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Abstract: Triple negative breast cancer (TNBC) patients have a high risk of brain metastases. This deadly disease 
represents a major challenge for successful treatment, in part because of the poor ability of drugs to penetrate the 
blood-brain barrier. Antipsychotic drugs show good bioavailability in the brain, and some of them have exhibited 
anticancer effects in several cancer types. In this study, we investigated the potential of repurposing fluphenazine 
hydrochloride (Flu) for the treatment of TNBC and the brain metastases. Our data showed that Flu inhibited survival 
of metastatic TNBC cells. It induced G0/G1 cell cycle arrest and promoted mitochondria-mediated intrinsic apopto-
sis in vitro. Pharmacokinetic studies in BALB/c mice showed a brain/plasma drug concentration ratio of Flu above 
25 for at least 24 hours after dosing. Flu moderately suppressed tumor growth in a TNBC subcutaneous xenograft 
mouse model. Importantly, Flu exhibited good anti-metastatic potential in a mouse brain metastasis model with an 
inhibition rate of 85%. In addition, Flu showed a strong inhibitory effect on spontaneous lung metastasis. Moreover, 
Flu didn’t cause serious side effects in the mice. Taken together, this study prompts further preclinical and clinical 
investigation into repurposing Flu for treating metastatic TNBC patients, which urgently need new treatment options.
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Introduction

Breast cancer remains the most common type 
of cancer and the second leading cause of can-
cer-related mortality in females in the United 
States [1]. It is a heterogeneous disease with 
different histopathological features and there-
fore has different prognostic outcomes [2]. 
Among those, estrogen receptor (ER), proges-
terone receptor (PR) and human epidermal 
growth factor receptor-2 (HER2) ‘triple nega-
tive’ breast cancer (TNBC) is the most aggres-
sive subtype with high risk of recurrence after 
conventional treatment [2, 3]. 

Metastasis results in approximately 90% of 
cancer mortality [4]. One of the biggest obsta-

cles in the treatment of breast cancer is the 
metastasis to other organs of the body, includ-
ing the liver, bones, lungs and brain [5]. The 
incidence of brain metastases in TNBC patients 
can be as high as 46%, and the median survival 
after diagnosis is only 4.9 to 6.6 months [3, 6, 
7]. Partly due to advanced imaging techniques 
and impressive treatment advances that pro-
long survival and better control systemic dis-
ease, the incidence of TNBC brain metastases 
has steadily increased over the years [5, 8]. 
Metastatic growth in the brain can lead to vari-
ous neurological symptoms such as headache, 
cognitive impairment and motor dysfunction, 
which cause serious damage to the patient’s 
quality of life [9, 10]. 
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and the possible underlying mechanisms. We 
also assessed its activity in suppressing lung, 
liver and bone metastases. We observed that 
Flu dramatically inhibited breast cancer cell 
growth and induced G0/G1 cell cycle arrest. It 
also induced mitochondria-mediated apoptosis 
in breast cancer cells. In addition, Flu inhibited 
migration and invasion of metastatic TNBC 
cells. Importantly, Flu treatment suppressed 
the growth of TNBC subcutaneous xenografts 
and brain metastases without causing serious 
side effects. Excitingly, we found Flu strongly 
impaired spontaneous lung metastasis of sub-
cutaneous xenograft. Considering that Flu is an 
FDA-approved drug that can be rapidly entered 
into anti-cancer clinical trials, our findings sup-
port the possibility of repurposing Flu to treat 
TNBC with brain metastases and lung metasta-
ses, which lack effective treatment options.

Materials and methods

Materials

Fluphenazine hydrochloride (Flu) was purchas- 
ed from AstaTech BioPharmaceutical Corpora- 
tion (Chengdu, China). Flu was dissolved in 
DMSO/Cremophor EL/saline at 2.5:12.5:85 v/v 
for the in vivo experiments. MTT, DMSO, prop-
idium iodide (PI), Rhodamine-123 (Rh123), 
Hoechst 33342 were purchased from Sigma. 
Annexin V-FITC/PI apoptosis detection kit, An- 
nexin V-PE/7-AAD apoptosis detection kit and 
matrigel were purchased from BD Biosciences. 
The sources for the antibodies are shown in the 
supplementary materials (Table S1).

Cell lines and cell culture

Human TNBC cell line MDA-MB-231, mouse 
TNBC cell line 4T1 and other human breast  
cancer cell lines were purchased from the  
ATCC (American Type Culture Collection) within 
the past 5 years. The cells were cultured in 
DME/F-12 medium supplemented with 10% 
FBS, penicillin (100 U/ml) and streptomycin 
(0.1 mg/mL) under humidified condition with 
5% CO2 at 37°C.

MDA-MB-231 and 4T1 cells were authenticated 
via short tandem repeat (STR) analysis in 2018 
by Shanghai Biowing Applied Biotechnology 
(SBWAB) Co. Ltd. Other cell lines were not fur-
ther authenticated.

Sadly, the current treatment options for TNBC 
brain metastases are limited, only palliative, 
not curative. Patients with TNBC brain metasta-
ses are resistant to almost all existing treat-
ments, including chemotherapy, surgical resec-
tion, stereotactic radiotherapy, and whole brain 
radiotherapy (WBRT) [11]. Therefore, the cur-
rent situation underscores the urgent need to 
find better treatments to cure this terrible dis-
ease in the cerebral microenvironment.

Many chemotherapeutic drugs can’t penetrate 
the blood-brain barrier (BBB), resulting in insuf-
ficient drug concentration in the brain lesion 
and therapeutic resistance to brain metasta-
ses [5, 12]. Thus, it’s of great clinical signifi-
cance to find new drugs that could enter the 
brain to treat brain metastases. Nowadays, the 
financial and time costs of anticancer drug 
development are increasing. However, the suc-
cess rate is declining, making it more challeng-
ing to discover new anticancer drugs [13]. The 
strategy of drug repurposing has attracted 
great attention from both academics and phar-
maceutical companies as an auxiliary process 
to tackle this challenge. It offers the opportuni-
ty to reuse drugs that have been approved for 
other disease indications, and to design new 
drug combinations or to change the formulation 
of the original drug [13-15]. In the field of oncol-
ogy, lots of repurposing successes have proven 
the potential of this strategy, such as Aspirin 
(an antipyretic drug repurposed to treat colorec-
tal cancer) and Metformin (an anti-diabetes 
drug repurposed to treat breast cancer, pros-
tate cancer, et al.) [14, 16]. 

Published studies have shown an overall 
decreased cancer incidence in schizophrenic 
patients using neuroleptic drugs, implying that 
these drugs may have anticancer potentials 
[17, 18]. In addition, some anti-schizophrenia 
drugs, such as trifluoperazine and chlorproma-
zine, have shown anticancer efficacies in pre-
clinical studies [19, 20]. Fluphenazine hydro-
chloride (Flu) is another commonly prescribed 
antipsychotic drug. Limited studies have report-
ed its efficacy in the treatment of breast can-
cer, especially TNBC [21, 22]. As an anti-schizo-
phrenia drug, Flu can penetrate BBB to reach a 
relatively high concentration in the brain. This 
prompted us to investigate its potential to treat 
TNBC and brain metastasis.

