradish
peroxidase conjugated secondary antibody (goat anti-
rabbit IgG(H+L)-HRP, Lablead Biotech; S0101, goat
anti-mouse IgG(H+L)-HRP, Lablead Biotech; S0100) for
2 h at room temperature. Finally, an enhanced chemilu-
minescence (ECL, Bio-Rad, #170-5060) kit was used to
detect protein signals, and the greyscale values of each
band were quantified by Image] software.

Quantitative realtime PCR

The cells were treated with Y-27632 and/or GluOC. Total
RNA was extracted using an RNA Simple Total RNA Kit
(cat. no. DP419, Tiangen Biotech, Co., Ltd.). The purity
and quality of the RNA were examined by a Nano-
Drop2000 (Thermo Scientifc, Wilmington, DE). A total
of 1 pug of RNA was reverse transcribed into cDNA using
Hifair IIT 1st Strand cDNA Synthesis SuperMix for qPCR
(11141ES60, Yeasen Biotechnology). Then, quantitative
real-time PCR (qRT-PCR) was performed using a SYBR
Green qPCR kit (AQ132-24, TransGen Biotech.). The
thermal cycling conditions were 94° 30 s, followed by 40
cycles of 94° for 5 s, 55° for 15 s, and 72° for 30 s. Quanti-
fication was based on the 2(- A /AACt) method. B-Actin
served as a control, and the primer sequences are shown
in Supplemental Table 1.

Mouse xenograft model

Twenty-one nude mice (BALB/C, 6-week-old female)
were purchased from Beijing Lank Biotechnology Co.,
Ltd. (Experimental Animal Production Licence No.:
SCXK (Beijing) 2019-0010). Animal studies were car-
ried out according to the Guide for the Care and Use
of Laboratory Animals (Eighth edition, 2011) and with
the approval of the Animal Care and Use Committee
of the University of Chinese Academy of Sciences. The
mice were divided into three groups with 7 mice in each
group and were injected subcutaneously with 5x10°
MDA-MB-231 cells. The tumour size was measured and
recorded with Vernier calliper. When the tumour size
was 60—120 mm?, equal amounts of PBS, 1 ng of GluOC
and 3 ng of GluOC were injected. When the maximum
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tumour volume was 2000 mm?, the mice were killed by
cervical dislocation after orbital blood samples were
obtained, and the tumour tissues and heart, liver, spleen,
lung and kidney tissues were collected. The tissues were
fixed with 4% paraformaldehyde (LEAGENE, DF0135)
and frozen after dehydration for subsequent experiments.
During subcutaneous injection, the cells were suspended
in a mixture of 50 pl of PBS and Matrigel (1:1, v/v) and
implanted into a subcutaneous fat pad (5x10° cells in
MDA-MB-231) of 6-week-old female BALB/c nude mice.
Tumour size was measured every 2 to 3 days to monitor
tumour growth. The tumour volume was calculated as
follows: V (volume)=L (length)xW (width)*x0.5.

Serum osteocalcin detection

Blood was taken from the eyeballs of the tumour-bear-
ing mice, kept overnight at 4 ‘C, and then centrifuged at
1,500xg for 20 min. Freshly prepared serum was stored
at -80 ‘C for later use. Serum osteocalcin levels were
detected in different groups of tumour-bearing mice with
an ELISA kit (Cloud-Clone Corp, SEA471Mu).

ALT/AST detection

Serum samples were collected from the tumour-bearing
mice, and the degree of liver damage in the mice in the
different groups was detected according to the instruc-
tions of the ALT/GPT (Nanjing Jiancheng Bioengineer-
ing Institute, C009-2-1) test instructions and the AST/
GOT (Nanjing Jiancheng Bioengineering Institute, C010-
2-1) test instructions.

Immunohistochemistry (IHC) analysis

Mouse tumour tissue and heart, liver, spleen, lung and
kidney organs were fixed with 4% paraformaldehyde,
dehydrated with 30% sucrose for 12 h, embedded and cut
into 6 um slices. After antigen repair, peroxidase activity
was quenched, the sections were blocked with 10% goat
serum at 37°C for 30 min and then treated with anti-Ki67
(Cell Signaling Technology, #12202) at 4 C overnight.
The membranes were then incubated with HRP-conju-
gated secondary antibodies, and the colour was devel-
oped with diaminobenzidine (DAB, Solarbio, DA1010).
Finally, glycerin gelatine tablets were used and observed
under a microscope.

