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QAP14 suppresses breast cancer stemness and metastasis via
activation of dopamine D1 receptor
Ling Yong1, Ye Yao1, Guo-shu Chen2, Xiao-xue Yan2, Yu-chen Guo1, Meng-yi Han1, Jun-sheng Xue1, Wei-zhe Jian1 and Tian-yan Zhou1

Breast cancer is the second leading cause of cancer-related mortality in women, mainly due to metastasis, which is strongly
associated with cancer stemness. Our previous studies showed that the eradication of cancer stem-like cells (CSCs) may be related
to the activation of dopamine D1 receptor (D1DR). This study aimed to explicitly demonstrate the target-role of D1DR activation in
antimetastatic therapy and to investigate the potential efficacy and the underlying D1DR-related mechanisms of QAP14, a new oral
compound. 4T1, MDA-MB-231, and D1DR-knockout 4T1 (4T1-D1DR) cells were selected for in vitro study, while 4T1 and 4T1-D1DR
cells were further used to establish a mouse allograft model for in vivo study. Our results showed that D1DR is abundantly
expressed in both 4T1 and MDA-MB-231 cells and that knocking out D1DR in 4T1 cells accelerated migration and invasion in vitro
as well as lung metastasis in vivo. QAP14 inhibited colony formation, cell motility, mammosphere formation and CSC frequency,
induced CSC apoptosis and D1DR expression, and increased cAMP/cGMP levels. Additionally, QAP14 showed inhibitory effects on
tumor growth and lung metastasis with acceptable safety in vivo. Knocking out D1DR almost completely abolished the efficacy,
confirming that QAP14 exhibits its anti-CSC and antimetastatic effects through D1DR activation. The underlying mechanisms
involved suppression of the nuclear factor κB (NF-κB)/protein kinase B (Akt) pathway and consequent downregulation of both
epithelial-to-mesenchymal transition (EMT) process and cancer stemness. In summary, our findings suggest a potential candidate
compound, QAP14, as well as a potential target, D1DR, for metastatic breast cancer therapy.
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INTRODUCTION
In women, breast cancer is the second leading cause of cancer-
related mortality, which results primarily from metastasis [1].
Furthermore, metastasis is responsible for up to 90% of all cancer-
associated deaths. However, therapies for metastatic breast cancer
are rather limited [2]; hence, it is highly desirable to develop new
treatment strategies.
Cancer stem-like cells (CSCs), which are closely associated with

poor clinical outcomes, represent a specific population of cells
with the ability to self-renew and generate a new tumor [3]. Breast
cancer is regarded as a stem cell disease characterized by the
existence of CSCs that proliferate and differentiate to produce
advanced metastatic disease, which may partially explain why
traditional chemotherapies targeting differentiated tumor cells fail
to eradicate CSCs and cure metastatic cancers. In recent years,
CSC-specific drugs such as salinomycin [4], metformin [5], vitamin
D3 [6], and piperine [7] have been in development and have
received considerable attention. However, the similarities in
features and signaling pathways between CSCs and human
pluripotent stem cells (hPSCs) may lead to indiscriminate killing
of cells.
Drugs targeting dopamine receptors (DRs) are capable of acting

specifically on CSCs while sparing normal hPSCs due to the
specific expression of DRs on CSCs [8]. DRs are classified as

D1-class receptors (D1DR and D5DR) and D2-class receptors
(D2DR, D3DR, and D4DR). Several antipsychotic D2DR antagonists,
including thioridazine [8], sulpiride [9] and trifluoperazine [10],
have been demonstrated to be effective for the inhibition of CSCs.
Our previous study found that dopamine (DA) can decrease the
CSC frequency in drug-resistant breast cancer and non-small cell
lung cancer by D1DR activation [11, 12]. The D1DR agonists
fenoldopam (FEN) and l-stepholidine (l-SPD) also exhibited anti-
CSC effects and further reduced lung metastasis in a 4T1 allograft
model [13]. However, these studies did not directly demonstrate
that D1DR is the target of these drugs’ actions.
In addition, antipsychotic drugs can cross the blood–brain

barrier, which may cause unexpected effects on the central
nervous system. DA, FEN, and l-SPD can only be administered
intravenously, and their plasma elimination half-lives are extre-
mely short (usually a few minutes). These disadvantages may limit
their clinical application for cancer treatment. Therefore, the N-
arylpiperazine-containing compound C2 was originally synthe-
sized and was shown to have high affinity for D1DR and anti-CSC
effects on pancreatic cancer [14]. In addition, the compound C17,
an analog of C2, was shown to visibly decrease the CSC population
in metastatic breast cancer [15]. The underlying mechanisms were
only preliminarily investigated, and the D1DR antagonist SCH
23390 (abbreviated SCH) was used instead of genetic engineering
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techniques such as knockout of D1DR to verify the potential
target. Additionally, the underlying mechanisms associated with
activation of D1DR in addition to the epithelial-to-mesenchymal
transition (EMT) process remain to be explored. Therefore, it is of
great value to explicitly demonstrate the relationship between
D1DR activation and antimetastatic efficacy as well as to
comprehensively investigate D1DR-related mechanisms.
The aim of this study was to explore the inhibitory effect of a

new aminoquinazoline aryl piperazine derivative, QAP14, on
breast cancer metastasis as well as to comprehensively investigate
the underlying mechanisms and to directly confirm the role of
D1DR activation in antimetastatic therapy. This study may identify
a potential candidate for the treatment of metastatic breast
cancer.