In this study, we evaluated the activity of Flu in 
the treatment of TNBC and brain metastases, 
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NovoCyte and analysed by NovoExpress soft-
ware (ACEA Biosciences Inc., Hangzhou, China). 

Apoptosis analysis was performed as previous-
ly described [25]. Briefly, cells were seeded at 1 
× 105 cells per well in 6-well plates and then 
treated with different concentrations of Flu for 
the indicated time. The levels of apoptosis were 
quantitatively examined by FCM using an An- 
nexin V-FITC/PI or Annexin V-PE/7-AAD apopto-
sis detection kit. The data were analyzed by 
FlowJo or NovoExpress software. Each assay 
was replicated 3 times.

Measurement of mitochondrial membrane 
potential (ΔΨm) and ROS levels in cells

Rh123 was used to measure ΔΨm by FCM. 
After treatment with Flu for 24 hours, cells were 
incubated with Rh123 (5 μg/mL) for 30 min in 
the dark. Then, the cells were subjected to 
FCM.

DCFH-DA was used to measure ROS levels in 
the cells. Briefly, after treatment with Flu for 24 
hours, cells were incubated with PBS contain-
ing 10 μM DCFH-DA for 30 min in the dark. 
After washing with PBS, cells were subjected to 
FCM.

Western blotting analysis

After treatment with Flu for 48 hours, cells were 
lysed in lysis buffer containing protease inhibi-
tors Cocktail and PhosSTOP phosphatase 
inhibitors (Roche Diagnostics, UK) and sonicat-
ed on ice. Protein concentrations of the super-
natant were measured with a BCA Protein 
Assay kit (Pierce, Rockford, IL, USA). Equal 
amounts of protein were subjected to SDS-
PAGE gels and transferred onto PVDF mem-
branes. After blocking with 5% nonfat milk in 
TBS/T, the membranes were incubated over-
night with the relative primary at 4°C. After 
washing with TBS/T and incubation with the 
specific secondary antibodies conjugated to 
horseradish peroxidase, the protein bands 
were developed using an enhanced chemilumi-
nescent substrate (Amersham, Piscataway, 
NJ). Quantification of the band intensities was 
based on three independent experiments using 
Image J software.

Scratch-induced migration assay in vitro

Scratch-induced wound healing assay was car-
ried out as described previously with modifica-

Cytotoxicity studies and colony formation assay 

Cytotoxicity was determined as described pre-
viously with some modifications [23]. 2-5 × 103 
cells were seeded into 96-well plates and dif-
ferent concentrations of Flu was added to each 
well the next day. 20 µL MTT solution (5 mg/mL 
in saline) was added and incubated for 2 to 4 
hours at 37°C after the indicated treatment 
time. 150 µL of DMSO was added to each well 
after removing the medium. The absorbance at 
570 nm was read with a microplate spectropho-
tometer (Molecular Devices). IC50 values were 
calculated with GraphPad Prism 5. 

Colony formation assays were carried out as 
described previously with some modifications 
[24]. 4T1 cells or MDA-MB-231 cells were  
seeded in 6-well plates at 800 cells per well 
and treated by serial dilutions of Flu for 7-10 
days. After terminating the assay, the colonies 
were stained with 0.5% crystal violet. Colonies 
(> 50 cells) were counted under an inverted 
microscope. Each assay was performed in 
three separate experiments. The survived  
clone of 4T1 and MDA-MB-231 cells were treat-
ed in 6-well plates for 30 days with indicated 
concentrations of Flu. Then the cells were cul-
tured in 10 cm plate for another 10 days. Then 
cytotoxicity studies and clone-formation assay 
were done using those surviving cells. The pro-
liferation curves of the surviving cells were car-
ried out after seeding 1500-3000 cells in 
96-well plates. Then cell numbers were mea-
sured by MTT as shown before for 5 consecu-
tive days.

Cell and nuclei morphological analysis 

After treatment with Flu for 48 hours, cells  
were washed with PBS and fixed in 4% parafor-
maldehyde followed by staining with Hoechst 
33342 (10 μg/mL) for 30 min in the dark at 
room temperature. After washing with PBS, 
morphologies of the nuclei were analyzed with 
an inverted fluorescence microscope. 

Cell cycle and apoptosis analysized by flow 
cytometry (FCM)

Cells were treated with Flu for 24 hours and 
fixed in ice old 75% ethanol. The fixed cells were 
incubated with 0.5 mL buffer containing 50  
μg/mL PI and 0.1% Triton X-100 for 30 min.  
Cell cycle distribution was measured by ACEA 
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mixture was added (1:10 brain: water w/v) and 
the samples were homogenized. The homoge-
nate was centrifuged and subjected for UPLC/
MS-MS analysis. The data were processed by 
Analyst software and the drug concentrations 
were calculated based on the standard curve. 

Subcutaneous xenograft and intracarotid brain 
metastasis models 

Subcutaneous xenografts were initiated by 
subcutaneous injection of 2.5 × 105 4T1 cells 
into right-flanks of eight-to-ten week old BALB/c 
mice (HFK Bioscience, Beijing, China). Flu treat-
ment (8 mg/kg/day) via intraperitoneal injec-
tion (i.p.) was started when the tumor volume 
reached approximately 100 mm3. The tumor 
size and body weight of the mice were mea-
sured every 3 or 4 days. The tumor volumes 
were calculated according to the following 
equation: volume = 3.14 × length (mm) × width 
(mm)2/6.

Brain metastasis model was established by 
intracarotid injection as described previously 
with some modifications [28]. Briefly, 5 × 104 
luciferase-expressing 4T1 cells in 100 μL ster-
ile HBSS were injected into the right common 
carotid artery of the mice. After formation of 
severe metastases, the brains of the mice were 
isolated and minced by using cell strainer with 
pore size of 70 μm (BD Biosciences). About 10 
days later, expanded 4T1 cells on the tissue 
culture dish were collected as brain-seeking 
sublines (4T1 Br1-pluc). For drug treatment 
assays, 1 × 104 4T1 Br1-pluc cells were inject-
ed into the right common carotid artery of the 
mice. Metastasis growth in the brain was moni-
tored by non-invasive In Vivo Imaging System 
(IVIS, PerkinElmer) every 3 or 4 days. Flu was 
administered at 8 mg/kg by i.p. injection once 
daily three or eight days after the inoculation. At 
the end of experiments, the brains were dis-
sected to measure the luciferase signal in the 
isolated brains.