Haematoxylin and eosin (HE) staining

The tissue was first fixed in 4% paraformaldehyde for
72 h, followed by dehydration with 30% sucrose. The
tissue was then encased in optimal cutting tempera-
ture compound (OCT, SAKURA, 4583) and cut into
6 pm slices. After the sections were stained with hae-
matoxylin dye for 30 s, they were rinsed with running
water for 2 min; stained with eosin dye for 2 min; soaked
in 95% alcohol and anhydrous ethanol for 3 min and
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5 min, respectively, for dehydration; cleared in xylene
for 10 min; sealed with neutral resin; and photographed
under a microscope.

Masson staining

We prepared 6 pm slices of immobilized and dehydrated
mouse lung tissue for staining and evaluation of lung
injury using Masson’s trichrome staining kit (Solarbio,
G1340). Sections were stained with Weigert iron hae-
matoxylin solution for 5 min, differentiated with ethanol
solution for 10 s, and then soaked in pure water. Then
Masson’s blue solution was used to reverse bluing for
3 min and soak in pure water for 1 min. After staining for
5 min with Ponceau fuchsin staining solution, the sam-
ples were soaked in the corresponding weak acid work-
ing solution for 1 min. Then, the phosphomolybdic acid
solution was added for 2 min, and the weak acid working
solution was added for 1 min. The treated sections were
directly put into aniline blue dyeing solution for 1 min
and then soaked in weak acid working solution for 1 min.
Glycerin gelatine tablets were then used and observed
under a microscope.

Statistical analysis

The data are presented as the mean*standard deviation
(SD). GraphPad Prism 9.4.0 software was used to per-
form the statistical analysis. The data are presented as
the mean=SD unless otherwise specified. P values were
obtained by unpaired Student’s t—test, and p<0.05 was
considered to indicate statistical significance. The in vitro
experiments were repeated independently three times
with consistent results.

Results

Systematic investigation of the transcriptional changes
caused by GluOC

We dividled MDA-MB-231 breast cancer cells into a
control group and a 160 ng/mL GluOC-treated group
and then performed transcriptomic analysis. By tran-
scriptomic analysis, we found 597 upregulated differ-
entially expressed genes (DEGs) and 8 downregulated
DEGs (multiploidy logFoldChange>2 and P value<0.05)
(Fig. 1a). The enrichment of KEGG pathways indi-
cated that many metabolic pathways, such as apoptosis,
the cell cycle, and the upregulation of cancer stem cell
pluripotency, were affected (Fig. 1b). Comprehensive
KEGG pathway analysis of the DEGs revealed that the
ROCKI1 and PIK3CA signalling pathways were closely
related to the occurrence and development of breast
cancer (Fig. 1c). Higher ROCK1 and PIK3CA levels in
TNBC patients were correlated with shorter overall sur-
vival (OS) according to the Kaplan—Mei plotter website
(Fig. 1d and e). Subsequently, we performed qRT-PCR
for verification, and the results showed that after adding
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Fig. 1 (a) DEGs were identified in the GEO dataset, and volcano maps of differentially expressed genes were generated via combined analysis of three
GEO datasets. The red and blue dots represent the up- and down-regulated DEGs, respectively, while the grey dots represent genes whose expression did
not significantly change. (b) KEGG pathway enrichment results of upregulated genes. The functional enrichment results were derived from the analysis,
where different colours represent the significance of differential enrichment results. The larger the value is the smaller the FDR value, and the larger the
number of enriched genes is the larger the circle. In the enrichment results, P<0.05 or FDR < 0.05 was considered to indicate significant enrichment of a
pathway. (c) Hierarchical clustering analysis and heatmap of the differentially expressed genes. (d-e) The associations of ROCK1 and PIK3CA with OS were
analysed via the Kaplan-Mei plotter website. (f) gRT-PCR analysis of selected genes in MDA-MB-231 cells treated with 160 ng/mL GIuOC for 24 h. The
results represent at least three independent experiments, and the data are presented as the mean+SD (n=3). p<0.05, “p<0.01, " p<0.001 compared
with the control group

GluOC into MDA-MB-231 breast cancer cells, the lev-
els of ROCK1, JAK2, PIK3CA, Bcl-2, CREB were signifi-
cantly increased, while the expression levels of Bax were
significantly decreased (Fig. 1f).

