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ADRB3 induces mobilization and inhibits differentiation of both
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Metastatic tumors are mainly composed of neoplastic cells escaping from the primary tumor and inflammatory cells egressing from
bone marrow. Cancer cell and inflammatory cell are remained in the state of immaturity during migration to distant organs. Here,
we show that ADRB3 is crucial in cell mobilization and differentiation. Immunohistochemistry revealed ADRB3 expression is
significantly more frequent in breast cancer tissues than in adjacent noncancerous tissues (92.1% vs. 31.5%). Expression of ADRB3
correlated with malignant degree, TNM stage and poor prognosis. Moreover, ADRB3 expression was markedly high in activated
disseminated tumor cells, myeloid-derived suppressor cells (MDSCs), lymphocytes and neutrophil extracellular traps of patients.
Importantly, ADRB3 promoted the expansion of MDSC through stimulation of bone marrow mobilization and inhibiting of the
differentiation of immature myeloid cells. Furthermore, ADRB3 promoted MCF-7 cells proliferation and inhibited transdifferentiation
into adipocyte-like cell by activating mTOR pathway. Ultimately, the MDSC-deficient phenotype of ADRB3 -/- PyMT mice was
associated with impairment of mammary tumorigenesis and reduction in pulmonary metastasis. Collectively, ADRB3 promotes
metastasis by inducing mobilization and inhibiting differentiation of both breast cancer cells and MDSCs.
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BACKGROUND
Breast cancer (BC) is the most commonly occurring cancer in
women [1, 2]. Metastasis is responsible for majority of deaths in
patients who have been successfully treated, especially triple-
negative breast cancer (TNBC) [3–5]. Metastatic tumors are
mainly composed of neoplastic cells escaping from the primary
tumor and inflammatory cells egressing from bone marrow.
Cancer cell and inflammatory cell are remained in the state of
immaturity during metastasis. Nevertheless, the mechanism of
the upregulation of mobilization and the downregulation of
differentiation of both cancer cells and inflammatory cells have
not been well illustrated.
Of the various factors, dormant disseminated tumor cells (DTCs)

reawakening and immunosuppression play pivotal roles in
metastasis. Cell cycle exit is a common precondition for both
reentry of DTCs into the dormant state and differentiation of the
immune cells. Therefore, defects in cell cycle exit impair the
reentry dormancy of DTCs as well as result in the accumulation of
immature immune cells, which promote pre-metastatic niche
(PMN) formation. Cell entry into the cell cycle is always associated
with upregulation of the nucleolar function and increased
nucleolar size [6]. The nucleolus is a multifunctional nuclear
domain, which, in addition to its well-known role in ribosome
biogenesis [7], plays crucial role in controlling cell cycle [8] and
preventing early G1 phase from returning G0 phase linked to
differentiation. Almost all cancer types display abnormalities in

their morphology and number of nucleoli [9]. Indeed, cardinal
changes occur in the proteome of the nucleolus during
tumorigenesis and viral infection. Non-nucleolar proteins (NNPs)
are directed to the nucleolus and vice versa [10]. Assembly of
nucleolus in early G1 phase could depend on NNPs shuttling
between the nucleoplasm and cytoplasm. Inhibition of nucleo-
cytoplasmic shuttling of NNPs would disrupt the nucleolar
assembly thereby induce cell cycle exit and differentiation. It is
also becoming evident that mTORC1/4E-BP pathway, which
regulates ribosome biogenesis, is often exploited by cancer cells
to sustain proliferation [11].
The tumor microenvironment (TME) play role in the outgrowth

of dormant cancer cells [12–14]. Once cancer cells avert
immunosurveillance induced by inflammation in the TME, they
emerge from dormancy and initiate colonization. Tumor-
associated macrophages and neutrophils (TAMs and TANs) that
descend from myeloid-derived suppressor cells (MDSCs) to
facilitate BC immune evasion are the major components of the
TME [15–18]. MDSCs are comprised of heterogenous immature
myeloid cells (IMCs) that appear in cancer and in pathologic
conditions associated with chronic inflammation or stress [19, 20].
Given MDSCs’ central role in BC promotion, inhibition of their
expansion and promoting IMCs differentiation may attenuate BC.
MDSCs expansion governed by the sympathetic nervous system
(SNS) that control myelopoiesis and myeloid cell mobilization to
meet the increased demand for myeloid cells. As a physiologic
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stress response, myelopoiesis is regulated by augmented activa-
tion of SNS through β3 adrenergic receptor (ADRB3) [21, 22].
However, the relationship of ADRB3 with MDSCs mobilization in
BC has never been explored.
It is becoming increasingly clear that the SNS, PMN and MDSCs