Establishment of lung metastasis, liver metas-
tasis and bone metastasis models

4T1 cells are easily to form spontaneous lung 
metastasis in BALB/C mice. Lungs were har-
vested in the subcutaneous xenograft model 
after the mice were killed by rising CO2. Then 
the total number of lung metastases was 
counted by naked eyes [29].

tions [26]. When grow to 80% confluency in 
monolayer in 24-well plates, the cells were 
scratched by 10 μL pipette followed with treat-
ment with 8 µM Flu. The wound width was  
measured 0 h, 18 h, 36 h and 48 h later by 
photography. 

Tanswell migration and invasion analysis

Tanswell migration and invasion analysis were 
conducted as described previously with some 
modifications [24]. When performing transwell 
invasion aassay, boyden chamber (8 μm pore 
size) were coated with 50 μL diluted matrigel 
(PBS/matrigel = 4/1) and dried overnight under 
sterile conditions. 1 × 105 4T1 cells in serum-
free medium were seeded in the top chamber 
and treated with 0.1% DMSO or indicated con-
centration of Flu. Then, 600 μL medium supple-
mented with 10% FBS containing equal amount 
of DMSO or Flu was added in the lower cham-
ber. After 24 hours, the invaded cells were 
stained with 0.5% crystal violet and quantified. 

Tanswell migration assay was conducted simi-
larly to the above invasion assay with some 
modifications. The chamber was not precoated 
with 50 μL diluted matrigel. 5 × 104 4T1 cells in 
serum-free medium were seeded in the top 
chamber and treated with vehicle or indicated 
concentration of Flu. Then, 600 μL medium 
supplemented with 10% FBS containing equal 
amount of vehicle or Flu was added in the lower 
chamber. After treatment for 18 hours, migrat-
ed cells were stained and quantified. 

Mouse pharmacokinetics studies

Pharmacokinetics studies were carried out as 
described previously with some modifications 
[27]. Flu was administered to naive female 
BALB/c mice by i.p. injection at 8 mg/kg, then 
blood and brain samples were collected at 1, 6, 
12 and 24 hours post administration.

Flu was extracted from the plasma prepared 
from blood by protein precipitation using meth-
yl alcohol containing internal standard (tolbuta-
mide). The samples were centrifuged for 5 min-
utes at 14,000 rpm and 200 μL of the 
supernatant was subjected for UPLC/MS-MS 
analysis (Acquity UPLC, Waters; mass spec-
trometer, Applied Biosystems, TQ5500).

Brains were stored at -80°C after collecting. 
Following thawing, methanol/water (1:1 v/v) 
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Figure 1. Flu inhibited viabilities of breast cancer cell lines. A. Chemical structure of Flu. B. Inhibitory effects of 
Flu on the viabilities of several breast cancer cell lines after 72 hours of treatment (IC50 values, μM). C. Dose- and 
concentration-dependent inhibitory effects of Flu on cell viabilities in two TNBC cell lines (4T1 and MDA-MB-231). 
MTT assays were used to measure cell viabilities after Flu treatment for 48 and 72 hours, respectively. Viabilities of 
vehicle treated cells at each time point were counted as 100%. D and E. Inhibitory effects of Flu on 4T1, 4T1-Fu5, 
MDA-MB-231 and MDA-MB-231-Fu10 cell colony formation. Quantifications are shown in the right for each cell line. 
Images shown are representatives from three independent experiments. F. Flu treatment decreased phosphoryla-
tion of ERK1/2 and AKT in 4T1 and MDA-MB-231 cell lines. Molecular weight of bands on Markers are shown on 
the right of each image (kilo Dalton, kD). β-actin served as the internal control. Images shown are representatives 
from three independent experiments. G. Relative expression of phosphorylation of ERK1/2 and AKT were quantified 
using Image J software and normalized to β-actin expression. *P<0.05; **P<0.01; ***P<0.001.

Liver metastasis model was established based 
on the method reported below with some  
modifications [30]. Briefly, 25 × 104 luciferase-
expressing 4T1 cells in 25 μL sterile HBSS were 
injected into the tip of the spleen between 30 
to 60 s. Then we placed a cotton ball for 3 min-
utes on the injection site and closed the flank 
incision in two layers. Three days after the 
injection, the mice were divided into vehicle 
and Flu treatment groups. The growth of the 
liver metastasis was monitored by IVIS every 
week.

Bone metastasis was established as describ- 
ed previously with some modifications [31]. 
Briefly, 2.5 × 104 luciferase-expressing 4T1 
cells in 10 μL sterile HBSS were injected into 
the tibial growth plate on the back left leg. Flu 
treatment started three days after the inocula-
tion. The growth of the bone metastasis was 
monitored by IVIS every week.

Immunohistological analysis of tumor sections

The IHC analysis of tumor tissues was carried 
out as described by us and others with modifi-
cations [32, 33]. Tumor tissues from the mice 
were obtained and fixed at the end of the  
treatment. The fixed tumors were sectioned 
into 5 μm thick sections on the slides after 
dehydrating and embeding in paraffin. The sec-
tions were then deparaffinized, rehydrated. 
After antigens retrieval, the sections were incu-
bated with 3% H2O2 solution and blocked with 
5% goat serum, followed by incubating with the 
specific antibodies for cleaved casapase 3 and 
Ki67 overnight at 4°C. The slides were stained 
using a DAB detection kit. 

Toxicity evaluation

The mice were monitored every day to assess 
the side effects and toxicities during Flu treat-
ment. The mice were euthanized on the 17th 

day of treatment and the eyeball blood was col-

lected. Hematological and serum biochemistry 
analysis were performed using the eyeball 
blood. Major organs including heart, liver, kid-
ney and brain were stained with H&E for histo-
pathologic examination.

Statistical analysis

Data were represented as means ± SD from 
three independent experiments and analyzed 
by GraphPad Prism 5. Statistical significance 
was analyzed using two-tailed Student t tests. 
Statistically significant P-values were expressed 
as follows: *P<0.05; **P<0.01; ***P<0.001.

Results

Flu suppressed proliferation of breast cancer 
cells 

To investigate the effects of Flu on the viability 
of breast cancer cells, 8 breast cancer cell  
lines were exposed to Flu. Flu reduced their sur-
vival with IC50 values less than 15 μM (Figure 
1B). We are interested in finding new drugs to 
treat TNBC. Thus, we chose human TNBC cell 
line MDA-MB-231 and mouse TNBC cell line 
4T1 for further experiments. As shown in Figure 
1C, Flu inhibited TNBC cell viabilities in a time- 
dependent as well as concentration-dependent 
manner.