MATERIALS AND METHODS
Reagents and antibodies
QAP14 (purity >95%, structure shown in Fig. 1a) was synthesized
by Professor Guo-shu Chen’s laboratory, Guangzhou University,
China. Hoechst 33342 (14533-100MG) and SCH 23390 (D054-
10MG) were obtained from Sigma-Aldrich, USA. Sunitinib (SUN)
was purchased from Meilun Biotech Co., Ltd., China. The anti-
D1DR antibodies used for immunofluorescence staining (ab20066)
and for Western blotting (sc-33660) were purchased from Abcam,
USA, and Santa Cruz Biotechnology Inc., USA, respectively. Anti-
rabbit IgG (HRP-linked) (7074), anti-mouse IgG (HRP-linked) (7076),
anti-NF-κB p65 (8242), anti-phospho-NF-κB p65 (3033), anti-IκBα
(4814), anti-phospho-IκBα (2859), anti-IKKβ (8943), anti-phospho-
IKKα/β (2697), anti-Akt (4691), anti-phospho-Akt (4060), anti-E-
cadherin (3195), anti-N-cadherin (13116), anti-Vimentin (5741),
anti-Slug (9585), anti-Snail (3879), anti-ZO-1 (8193) and anti-
Histone H3 (4499) antibodies were obtained from Cell Signaling
Technology, USA. Anti-rabbit IgG H&L (FITC) (ab6717), anti-MMP2
(ab37150) and anti-β-actin (ab179467) antibodies were purchased
from Abcam.

Cell lines and cell culture
The mouse mammary carcinoma cell line 4T1 and human breast
cancer cell line MDA-MB-231 were purchased from the Institute of
Materia Medica, Academy of Medical Sciences, China. The D1DR-
knockout 4T1 (4T1-D1DR) cell line was constructed using CRISPR/
Cas9 and verified by Cyagen Biosciences Inc., China. The gRNA
sequences used for establishment of the 4T1-D1DR cell line are as
follows:
gRNA1: 5'-TAACCTCTGTGTGATCAGCGTGG-3'
gRNA2: 5'-CCAGCCCTTTCCAGTATGAGAGG-3'
gRNA3: 5'-AAGTCCATGCTACGCTAATCAGG-3'
4T1 and 4T1-D1DR cells were cultured in RPMI-1640 medium,

while MDA-MB-231 cells were cultured in Leibovitz’s L-15 medium.
Both media were supplemented with 10% fetal bovine serum
(FBS) (PAN-Biotech, Germany) and 1% penicillin-streptomycin
(GIBCO, USA). Cells were maintained in a humidified atmosphere
with 5% CO2 at 37 °C and subcultured when ~80% confluent.

Colony formation assay
4T1, 4T1-D1DR, and MDA-MB-231 cells (1500 cells/well) were
seeded in six-well plates. After 24 h of incubation, the cells were
treated with 2 or 8 μM QAP14 for 48 h, with or without 2 μM SCH, a
D1DR antagonist [15]. Then, the culture medium was replaced
with drug-free medium, and the cells were incubated until the
colonies contained ~50 cells on average. The colonies were
subsequently fixed with methanol, stained with crystal violet
solution and counted using an ImageQuant TL 7.0 (GE
Healthcare, USA).

Sphere formation assay
4T1 and MDA-MB-231 cells (2 × 104 cells/well) were plated in ultra-
low attachment six-well plates in spheroid medium (DMEM-Ham’s
F12 medium containing 10% B27, 10 ng/mL basic fibroblast
growth factor (bFGF), 20 ng/mL epidermal growth factor and 5 μg/
mL insulin). Cells were incubated for 5 days and were then treated
with 8 μM QAP14 and 2 μM SCH alone or in combination for
2 days. Then, spheroids were photographed using an IX70
inverted fluorescence microscope.

Detection of CSC frequency
After 5 days of incubation and 2 days of treatment with 8 μM
QAP14 alone or in combination with 2 μM SCH, mammospheres
formed from 4T1 cells (4T1-BCSCs) and MDA-MB-231 cells (MDA-
MB-231-BCSCs) were collected, dissociated, and suspended.
Aldehyde dehydrogenase (ALDH), a stem cell marker, was
detected with an ALDEFLUORTM Kit (STEMCELL Technologies,
Canada). For each sample, a test group and a negative control
group treated with diethylaminobenzaldehyde, an ALDH inhibitor,
were established. After incubation for 45 min at 37 °C, the CSC
frequency was determined with a FACSCalibur flow cytometer
(Becton Dickinson, USA).

Detection of apoptotic cells
The proportion of apoptotic cells was evaluated using a FITC
Annexin V Apoptosis Detection Kit with PI (BioLegend, USA). After
treatment with 4 or 8 μM QAP14 and/or 2 μM SCH for 48 h, 4T1
and MDA-MB-231 spheres were dissociated, washed and resus-
pended in 400 μL of cold Annexin-V labeling buffer. Next, the cells
were stained with 10 μL of FITC-labeled Annexin-V antibody for 10
min and subsequently incubated with 5 μL of PI on ice for another
5 min in the dark. The apoptotic cell frequency was determined
with a FACSCalibur flow cytometer (Becton Dickinson).

Wound healing assay
4T1, 4T1-D1DR, and MDA-MB-231 cells were seeded in six-well
plates at densities of 2 × 104 cells/well, 2 × 104 cells/well and 1.5 ×
104 cells/well, respectively; incubated overnight for attachment;
and treated with 2, 4, or 8 μM QAP14 in the presence or absence
of 2 μM SCH. Scratch wounds were created with sterile 200 μL
pipette tips and rinsed with PBS. After 12 h of treatment, the cells
were fixed with methanol, and the wounded area was photo-
graphed under a BDS 400 inverted microscope (Chongqing Optec
Instrument, China) to measure the migration distance.