demonstrate cross-talk during DTCs reactivation by means of
β-adrenoceptors (β1, β2, β3) pathways. Recent studies proved that
upregulated activity of the SNS enhanced metastasis, which could be
antagonized by β-blockers [23–25]. However, β1/β2 antagonist
nadolol treatment increased number of lung metastases and splenic
MDSC frequency in the mammary-specific polyomavirus middle T
antigen overexpression mouse (MMTV-PyMT) [26]. Viral infection is
often accompanied by temporal localization of NNPs in the nucleolus
and participate in the infectious process [27–29]. We speculate that in
MMTV-PyMT mice, ADRB3 signaling acts to activate DTCs by
regulation of nucleolus functions. We previously demonstrated that
ADRB3 promotes tumor cell proliferation and inflammation through
activation monocyte-derived alveolar macrophages in non-small cell
lung carcinoma. Anti-ADRB3 monoclonal antibody induced cell cycle
arrest and accumulation of the tumor suppressor p53 [30], which
involved in nucleolar stress [31]. The lung is also one of the most
common places for metastatic BC. The recruitment of MDSCs
promotes a pro-inflammatory and immunosuppressive PMN in the
lung to sustain the formation of metastatic tumors. Here, we
evaluated the role of ADRB3 in MDSCs mobilization, PMN formation,
DTCs reactivation and BC metastasis.

MATERIALS AND METHODS
Reagents
β3-adrenoceptor agonist BRL 37344, antagonist SR59230A were from
Sigma-Aldrich (St. Louis, MO). mTOR, p-CENP-A (S7), p-Rb (S780), Cyclin D1,
p-Rictor (T1135), p-4E-BP1(T37/46), p-AKT (S473), p53, flag, PML, and Ki-67
antibody were from Cell Signaling (Danvers, MA). ADRB3, MPO, interleukin-
6 (IL-6), Nucleolin, Fibrillarin, Neutrophil elastase (NE), IFN-γ, PD-L1, CD8,
and CD68 antibody were from Abcam (Cambridge, MA). Transfections were
performed using Lipofectamine 3000 (Invitrogen) for plasmid. The
pcDNA3-Flag-ADRB3 was constructed by our lab.

Human tissue samples
BC tissue microarrays and patient profiles were obtained from Shanghai
Outdo Biotech. Peripheral blood samples and malignant pleural effusions
were obtained from eight BC patients treated in Zhuhai People’s Hospital
between 2019 and 2020. In addition, the blood samples of eight healthy
individuals who received physical examination were used as the normal
control group.

Cell culture
Human BC cell line MCF-7 were purchased from ATCC (Manassas, USA). All
cells were grown in DMEM (Gibco, USA) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin at 37 °C in a humidified air
with 5% CO2.

Generation of ADRB3-deficient MMTV-PyMT mouse model
MMTV-driven polyoma middle T antigen (PyMT) mice (FVB/N background)
and ADRB3 knockout mice (FVB/N background) were purchased from
Jackson Laboratory. PyMT mice were bred with ADRB3−/− mice to
generate PyMT/ADRB3−/− mouse. All animals were housed and experi-
mented in AAALAC accredited facility of Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). In spontaneous tumor
formation experiments, tumor measurement started at week 6 after birth
and continued until week 16 for WT and KO groups. Tumor sites were
palpated biweekly to monitor tumor latency and progression in female
PyMT/ADRB3+/+ or PyMT/ADRB3−/− mice. Mice were euthanized until
week 18, and the lungs were isolated for detecting the metastatic foci.

Tumor implantation
Female Balb/c nude mice (4–5 weeks old) were purchased and maintained
at the Laboratory Animal Center of Sun Yat-sen University. Tumor formation
was induced in Balb/c nude mice by the injection of 10 6 MCF-7 cells.

The longer (L) and the width (W) of the tumor were measured every 3 days in
period. The tumor volume was calculated via the formula V= (LW2)/2. Mice
were divided randomly into two groups (10 animals/group) when the tumor
volume reached 50–60mm3. Mice were intravenously injected through the
tail vein with 50 µg SR59230A every 3 days for 5 weeks, and the control
group was injected with DMSO. All mice used in this study were maintained
and used at the First Affilicated Hospital of Sun Yat-sen University mouse
facility according to institutional guidelines and animal study proposals
approved by the Institutional Animal Care and Use Committee.

Bromo-deoxyuridine (BrdU) immunostaining
Seed MCF-7 cells at a density of 105 cells/mL in culture plates and allow
cells to grow for 24 h before BrdU labeling. BrdU was added to culture
medium to a final concentration of 10 μm. After BrdU labeling for 2 h,
medium was removed and fixed cells in 2% formaldehyde. 2 M HCl
denatured DNA for 30min. Immunostained with a monoclonal anti-BrdU
antibody followed by fluorescent-dye conjugated secondary antibody.

Cell-viability assays
Cell viability was determined using thiazolyl blue tetrazolium bromide
(MTT) assays according to the protocols of the manufacturer and as
previously described [30].