GluOC promotes the migration of MDA-MB-231 breast
cancer cells through the ROCK1/MYPT1/MLC signalling
pathway

GluOC significantly promoted the expression of the
ROCK1 gene, which inhibited myosin phosphatase
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(MYPT1) through direct or indirect phosphorylation of
myosin light chain (MLC), thus leading to actin-myosin
contraction and subsequent invasion and metastasis
of cells. According to the genomics results, the ROCK1
inhibitor Y-27632 was selected to explore whether
GluOC promotes breast cancer metastasis through
ROCKI1. After treatment with GluOC, the results showed
that GluOC increased the migration of MDA-MB-231
breast cancer cells and reduced the distance between the
scratches under Y-27632 treatment conditions (Fig. 2a
and b). Transwell assays also showed that after ROCK1
inhibition, the number of migrating cells decreased com-
pared with that in the control group. GluOC significantly
alleviated the inhibitory effect of Y-27632 on the migra-
tion ability of breast cancer cells, which manifested as an
increase in the number of migrating cells (Fig. 2c). Addi-
tionally, cell adhesion experiments demonstrated that
GluOC promoted the adhesion of MDA-MB-231 breast
cancer cells and alleviated the decrease in cancer cell
adhesion induced by Y-27632 (Fig. 2d and e). The above
results indicated that GluOC promotes the migration
of MDA-MB-231 breast cancer cells through ROCKI.
Western blotting further verified that GluOC phosphory-
lates MYPT1 through ROCK1, which reduces the activ-
ity of MYPT1, thereby promoting the phosphorylation of
MLC, and ultimately enhancing the migration of MDA-
MB-231 breast cancer cells (Fig. 2f and i).

GluOC inhibits apoptosis of MDA-MB-231 breast cancer
cells through ROCK1

To explore the inhibition of MDA-MB-231 breast can-
cer cell apoptosis by GluOC via ROCK1, Hoechst
33258-stained nuclei were then examined by fluo-
rescence microscopy. In the untreated cells and the
Y-27632—treated cells, the nuclei exhibited dense blue
foci, whereas GluOC-treated cells had a more regular
and light blue shape, alleviating Y-27632—induced apop-
tosis (Fig. 3a). The colony formation assay results also
showed that GluOC could increase colony formation
in MDA-MB-231 breast cancer cells and attenuate cell
damage caused by Y-27632 (Fig. 3b). The level of Bcl-2
in MDA-MB-231 breast cancer cells treated with GluOC
was significantly increased, but Bax, cl-caspase3 and cl-
caspase9 were significantly reduced, and GluOC blocked
the decrease in Bcl-2 and increase in Bax, cl-caspase3
and cl-caspase9 induced by ROCK1 (Fig. 3c-g). Annexin
V-FITC/PI double staining revealed that compared with
those in the untreated group, the number of early apop-
totic cells increased after Y-27632 treatment. After treat-
ment with GluOC, the proportion of Annexin V—positive
cells decreased compared with that in the Y-27632 group
(Fig. 3h-i). The observation of GluOC-mediated attenua-
tion of the increase in the percentage of apoptotic MDA-
MB-231 breast cancer cells further supports the idea that
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GluOC can inhibit the apoptosis of MDA-MB-231 cells
through ROCKI.

GluOC inhibits oxidative stress in MDA-MB-231 breast
cancer cells through ROCK1

Excess ROS activate different cell death pathways, such
as apoptosis, which limits cancer progression. There-
fore, we first used streaming to detect ROS levels. GluOC
increased the antioxidant effect on cancer cells and alle-
viated Y-27632-induced oxidative stress (Fig. 4a and b).
Similarly, we measured SOD levels inside the cells. The
results showed that the addition of GluOC significantly
increased the intracellular SOD content and attenuated
the decrease inx intracellular SOD induced by the addi-
tion of Y-27632 (Fig. 4c). Subsequently, we detected the
expression levels of the antioxidant factors Nrf2 and
HO-1, and the results showed that GluOC alleviated the
reduction in the Nrf2 and HO-1 protein levels caused
by the addition of Y-27632 (Fig. 4d and f). These find-
ings indicated that GluOC promotes the expression of
Nrf2 and HO-1 through ROCK]1, thereby increasing the
antioxidant capacity of MDA-MB-231 cells and promot-
ing the proliferation of cancer cells. We further used JC-1
staining to detect the mitochondrial membrane poten-
tial (MMP) of MDA-MB-231 breast cancer cells treated
with GluOC. The fluorescence staining results showed
that compared with that in the control group, the green
fluorescence in the GluOC treatment group was signifi-
cantly lower. However, the green fluorescence of cells
in the Y-27632 group was significantly increased, and
the GIuOC attenuated the effects of Y-27632. This find-
ing suggested that GluOC can reduce MMP damage
of MDA-MB-231 breast cancer cells through ROCK1
(Fig. 4e). These results suggest that GluOC can inhibit
ROS and MMP damage through ROCK]1, thereby inhibit-
ing cancer cell apoptosis.