Transwell migration and invasion assays
For the transwell migration assay, cells suspended in serum-free
medium were seeded in the upper chambers of 24-well plates at a
density of 3 × 104 cells per well, and 500 μL of medium
supplemented with 10% FBS was added to the lower chambers.
Vehicle, QAP14 (2, 4, or 8 μM) and SCH (2 μM) were added to the
medium in both the upper and lower chambers. After 16 h, the
upper surface of the filter was wiped to remove all attached cells,
and the migrated cells were fixed with methanol and stained with
0.5% crystal violet solution. Images were acquired using an IX70
inverted fluorescence microscope, and the migrated cells were
counted.
For the transwell invasion assay, the upper chamber membrane

was coated with a 10% matrix gel, and the lower chamber
contained 600 μL of medium containing 20% FBS. Cells that
invaded through the membrane into the lower chamber were
imaged and quantitated after treatment for 32 h (4T1 and 4T1-
D1DR cells) or 24 h (MDA-MB-231 cells). The procedures for the
remaining steps were similar to those used for the transwell
migration assay.
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Immunofluorescence staining
For detection of D1DR expression, 4T1, 4T1-D1DR and MDA-MB-231
cells were seeded in 15mm glass-bottom confocal dishes and
cultured for 24 h. To assess the effect of different compounds,
4T1 cells were cultured for 12 h and incubated with 4 or 12 μM
QAP14, 2 μM SCH or a combination of 4 μM QAP14 and 2 μM SCH
for another 12 h. After being washed with PBS, cells were fixed with
4% paraformaldehyde for 20min; blocked with 10% BSA solution
containing 0.1% Tween 20, 0.3% Triton X-100 and 22.52mg/mL
glycine for 1 h; and incubated with primary antibodies against D1DR
(1:1000), NF-κB p65 (1:500) or phospho-NF-κB p65 (1:200) overnight
at 4 °C. Then, cells were incubated in the dark with a FITC-
conjugated secondary antibody (1:1000) for 1 h. Hoechst 33342
(Hoechst; 5 μg/mL) was used to stain nuclei for 30min before
visualization under a TCS SP8 confocal microscope (Leica, Germany).

Western blotting analysis
Total cellular protein was obtained by lysing cells with RIPA lysis
buffer containing 1% PMSF (and 1% proteinase inhibitor for
phosphorylated protein detection), while nuclear protein was
extracted using a Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, China). The protein concentration was determined with
a Protein BCA Assay Kit (Beyotime, China). Proteins (30–50 μg)
were separated by 10% SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes. The membranes were then blocked
with 5% BSA for 1.5 h and incubated at 4 °C overnight with
primary antibodies, which were later detected with secondary
antibodies (HRP-anti-rabbit (1:6000) or HRP-anti-mouse (1:1000)
IgG) at room temperature for 1.5 h. Finally, the target proteins
were quantified with an Amersham Imager 600 (GE Healthcare,
USA) after visualization with ECL solution.

Measurement of cyclic adenosine monophosphate (cAMP) and
cyclic guanosine monophosphate (cGMP)
4T1 cells were treated with 8 μM QAP14 for 15 min before being
collected for testing. cAMP and cGMP concentrations were
measured using a Cyclic AMP Select ELISA Kit (Cayman, USA)
and a Cyclic GMP ELISA Kit (Cayman), respectively.

Animals
Five-week-old female BALB/c mice weighing 16–18 g were
purchased from Beijing Vital River, China, and were housed under
multibarrier and specific‐pathogen‐free conditions with a tem-
perature of 22–26°C and a relative humidity of 50%–60% on a 12 h
light/12 h dark cycle. All experimental procedures were conducted
following the guidelines of the Institutional Animal Care and Use
Committee of Peking University.

In vivo lung metastasis models
For the 4T1 and 4T1-D1DR allograft models, 1 × 106 4T1 or 4T1-
D1DR cells in FBS-free medium were injected into the fourth breast
fat pad of mice to establish the metastatic breast cancer model.
Experiment 1 (Exp1): In the 4T1 allograft model, to investigate

the efficacy of different regimens on lung metastasis, mice were
randomly divided into seven groups (n= 6) when the average
tumor volume was ~80mm3. The dosing regimens were as
follows: vehicle control; QAP14 20mg/kg, QAP14 40mg/kg and
SUN 10mg/kg dissolved in 1,2-propanediol solution and adminis-
tered orally daily; SCH 0.05 mg/kg dissolved in 0.9% saline solution
and administered intratumorally daily; and a combination of
QAP14 40mg/kg and SCH as well as a combination of QAP14
40mg/kg and SUN coadministered daily. The tumor volume was
calculated with the formula 0.5 × length × width2. Mice were
sacrificed on the 21st day after inoculation, and tumors as well
as major organs were harvested and weighed. Lungs were stained
with Bouin’s fixative, and metastases with diameters greater than
or equal to 0.3 mm were counted. Later, lungs were embedded in
paraffin, sliced into sections, stained with hematoxylin-eosin (H&E)

and photographed with a Vectra Polaris Automated Quantitative
Pathology Imaging System (PerkinElmer, USA).
Exp2: To explore the effect of QAP14 on the overall survival

of 4T1 tumor-bearing mice, when the average tumor volume was
80mm3, mice were randomly assigned to the control group or
the treatment group (n= 5). QAP14 was administered orally
(20 mg/kg every day) to mice in the treatment group, while
vehicle solvents were given as controls. The survival time of each
mouse was recorded.
Exp3: To clarify the relationship between QAP14’s antimetastatic

efficacy and D1DR activation, mice were randomly divided into
three groups (n= 5): mice in one group were inoculated with
4T1 cells, and mice in the other groups were inoculated with
4T1-D1DR cells. When the average tumor volume was ~80mm3,
the 4T1-D1DR allograft-bearing mice were treated with vehicle
solvents or 20 mg/kg QAP14. In parallel, 4T1 tumor-bearing mice
were administered vehicle solvents. Mice were sacrificed, and
lungs were harvested on the 21st day after inoculation.
For the 4T1-BCSC allograft model, 1 × 105 4T1 mammosphere

cells in FBS-free medium were injected into the fourth breast fat
pad of mice. After 2 days, the mice were randomly divided into
three groups (n= 5), and vehicle, QAP14 20mg/kg or 40 mg/kg
was then administered intragastrically every day. On the 17th day
after inoculation, the mice were sacrificed, and tumors and lungs
were collected.