Cell transdifferentiation
For the induction of adipocyte-like cell transdifferentiation, MCF-7 cells
were seeded at a density of 5 × 104 cells/mL/well in a 24-well plate. At
confluence (day 0), the cultured preadipocytes were induced to
differentiate by the addition of differentiating medium (DMEM containing
0.5 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 1 μg/mL
insulin (DMI)) from day 0 to day 12. The medium was refreshed every
3 days. At day 12, differentiated MCF-7 cells were subjected to Oil red O
solution. SR 59230 A was dissolved in dimethyl sulfoxide (DMSO) and was
added to the cell culture medium at concentrations of 0.1 and 1 μM from
day 0 to day 3, respectively.

Oil-red O staining
Cells were fixed with 10% formaldehyde solution for 15 min. Fixed cells
were washed with 60% isopropyl alcohol and were air dried. Stain with
freshly prepared Oil red O working solution 15 min. After the removal of
Oil red O solution, cells were washed four times with distilled water and
imaged. Accumulated intracellular Oil red O dye was completely
extracted by 1 mL of isopropanol and quantified by measuring its
absorbance at 490 nm.

Immunofluorescence and immunohistochemistry (IHC)
Cells were fixed in 4% formaldehyde and permeabilized in 0.2% Triton
X-100. After incubation with primary antibody followed by secondary
antibody in the dark, cell nuclei were stained by incubation with 4′,6-
diamidino-2-phenylindole (DAPI). Images were acquired on confocal
microscope (Leica, Germany) and analyzed with Fluorchem software
(Alpha Innotech, USA). ADRB3 expression levels were expressed as the
geometric mean fluorescence intensity (MFI). IHC assays were performed
as previously described [30]. The percentage of immunostaining and the
staining intensity (0, negative; 1+, weak; 2+, moderate; and 3+, strong)
were recorded. H-score was calculated using the following formula:
H‐score= (% of cells of weak × 1)+ (% of cells of moderate × 2)+ (% of
cells of strong × 3).

Western blot analysis
Protein was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride membrane.
After blocking, immunodetection was performed using primary and
horseradish peroxidase-labeled secondary antibodies, followed by detec-
tion with enhanced chemiluminescence.

Statistical analyses
Results for continuous variables are presented as means ± SEM. Treatment
groups were compared using independent sample t-tests. Pairwise
multiple comparisons used one-way ANOVA (two-sided). P-value of <0.05
was considered statistically significant. All analyses were performed using
IBM SPSS Statistics software version 23.0 (Chicago, USA).
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RESULTS
ADRB3 overexpression correlates with poorer tumor
differentiation, advanced clinical stage, and shorter survival
Immunohistochemistry revealed ADRB3 expression is significantly
more frequent in tumorous tissues than in adjacent noncancerous
tissues (Table 1), and frequency of ADRB3 expression does not
differ between non-TNBC (n= 203; Fig. 1A, B) and TNBC (n= 25;
Fig. 1C, D). The positive rate of ADRB3 expression in cancer tissue
was 92.1% (210/228), of which 56.7% (119/210) were intermediate
and strongly positive. In paracancerous tissue, the positive rate of
ADRB3 expression was 31.5% (28/89), of which 3.6% (1/28) were
intermediate and strongly positive (Supplementary Table. 1).
ADRB3 protein was primarily present in the cytoplasm and
nucleus. The ADRB3 staining score was significantly increased in
cancerous tissues (194.2 ± 32.6, n= 228) compared with adjacent
normal tissues (41.7 ± 6.8, n= 89) (P < 0.01; Fig. 1E). Furthermore,
high expression levels of ADRB3 were observed in tumor-
infiltrating macrophages.
The expression rate of ADRB3 in cancer tissues was positively

correlated with the malignant degree. The higher the malignant
tumor grade, the stronger the expression of ADRB3. The positive
rate in grade (G) 1, 2, 3 samples was 73.7% (28/38), 95.2% (139/
146), 97.6% (40/41), respectively. The positive rate in G2 or G3
was significantly higher than in G1 (P < 0.01; Fig. 1F). The positive
rate of ADRB3 in cancer tissues was also correlated with the TNM
stage (S). The more advanced the disease, the stronger the
expression of ADRB3. In S1, the positive rate was 65.0% (13/20),
but in S3, the positive rate increased to 100% (67/67). The ADRB3
positive rates in S2 or S3 was significantly higher than that in S1
(P < 0.01; Fig. 1G).
The positive rate of ADRB3 in cancerous tissues of patients

who were ≥55 years was significantly higher than in patients <55
years (97.0% vs. 88.3%, P= 0.017). ADRB3 expression in
cancerous tissue was positively correlated with Ki-67 (Supple-
mentary Table. 2-3). The ADRB3 expression level in cancer tissue
was significantly correlated with Ki-67 expression (r= 0.296, P=
0.02). Ki-67-positive samples had a higher ADRB3 score than Ki-
67-negative samples (P= 0.01).
Kaplan–Meier analysis for 142 patients with survival data

showed that patients with ADRB3-negative had a significantly
higher overall survival than patients with ADRB3-positive (P=
0.025, Supplementary Table. 4). The mean survival time in the two
groups were 154 months and 126 months, respectively. Shown in
the survival curve (Fig. 1H), with the increase in follow-up time, the
survival rate in ADRB3-positive patients decreased gradually up to

170 months, when the survival rate was ~60%; in contrast, the
survival rate in ADRB3-negative patients decreased more slowly
and was still above 90% after 170 months.

