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The antipsychotic agent trifluoperazine
hydrochloride suppresses triple-negative
breast cancer tumor growth and brain
metastasis by inducing G0/G1 arrest
and apoptosis
Zhanzhan Feng1, Yong Xia1, Tiantao Gao1, Fuyan Xu1, Qian Lei1, Cuiting Peng2, Yufei Yang3, Qiang Xue1, Xi Hu1,
Qianqian Wang1, Ranran Wang4, Zhiqiang Ran4, Zhilin Zeng4, Nan Yang4, Zixin Xie4 and Luoting Yu1

Abstract
Women with aggressive triple-negative breast cancer (TNBC) are at high risk of brain metastasis, which has no effective
therapeutic option partially due to the poor penetration of drugs across the blood−brain barrier. Trifluoperazine (TFP)
is an approved antipsychotic drug with good bioavailability in brain and had shown anticancer effect in several types
of cancer. It drives us to investigate its activities to suppress TNBC, especially the brain metastasis. In this study, we
chose three TNBC cell lines MDA-MB-468, MDA-MB-231, and 4T1 to assess its anticancer activities along with the
possible mechanisms. In vitro, it induced G0/G1 cell cycle arrest via decreasing the expression of both cyclinD1/CDK4
and cyclinE/CDK2, and stimulated mitochondria-mediated apoptosis. In vivo, TFP suppressed the growth of
subcutaneous xenograft tumor and brain metastasis without causing detectable side effects. Importantly, it prolonged
the survival of mice bearing brain metastasis. Immunohistochemical analysis of Ki67 and cleaved caspase-3 indicated
TFP could suppress the growth and induce apoptosis of cancer cells in vivo. Taken together, TFP might be a potential
available drug for treating TNBC with brain metastasis, which urgently needs novel treatment options.

Introduction
Breast cancer is the most common cancer and the

second leading cause of malignancy death among women
in America and its incidence is increasing globally1. About
246,660 new cases of invasive breast cancer were expected
to be diagnosed and nearly 40,450 women died of this
disease in the United States in 20162. Triple-negative
breast cancer (TNBC) is the most aggressive subtype of

breast cancer3,4. Although lots of time and funds had
been put into the research of TNBC and some new
targets emerged, metastatic TNBC is still difficult to treat
for lack of effective specific target, resulting in extremely
poor survival5. The current conventional therapeutic
strategies for treating TBNC failed to achieve a satisfac-
tory result1,6. Brain metastasis is the end stage of the
devastating disease in breast cancer progression7. Cur-
rently there is no effective treatment option available
including radiotherapy, which could only prolong
patients’ lives by a few months8,9. Brain metastasis is a
great challenge in this new era of personalized targeted
cancer therapies. Therefore, it urgently needs great effort
to discover effective therapeutic strategies and actionable

© The Author(s) 2018
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Luoting Yu (yuluot@scu.edu.cn)
1Lab of Medicinal Chemistry, State Key Laboratory of Biotherapy and Cancer
Center, West China Hospital, Sichuan University and Collaborative Innovation
Center for Biotherapy, 610041 Chengdu, China
2School of Chemical Engineering, Sichuan University, 610041 Chengdu, China
Full list of author information is available at the end of the article.
These authors contributed equally: Zhanzhan Feng, Yong Xia
Edited by I. Amelio

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://creativecommons.org/licenses/by/4.0/
mailto:yuluot@scu.edu.cn


molecular targets to cure TNBC patients with brain
metastasis.
Dysregulation of cell cycle is a hallmark of cancer.

Cell cycle is an accurate process responsible for the
proper division of one cell into two daughter cells10–12.
The genetic control of cell division is dysfunctional in
cancer, leading to an unrestricted cell proliferation13.
Disrupting cell cycle can inhibit proliferation and induce
apoptosis of tumor, in favor of the therapy of cancer10,14.
Apoptosis is a programmed process of cell death, which

plays an important role in eliminating unwanted cells in
damaged multicellular organism. It also works in a variety
of biological process, including cell differentiation and
proliferation15,16. Dysregulation of apoptosis leads to
numerous diseases including cancer and is another hall-
mark of cancer12. Therefore, compounds that could block
cell cycle and induce apoptosis might be effective ther-
apeutic agents for treating TNBC.
Nowadays, the development of anticancer drugs is