Safety evaluation of QAP14
The safety profile of QAP14 was assessed in Exp1 by monitoring
body weight, examining blood samples, calculating organ indexes
and conducting H&E staining. Body weight was recorded
throughout. Blood samples were collected from the postorbital
venous plexus of mice and quickly evaluated with a Hemavet 950
hematology system (Drew Scientific, USA). Major organs were
collected, weighed, fixed with 10% formalin solution, and stained
with H&E for histopathological observation using a Vectra Polaris
Automated Quantitative Pathology Imaging System (PerkinElmer,
USA). Organ indexes were calculated according to the following
equation: organ index (%)= organ weight/(body weight− tumor
weight) × 100%.

Statistical analysis
The results are presented as the mean ± SD values, and statistical
analysis was performed with Microsoft Excel 2016 (Microsoft
Corporation, USA) and GraphPad Prism 8.0 (GraphPad Software
Inc., USA). Student’s t-test and one-way ANOVA followed by the
Bonferroni post hoc test were used for intergroup comparisons. A
value of P < 0.05 was considered statistically significant.

RESULTS
QAP14 suppresses the stemness and tumorigenic ability of
metastatic breast cancer
Clonogenicity is an important feature and a sensitive indicator of
CSCs that ensures their proliferation and differentiation patterns,
which can be evaluated by colony formation assays [16]. As shown
in Fig. 1b, 2 and 8 μM QAP14 reduced the percentage of surviving
4T1 cell colonies from 100% to 86.64% and 48.41% and that of
MDA-MB-231 cells from 100% to 81.92% and 29.19%, respectively,
indicating that QAP14 significantly suppresses the stemness of
breast cancer cells.
The sphere formation assay, which has been widely used for the

enrichment of CSCs, evaluates the stemness of a certain cell
line [17]. As illustrated in Fig. 1c, 4T1 cells formed round spheres,
while MDA-MB-231 cells formed looser and less rounded spheres.
Moreover, QAP14 was revealed to inhibit the stem-like population
from forming mammospheres in both cell lines.
The capability of QAP14 to reduce the CSC frequency was

examined by an ALDEFLUOR assay, which is used to determine the
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proportion of cells positive for ALDH, a hallmark of CSCs, in 4T1
and MDA-MB-231 cells. As Fig. 1d shows, the percentage of ALDH-
positive cells among 4T1-BCSCs was elevated from 4.23% to
63.75% compared with that in adherent cells, indicating that CSCs
were enriched in the mammospheres. After 8 μM QAP14
treatment for 48 h, the percentage of ALDH-positive cells was
significantly decreased to 21.49%. A similar increase in the ALDH-
positive cell percentage and a comparable inhibitory effect of
QAP14 were observed in MDA-MB-231-BCSCs (Fig. 1e). The effect
of QAP14 on CSC apoptosis was verified by flow cytometry. As
shown in Fig. 1f, g, after treatment with QAP14 for 48 h, both BCSC
lines exhibited a dose-dependent increase in apoptotic cells
compared with the control groups. These results suggest that the
inhibition of cell stemness by QAP14 is associated with a decrease
in the CSC frequency and an increase in CSC apoptosis.

To further confirm the effect of QAP14 on CSCs in vivo, 4T1
and 4T1-BCSC allograft models were established for evaluation.
Considering that CSCs tend to transfer their properties to normal
cancer cells [3], beginning on the 2nd day after inoculation, mice
were treated with vehicle solvents or QAP14 (20 or 40mg/kg).
Fig. 1h, i show the antitumor effects of QAP14 on 4T1 and 4T1-
BCSC allografts, respectively. The tumors in the control group grew
more rapidly in the 4T1 allograft model than in the 4T1-BCSC
model. For mice bearing 4T1-BCSC allografts, 4 days after
inoculation, subcutaneous tumors were clearly visible at the
inoculation site in most mice. The rate at which 4T1-BCSCs formed
tumors in the control and low-dose groups was 100% but was only
40% in the high-dose group and eventually increased to 100% on
the 9th day, suggesting that QAP14 delayed tumorigenesis. The
inhibition rates in the two treatment groups in the 4T1 allograft
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Fig. 1 QAP14 suppressed stemness and tumor growth of metastatic breast cancer. a The molecular structure of QAP14. b The effects of
QAP14 on the colony formation were investigated in 4T1 and MDA-MB-231 cells after treatment with 0, 2, 8 μM QAP14 for 48 h. Colony
survival frequency is expressed relative to the corresponding untreated group (n= 3). c Mammospheres derived from 4T1 and MDA-MB-231
cells were cultured with 0, 8 μM QAP14 for 48 h and then photographed. The ALDH-positive cell frequency of 4T1-BCSCs (d) or MDA-MB-231-
BCSCs (e) as well as the corresponding adherent cells was detected (n= 3). The apoptotic cell proportion of 4T1 (f) and MDA-MB-231 (g)
spheres was determined (n= 3). The mammospheres for test of CSC frequency and apoptosis were treated with 0, (4), 8 μM QAP14 for 48 h. In
vivo anti-cancer efficacy on 4T1 cell line-derived (h) (n= 6 per group) or 4T1-BCSCs-derived (i) (n= 5 per group) allograft models. Tumor
volumes were measured every 2–3 days and the tumors were harvested at the end of experiments. The black scale bar indicates 1 cm. Data
are presented as mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with the corresponding control group (if not indicated).
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model were 33.91% and 39.07% compared to the control group,
and those in the 4T1-BCSC allograft model were 38.42% and
62.57%, indicating the enhanced inhibitory effect of QAP14 on
4T1-BCSC allografts. These results revealed that QAP14 inhibited
tumor formation and growth partially by decreasing cell stemness.