High ADRB3 expression in DTCs and immature immune cells
of BC patients
Malignant pleural effusions (MPE) are rich source of DTCs, we thus
examined the expression of the ADRB3 in DTCs from MPE.
Consistent with previous reports that ADRB3 is highly upregulated
on myeloid-derived cells [30], the MPE smears of BC patients (n= 8)
shows high expression ADRB3 in cytoplasm, nucleoplasm and
nucleolus of DTCs that surrounded by ADRB3+ MPO+ myeloid cell
(Fig. 2A), indicating adhesive ADRB3+ IMCs provide a protective
effect on activated DTCs survival. We thus hypothesize that DTCs
which had spread to the distant organs can create a defensive shield
consisting of ADRB3+ myeloid cell, which allows evasion of immune
surveillance and therefore facilitates reactivation of dormant DTCs.
In addition, we found that ADRB3+ Ki-67+ immature neutrophil

with its nucleus in an elongated “band” shape accumulated in
peripheral blood from patients (Fig. 2B, D). These cells released
ADRB3-rich neutrophil extracellular traps (NETs) that can entangle
and perhaps suppress cytotoxic T cell function (Fig. 2C, E). It was
revealed that serum NETs were identified as a predictive marker
for the onset of liver metastases in BC patients [32]. We detected
numerous ADRB3-rich NETs in peripheral blood from patients,
suggesting that cancer cells can induce NETs formation and
neutrophil recruitment via ADRB3. In contrast, plasma NETs were
absent in healthy controls. Lymphocytes that adhered to ADRB3+

myeloid cells or NETs also highly expressed ADRB3, especially in
the adhesive area (Fig. 2F). Both lymphocytes and myeloid cells
from BC patients had significantly higher level of ADRB3
compared with healthy adults (average age <30 years) (Fig. 2G,
H). Consistent with increased ADRB3, we observed that ADRB3
relocated to the nucleus and nucleolus in both neutrophils and
lymphocytes of BC patients. The nuclear translocation of ADRB3
could contribute to chromatin decondensation and formation of
NETs. In contrast, there were very few ADRB3 in the nucleus of
immune cells from healthy donors. When the evaluation was
extended to T cells, we observed a significantly higher expression
of ADRB3 on CD8+ T cells in peripheral blood from BC patient
(Fig. 2I) compared with healthy controls (Fig. 2J).
BC patients showed increased MFI of ADRB3 expression in

lymphocytes and myeloid cells compared to healthy controls
(10.5 ± 1.6 vs. 3.3 ± 0.5; P< 0.01; 17.5 ± 2.8 vs. 6.3 ± 0.9; P< 0.05,
respectively) (Fig. 2K). BC patient lymphocytes were ADRB3high Ki-67-,

Table 1. Correlations between the expression of ADRB3 and histological grade, AJCC staging (6th) of BC.

Patients (n) ADRB3 positive (n) ADRB3 positive rate (%)

<55 years 129 114 88.3 χ2= 5.7, P= 0.017.

≥55 years 99 96 97.0

Cancer tissue 228 210 92.1 χ2= 125.8, P < 0.001.

Paracancerous tissue 89 28 31.5

TNBC 25 23 92.0

NON-TNBC 203 187 92.1

Grade

1 38 28 73.7

2 146 139 95.2 Compared with grade 1, χ2= 16.7, P < 0.01.

3 41 40 97.6 Compared with grade 1, χ2= 9.4, P < 0.01.

TNM stage

1 20 13 65.0

2 122 111 90.9 Compared with stage 1, χ2= 10.5, P < 0.01.

3 67 67 100.0 Compared with stage 1, χ2= 25.5, P < 0.01.
Compared with stage 2, χ2= 6.4, P= 0.011.
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which arrested in early G1 phase, whereas ADRB3high Ki-67+ MDSCs
with highly replicative potential lead to excessive inflammation and
form a shied that protects DTC from immune effector cells.
To evaluate if ADRB3 expression is also upregulated during

myeloid development, we detected the level of ADRB3 in bone
marrow cells (BMC) of hematopoietic stem cells (HSCs) donors (n= 5)
injected Granocyte (recombinant glycosylated human granulocyte
colony-stimulating factor), which is widely used to stimulate
granulopoiesis and mobilize HSCs into the blood. We found that
there was a significant increase of ADRB3 expression in myeloid cells
of donor’s BM after treatment of Granocyte (Fig. 2L, M). ADRB3
expression was quickly decreased and returned to normal levels after
the drug was stopped. Thus, ADRB3 protein expression transiently
increases and then rapidly decreases during the early stages of
myeloid progenitor development, suggesting that ADRB3 could
promote the transient expansion of IMCs through stimulation of IMCs
mobilization and inhibiting the differentiation of IMCs.