Flu inhibited TNBC cell growth/survival as-
sessed by colony formation assay 

We performed colony formation assay to visu-
ally assess the inhibitory activity of Flu on pro-
liferation/survival of 4T1 and MDA-MB-231 
cells. Clearly, Flu significantly inhibited the 
number and size of TNBC cell colonies (Figure 
1D and 1E). No cells survived under 10 and 20 
μM Flu treatment in 4T1 and MDA-MB-231, 
respectively. We also treated 4T1 and MDA-
MB-231 cells with Flu at 5 and 10 μM for 30 
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days and assessed the inhibition of Flu on 
those surviving cells (labeled as 4T1-Fu5 and 
MDA-MB-231-Fu10 cells, respectively). The sur-
viving 4T1 cells were slightly resistant to Flu 
and the IC50 value increased from 6.9 to 14.20 
μM after 72 hours of Flu treatment (Figure 1B). 
However, the proliferation rate of 4T1-Fu5 cells 
was slower than the parental cells (Figure S1). 
Flu strongly inhibited the colony formation abili-
ties of 4T1-Fu5 (Figure 1D). There were no sig-
nificant differences between the parental cells 
and resistant cells when comparing the IC50 
after Flu treatment for 72 hours (Figure 1B), 
the proliferation rate (Figure S1) and the inhibi-
tory effects of Flu on colony formation (Figure 
1D) for MDA-MB-231 cells.

Flu decreased the expression of p44/42 ERK 
and phosphorylated AKT, two key molecules in 
RAS/RAF/MEK/ERK and PI3K-AKT-mTOR path-
way, in both TNBC cell lines, suggesting that 
inhibiting these two pathways contributed  
to the inhibition of TNBC cell growth/survival 
(Figure 1F and 1G).

Flu induced G0/G1 phase arrest in TNBC cells

To investigate the molecular mechanisms un- 
derlying the inhibitory effects of Flu on TNBC 
cells, we assessed whether Flu regulated cell 
cycle by FCM. Clearly, 24 hours of Flu treatment 
induced significant G0/G1 phase arrest con-
centration dependently in both cell lines (Figure 
2A, 2B, 2E, 2F). The G0/G1 phase distribution 
was increased from 36.3% in vehicle treat 
group to 45.2% after 20 µM Flu treatment in 
4T1 cells. Similar results were seen in MDA-
MB-231 cells. These data implied that G0/G1 
phase arrest contributed to the anticancer 
effect of Flu.

We next extended the investigation to the 
expression levels of some critical proteins 
involved in G0/G1 phase regulation. The data 
showed that Flu down-regulated the expression 
levels of cyclin-dependent kinase (CDK) 2, 
CDK4, cyclin D1, and cyclin E in a concentra-
tion-dependent manner (Figure 2C, 2D, 2G, 
2H). p21 and p27 have important roles in G1/S 
cell cycle transition. In our experiments,  
Flu upregulated the expression of p21 in  
both cell lines. Meanwhile, the level of p27  
was increased after Flu treatment in MDA-
MB-231 cells.

Flu induced apoptosis of TNBC cells

We next assessed whether Flu treatment 
induced TNBC cell apoptosis to exert the anti-
cancer effects. After treatment with Flu for 48 
hours, both TNBC cell lines showed cell shrink-
age, a typical feature of apoptotic cells (Figure 
3A). Hoechst 33342 staining assay further 
confirmed that Flu altered the cells’ nuclei mor-
phology after 48 hours treatment, as indicated 
by the nuclear fragmentation, reduction cell 
volume and formation of condensed nuclei with 
bright-blue fluoresce (Figure 3B). 

We also used FCM to quantitatively measure 
the apoptosis after Annexin V-FITC/PI staining. 
The data showed Flu significantly induced 
TNBC cell apoptosis (Figure 3C). The proportion 
of apoptotic 4T1 cells dramatically increased 
from 4.3% to 86% when the concentration of 
Flu increased from 0 to 20 µM after 72 hours  
of treatment. Similar results were seen in  
MDA-MB-231 cells. Protein expression analy- 
sis of some key proteins also indicated the 
apoptosis. Flu treatment increased the cleav-
age of caspase 3 in both cell lines (Figure 3D 
and 3E). These findings revealed that induction 
of apoptosis contributed to Flu’s inhibiting 
activities toward TNBC.

Flu likely induced apoptosis via the intrinsic 
apoptosis pathway

To further elucidate the mechanisms of the 
apoptosis, the expression levels of some apop-
tosis-related proteins were detected. As indi-
cated in Figure 3D and 3E, Flu treatment 
resulted in decreased expression of Bcl-2 in 
both cell lines. The expression of Bax is slightly 
increased after Flu treatment in MDA-MB-231 
cells. These findings suggested that Flu might 
induce apoptosis via the mitochondria-mediat-
ed intrinsic apoptotic pathway. To verify this 
hypothesis, we measured the changes in ΔΨm 
after Flu treatment by FCM using the green dye 
Rh123. The data showed that Flu led to ΔΨm 
loss in both cell lines (Figure 4A and 4B). 