QAP14 inhibited the motility of metastatic breast cancer cells
To investigate the effect of QAP14 on migratory properties, wound
healing and transwell migration assays were used to assess the
migration of 4T1 and MDA-MB-231 cells treated with QAP14. Cells
treated with QAP14 exhibited significantly less wound closure
ability than control cells (Fig. 2a). Similarly, after treatment with
QAP14, the number of migrated cells exhibited a dose-dependent
decline (Fig. 2b). To demonstrate the function of QAP14 in cell
invasion, a transwell invasion assay was conducted. With QAP14
treatment, the number of invading cells was dose-dependently
decreased relative to that in the control group (Fig. 2c). These
consistent results suggested that QAP14 considerably decreased
the motility of metastatic breast cancer cells in vitro.

QAP14 reduced lung metastasis of breast cancer with
acceptable safety
Female BALB/c mice bearing 4T1 allografts, a frequently used
animal model of lung metastasis, were used to evaluate the
antimetastatic activity of QAP14 in vivo. On the 21st day after
inoculation, the number and size of lung metastases in the QAP14-
treated groups were apparently decreased, and stronger inhibitory
efficacy was observed in the 40mg/kg group than in the 20mg/kg
group (Fig. 3a). The differences in lung tissue slices stained with
H&E between different groups also suggested this finding (Fig. 3b).
The peripheral pulmonary tissue of tumor-bearing mice in the
control group was severely damaged compared with that of
healthy mice, and dense tumor tissue (indicated by the black
arrows) was observed. However, after treatment with QAP14, the
area of tumor tissue greatly decreased, and the morphology of
lung tissue became normal, especially in the high-dose group.
Importantly, an increase in overall survival was observed in the
QAP14 (20 mg/kg) treatment group, which may have partially
resulted from the inhibition of cancer metastasis (Fig. 3c).

Fig. 2 QAP14 inhibited the motility of metastatic breast cancer cells. a Identical scratches were made on 4T1 and MDA-MB-231 cells. After
treatment with 0, 2, 4, 8 μM QAP14 for 12 h, wound widths were measured. b Cells were exposed to graded concentrations of QAP14 for 16 h.
c Cells were cultured with different concentrations of QAP14 for 32 h (4T1 cells) and 24 h (MDA-MB-231 cells). Representative images and
quantification of the inhibitory activity on cell migration and invasion were shown. The wound width as well as the number of migrated and
invasive cells in the control group was defined as 100%. Data are presented as mean ± SD (n= 3 per group). *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 compared with the corresponding control group.
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There was no notable reduction in mouse weights in the QAP14
treatment group, indicating little systemic toxicity (Fig. 3d).
Moreover, no obvious alterations in organ indexes or morphology
were observed in any treatment group (Fig. 3e, f). Hemogram
analysis revealed no evidence of blood toxicity after treatment
with QAP14 at 20 and 40mg/kg (Fig. 3g). Together, these results
preliminarily showed the safety of QAP14.

QAP14 activated D1DR in metastatic breast cancer cells
The expression of D1DR, which was assumed to be the target of
QAP14, was evaluated by immunofluorescence confocal micro-
scopy. As shown in Fig. 4a, b, D1DR (represented by green
fluorescence) was expressed in both 4T1 and MDA-MB-231 cells,
and QAP14 substantially elevated the expression of D1DR in
4T1 cells. In addition, 4T1 cells treated with 2 μM SCH for 12 h
exhibited an obvious decrease in green fluorescence intensity
compared with control cells. Moreover, combination treatment
with SCH (2 μM) and QAP14 (4 μM) reversed the induction of
D1DR expression mediated by treatment with QAP14 alone. The
second messengers cAMP and cGMP, whose production can be
stimulated when D1DR is activated [18, 19], were evaluated to

investigate the effect of QAP14 on D1DR. As shown in Fig. 4c, d,
both cAMP and cGMP accumulated significantly in the QAP14-
treated group compared to the control group. In addition, the
expression of D1DR in 4T1-BCSCs and MDA-MB-231-BCSCs was
elevated after the formation of mammospheres (Fig. 4e).

SCH partially antagonized the effects of QAP14 on breast cancer
Given the preliminarily proven inhibitory effects of QAP14 on
CSCs, cell motility and lung metastasis, as well as the activation of
D1DR, we hypothesized that QAP14 exerts regulatory effects on
breast cancer via D1DR activation. To verify this hypothesis, SCH
was introduced in pharmacodynamic studies both in vitro and
in vivo. SCH monotherapy had a minimal influence on colony
growth, sphere formation, and the ALDH-positive cell frequency
(Fig. 5a–c). However, the efficacy of QAP14 in suppressing CSC-
associated properties was partially or completely antagonized
when QAP14 was combined with SCH. Regarding the ability to
migrate and invade, the suppressive effects of QAP14 were
significantly reversed in the presence of SCH (Fig. 5d–f). Further-
more, the inhibitory effect of QAP14 on lung metastasis in the 4T1
allograft model was offset after treatment with SCH, while SCH