ADRB3 prevents cell cycle exit linked to differentiation by
facilitating nucleolar assembly and activating mTOR
ADRB3 accumulated in the nucleolus of Ki-67- MCF-7 cells, which
were in early G1 phase (Fig. 3A). ADRB3 colocalized with either dense
fibrillar component (DFC) protein fibrillarin (Fig. 3B) or granular
component (GC) protein such as Ki-67 and nucleolin (Fig. 3C). The
colocalization of proteins in the same structure does not indicate
whether or not these proteins interact. However, the nuclear
translocation of nucleolin was impaired by ADRB3 antagonist

SR59230A (SR) (Fig. 3C). The assembly of the nucleolus starts during
telophase [33]. ADRB3 localized dynamically to the centrosome
during metaphase and to the nucleolus during telophase and
cytokinesis (Fig. 3D). ADRB3 was enriched within the nucleolus of G1
phase cells that were unable to incorporate BrdU, as well as the cells
during cytokinesis (Fig. 3E), indicating ADRB3 participated in
nucleolar assembly from cytokinesis to G1 phase. Flag-tagged
ADRB3 colocalized with the anti-ADRB3 (Abcam) (Fig. 3F), indicating
the ADRB3 antibody staining was specific. Further, cytoplasm flag-
tagged ADRB3 was unable to transport across the nuclear membrane
along microtubules, suggesting that ADRB3 translocated from the
cytoplasm to nucleolus.
Next, we assessed the effect of ADRB3 on MCF-7 cells growth

in vitro. MTT assays showed that SR significantly decreased cell
viability. The 72-h inhibitory concentration 50 (IC50) of SR in the
MCF-7 cells were found to be 3.95 μg/mL. Compared with the
control group, SR significantly increased the proportion of the MCF-
7 cells in G1 phase (67.3 ± 12.1% vs. 28.0 ± 8.4%, P < 0.05).
The mammalian target of rapamycin (mTOR), in response to the

energy state and nutrient status, plays a role in the coordination of
cell growth and the cell cycle [34, 35]. We then analyzed the effect
of ADRB3 on activity of mTORC1 and mTORC2. The phosphoryla-
tion of p-mTOR S2448 (mTORC1) induced by ADRB3 agonist
BRL37344 (BRL) peaked at 10min and p-mTOR S2481(mTORC2)
did at 60 min (Fig. 3G). Furthermore, p-CENP-A (S7), p-Rb (S780),
p-Rictor (T1135), p-4E-BP1(T37/46) and p-AKT (S473) were
increased by BRL in a time-dependent manner (Fig. 3G).

Fig. 1 ADRB3 expression in breast cancer. A, B Representative tissue spots of ADRB3 expression in cancerous tissue and paracancerous
tissue of different grade in non-TNBC. Each row represents two specimens from the same patient; the left is cancerous tissue, the right is
paracancerous tissue, bars= 50 μm. Red arrows indicate macrophages. C, D Representative tissue spots of ADRB3 expression in cancerous
tissue and paracancerous tissue of different grade in TNBC. Each row represents two specimens from the same patient; the left is cancerous
tissue, the right is paracancerous tissue, bars= 50 μm. Red arrows indicate macrophages. E The ADRB3 staining score was significantly
increased in cancerous tissues (194.2 ± 32.6) compared with adjacent normal tissues (41.7 ± 6.8), *P < 0.01. F Poorly differentiated BC samples
showed higher ADRB3 protein expression, compared with those well-differentiated BC samples, *P < 0.01. G The ADRB3 staining score was
significantly increased along with more advanced TNM stage in BC tissues, *P < 0.01. H Kaplan–Meier curves of the overall survival of 142
breast cancer patients with negative or positive ADRB3 expression. The ordinate is the cumulative survival rate, and the abscissa is the survival
time (months).
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Cancer cells are undifferentiated because they cannot exit the
cell cycle. Cancer cells may share characteristics with 3T3-L1
preadipocytes, which undergo growth arrest before adipocyte
differentiation. Therefore, we investigated whether ADRB3
affected the transdifferentiation of MCF-7 cells into adipocyte-
like cells by impairing cell cycle exit. Transdifferentiation was

initiated by adding SR (0.1 or 1 μM) in MCF-7 cells before
being exposed to differentiation media containing DMI. SR-
treatment promoted their differentiation into adipocytes-like
cells in a dose-dependent manner as measured by Oil Red O
staining (Fig. 3H) associated with decreased ADRB3 expression
(Fig. 3I).