more difficult than before. It is accompanied with some
big challenges caused by increasing failure rates, high
cost, poor bioavailability that cannot be solved, unwanted
safety and limited efficacy in clinical trials. Exploring
approved noncancer drugs for their anticancer activities
could decrease the failure of development and save
time and money17. Some studies showed schizophrenic
patients using neuroleptic agents have less risk of can-
cer18,19. Trifluoperazine (TFP) is a phenothiazine deriva-
tive commonly used as antipsychotic drug. Limited
studies have reported that TFP has anticancer efficacies20.
However, there were few reports about the investigation
of TFP in treating TNBC. Antischizophrenic agent like
TFP could easily penetrate the blood−brain barrier (BBB)
to achieve a high concentration in brain, leading us to
investigate its activities to treat TNBC and the brain
metastasis.
The aim of our study was to obtain some insight into

the activities of TFP against TNBC in vitro and in vivo
along with the underlying mechanisms. We found that
TFP could induce G0/G1 cell cycle arrest of TNBC cells
via decreasing the expression level of cyclinD1/CDK4
and cyclinE/CDK2 complexes. It could also induce
apoptosis of the cancer cells via the reactive oxygen spe-
cies (ROS)–mitochondrial apoptotic pathway. Moreover,
TFP could suppress TNBC cells migration and invasion.
Importantly, TFP inhibited the growth of established
subcutaneous xenograft tumor and the brain metastasis
of TNBC without causing obvious side effects.
To the best of our knowledge, there was no report about

TFP’s potential application in treating established TNBC
brain metastases. Given it’s an approved drug, TFP could
be rapidly advanced into clinical trial. Our results sug-
gested that TFP may be a potential antitumor candidate
and its further investigation is warranted.

Results
TFP inhibited TNBC cells proliferation
To evaluate the effects of TFP on cell viability, several

cell lines were exposed to TFP. The results indicated that
TFP could reduce their survival with IC50 values less
than 20 μM (Fig. 1a). We are interested in exploring new
drugs for TNBC. Therefore human TNBC cell lines
MDA-MB-231, MDA-MB-468, and mouse TNBC cell
line 4T1 were chosen for further studies.
We evaluated the effects of TFP on cell viability using

the three TNBC cell lines, respectively. The viabilities
were reduced with increasing TFP concentration and
longer treatment time (Fig. 1b). These results indicated
that TFP could suppress TNBC cells viability in a time-
and concentration-dependent manner. To further eluci-
date the effects of TFP on breast cancer cell proliferation,
we performed colony formation assay. As shown in
Fig. 1c, the number of colonies in the three cell lines
was reduced in a concentration-dependent manner after
TFP treatment. Taken together, these results suggested
that TFP had strong cytotoxic and cytostatic effects on
TNBC cells.

TFP induced G0/G1 phase arrest of TNBC cells
To further illustrate the molecular mechanisms under-

lying the anti-TNBC effect of TFP, we studied its effect
on cell cycle distribution by flow cytometry (FCM)
analysis in 4T1, MDA-MB-231, and MDA-MB-468 cells.
Notably, as shown in Fig. 2a, G0/G1 phase arrest was
induced in a concentration-dependent manner after
incubation with TFP for 12 h. The percentage of 4T1 cells
in G0/G1 phase was increased from 33.5% in the
vehicle group to 42.7% in the group of 20 μM TFP
treatment for 12 h and 34.1−53.6% for 24 h (Supple-
mentary Fig. 2A). Similar results were observed in MDA-
MB-231 and MDA-MB-468 cells (Fig. 2a and Supple-
mentary Fig. 2A). These data reflected that G0/G1 pha-
se arrest might be associated with the effects of TFP
against TNBC.
Cell cycle is precisely regulated by various proteins

including cyclins and cyclin-dependent kinases (CDKs).
Cyclin D, cyclin E and their relevant CDKs are crucial
regulators in G1 phase21–23. Therefore, we evaluated the
expression of proteins involved in cell cycle by western
blot. As shown in Fig. 2b, c, the expression of cyclin E,
CDK2, cyclin D1, CDK4 decreased after treatment with
TFP for 72 h in 4T1, MDA-MB-231, and MDA-MB-468
cell lines. Next, we evaluated the expression of p27 and
p21. Both of them belong to Cip/Kip cell cycle inhibitory
protein (CKI) family, and the p21 is also the downstream
signal molecule of p5313. As shown in Fig. 2c, there were
increasing expression trends of p27 and p21 both in
MDA-MB-231 and MDA-MB-468 cells. However, similar
trend was not observed in 4T1 cells (data not shown).
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TFP induced apoptosis of TNBC cells
The morphological changes of the nucleus were

observed in 4T1, MDA-MB-231, and MDA-MB-468 cells
after TFP treatment. As shown in Fig. 3a, cell shrinkage
was induced after 20 μM TFP treatment for 48 h, which

indicated the induction of apoptosis. To confirm the
induced apoptosis, Hoechst 33342 staining was per-
formed. Bright-blue fluorescent condensed nuclei and
formation of apoptotic bodies were observed in 4T1,
MDA-MB-231, and MDA-MB-468 cells after TFP