Fig. 3 The anti-metastasis effect and preliminary safety evaluation of QAP14 in 4T1 allograft model. a Mice bearing 4T1 tumors were
treated with vehicle control, QAP14 20mg/kg, or QAP14 40mg/kg daily. On the 21st day after inoculation, the lungs were removed and
photographed (n= 6). The number of metastases with diameter greater than or equal to 0.3 mm was counted. The black scale bar indicates 1
cm and the red arrow indicates the metastases. b The histological sections of lungs were shown and the black arrow indicates the metastatic
tissue. The black scale bar indicates 400 μm. c An increase in the life span was observed in the QAP14 20mg/kg group compared with the
control group (n= 5). d Body weights of the mice in each group were monitored throughout the experiment (n= 6). e Hearts, livers as well as
kidneys were taken out and weighed and the organ indexes were calculated (n= 6). f Representative histopathological images of the major
organs in the control and the QAP14 40mg/kg groups were shown. The black scale bar indicates 100 μm. g Hemogram analysis of blood
samples in each group (n= 3 per group) was conducted before the mice were sacrificed (n= 6). RBC red blood cell, HGB hemoglobin, HCT
hematocrit, MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemoglobin concentration, RDW
red cell distribution width, PLT platelet count, MPV mean platelet volume. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 compared
with the corresponding control group.
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monotherapy had no effect (Fig. 5g, h). These results suggested
that the inhibition of cancer stemness, cell motility and lung
metastasis by QAP14 is closely related to the activation of D1DR.

D1DR knockout accelerated metastasis and reversed the inhibitory
efficacy of QAP14 in breast cancer
To further clarify the assumption that D1DR is the target of QAP14,
4T1-D1DR cells were generated and verified by Western blotting
and immunofluorescence staining. As shown in Fig. 6a, b, D1DR
was successfully knocked out in 4T1-D1DR cells. In contrast to the
results in 4T1 cells, the relative colony count, wound width, and
numbers of migrated and invaded 4T1-D1DR cells were virtually
unchanged compared with those in the corresponding control
groups (Fig. 6c–f). A minor impact of QAP14 was observed on the
number and size of lung metastases in 4T1-D1DR allograft-bearing
mice (Fig. 6g). Additionally, D1DR knockout in 4T1 cells increased
migration and invasion in vitro (Fig. 6e, f) as well as lung
metastasis in vivo (Fig. 6g). These findings further confirm that
QAP14 exerts its anti-CSC, anti-motility and antimetastatic effects
via D1DR activation.

QAP14 regulated the nuclear factor κB (NF-κB)/protein kinase B
(Akt) pathway and the EMT process
To understand the antimetastatic mechanisms of QAP14, in
addition to the increases in cAMP and cGMP levels by the
activation of D1DR, the NF-κB/Akt pathway and the EMT process
were investigated. As shown in Fig. 7a, QAP14 weakly changed the
expression of the inhibitor of κB kinase subunit β (IKKβ) but dose-
dependently reduced the level of phosphorylated IKKβ (p-IKKβ).
QAP14 downregulated the expression of the inhibitor of κB
subunit α (IκBα) at 12 μM but exerted a stronger inhibitory effect

on the level of phosphorylated IκBα (p-IκBα) at both 6 and 12 μM.
The level of NF-κB p65 (abbreviated p65) was unchanged after
QAP14 treatment; however, the level of phosphorylated NF-κB
p65 (abbreviated p-p65) in nuclei was significantly reduced. The
regulatory effects of QAP14 on p65 and p-p65 were further
confirmed by an immunofluorescence assay. As shown in Fig. 7b,
there was no significant difference in the p65 level (represented
by green fluorescence and also including p-p65) between the
control and QAP14-treated groups. In contrast, the nuclear p-p65
level was significantly attenuated after QAP14 treatment. For Akt,
treatment with 12 μM QAP14 for 48 h significantly decreased Akt
phosphorylation, but little change in the level of total Akt was
observed (Fig. 7c). These findings suggested that NF-κB/Akt
signaling can be inhibited by QAP14 in 4T1 cells.
Since EMT is regarded as a key process required for metastasis,

the effect of QAP14 on the EMT process in 4T1 cells was explored.
QAP14 treatment considerably decreased the expression of
MMP2, N-Cadherin, Slug, Snail and Vimentin, while E-Cadherin
and ZO-1 were upregulated by QAP14, indicating that QAP14
inhibited the EMT process in 4T1 cells (Fig. 7d).

DISCUSSION
Metastasis is the major cause of death in breast cancer, and cancer
stemness is a potential therapeutic target to reduce metastasis
and improve patient survival. Several studies have found that
D1DR activation may contribute to the elimination of CSCs and
then inhibit cancer metastasis [11, 13–15]. However, straightfor-
ward evidence for the common effect of D1DR in cancer
metastasis has not been presented, and the underlying mechan-
isms have just been preliminarily explored. In this study, we