Fig. 2 High ADRB3 expression in DTCs and IMCs of BC patients. A Representative images of immunofluorescence results for anti-ADRB3
(red) and anti-MPO (green) staining on MPE smear show that ADRB3 was expressed on myeloid cells (MPO+ cells). Confocal images were
collected using a 63× oil-immersion lens. B Immunofluorescence of ADRB3 (red) and MPO (green) in blood smear of BC patients. Middle and
right: Highly magnified view of left. White arrows indicate myeloid cells, red arrows indicate lymphocytes. C Immunofluorescence of ADRB3
(red) and MPO (green) on NETs in blood smear of BC patients. White arrows indicate myeloid cells, red arrows indicate lymphocytes.
D Immunofluorescence of ADRB3 (red) and Ki-67 (green) in blood smear of BC patients. Middle and right: Highly magnified view of left. White
arrows indicate myeloid cells, red arrows indicate lymphocytes. E Immunofluorescence of ADRB3 (red) and Ki-67 (green) on NETs in blood
smear of BC patients. F Immunofluorescence of ADRB3 (red) and Ki-67 (green) on adherens junction between lymphocytes and neutrophils in
blood smear of BC patients. White arrows indicate myeloid cells, red arrows indicate lymphocytes. G, H Immunofluorescence of ADRB3 (red),
MPO (green), and Ki-67 (green) in blood smear of healthy controls. White arrows indicate myeloid cells, red arrows indicate lymphocytes.
I Immunofluorescence of ADRB3 (red) and CD8 (green) in blood smear of BC patients. M: monocyte. Red arrows indicate lymphocytes.
J Immunofluorescence of ADRB3 (red) and CD8 (green) in blood smear of healthy controls. Red arrows indicate lymphocytes. K Mean
fluorescent intensities (MFI) of ADRB3. Data is expressed as means ± SEM of six independent experiments. *P < 0.05 compared with the healthy
controls. L, M Immunofluorescence of ADRB3 (red) and MPO (green) in BMC of healthy person (n= 5) and hematopoietic stem cell
transplantation donors (n= 5). #P < 0.01 compared with the healthy adults.
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SR59230A inhibits breast cancer xenograft tumor growth
To confirm the growth effect of ADRB3 in vivo, we performed an
in vivo tumorigenesis study by inoculating MCF-7 into nude mice
with or without SR59230A treatment. Mice were intravenously
injected through the tail vein with 50 µg SR59230A every 3 days.

The results showed that SR59230A led to slower growth rate and
smaller tumor volume (321.3 ± 51.4 mm3) compared with the
control group (762.7 ± 74.8 mm3; P < 0.05) (Fig. 4A, B). The
expression of p-mTOR S2448, p-4E-BP1(T37/46), p-mTOR S2481
and Rictor were decreased in tumor of SR group (Fig. 4C, D).
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ADRB3 loss impairs MMTV-PyMT tumor formation and
metastasis
MMTV-PyMT mice develop highly invasive mammary tumors that
metastasize spontaneously to the lung [36–39]. PyMT, the main
polyoma virus (Py) oncogene, by itself will only transform these
cells when p53 is inactivated [40]. To evaluate the relevance of
ADRB3 gene in promotion of tumor growth in immune
competent mice, we crossed ADRB3-/- mice with the MMTV-
PyMT transgenic mice, a mouse model of breast cancer that
mirrors the multistep progression of human breast cancers, and
generated female cohorts with the genotypes of PyMT-ADRB3+/+

mice and PyMT-ADRB3-/- mice. In female PyMT-ADRB3+/+ mice
(n= 10), mammary tumors occurred as early as week 6, and by
week 10, 80% of the mice developed tumors. In contrast, we
observed a 2–3 week delay in palpable tumors in female PyMT-
ADRB3-/- mice (n= 10), and 50% of the mice developing palpable
tumors after week 10. By 18 weeks of age, whereas all PyMT-
ADRB3+/+ mice developed multiple tumors, reduced incidence of
tumor formation (100% vs. 70%, P= 0.003) and dramatic
reduction in tumor volume were found in PyMT-ADRB3-/- mice
(3403 ± 321 vs. 1,743 ± 150 mm3, P < 0.05) (Fig. 5A–C).
PyMT-ADRB3-/- mice developed markedly reduced incidence

of lung metastases compared with PyMT-ADRB3+/+ mice (100% vs.