GluOC promotes the cycle progression of
MDA-MB-231 breast cancer cells through ROCK1
Gene set enrichment analysis (GSEA) consistently
revealed that the addition of GluOC affected breast can-
cer cell cycle progression (Fig. 5a). qRT-PCR was used to
detect the expression levels of cell cycle related genes in
MDA-MB-231 breast cancer cells (Fig. 5b). The results
showed that the expression levels of cyclin A2, cyclin Bl
and CDK1 induced by Y-27632 decreased, and the effect
of Y-27632 was reversed after GluOC was added (Fig. 5¢
and f). In addition, western blotting showed that GluOC
upregulated the expression levels of cyclin A2, cyclin Bl
and CDK1 through ROCK1. Then, we used PI staining
to study the effect of GluOC on the cell cycle distribu-
tion of MDA-MB-231 breast cancer cells. Compared
with that in the control group, the proportion of S-phase
cells decreased significantly after 24 h of treatment with
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Fig. 3 (a) Photomicrographs showing the images of MDA-MB-231 breast cancer cells subjected to Hoechst 33258 staining after treatment with GIuOC
and Y-27632 for 24 h. (b) Effect of GIuOC on the colony formation of MDA-MB-231 breast cancer cells. (c-g) The protein expression levels of Bax, Bcl-2, cas-
pase-3/9 and cleaved-caspase-3/9 in GluOC- and Y-27632-treated MDA-MB-231 breast cancer cells were determined by western blotting and quantified
densitometrically with ImageJ software. 3-Actin was used as the control. The results represent at least three independent experiments, and the data are
presented as the mean+SD (n=3). The relative protein levels of Bax, Bcl-2, caspase-3/9 and cleaved-caspase-3/ 9 were statistically analysed. The protein
levels were normalized to those in the control group. (h) The level of apoptosis of MDA-MB-231 breast cancer cells treated with GluOC and/or Y-27632
was assessed by Annexin V-FITC/PI double staining, and the control groups were untreated. (i) Statistical analysis of the apoptosis rate of MDA-MB-231
breast cancer cells treated with GluOC and/or Y-27632. p <0.05, "p <0.01, "p<0.001 compared with the control group. fp <0.05, #p < 0.01, " p < 0.001

compared with the Y-27632 group

Y-27632, and the proportion of S-phase cells increased
compared with that in the Y-27632 group after the
addition of GIuOC and Y-27632 at the same time point
(Fig. 5g and 1i). The results showed that GluOC could
reduce the inhibitory effect of Y-27632 on the S-phase
progression of MDA-MB-231 breast cancer cells, pro-
mote cell cycle progression, and subsequently promote
the proliferation of MDA-MB-231 breast cancer cells.

GluOC enhances the stem cell properties of
MDA-MB-231 breast cancer cells through ROCK1
There is growing evidence that TNBC cells contain the
highest proportion of cancer stem cells (CSCs). Accord-
ing to the DEG and KEGG, GluOC also plays a role in
regulating stem cell pluripotency (Fig. 6a and b). Then,
we used qRT-PCR to verify the expression levels of
OCT4, NANOG and SOX2 at the transcriptional level.
GluOC significantly promoted the expression of OCT4,
NANOG, and SOX2 (Fig. 6¢). Subsequently, we further
verified whether ROCK1 was related to it, and the results
showed that Y-27632 significantly inhibited the expres-
sion of OCT4, NANOG, and SOX2, while GluOC signifi-
cantly attenuated the inhibitory effect of Y-27632 (Fig. 6d
and g).