Fig. 4 QAP14 activated D1DR in 4T1 cells. a, b The expression of D1DR and the effect of QAP14 on D1DR expression were verified through
immunofluorescence imaging (n= 3). Green fluorescence indicates D1DR expression, while blue fluorescence represents the nuclei. The white
scale bar indicates 25 μm. The cAMP (c) and cGMP (d) quantities of the control and the QAP14 treatment group were detected after treatment
for 15min (n= 3). e The expression of D1DR in 4T1 and MDA-MB-231 cells as well as the mammospheres formed from the two cell lines was
measured by Western blotting. The D1DR quantity in the adherent cells was normalized as “1” to see the fold change of that in the
corresponding spheres. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 compared with the control group.
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Fig. 5 D1DR antagonist SCH partially antagonized the regulatory effects of QAP14 on metastatic breast cancer. a 4T1 and MDA-MB-231
cells were treated with 8 μM QAP14 alone or in combination with 2 μM SCH for 48 h (n= 3 per group). Colonies at the end of experiment were
shown. b Mammospheres derived from 4T1 and MDA-MB-231 cells were cultured with 8 μM QAP14 with or without 2 μM SCH for 48 h (n= 3
per group). Representative images were shown. c The ALDH-positive cell frequency of 4T1-BCSCs and MDA-MB-231-BCSCs were detected by
flow cytometry after treatment with 8 μM QAP14 alone or in combination with 2 μM SCH for 48 h (n= 3). d Before being treated with 4 μM
QAP14 and/or 2 μM SCH for 12 h, 4T1 and MDA-MB-231 cells were scratched with pipette tips, and the wound area of each group was pictured
and measured at the end of experiments (n= 3). e 4T1 and MDA-MB-231 cells were exposed to 4 μM QAP14 alone or in combination with 2
μM SCH for 16 h and the images of migrated cells were recorded (n= 3). f Transwell invasion assay was used to detect cell invasion. Cells were
cultured with 4 μM QAP14 with or without 2 μM SCH for 32 h (4T1 cells) and 24 h (MDA-MB-231 cells) (n= 3). g Photographs of the lungs taken
out from the 4T1 tumor-bearing mice treated with QAP14 alone or in combination with SCH were shown and the number of metastatic
nodules in each group was calculated (n= 6). The black scale bar indicates 1 cm. h Representative histopathological appearance of the lungs
after H&E staining in each group was shown. The black scale bar indicates 400 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001 compared with the corresponding control group (if not indicated).
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directly confirmed the function of D1DR by establishing a D1DR-
knockout 4T1 cell line and comprehensively investigated the
mechanisms using a newly synthesized compound, QAP14. In
addition, we found that QAP14 significantly suppressed cancer
stemness and identified it as a potential therapeutic candidate
agent for metastatic breast cancer.
Treatment with an antagonist of D1DR and knockout of D1DR

were used together in this study to confirm the antimetastatic effect
of D1DR activation. SCH is a D1DR antagonist that is frequently
used to reverse the changes resulting from D1DR activation, thus
verifying the involvement of D1DR [11, 13–15, 20–22]. However, the
doses of SCH used for combination therapy may lead to incomplete
occupancy, which means that SCH at nontoxic doses may fail to
completely abolish the activation induced by D1DR agonists.
Moreover, unknown targets or mechanisms of SCH may exist. In
other words, treatment with SCH alone cannot sufficiently clarify the

relationship among QAP14, D1DR and cancer metastasis. Therefore,
gene knockout was performed in our study to confirm that D1DR is
essential for the antimetastatic efficacy of QAP14.
To the best of our knowledge, only a few studies have identified

the impact of DRs on tumor progression via knockout of DRs, and
some of the studies corroborate our results. In pancreatic cancer,
knockdown of D2DR was found to reduce proliferation, induce
apoptosis, inhibit migration in vitro, as well as suppress tumor
growth and metastasis [23]. In colorectal cancer, transient
knockdown of D2DR was found to reduce the cell number, while
stable downregulation of D2DR did not have significant effects on
cell viability [24]. The above findings agree with our results that
knocking out D1DR in 4T1 cells can promote their migration and
invasion in vitro as well as their metastasis in vivo in this study, as
the activation of D1- and D2-like receptors has inverse effects on
the activity of adenylate cyclase (AC) and the production of cAMP

Fig. 6 D1DR knockout reversed the inhibitory efficacy of QAP14 on metastatic breast cancer. a The relative abundance of D1DR in 4T1 and
4T1-D1DR cells was detected by Western blotting (n= 3). b The D1DR expression in 4T1 and 4T1-D1DR cells was tested using
immunofluorescence staining (n= 3). D1DR is indicated by green fluorescence and the nuclei are represented using blue fluorescence. The
white scale bar indicates 25 μm. c 4T1-D1DR cells were treated with 0, 2, 8 μM QAP14 for 48 h. At the end of experiment, colonies of the
control and the QAP14-treated groups were pictured and calculated (n= 3). d The effect of various concentrations of QAP14 on cell migration
in 4T1-D1DR cells was assessed by wound healing assay. Both untreated 4T1 and 4T1-D1DR cells were added to the upper chambers and
cultured for 16 h for transwell migration analysis (e) and 32 h for transwell invasion analysis (f), respectively (n= 3 per group). For 4T1-D1DR
cells, the efficacy of different concentrations of QAP14 on cell migration and invasion was investigated at the same time. g The photographs
of the lungs harvested from the mice administered with vehicle in 4T1 allograft model as well as the 4T1-D1DR-bearing mice who were
treated with vehicle or QAP14 at the dose of 20mg/kg. The average number of lung metastases in 4T1-bearing mice was set to 100% and the
relative quantity was computed for the other groups (n= 5 per group). The black scale bar indicates 1 cm. Data are presented as mean ± SD.
**P < 0.01, ***P < 0.001 compared with the untreated 4T1 group.
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or cGMP [18, 19]. In contrast, in liver cancer, upregulation of D1DR
expression was shown to significantly enhance cell proliferation,
while downregulation of D1DR expression exerted the opposite
effect [21]. The heterogeneity in both the roles and biological

context of D1DR among distinct types of cells may account for the
contradictory results [25]. Importantly, the in vitro and in vivo
effects of QAP14 were completely reversed in the absence of
D1DR, first revealing a direct relationship between D1DR
activation and the antimetastatic efficacy of QAP14 in breast
cancer. Moreover, the findings implied that D1DR is a potential
target that is worthy of further investigation in metastatic cancers.
Metastasis-related intracellular signal transduction is mediated

through a complex network. cAMP and cGMP are the second
messengers produced when D1DR is stimulated [18, 19]. Accu-
mulation of intracellular cAMP or cGMP can suppress the Akt
pathway [26, 27], which cooperates with other signaling pathways,
such as NF-κB, to mediate the EMT process and is involved in CSC
enrichment and maintenance [28–32]. Crosstalk between EMT and
CSCs, as well as their important roles in cancer metastasis, has
been reported. Cancer cells undergoing EMT acquire CSC proper-
ties, while CSC-associated transcription factors such as Oct4 and
Sox2 are in turn related to the regulation of EMT [33]. Therefore,
regulation of the NF-κB/Akt pathway may contribute to suppres-
sion of metastasis via the inhibition of both stemness and the EMT
process. The D1DR agonists FEN and l-SPD upregulated E-cadherin
expression and downregulated MMP2 expression but had a minor
influence on Vimentin expression in a 4T1 allograft model,
implying their limited regulatory effects on the EMT process
[13]. In comparison, QAP14 showed a marked influence on more
markers implicated in these pathways. In 4T1-D1DR cells, the
regulatory effects of QAP14 on most of the proteins closely related
to these pathways, except for ZO-1 and E-Cadherin, were visibly