Cancer cells are under oxidative stress partially 
due to the uncontrolled proliferation and other 
defects. ROS is mainly generated in mitochon-
dria and its accumulation in cancer cells could 
lead to cell death if the normal redox signal 
pathway is disrupted. In the study, we detected 
ROS levels in the cells using the dye DCFH-DA. 
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Figure 2. Flu induced G0/G1 arrest in 4T1 and MDA-MB-231 cells. (A and E) 4T1 and MDA-MB-231 cells were treated with 0.1% DMSO and indicated concentra-
tions of Flu for 24 hours. The cells were then incubated with 50 μg/mL PI and analyzed by FCM. Images shown are representative from three independent experi-
ments. (B and F) Quantified histograms of cell cycle distributions after Flu treatment for 24 hours in 4T1 and MDA-MB-231 cells. (C and G) Effects of Flu on the 
expressions of proteins related in G0/G1 regulation. The expressions of CDK2, CDK4, cyclin E, cyclin D1, p21 and p27 after Flu treatment for 24 hours at indicated 
concentrations are shown. Molecular weight of bands are shown to the right of each image (kilo Dalton, kD). β-actin served as the internal control. Images shown 
are representatives from three independent experiments. (D and H) Protein expressions from (C and G) were quantified using Image J and normalized to β-actin 
expression. *P<0.05; **P<0.01; ***P<0.001.
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Figure 3. Flu induced apoptosis in 4T1 and MDA-MB-231 cells. (A and B) Effects of Flu on the morphology of 4T1 
and MDA-MB-231 cells. (A) The cells were treated with 20 µM Flu for 48 hours. Then, bright-field microscope images 
of the cells were taken. The scale bars represent 50 μm. (B) Cancer cell nuclear alterations after Flu treatment for 
48 hours. 4T1 and MDA-MB-231 cells were treated with indicated concentrations of Flu or vehicle for 48 hours. 
Then, the cells were stained with Hoechst 33258 and analyzed by fluorescence microscope. The red and green 
arrows indicated nuclear fragmentation and condensed nuclei, respectively. The scale bars represent 20 μm and 
50 μm for 4T1 and MDA-MB-231 cells, respectively. (C) The apoptosis of 4T1 and MDA-MB-231 cells after Flu treat-
ment were quantitatively analyzed by FCM. Cells were treated with indicated concentrations of Flu or vehicle for 
72 hours and then labeled with AnnexinV-FITC and PI followed by FCM analysis. Images shown are representatives 
of three independent experiments. Quantified values are shown to the right of each cell line. (D) Expression levels 
of key apoptosis-related proteins were detected by western blotting. Cells were treated with vehicle or indicated 
concentrations of Flu for 72 hours. Then, the expression levels of cleaved caspase-3 and Bcl-2 family proteins were 
determined. Images presented are representatives of three independent experiments. (E) Expressions of the pro-
tein were quantified using Image J and normalized against β-actin expression. *P<0.05; **P<0.01; ***P<0.001.
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Figure 4. Effects of Flu on the intrinsic apoptosis pathway. (A and B) Flu decreased the ΔΨm in TNBC cancer cells. 4T1 and MDA-MB-231 cells were treated with 
vehicle or indicated concentrations of Flu for 24 hours and then stained with Rh123 to measure the changes of ΔΨm by FCM. (A) Images shown are representative 
of three independent experiments. (B) Quantified results are shown on the right. (C and D) Flu treatment increased ROS levels in TNBC cancer cells. After treatment 
with indicated concentrations of Flu for 12 hours, 4T1 and MDA-MB-231 cells were incubated with 10 μM DCFH-DA. Intracellular ROS levels were then measured as 
DCF fluorescence by FCM. (C) Images shown are representative of three independent experiments. (D) Quantified results are shown on the right. (E and F) 4T1 cells 
were treated with 10 μM Flu alone or in combination with Z-LE(OMe)HD(OMe)-FMK (caspase-9 inhibitor) or in combination with Z-LETD-FMK (caspase-8 inhibitor) 
for 72 hours. Then the apoptosis of the cells was measured by FCM after AnnexinV-PE and 7-AAD labeling. (E) Images shown are representatives of three indepen-
dent experiments. (F) Quantified values are shown on the right. (G and H) 4T1 cells were pretreated with 2 mM NAC for 1 h and then treated with 10 μM Flu for 72 
hours. The apoptosis of the cells was measured after AnnexinV-PE and 7-AAD labeling. (G) Images shown are representatives of three independent experiments. (H) 
Quantified values are shown on the right. *P<0.05; **P<0.01, ***P<0.001.
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sion of 4T1 cells through the matrigel and bar-
rier (Figure S3C). The above data suggested 
that Flu suppressed TNBC cell migration and 
invasion in vitro, prompting us to investigate its 
in vivo activities to inhibit metastasis.

Flu suppressed brain metastasis of 4T1 cells 
in vivo

Firstly, we investigated the drug concentration 
of Flu in the plasma and brain after i.p. injec-
tion. Strikingly, Flu was highly distributed in 
brain after a single dose of 8 mg/kg (Figure 
6A). The brain/plasma drug concentration ratio 
was above 25 for at least 24 hours after the 
drug administration. Then we validated the in 
vivo anti-metastasis efficacy of Flu in an experi-
mental breast cancer brain metastatic model. 
Based on the luminescence intensity, it’s obvi-
ous that Flu treatment significantly suppressed 
the metastasis growth in the brain when the 
treatment started on day 3 after establishing 
the brain metastasis model (Figure 6B and 6C). 
Quantification of the luminescence intensity 
indicated an inhibition rate of 85% on the brain 
metastasis growth by Flu treatment. The lumi-
nescence signal in the removed brain con-
firmed the success of establishing brain metas-
tasis model. The data showed that the brain 
metastasis was suppressed by 75% after Flu 
treatment (Figure 6D and 6E). Notably, Flu also 
significantly suppressed brain metastasis from 
4T1 cells even if the treatment started on day 8 
after establishing the brain metastasis model 
(Figure 6G and 6H). 

Flu suppressed spontaneous lung metastasis 
of 4T1 cells in vivo

We counted the number of visible metastasis  
in the lungs after terminating the treatment  
of 4T1 xenograft. Excitingly, Flu also showed 
strong inhibition on spontaneous lung metasta-
sis with an inhibition rate of 76% at 8 mg/kg 
(Figure 7A and 7B). However, Flu didn’t sup-
press experimental bone and liver metastasis 
in our studies (Figure 7C-F).

Flu didn’t induce obvious side effects in the 
mice during the treatment

The above data conclusively showed that Flu 
had the potential to be a new drug for treating 
metastatic TNBC. Efficacy and safety profiles 
are two key features of a successful anti-can-

Obviously, the amount of ROS in both cell lines 
increased significantly after Flu treatment for 
12 hours (Figure 4C and 4D). 

We also used some caspase inhibitors and the 
antioxidant NAC to investigate whether Flu-
induced apoptosis is specifically associated 
with caspase activation and to evaluate which 
type of apoptosis is predominant. The data 
showed that Z-LE(OMe)HD(OMe)-FMK (cas-
pase-9 inhibitor) could partially reverse Flu-
induced apoptosis, while Z-LETD-FMK (cas-
pase-8 inhibitor) showed weaker effects 
(Figures 4E, 4F, S2A and S2B). Meanwhile, the 
antioxidant NAC could rescue the extent of Flu-
induced apoptosis (Figures 4G, 4H, S2C and 
S2D). The above data indicated that the mito-
chondria-mediated intrinsic pathway played a 
more important role in Flu-induced apoptosis 
than the extrinsic pathway.

Flu inhibited TNBC xenograft growth in BALB/c 
mice 

BALB/c mice bearing 4T1 subcutaneous xeno-
graft were administered with Flu by i.p. injec-
tion at 4 and 8 mg·kg-1·day-1. Flu moderately 
suppressed tumour growth in a dose-depen-
dent manner and the tumour growth inhibition 
rate at day 17 postinoculation is about 48% in 
8 mg/kg treatment group (Figure 5A).

Moreover, immunohistochemistry analyses of 
the tumor tissues were conducted to elucidate 
the anti-tumor mechanism. Indeed, Flu treat-
ment suppressed cancer cell proliferation in 
the tumor sections as indicated by decreased 
Ki67 staining (Figure 5C). Besides, cleaved 
caspase-3 staining told that Flu treatment 
induced cancer cell apoptosis in vivo (Figure 
5D). 