GluOC promotes the proliferation of MDA-MB-231 breast
cancer cells through the ROCK1/JAK2/PIK3CA/AKT
signalling pathway

PI3K/Akt plays an important role in cell regulation and
is related to the cell cycle, differentiation, migration, pro-
liferation and apoptosis. Using RNA-seq data, we further
investigated the role of the ROCK1, JAK2 and PI3K/AKT
pathways in GluOC-mediated regulation of TNBC. The
results showed that ROCK1, P-JAK2 and P-PIK3CA pro-
tein levels were significantly greater in the GluOC group
than in the control group. After the addition of Y-27632,
the P-JAK2 and P-PIK3CA protein levels were decreased
significantly. Compared with those in the Y-27632 inhibi-
tor group, the P-JAK2 and P-PIK3CA protein levels were
significantly increased after the addition of GluOC, and
the results showed that ROCKI1 regulated JAK2 and
PIK3CA, thereby affecting the proliferation and apopto-
sis of MDA-MB-231 breast cancer cells. We also detected
the protein expression levels of ROCK1, P-JAK2 and
P-PIK3CA after the addition of the P-JAK2 inhibitor.

The results showed that the protein expression level of
ROCK1 did not change after the addition of the JAK2
inhibitor TG-101209, while the expression of P-PIK3CA
decreased with decreasing P-JAK2 expression. Addi-
tionally, the addition of TG-101209 and GIluOC attenu-
ated the inhibitory effect of TG-101209, and the protein
expression levels of P-JAK2 and P-PIK3CA were greater
than those in the TG-101209 only group. We concluded
that GluOC promotes the proliferation and apoptosis of
MDA-MB-231 breast cancer cells through the ROCK1/
JAK2/PIK3CA signalling pathway (Fig. 7a and d). In addi-
tion, we treated MDA-MB-231 breast cancer cells with
GluOC and found that the protein expression levels of
P-AKT, Nrf-2 and P-CREB were significantly greater than
those in the control group. Compared with those in the
control group, the protein expression levels of P-AKT,
Nrf-2 and P-CREB in the MK-2206 treatment group were
significantly decreased. GluOC reversed the inhibitory
effect of MK-2206. In addition, we further examined the
expression of MDA-MB-231 breast cancer cell prolifera-
tion, stemness markers and cell cycle—related proteins
after the addition of MK-2206 and found that MK-2206
significantly decreased the expression of the Bcl-2,
OCT4, NANOG, SOX2, CDK1, cyclin A2, and cyclin Bl
proteins, while GluOC reversed the effect of MK-2206
(Fig. 7i and p). These results suggest that GluOC may
promote the proliferation of MDA-MB-231 breast can-
cer cells through the ROCK1/JAK2/PI3K/AKT signalling
pathway.

GluOC promotes the growth of breast cancer in nude mice

Due to the ability of GluOC to promote the prolifera-
tion and migration of MDA-MB-231 breast cancer cells,
we next investigated whether GluOC promotes tumour
growth and metastasis in vivo (Fig. 8a). After tumour for-
mation, 1 ng and 3 ng of GluOC were administered daily
near the tumour, and the mice were sacrificed when the
tumour volume reached 2000 mm?®. We found no sig-
nificant difference in body weight between the groups
(Fig. 8b). As shown in Fig. 8¢, 3 ng of GluOC significantly
promoted tumour growth in mice. Compared with that
in the PBS group, the tumour weight in the 3 ng GluOC
group was significantly greater, while 1 ng GluOC had
no significant effect on tumour growth (Fig. 8d). Then,
we collected serum from the mice and tested it with an
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ELISA kit. The results showed that the serum osteocalcin
level of the mice in the 3 ng GluOC group was signifi-
cantly greater than that of the control group, which was
consistent with the results of previous studies (Fig. 8e).
After administration, the tumour volume in the 3 ng
GluOC group was significantly greater than that in the
control group (Fig. 8f). To determine whether GluOC
affects the metastatic ability of MDA-MB-231 cells,
we collected lung, heart, liver, spleen, lung and kidney

tissues from mice after different treatments, and exam-
ined whether there was metastasis in the lungs by HE
staining (Fig. 8g and h).

GluOC promotes the metastasis of breast cancer in nude
mice

HE staining of the collected heart, liver, spleen, lung, kid-
ney and tumour tissues revealed metastatic nodules in
the lungs and thickened alveolar walls in the 3 ng GluOC