Fig. 7 QAP14 regulated NF-κB/Akt pathways and EMT process in 4T1 cells. a The effects of 2, 6, 12 μM QAP14 on NF-κB pathway were
assessed by Western blotting (n= 3). b The expression and localization of p65 and p-p65 were detected by immunofluorescence imaging (n=
3). Green fluorescence represents p65 and p-p65, respectively, while blue fluorescence indicates the nuclei. The white scale bar indicates 25 μm.
The regulatory efficacy of different concentrations of QAP14 on Akt pathway (c) and EMT process (d) was evaluated by Western blotting (n= 3).
For Western blotting analysis, the value of the control group was set to “1”, and the relative quantity was calculated for the treatment groups.

Fig. 8 The underlying mechanisms involved in the inhibitory
effects of QAP14 via D1DR activation on breast cancer metastasis
to the lung. The thin pointed and flat arrows represent the
upregulated and downregulated effects, respectively. The dashed
arrows indicate the crosslink between stemness and EMT. The thick
upward or downward arrows indicate the effects of QAP14.
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weakened compared with those in 4T1 cells (Supplementary
Fig. S1). In general, these findings suggested that QAP14 increased
cAMP and cGMP production via the activation of D1DR, and then
suppressed NF-κB/Akt pathway activity and the EMT process as
well as reduced the CSC population and breast cancer metastasis
(Fig. 8). We did not exclude other signaling pathways that may be
involved, such as the Notch, Wnt and sonic hedgehog pathways;
therefore, further investigations will be conducted to confirm the
mechanisms [34].
Compared with MDA-MB-231 cells, 4T1 cells formed rounder

and denser spheroids, possibly partially due to different levels of
epithelial phenotype markers, especially E-Cadherin [35]. The
cellular level of ALDH is one of the most common hallmarks of
CSCs; indeed, as few as 500 cells with high ALDH activity isolated
from human breast tumors can induce tumor formation [36]. Thus,
ALDH was chosen to identify the CSC subpopulation. A more
significant increase in the CSC frequency and D1DR expression
was observed in 4T1 mammospheres than in MDA-MB-231
mammospheres, which may account for the superior effects of
QAP14 against 4T1-BCSCs compared with MDA-MB-231-BCSCs to
a certain extent.
Despite the potency of QAP14 in decreasing cancer metastasis

and prolonging the survival of 4T1 tumor-bearing mice, consider-
ing its limited effect on tumor growth, QAP14 may have higher
clinical value when combined with other antitumor drugs. SUN, an
antiangiogenic agent widely used in the clinical treatment of
certain cancers, such as renal cell carcinoma, was found to
increase the CSC frequency and hence enhance invasive and
metastatic properties in human breast cancer xenografts [37].
Targeting D1DR could enhance the efficacy of SUN [11, 12, 14],
although no experiments with a selective D1DR agonist, which
could confirm the involvement of D1DR, have been conducted
[25]. Therefore, we conducted an in vivo study to preliminarily
investigate the effect of combination therapy with QAP14 and
SUN. As expected, QAP14 enhanced the antitumor effect of SUN
and suppressed cancer metastasis (Supplementary Fig. S2), thus
suggesting a combination strategy for QAP14. In addition, in
comparison to other D1DR agonists or analogs that we studied
before [14, 15], the new compound QAP14 shows good PK
characteristics and an acceptable safety profile, with a bioavail-
ability of 50.29% and a terminal half-life of 8.67 h after oral
administration, indicating that it has the greatest potential to be a
drug candidate [38].
Murine 4T1 and human MDA-MB-231 cells are regarded as

highly metastatic cells and are commonly used for research on
cancer stemness and metastasis. In 4T1 cell line-derived models,
the primary tumor grows at the anatomically orthotopic site after
easy inoculation into the mammary gland; in addition, the cancer
cells spontaneously metastasize from the primary tumor and
spread to various organs, a process that is rather similar to that in
human breast cancer [39]. Moreover, D1DR, which was speculated
to be the target of QAP14, has been demonstrated to be
expressed in both cell lines [13]. The effects of QAP14 on D1DR
activation and lung metastasis in MDA-MB-231 cell line-derived
models have not been assessed; hence, further research will be
carried out to confirm this hypothesis. Since the cytotoxic IC50
values of QAP14 in 4T1 and MDA-MB-231 cells were 19.55 and
30.36 μM, respectively, a concentration of 12 μM, which was close
to the IC20 values in both cell lines, was selected as the highest
concentration of QAP14 for the in vitro study (Supplementary
Fig. S3). For the in vivo study, the QAP14 dosing regimens were
based on our previous research [15].
In summary, the role of D1DR activation in antimetastatic

therapy was confirmed, and the new compound QAP14 exhibited
substantial inhibitory effects on cell motility and cancer metastasis
via D1DR activation, with an acceptable safety profile. The
underlying mechanisms of QAP14 treatment involved blockade
of the NF-κB/Akt pathway, reversion of the EMT process and

inhibition of CSCs. This study provides an alternative strategy for
targeting CSCs and suppressing metastasis via D1DR activation for
the treatment of metastatic breast cancer.
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