Flu suppressed TNBC cell migration and inva-
sion in vitro

Migration and invasion are pivotal steps in the 
cancer metastasis process. Therefore, we used 
wound healing assay and transwell assay to 
evaluate the effects of Flu on TNBC cell migra-
tion and invasion. As shown in Figure S3A, Flu 
dramatically suppressed the wound healing 
course. Similar results were observed in tran-
swell migration assays (Figure S3B). Further- 
more, transwell invasion assays indicated that 
Flu treatment significantly suppressed the inva-
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Figure 5. Anti-tumor effects of Flu in 4T1 subcutaneous tumor model. 25 × 104 4T1 cells were injected subcutane-
ously in female BALB/c mice. Flu administration was started when the average tumor volume reached to about 
100 mm3. Vehicle or Flu was administered by i.p. every day. Tumor diameters and body weights of the mice were 
measured every 3 or 4 days. Data are expressed as means ± SD (n = 7). A. Tumor size changes in mice during 
Flu treatment. B. Body weights changes of the mice during Flu treatment. C and D. Tumors from each group were 
fixed in formalin overnight and processed for paraffin embedding after 10 days treatment, followed by IHC analysis. 
Then, the tumor tissues were sectioned and immunostained for proliferation (Ki67) and apoptosis markers (cleaved 
caspase 3). C. 8 mg/kg Flu treatment decreased the proportion of Ki67 positive cells as indicated by the arrow. 
Quantified results are shown on the right. D. Flu treatment increased the proportion of cleaved-caspase-3 positive 
cells in the tumor tissue as indicated by the arrow. Quantified result is shown on the right. *P<0.05, **P<0.01.

cer drug. Then we assessed whether Flu 
caused any serious side effects or toxicity.

During the treatment of 4T1 xenograft, we did 
not observe serious side effects and toxicities 
after Flu treatment. Although there was a body 
weight loss at day 3 after the treatment, it’s 
reversible. The mice recovered from the weight 

loss after that day and they have comparable 
weight with the mice from the vehicle treatment 
group (Figure 5B and data not shown). Notably, 
we didn’t observe weight loss during the treat-
ment of 4T1 brain metastasis model in BALB/c 
mice (Figure 6F). Although extrapyramidal  
side effect (EPS) was shown in several cases, it 
disappeared rapidly within a few minutes. Fur- 
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Figure 6. Pharmacokinetic studies of Flu and its activities to inhibit TNBC brain metastasis growth in the mice. A. 
Flu highly penetrated to the brain. Flu was dosed at 8 mg/kg to naive female BALB/c mice by i.p. injection and 
then heart blood and brain samples were collected at 1, 6, 12 and 24 hours postdose. Drug concentrations in the 
plasma and brain were measured via UPLC/MS-MS analysis (n = 3). The unit for plasma drug concentration, brain 
drug concentration and brain/plasma ratio are μM/L, μM/kg and L/kg. B-F. 1 × 104 4T1 Br-luc breast cancer cells 
were injected in into the right common carotid artery of mouse to establish brain metastasis model. The mice were 
treated with 8 mg/kg of Flu via i.p. injection 3 days postinoculation. The growth of the metastasis in the brain was 
monitored via IVIS every 3 or 4 days. B. Representative luminescence images of the mice in each group at the in-
dicated time. The exposure time for day 1, day 4, day 7 and day 12 is 180 seconds, 180 seconds, 60 seconds and 
10 seconds, respectively. C. Brain luminescence intensity change during the treatment (n = 11). D and E. The brain 
of each mouse was isolated after terminating the treatment. Then luminescence images of the brain were plotted. 
D. Representative luminescence image of the isolated brain from vehicle and Flu treatment group. E. Quantified 
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luminescence intensity of the isolated brain (n = 11). F. Body weight changes of brain metastasis-bearing mice 
during the treatment. G and H. Effects of Flu on brain metastasis growth when the treatment started on day 8 post-
inoculation. 1 × 104 4T1 Br-luc cells were injected to establish brain metastasis model. The mice were treated with 
8 mg/kg of Flu by i.p. injection 8 days postinoculation. G. Representative luminescence images of the mice at the 
indicated time. The exposure time for day 8, day 11, day 14 and day 17 is 60 seconds, 60 seconds, 30 seconds and 
10 seconds, respectively. H. Brain luminescence intensity changes during the treatment (n = 10).

thermore, after 17 days of treatment, Flu didn’t 
cause significant changes of hematological and 
serum biochemical parameters in the BALB/c 

mice (Figure 8A and 8B). Histological exami- 
nations of heart, liver, kidney and brain as 
assessed by H&E staining neither showed  

Figure 7. Effects of Flu on lung metastasis, liver metastasis and bone metastasis in mouse models. A and B. Flu 
strongly inhibited spontaneous lung metastasis. Lungs were harvested in the subcutaneous xenograft model. Then 
the total numbers of lung metastases were counted with eyes. A. Blue arrows indicate the metastasis on the surface 
of the lung. B. Quantified values were shown in the right. ***P<0.001. C and D. Flu didn’t inhibit the growth of bone 
metastasis. 2.5 × 104 luciferase-expressing 4T1 cells in 10 μL sterile HBSS were injected into the tibial growth plate 
on the back left leg to establish experimental liver metastasis model. The growth of bone metastasis was measured 
via IVIS every week. E and F. Flu didn’t show inhibition on liver metastasis. 25 × 104 luciferase-expressing 4T1 cells 
in 25 μL sterile HBSS were injected into the tip of the exposed spleen to establish experimental liver metastasis 
model. Then the growth of liver metastasis was measured via IVIS every week.
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Figure 8. Flu didn’t induce serious side effects in mice during the treatment. The mice in the 4T1 subcutaneous 
tumor model were sacrificed 17 days after the treatment. The main organs and blood of the mice were obtained 
for further analysis. Hematological and serum biochemistry analysis were performed after collecting eyeball blood 
of the mice. Heart, liver, kidney and brain of the mice were isolated and stained with H&E. (A and B) Flu treatment 
didn’t cause significant changes in blood hematological (A) and serum biochemistry (B) parameters. The units of the 
parameters are shown as follows. WBC (white blood cell) and PLT (platelet), 109/L; RBC (red blood cell), 1012/L; ALT 
(alanine transarninase), AST (aspartate aminotransferase) and CK (creatinine kinase), U/L; CREA(creatinine), uM. 
(C) Flu didn’t cause obvious pathologic abnormalities in normal tissues of the mice. Images shown are representa-
tives from each group. The scale bars represent 50 μm, 100 μm, 50 μm, 50 μm for heart, liver, kidney and brain, 
respectively.

obvious signs of pathological changes (Figure 
8C).