Xu et al. Cancer Cell International

(2024) 24:263

Page 12 of 19

a b
GOBP_CELL_CYCLE_PHASE_TRANSITION|GO:0044770] KEGG_CELL_CYCLE(hsao4110]
o o MDA-MB-231
20
an % &8 &8 B con
: > =1 GIuOC 160 ng/mL
£ S 2w 15 x
H Nes: s . poswoss , FoRoss E Nesha . pors . FORD7IS <2 . & = Y-27632 20 yM
Zc B GIUOG 160 ng/mL+Y-27632 20 yM
nE: 5 10 # # i
L L 53
5 T ILTAEL I Z y.i._ 05
: o o= =
i - -3
—— y | 0.0 T
B N N Cyclin A2 Cyclin B1 CDK1
e 3 . ) 24h
"™ Rank in Ordered Dataset - H P gank in OrdereH Dataset -
GSEA: GO GSEA: KEGG
¢ Y-27632 (20 yM + + d
- (20uM) - ) MDA-MB-231
GluOC 160 ng/mL - + - +
141 B con
i -34 KDa
CDK1 _ B GIUOC 160 ng/mL
£127 T 0= V-27632 20 uM
Cyclin A2 | ) e e W= | _50 KDg g # = GluOC 160 ng/mL+Y-27632 20 pM
= 1.0
=
E ek
Cyclin B |- -55 KDa O g8
B-actin | w— — — — 43 KDa 0.6
24h
e MDA-MB-231 f MDA-MB-231
1.49
BE= con B con
= 1.2 # =1 GluOC 160 ng/mL c ## =1 GluOC 160 ng/mL
§ ) 1 Y-27632 20 M § 1.2 O Y-27632 20 uM
& B3 GIUOC 160 ng/mL+Y-27632 20 pM & B2 GIUOC 160 ng/mlL+Y-27632 20 uM
2 1.0 . o 1.0
£ £ o
3 8-
0.84 e
0.6-
24h 24h
9
” <2N:21.1% o <2N: 24.4% <ON: 23.3% <ON: 26.2%
2N:53.3% [ 36288, cv: 5.68%] 2N: 45.2% [p: 35456, cv: 5.05%] 2N: 50.5% [u: 34880, cv: 5.39%] 2N: 38.6% [u: 35008, cv: 4.61%]
5:19.0% S 26.6% 5:168.3% P 5 27.6%
AN: 2.76% [W: 67072, ev: 2.27%)] S AN: 2.58% [u: 70144, ov: 2.04%)] 4N: 8.58% [u: 65600, cv: 8.60%)] 4N: 8.83% [u: 67456, cv: 5.98%]
Ratio: 1.85 Ratio: 1.98 Ratio: 1.88 Ratio: 1.93
“ ~4N: 3.89% 4N: 1.25% . >4N: 0.24% « >4N; 0.84%
con GluOC 160 ng/mL Y-27632 20pM GluOC 160 ng/mL+Y-27632 20uM
h
MDA-MB-231
con GIuOC 160 ng/mL. Y-27632 20 UM GIUOC 160 ng/mL+Y-27632 20 uM 100 = GOIG1
= GGt = GG = GGt = GGt 80 ; zz/M
=& = & =% . =& s LJUOBELE
’ s ”|Ed 2 B
53.25% \ > g 40
L 20
o
a“@oovj@”iww
&
24h

Fig. 5 (See legend on next page.)



Xu et al. Cancer Cell International (2024) 24:263 Page 13 of 19

(See figure on previous page.)

Fig. 5 (a) GSEA of the dataset was performed, and the correlation enrichment map after GIuOC treatment is shown. (b) GluOC promotes cell cycle pro-
gression through ROCK1. The gene expression of cyclin A2, cyclin BT and CDK1 in MDA-MB-231 cells before and after GluOC and after stimulation with the
ROCK1 inhibitor Y-27632 were determined by gRT-PCR. (c-f) The protein expression levels of cyclin A2, cyclin BT and CDK1 in GluOC- and Y-27632-treated
MDA-MB-231 breast cancer cells were determined by western blotting and quantified densitometrically with ImageJ software. 3-Actin was used as the
control. The results represent at least three independent experiments, and the data are presented as the mean +SD (n=3). The relative protein levels of
cyclin A2, cyclin B1 and CDK1 were statistically analysed. The protein levels were normalized to those in the control group. (g) The cell cycle distribution of
MDA-MB-231 breast cancer cells treated with GIuOC and/or Y-27632 was detected by flow cytometry. (h-i) Statistical analysis of the percentages of MDA-
MB-231 breast cancer cells in the GO/G1, S and G2/M phase. The results represent at least three independent experiments, and the data are presented as