60%, P= 0.001). Significantly reduced the number of neutrophils and
monocytes was detected in PyMT-ADRB3-/- mice as compared with
control littermates (4.7 ± 0.4 vs. 2.4 ± 0.2, P< 0.05; 4.7 ± 0.4 vs. 2.4 ±
0.2, P< 0.05) (Fig. 5D), suggesting that cancers, through a systemic
effect on the host by ADRB3, can induce an increase in peripheral
blood neutrophils, which are predisposed to NET formation.
Frequencies of CD11b+ Gr-1+ MDSCs were decreased in the spleens
of PyMT-ADRB3-/- mice (25.3 ± 2.7% vs. 8.2 ± 1.2%; P< 0.05, Fig. 5E).
Immune cells shape the microenvironment around the metastatic
foci and are important modulators of the metastatic cascade [41]. To
determine whether deletion of ADRB3 affects PMN for the malignant
tumor cells, we analyzed the expression of several genes related to
inflammation, macrophages and T cells by IHC using the specimens
of mice lung tissues (Fig. 5F, G). In the PyMT-ADRB3-/- mice, the lung
tissues exhibited significantly lower expression levels of neutrophil
elastase (NE) and interleukin-6 (IL-6) (P< 0.05). NE is termed as NET
core signature [42]. In contrast to macrophages, neutrophils were not
considered to be major players in the TME because they have a short
life span. However, ADRB3-induced NETs could exist for a long
time and contribute to the formation of PMN, which shielded DTCs
from clearance of cytotoxic T lymphocytes. The number of CD68+

macrophages in the lung parenchyma was significantly decreased
upon ADRB3 deletion. Furthermore, the expression of interferon

Fig. 3 ADRB3 translocates into the nucleolus during early G1 phase and activates mTOR/4E-BP pathway. A Intracellular localization of
ADRB3 (red) and Ki-67 in MCF-7 cells. DAPI was used for costaining nuclei (blue). Confocal images were collected using a 63× oil-immersion
lens. B Intracellular localization of ADRB3 (red) and fibrillarin in MCF-7 cells. C Intracellular localization of ADRB3 (red) and nucleolin in MCF-7
cells treated with or without 10 µM SR59230A (SR) for 24 h. D Intracellular localization of ADRB3 (red) and α-tubulin in MCF-7 cells during
mitosis. E ADRB3 was enriched in the nucleolus of G1 or cytokinesis cells which were unable to incorporate BrdU. F Immunofluorescence of
ADRB3 (green) and flag-tagged ADRB3 (red) in MCF-7 cells transfected pcDNA3-FLAG-ADRB3. G Representative images of immunoblot
showing p-mTOR (S2448), p-CENP-A (S7), p-Rb (S780), cyclin D1, p-mTOR (S2481), p-Rictor (T1135), p-4E-BP1(T37/46), p-AKT (S473), and
GAPDH levels in MCF-7 cells treated with 10 μM BRL37344 (BRL). H Intracellular lipid was stained by Oil Red O (ORO) on day 12 and
quantification of ORO dye by spectorphotometer at 490 nm. All experiments were repeated at least three times. *P < 0.05, #P < 0.01.
I Representative images of immunoblot showing ADRB3 and GAPDH levels in MCF-7 cells treated with or without SR59230A.

Fig. 4 Effects of SR59230A on mouse xenograft tumors in vivo. A Representative images of nude mice and tumors. B Growth curve of
tumors for phosphate-buffered saline or SR59230A treatment group. n= 10 in each group. *P < 0.05 compared with the controls.
C, D Immunohistochemical analysis of p-mTOR S2448, p-4E-BP1(T37/46), p-mTOR S2481 and rictor expression in xenografts (×200
magnification), #P < 0.01 compared with the controls.
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gamma (IFN-γ), a representative Th1 cytokine, in the lung of
PyMT-ADRB3-/- mice was importantly higher than that of the
PyMT-ADRB3+/+ mice. These results show that inhibiting the
recruitment of MDSCs into the pre-metastatic lung, through
ADRB3 depletion, maintain cytotoxic T-cell function and keep
dormant DTC from growing.

DISCUSSION
In the present study, using tissue microarrays and ADRB3
knockout MMTV-PyMT mice models, we report that ADRB3
expression correlates with BC aggressiveness, and leads to BC
progression, metastasis, and immunosuppression by preventing
either cancer cells or IMCs from exiting cell cycle. In addition, we
highlight that ADRB3 expression is not only restricted to cancer
cells, but it is also expressed in activated DTCs, proliferative MDSCs
and activated T cells. Particularly, we demonstrated that ADRB3

can (i) reactivate dormant BC cells, (ii) prevent the transdiffer-
entiation of MCF-7 cells into adipocyte-like cells, (iii) regulate
nucleolar assembly and (iv) promote the expansion of MDSC
through stimulation of myelopoiesis and inhibiting of the
differentiation of myeloid cells. Moreover, ADRB3 activation in
MDSCs induces pro-inflammatory cytokines secretion, NETs
formation and recruitment of MDSCs into the pre-metastatic lung
to form a shied that protects DTC. Noteworthy, frequency of
ADRB3 expression does not differ between non-TNBC and TNBC.
Therefore, we propose that the ADRB3 is a major tumor driver and
a vulnerability in TNBC.
It has become increasingly clear that successful cancer

immunotherapy will be possible only with a strategy that involves
the elimination of suppressive factors from the body. As MDSCs
are one of the main immunosuppressive factors in cancer,
suppressing these cells function or reducing their numbers could
support the immune system’s response to tumors. ADRB3 deletion