Fig. 1 TFP inhibited TNBC cells proliferation. a Effects of TFP on the viabilities of cancer cells after 72 h of treatment, represented as the half
maximal inhibitory concentration (IC50 values, μM). HepG2, hepatoma carcinoma cells; SW48, SW480, HCT116, DLD-1, CT26, colorectal cancer cells;
A549, PC-9, non-small-cell lung carcinoma cells; LL/2, mouse Lewis lung carcinoma cells; DU145, prostate cancer cells; and others are TNBC cells.
b 4T1, MDA-MB-231, and MDA-MB-468 cells were treated with various concentrations of TFP for 24, 48 and 72 h, respectively. Cell viability was
evaluated by MTT assay. Values represent mean ± SD (n= 3, in triplicate). c The effect of TFP on colony formation in 4T1, MDA-MB-231, and MDA-MB-
468 cell lines for 7–10 days. The statistic results of colony formation assays are presented as survival colonies. The quantification is shown in right
panels. Data were expressed as mean ± SD. from three experiments (**P < 0.01; ***P < 0.001); the treatment group and the control group were
compared by t test
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Fig. 2 (See legend on next page.)
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treatment for 48 h (Fig. 3b). These findings confirmed the
apoptosis.
Next, we quantified the effects of TFP on apoptosis with

FCM after Annexin V/PI staining. As shown in Fig. 3c,
both early apoptotic fraction (Annexin V positive and PI
negative) and late apoptotic fraction (Annexin V and PI
positive) were increased in a concentration-dependent
manner in TNBC cells after TFP treatment. Quantitatively,
the apoptosis rate increased from 2.5% in the vehicle group
to 5.7% and 8.6% when treated with 10 and 20 μM TFP for
48 h in MDA-MB-231 cells, respectively, consistent with
the previous findings24. Those findings suggested TFP
could induce apoptosis in TNBC cells in a concentration-
dependent manner. Activation of caspase-3, which was
confirmed by the decrease of procaspase-3 and the
increased expression of cleaved caspase-3 after TFP
treatment in TNBC cell lines, confirmed the apoptosis
(Supplementary Fig. 4A).

TFP induced apoptosis via the mitochondria-mediated
apoptotic pathway
There are two major pathways of apoptosis. One is the

death-receptor pathway, the other is the mitochondrial
pathway. Both of them are regulated by the caspase cas-
cade25. To further investigate which pathway involved in
TFP-induced apoptosis, we analyzed the expression of
Bcl-2 and Bax, both of which regulate the mitochondrial
apoptosis, in the three TNBC cell lines treated with TFP.
As shown in Supplementary Fig. 4A and B, the expression
of antiapoptotic Bcl-2 remarkably decreased, while the
proapoptotic Bax increased in a concentration-dependent
manner, and an obvious increase of Bax/Bcl-2 expression
ratio was observed (Supplementary Fig. 4C). Disruption of
mitochondrial membrane permeability and loss of mito-
chondrial membrane potential (ΔΨm) are important
events in the intrinsic apoptotic pathway. To further
elucidate TFP-induced apoptosis, changes in ΔΨm were
detected with FCM. As shown in Fig. 4a, there was a
significant loss of ΔΨm in MDA-MB-468 cells after 24 h
of TFP treatment. Similar results were observed in 4T1
and MDA-MB-231 cells (Supplementary Fig. 4D and 4F).
These results indicated that the mitochondrial apoptotic
pathway might involve in TFP-induced apoptosis.
ROS is mainly produced by mitochondria and excess

ROS could lead to cell death26. Increasing ROS level in

cancer cells causes intrinsic apoptosis27–29. As shown in
Fig. 4b, Supplementary Fig. 4E and G, the ROS level in the
three TNBC cells increased in a concentration-dependent
manner after treatment with TFP for 12 h.
Many signaling pathways involved in tumor cell pro-