*
i

the mean=SD (n=3). p<0.05, "p<0.01,"p<0.001 compared with the control group. *p <0.05, *p < 0.01, ##p < 0.001 compared with the Y-27632 group

group (Fig. 9a). To verify the protein expression of Ki67,
immunohistochemistry (IHC) analysis of tumour tissues
was performed. Consistent with our previous results,
IHC analysis revealed that Ki67 protein expression in
tumour tissues treated with 3 ng GluOC was significantly
greater than that in the PBS group and 1 ng GluOC
group (Fig. 9b). The results indicated that 3 ng of GluOC
promoted the proliferation of TNBC cells. In addition,
the distinction between red pulp and white pulp in the
spleen tissues of mice in the PBS group was clear and the
cells were closely arranged, while the distinction between
red pulp and white pulp in the spleen tissues of mice in
the 3 ng GluOC group was unclear and the margin area
was widened (Fig. 9c). The qRT-PCR results showed that
the levels of the proinflammatory cytokines IL-12, IL-6,
IFN-y and Gata3 were elevated in the spleen, suggesting
inflammation of the spleen (Fig. 9d). There were no obvi-
ous pathological changes in the heart or kidney organs.
qRT-PCR and Masson’s trichrome staining revesled that
the expression of proinflammatory cytokines in the lungs
of the mice increased with increasing GluOC dose, and
the lungs of the mice showed fibrosis after the adminis-
tration of 3 ng GluOC (Fig. 9e). In addition, we detected
the levels of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) in the serum of the mice,
and the results showed that after 3 ng of GluOC treat-
ment, the ALT and AST levels in the serum were greater
than those in the control group, indicating hepatocyte
injury (Fig. 9f and g). To further determine the role of
GluOC in TNBC metastasis, western blotting was per-
formed on collected tumour tissues, and the analysis
confirmed that the 1 ng of GluOC and 3 ng of GluOC
significantly promoted the expression of ROCK1 and
P-PIK3CA in breast cancer. GluOC (3 ng) also signifi-
cantly promoted the expression of the P-JAK2, P-AKT
and Bcl-2 proteins. Together, these results suggest that
the ability of GluOC to accelerate TNBC proliferation
and metastasis is critical (Fig. 9h-m).

Discussion

Overall, our study showed that GluOC promotes the pro-
liferation and metastasis of MDA-MB-231 breast cancer
cells through ROCK1. Through in vivo experiments, we
found that GluOC promotes TNBC cell proliferation and
lung metastasis. These results provide new ideas for the

treatment of TNBC and more details regarding its patho-
genesis. (Fig. 10).

The treatment of TNBC remains the most challenging
among breast tumours due to its high heterogeneity, poor
prognosis, and risk of recurrence and metastasis [33].
Hanahan and Weinberg defined the activation of inva-
sion and metastasis as typical features of cancer, where
the regulation of the actin-myosin cytoskeleton and mul-
tiple changes in tissues play important roles, ultimately
leading to significant changes in cell adhesion and move-
ment [34]. Rho-kinase is a serine/threonine kinase that
contains ROCK2 and ROCK1. ROCK1 directly or indi-
rectly regulates MLC and MYPT]1, thereby causing actin-
myosin contraction and regulating cancer cell movement
[35]. Through genome-wide transcriptomic analysis, we
found that the expression of the ROCK1 gene signifi-
cantly increased after GluOC treatment. In our study,
GluOC activated the ROCK1/MYPT1/MLC2 signalling
pathway by promoting the expression of ROCKI, thereby
stimulating the migration of cancer cells.

Early changes in cell apoptosis are related to mito-
chondria, which are mediated by members of the anti-
apoptotic Bcl-2 protein family and the proapoptotic Bax
protein family, as confirmed by the decrease in the apop-
tosis index of MDA-MB-231 breast cancer cells in this
study [36]. The apoptosis process is regulated by Bcl-2
family proteins, which activate caspase proteins that
breakdown cells, thereby triggering apoptosis [37]. In
this study, GluOC treatment downregulated the protein
expression of Bax, caspase 3 and caspase 9 and upregu-
lated the protein expression of the antiapoptotic protein
Bcl-2 family, while a ROCKI1 inhibitor reversed these
effects. GluOC mitigated the reversal effect of ROCK1
inhibitors. These results suggest that GluOC inhibits the
apoptosis of MDA-MB-231 breast cancer cells through
ROCK1.