Fig. 5 ADRB3 loss impairs MMTV-PyMT tumor formation and metastasis. A Tumor growth kinetics (n= 10 WT, n= 10 KO mice, 3 tumors per
mouse), *P < 0.05. Two-way ANOVA test with Holm-Šidák multiple-comparisons test. B Observation of breast tumor of 18-week-old PyMT-
ADRB3+/+ and PyMT-ADRB3-/- mice. C The photograph of the excised tumors. D Numbers of neutrophils, monocytes and lymphocytes in the
blood of 18-week-old PyMT-ADRB3+/+ and PyMT-ADRB3-/- mice. EDTA anti-coagulated blood samples were used to obtain a complete blood
count with automated hematology analyzer. E Frequencies of CD11b+ Gr-1+ cells in spleens from PyMT-ADRB3+/+ and PyMT-ADRB3-/- mice,
*P < 0.05. F, G Immunohistochemical analysis of ADRB3, neutrophil elastase (NE), CD68, IL-6, and IFN-γ and Rictor expression in lung tissues
(×200 magnification), *P < 0.05 compared with PyMT-ADRB3+/+ mice.
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results in substantial decrease in the presence of MDSCs probably
through inhibiting the expansion of MDSCs from bone marrow
progenitors or promoting their differentiation into mature myeloid
cells in PyMT mice. In conditions of acute stress, there is a
transient expansion of IMCs population through ADRB3 pathway,
which then quickly differentiates into mature myeloid cells
accompanied by degradation of ADRB3. However, cancer cells
chronically induce ADRB3 expression in IMCs as important
‘gatekeepers’ that prevent cell cycle exit linked terminal differ-
entiation. Future studies will reveal whether ADRB3 can be
considered part of a myeloid cell regulatory network.
Cellular proteins that are not normally present in the nucleolus

can be relocated to the nucleolus and participate in the cancer
process and viral infection. During viral infection numerous viral
components localize in nucleoli, while non-nucleolar proteins
reach the nucleolus [27]. ADRB3 loss impedes mammary tumor
occurrence through the interplay between viral proteins (PyMT)
and nucleolus of mammary epithelial cells in MMTV-PyMT mice.
Ribosome biogenesis is a limiting factor for dormant cell

growth. Abnormal increases in nucleolar size and number caused
by dysregulation of ribosome biogenesis have emerged as
hallmarks in the majority of cancers [43]. ADRB3 accumulated in
the nucleolus of Ki-67-negative MCF-7 cells, suggesting that the
achievement of an adequate ribosome regulated by ADRB3 during
the dormant phase makes it possible for the cell to overcome the
G0-G1 phase restriction point. A key player for the regulation of
ribosomal synthesis in response to extracellular conditions is the
mTOR [44]. We found that ADRB3 increased the activation of
mTOR, which suggests that ADRB3 may function to coordinate
mTOR-dependent regulation of ribosomal synthesis.
T-cell senescence and exhaustion induced by malignant tumors

are two important dysfunctional states that coexist in cancer
patients [45]. Under normal conditions, naive T cells are actively
maintained in a quiescent state that is an important protective
mechanism against senescence. However, cancer cells may induce
naïve T cell to arrest in G1 phase and subsequent senescence by
awakening quiescence through upregulation of ADRB3 without
antigen stimulation. Thus, persistent delivery of costimulatory
signals via ADRB3, as may occur during tumorigenesis or viral
infections, can exhaust the naïve T-cell pool and is sufficient to
induce lethal immunodeficiency. Moreover, β3-adrenoceptors have
been reported to increase with aging [46]. Our findings also show
that the positive rate of ADRB3 in cancerous tissues of patients who
were ≥55 years was significantly higher than in patients <55 years
(Table 1), suggesting ADRB3 is associated with cellular senescence.
T-cell exhaustion is a state of T-cell dysfunction that arises during
viral infections and cancer [47], and the ADRB3 signaling might
play a role in this process. Exhausted effector T cells are unable to
release IFN-γ [48]. Deficiency of ADRB3 upregulates IFN-γ expres-
sion in the lungs of MMTV-PyMT mice, suggesting that blocking the
ADRB3 pathway restores T cell function.

CONCLUSIONS
In conclusion, this study has identified ADRB3 as an important
regulatory factor in BC progression and metastasis, possibly acting
through MDSCs. Consequently, therapeutics targeted at ADRB3
could potentially benefit patients.

DATA AVAILABILITY
The datasets used and analyzed during the current study are available from the
corresponding author on reasonable request.
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