Discussion

A major obstacle to successful breast cancer 
treatment is the metastasis to other organs of 
the body, including liver, bones, lungs and brain 
[5]. Brain metastasis is an end-stage disease 
of breast cancer progression, and its incidence 
increases with the application of advanced 
imaging techniques and the prolonged survival 
due to improvement of systemic disease treat-
ment [5]. Traditional treatment options such as 
surgery, radiation, and chemotherapy showed 

minimal efficacy, and the overall survival of 
these patients is on the order of months [5, 
11]. Among the heterogeneous breast cancer 
subtypes, the incidence of brain metastases in 
patients with metastatic TNBC is approximately 
40% and could be as high as 46%, depending 
on the cohorts [3, 6, 7, 11]. Many chemothera-
py drugs used to treat primary TNBC can’t cross 
the BBB, leading to therapeutic resistance. 
Therefore, finding new and effective drugs that 
could reach therapeutic concentrations in the 
brain is essential for improving the survival and 
quality of life of patients with brain metastatic 
TNBC [5, 34]. 
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Antipsychotic drugs are easy to penetrate the 
BBB and lots of papers have reported their  
anticancer potentials [19-21]. This prompted 
us to investigate their potential to treat TNBC 
brain metastases. In the current study, we 
investigated the efficacy and mechanism of flu-
phenazine hydrochloride (Flu), an FDA-approved 
antipsychotic drug, to treat brain metastases  
of TNBC. Several publications have reported  
its anticancer abilities [21, 35]. Importantly,  
it has entered clinical trials for treating  
cancer (NCT00335647 and NCT00821301).
The above information drives us to assess its 
potential to treat TNBC and brain metastasis. 
Our results showed Flu exhibited favorable anti-
proliferative efficacy in several TNBC cell lines 
as shown by MTT assay. This encourages us to 
further explore their anticancer potential and 
possible contribution mechanisms. We found 
that inducing G0/G1 cell cycle arrest and mito-
chondria-mediated intrinsic apoptosis contrib-
uted to Flu’s anti-TNBC activities. 

An uncontrolled, abnormal cell cycle is one of 
the hallmarks of cancer [36]. Disrupting cell 
cycle can suppress tumour growth and ulti-
mately lead to apoptosis, contributing to can-
cer therapy [37]. Three drugs that target abnor-
mal cell cycle have been approved by FDA to 
treat breast cancer [38-40]. Many more of such 
agents are in preclinical and clinical evaluation 
for cancer treatment, suggesting this is a prom-
ising strategy to cure cancer [41-44].

Numerous proteins are involved in precise cell 
cycle regulation when cells divide. Among them, 
many cyclin and cyclin-dependent kinase com-
plex are important cell cycle regulators [45]. 
Cyclin D can bind to CDK4 and CDK6 and then 
promote E2F-dependent transcription followed 
by series of subsequent events that accelerate 
DNA replication and up-regulation of cyclin E 
and CDK2. The cyclin E/CDK2 positive feed-
back loop could phosphorylate Rb, thereby driv-
ing cancer cells through the G1/S checkpoint. 
p21 and p27 are two important negative regu-
lators in G1/S cell cycle transition. They exert 
the inhibitory effects via inactivating the cyclin-
CDK complexes [45, 46]. In the present study, 
Flu induced G0/G1 arrest in TNBC cells. 
Mechanistically, the expression levels of CDK2, 
CDK4, cyclin D1 and cyclin E are all down-regu-
lated after Flu treatment. In addition, the 
expression of p21 and p27 are increased in 
MDA-MB-231 cells after Flu treatment. These 

data suggested that Flu induced G0/G1 cell 
cycle arrest via disrupting the corresponding 
cyclin-CDK complexes.

Cell cycle arrest can lead to programmed apop-
tosis [47]. There are two main apoptosis path-
ways. During the extrinsic apoptosis, caspase 8 
is activated after the ligands interacting with 
the respective death receptors, after which 
caspase 3 and other downstream regulators 
are activated, leading to the apoptotic cas-
cades [25, 48]. The other one is mitochondria-
mediated intrinsic apoptosis, during which 
mitochondrial membrane integrity is damaged 
upon receiving the death signal. Then, cyto-
chrome c is released from the mitochondria 
into the cytoplasm. Finally, caspase 9 is acti-
vated to cleave caspase 3 and initiate apopto-
sis [25, 48]. After Flu treatment, we observed 
ΔΨm loss in the cancer cells, indicating the 
damage of mitochondrial membrane integrity. 
Moreover, Z-LE(OMe)HD(OMe)-FMK (caspase-9 
inhibitor) showed stronger activities than 
Z-LETD-FMK (caspase-8 inhibitor) to rescue 
Flu-induced apoptosis. ROS is mainly generat-
ed in the mitochondria during the electron 
transport process. Most tumor cells are under 
extremely high oxidative stress and therefore 
sensitive to the increased ROS [49]. In this 
study, the ROS levels in TNBC cells increased 
significantly after Flu treatment, which could 
impair the mitochondria membrane integrity. 
Besides, pretreatment with the antioxidant 
NAC partially rescued Flu-induced apoptosis. 
Numerous proteins are involved in regulating 
intrinsic apoptosis, among which Bax and Bcl-2 
are two pivotal regulators [48]. We found that 
Flu treatment decreased the expression of 
anti-apoptotic Bcl-2 and increased the level of 
pro-apoptotic Bax. Taken together, these data 
implied that the mitochondria-mediated intrin-
sic pathway plays a more important role than 
the extrinsic pathway in Flu-induced apoptosis.

In vivo efficacy is an important parameter for 
assessing the anticancer potential of a drug. 
We established several different tumour mod-
els in the study. Before the treatment studies, 
we carried out a pharmacokinetic study to 
determine the concentration of Flu in the brain 
and in the circulation. Not surprisingly, Flu was 
highly distributed in the brain with a brain/plas-
ma drug concentration ratio above 25 for at 
least 24 hours after administration. Then we 
evaluated the anticancer activities of Flu. 
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Notably, Flu suppressed the growth of both 
subcutaneous xenograft tumor and brain 
metastasis established by intra-carotid injec-
tion. Intracardiac, intracarotid and intracranial 
injection models are three main methods to 
established brain metastasis models [11]. 
Intracardiac injection will cause other metasta-
ses other than brain metastases, such as lung 
metastasis. Intracranial injection forgoes trans-
BBB and extra-invasion process. That’s why we 
chose intracarotid injection to establish the 
brain metastasis model in our study. Intere- 
stingly, the suppression rate of brain metasta-
sis growth is more robust than that of the sub-
cutaneous tumors, suggesting that the high 
penetration of Flu into the brain led to inhibition 
of brain metastasis growth. 4T1 cells extrava-
sated into the mice brain within 7 days [50]. 
Thus, we also tried the strategy to start the 
treatment of 4T1 brain metastasis on day 8 
postinoculation. Strikingly, Flu also suppressed 
the growth of brain metastasis with this treat-
ment regimen. Lung, bone and liver metastasis 
are also major threats to the survival and qual-
ity of life of breast cancer patients [51]. 
Interestingly, Flu remarkably suppressed spon-
taneous lung metastasis of subcutaneous 
tumor, although it lacked inhibition of experi-
mental bone metastasis and liver metastasis. 