The cell cycle is divided into four phases: the G1 phase
(prereplication, gap between the end of M phase and S
phase), S phase (replication phase, DNA synthesis phase),
G2 phase (late replication, gap between the end of S
phase and M phase), and M phase (mitosis phase) [38].
The G1/S phase and G2/M phase checkpoints are critical
to the cell cycle and can respond to disruption or injury
by blocking the cell cycle [39]. However, in tumour cells,
G1/S checkpoint regulators often fail, leaving tumour
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cells prone to enter the S phase [40]. GSEA of whole tran-
scriptome data, and GO and KEGG analyses revealed
that the cell cycle progression of MDA-MB-231 breast
cancer cells accelerated after GluOC treatment. Sub-
sequent flow cytometry analysis revealed that GluOC
alleviated G1-phase arrest induced by a ROCK1 inhibi-
tor (Y-27632), and the results were consistent at both the
gene and protein levels. After GluOC treatment, cyclin

A2, cyclin Bl and CDK1 increased, while Y-27632 sup-
pressed cell cycle progression in cancer cells. When
GluOC and Y-27632 were added simultaneously, the
effect of the inhibitor was reversed and cell proliferation
was promoted.

The production of ROS is crucial for pro-apoptotic
activity, and ROS regulation affects the fate of can-
cer cells [41]. Studies have shown that the MMP can
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reflect mitochondrial function, which regulates ATP
production, the cell proliferation rate and the cell death
cycle [42]. The loss of mitochondrial membrane poten-
tial causes mitochondrial dysfunction, which is closely

related to the process of apoptosis [43]. Our results
showed that GluOC enhanced the antioxidant capacity of
cancer cells by promoting Nrf2 and HO-1, but Y-27632
increased the MMP and decreased the mitochondrial
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membrane potential of cancer cells, thus inducing apop-
tosis. The addition of GluOC alleviated the cell damage
caused by Y-27632 in cancer cells.

Tumour stem cells are cells with self-renewal and
multidirectional differentiation potential in tumour tis-
sues [44]. Although they represent a small percentage of
cells in tumour tissue, they are highly tumourigenic and
have a unique ability to self-regenerate [45]. During the
whole process of tumour development, tumour stem cells
exhibit strong drug resistance and radiation resistance
and have the ability to migrate [38]. Therefore, tumour
stem cells are more difficult to eliminate than are ordi-
nary tumour cells [46]. Through transcriptomic analysis,
we found that cancer cell stemness plays an important

“p<001,

xxx

p<0.001 compared with the control group. *p <0.05, #p <001,

role in the cancer-promoting effect of GluOC. There-
fore, we detected the expression levels of the stem genes
OCT4, NANOG and SOX2. Consistent with the genomic
results, we found that GluOC promoted the protein
expression of OCT4, NANOG, and SOX2, while Y-27632
attenuated this effect, but the addition of GluOC signifi-
cantly alleviated the effect of the inhibitor and induced
the proliferation of cancer cells.

We established a tumour-bearing mouse model and
injected precultured MDA-MB-231 breast cancer cells
into the right abdomen of BALB/c nude mice. Compared
with that in the control group, the serum osteocalcin level
in the 3 ng GluOC group was significantly greater, which
was consistent with the results of previous study [19]. HE
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staining revealed that 3 ng GluOC had a significant effect
on the proliferation of breast tumours and the formation of
lung metastases, and promoted the malignancy of MDA-
MB-231 cells. In addition, we observed increased expres-
sion of inflammatory factors such as IL-6, IL-12, IFN-y, and
Gata 3 in lung and spleen tissues, confirming the formation
of an inflammatory microenvironment. In addition, GluOC
increased the percentage of cells with positive expression of
Ki67 in tumour tissues, which is an important indicator of
prognosis in breast cancer patients.

Conclusion

In summary, our in vitro data suggest that GluOC acceler-
ates the metastasis of MDA-MB-231 breast cancer cells
by promoting ROCK1/MYPT1/MLC2 signalling, and by
promoting breast cancer cell proliferation via the ROCK1/
JAK2/PIK3CA/AKT signalling pathway. Our in vivo results
confirmed that 3 ng of GluOC increases the serum osteocal-
cin concentration in mice, promotes the lung metastasis of
breast cancer, and induces inflammatory responses, which
are important drivers of TNBC aggressiveness. The in vitro
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Fig. 10 Molecular mechanism by which GluOC promotes the proliferation and migration of MDA-MB-231 breast cancer cells

and in vivo results indicate that GluOC plays a role in pro-
moting the malignant behaviour of tumour cells. Based on
the GluOC data, this study provides a new therapeutic strat-
egy for controlling TNBC aggression.
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