As an approved drug that has been in clinical 
use for a long time, the safety profiles of Flu are 
clear. This is the advantages to advance it into 
anti-cancer clinical trials. We investigated its 
safety profiles again. We evaluated the effects 
of different doses of Flu on the behavior of 
tumor-free mice. Then, we selected a 8 mg/kg/
day dosage form by i.p. injection. This treat-
ment regimen did not cause serious side 
effects in mice as indicated by toxicity evalua-
tion. The exception is that Flu caused transient 
weight loss and extrapyramidal side effect 
(EPS). However, the EPS observed in a few 
cases disappeared within a few minutes, which 
can be prevented by using anti-Parkinson’s dis-
ease drugs. In addition, the weight loss is 
reversible. The dose of 8 mg/kg/day in mice 
was converted to a human equivalent dose of 
0.648 mg/kg/day when converted according to 
body surface area without changing the dosage 
form of the drug [52]. For a person weighting 
60 kg, the dose is 38.88 mg. According to the 
drug label information of Flu from the US NIH 
(https://dailymed.nlm.nih.gov/dailymed/drugIn- 
fo.cfm?setid=0860b3f3-3116-40f8-bcb0-e5c- 

47731bdc8), the total daily dosage of Flu for 
adult psychotic patients may range initially from 
2.5 to 10 mg. However, daily doses up to 40 mg 
might be necessary for patients inadequately 
controlled, although controlled clinical studies 
have not been done to evaluate the safety of 
prolonged administration of such doses. 
Notably, the dosage form of Flu in the current 
study is different from that in patients. Flu dos-
age forms for use in patients include oral tab-
lets, solutions for intramuscular or subcutane-
ous administration. Different dosage forms 
lead to different pharmacokinetic parameters 
[53]. Thus, the human equivalent dose of Flu 
might be different from 0.648 mg/kg/day. 
Moreover, if the dose of Flu in our study is really 
too high for human patients, we can improve 
drug delivery to the tumor site and reduce drug 
uptake in normal tissues through a variety of 
pharmacy optimizations [54], through which we 
are able to reduce the dose and systemic toxic-
ity, while improving the treatment effect. A well-
known example in the field of cancer treatment 
is the optimization of doxorubicin. Compared 
with free doxorubicin, pegylated liposomal 
doxorubicin (PLD, Doxil or Caelyx) uptake by 
normal tissues is lower, while drug concentra-
tions in the tumor are enhanced. Thus, liposo-
mal doxorubicin is with significantly reduced 
cardiotoxicity, a severe adverse effect may lead 
to congestive heart failure and death [55-57]. 
Therefore, we concluded that the relatively high 
dose of Flu in this study is not a barrier to repur-
pose it for the treatment of breast cancer with 
brain metastasis and lung metastasis.

However, the precise target and anticancer 
mechanism of Flu is not clear. Previous studies 
have shown different mechanisms of antipsy-
chotic agents to fight against cancer, such us 
induction of autophagy, dysregulation of cho-
lesterol homeostasis and disruption of lyso-
somal homeostasis [19, 20, 58]. Previous study 
had reported Flu inhibited acid sphingomyelin-
ase. However, the direct anticancer target of 
Flu was still elusive. In this study, we observed 
a decrease in the expression levels of several 
proteins after Flu treatment, including some 
cyclins, CDKs and even total AKT and total 
ERK1/2. These may be caused by protein deg-
radation or reduced gene transcription. Further 
research is still needed to validate these 
hypotheses. Next, we will study the changes in 
transcriptional activity after Flu treatment and 
investigate the effects of proteasome inhibitors 
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like MG132 on Flu-induced cell cycle arrest and 
apoptosis. Moreover, a combination of state-of-
the-art technologies such as RNA-seq and 
mass spectrometry can be used to help eluci-
date the possible targets of Flu to inhibit breast 
cancer. Besides, we can optimize the chemical 
structure of Flu and synthesize more active 
compounds based on the target.

In summary, the encouraging results of our 
study laid the foundation for the repurposing of 
Flu to treat TNBC with brain and lung metasta-
ses, which currently lack any effective treat-
ment options.
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Table S1. Sources of antibodies used in this study.
Antibodies Source Cat#
Caspase 3 Cell Signaling Technology 9664s
Bax BD Bioscience 610982
Bcl2 BD Bioscience 610538
P27 Cell Signaling Technology 3698s
P21 Wanlei Bio CY5088
CDK4 Abcam ab108357
CDK2 Cell Signaling Technology 2546p
β-actin Zen bioscience 200068-8F10
Cyclin E BD Bioscience 51-14596R
Cyclin D1 Cell Signaling Technology 2978
AKT Cell Signaling Technology 4658s
P-AKT Cell Signaling Technology 4060s
ERK 1/2 Cell Signaling Technology 4695s
p-ERK 1/2 Cell Signaling Technology 4370

Figure S1. Proliferation curves of 4T1, 4T1-Fu5, MDA-MB-231 and MDA-MB-231-Fu10 cells. The above cells were 
seeded in 96-well plate at a density of 1500-3000 cells per well. Then cell numbers were measured by MTT for 
5 consecutive days. Cell numbers were normalized based on the cell numbers on day 1, respectively (*P<0.05, 
**P<0.01, ***P<0.001).
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Figure S2. Effects of Flu on the intrinsic apoptosis pathway in MDA-MB-231 cells. (A and B) MDA-MB-231 cells were 
treated with 20 μM Flu alone or in combination with Z-LE(OMe)HD(OMe)-FMK (caspase-9 inhibitor) or in combina-
tion with Z-LETD-FMK (caspase-8 inhibitor) for 72 hours. Then the apoptosis of the cells were measured by FCM 
after AnnexinV-PE and 7-AAD labeling. (A) Images shown are representatives of three independent experiments. (B) 
Quantified values of the apoptosis. (C and D) MDA-MB-231 cells were pretreated with 2 mM NAC for 1 h and then 
treated with 20 μM Flu for 72 hours. The apoptosis of the cells were measured after AnnexinV-PE and 7-AAD label-
ing. (C) Images shown are representatives of three independent experiments. (D) Quantified values of the apoptosis. 
(*P<0.05; **P<0.01).
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Figure S3. Flu suppresses cells migration and invasion in vitro. (A) Flu inhibited 4T1 cells migration in wound healing 
assay. Cells were scratched by 10 μL pipette when the cells grew to about 80% confluency and then treated with 
various concentrations of Flu. Cells’ migration capacity was measured by photography. Wound width was measured 
manually. Quantified results are shown on the right (**P<0.01; ***P<0.001). (B) Flu inhibited 4T1 cell migration 
in the transwell migration assay. 5 × 104 4T1 cells were seeded in the top chamber of transwell in serum-free me-
dium and treated with DMSO or indicated concentration of Flu. Regular medium with serum and equal amount of 
DMSO and Flu were added in the bottom chamber. Cells migrated through the membrane were stained and quanti-
fied. Quantified values are shown on the right (**P<0.01; ***P<0.001). (C) Flu inhibited 4T1 cell invasion in the 
transwell invasion assay. 10 × 104 4T1 cells were seeded in the top chamber of diluted Matrigel-coated transwell 
in serum-free medium and treated with DMSO or indicated concentration of Flu. Regular medium with serum and 
equal amount of DMSO and Flu were added in the bottom chamber. Cells invaded through the membrane were 
stained and quantified. Quantified values were shown on the right (**P<0.01; ***P<0.001).