liferation and apoptosis, such as PI3K-AKT-mTOR30,31.
Abnormal activation of AKT is associated with increased
cell growth, cell proliferation, metastasis, and angiogen-
esis. And hyperactivation of AKT had been reported
in numerous cancers30. We investigated the effects of
TFP on the expression of those proteins in TNBC
cells. As shown in Fig. 4c, the expression of phosphory-
lated AKT was decreased without affecting its total
expression level. It was reported that IKK/NF-kB signaling
pathways are aberrantly activated in TNBC24, and
AKT could regulate the activity of IKK directly or indir-
ectly, resulting in the activation of NF-kB along with
its nuclear translocation and NF-kB-dependent genes
transcription, including Bcl-2 and cyclin D1, and so on,
that promote cell survival32. Thus, we investigated the
effects of TFP on the expression of related proteins
involved in NF-kB signaling pathway. As shown in
Fig. 4c, both phosphorylated IKBa and phosphorylated
NF-kB p65 were decreased without affecting its total
expression level. Furthermore, we determined the intra-
cellular localization of p65 by immunofluorescence
using a polyclonal antibody against NF-kB p65, as
shown in Fig. 4d. TFP decreased the nuclear translocation
of NF-kB p65. Taken the data together, TFP might have
induced TNBC cells apoptosis via Akt/NF-kB signaling
pathway.

TFP inhibited subcutaneous tumor growth in TNBC
xenograft models
To assess the potential anti-TNBC effects of TFP

in vivo, 4T1 and MDA-MB-468 cells were injected sub-
cutaneously into 6–8-week-old female BALB/c mice and
NOD/SCID mice, respectively. The mice were adminis-
tered daily by intraperitoneal injection (i.p.) with 20 and
40mg/kg TFP and survived for 18 days. Vehicle-treated
mice rapidly developed visible tumors, and dramatic
tumor growth was observed throughout the study
(Fig. 5a). In contrast, treatment with TFP attenuated the
growth of tumors. These data clearly demonstrated the
anti-breast cancer activity of TFP in vivo.

(see figure on previous page)
Fig. 2 TFP induced G0/G1 arrest in TNBC cells. a 4T1, MDA-MB-231, and MDA-MB-468 cells were treated with indicated concentration of TFP for
12 h, respectively. The distribution of cell cycle was analyzed by flow cytometry. Data shown were representative of three independent experiments.
The quantification is shown in right panels. Data were expressed as mean ± SD from three experiments (*P<0.05; **P < 0.01); the treatment group and
the control group were compared by t test. b, c The effects of TFP on the expression of cyclin E, cyclin D1, CDK2, CDK4, p21, and p27 were
determined by western blotting. β-actin was used as the loading control. The quantified values were shown (*P < 0.05; **P<0.01; ***P < 0.001); the
treatment group and the control group were compared by t test
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Fig. 3 TFP induced apoptosis of TNBC cells. a The cell morphology of 4T1, MDA-MB-231, and MDA-MB-468 cells after treatment with TFP for 48 h.
Scale bars represent 100 μm. b Nuclear alterations of 4T1, MDA-MB-231, and MDA-MB-468 cells after TFP treatment for 48 h. Cells were stained with
Hoechst 33342 (10 μg/mL) and visualized by fluorescence microscopy. Scale bars represent 50 μm. c Flow cytometric analysis of TNBC cells apoptosis
using the Annexin V/PI dual-labeling technique after TFP treatment for 48 h. The quantified values were shown in right panels (*P < 0.05;
**P<0.01; ***P < 0.001); the treatment group and the control group were compared by t test
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Fig. 4 TFP induced mitochondria-mediated apoptosis of TNBC cells. a TFP treatment decreased mitochondrial membrane potential (ΔΨm) in
MDA-MB-468 cells. Cells were treated with various concentrations of TFP for 24 h and then stained with Rh123 to measure the change of ΔΨm by
flow cytometry. Quantified values are shown on the right (*P < 0.05); the treatment group and the control group were compared by t test. b TFP
increased ROS level in MDA-MB-468 cells. After treatment with various concentrations of TFP for 12 h, MDA-MB-468 cells were incubated with DCFH-
DA and then ROS levels were measured by DCF fluorescence with flow cytometry. Quantified values were shown on the right (*P < 0.05). c The
expression of related proteins was determined by western blotting. 4T1, MDA-MB-231, and MDA-MB-468 cells were treated with TFP for 72 h and the
expression of P-AKT, AKT, P-IKBa, IKBa, P-NF-kB p65, and NF-kB p65 were detected. β-actin served as internal control. d TFP inhibited the NF-kB p65
nuclear translocation. The intracellular localization of NF-kB p65 was determined by immunofluorescence. Pictures were taken with a laser-scanning
confocal microscopy (Nikon). Scale bars represent 50 μm
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Then we explored the molecular mechanisms under-
lying the antibreast cancer effects of TFP in vivo via
immunohistochemical analysis of tumor tissue. TFP
treatment indeed decreased cancer cell proliferation and

increased apoptosis in the tumor sections as shown by
Ki67 and cleaved caspase-3 staining. Besides, the number
of P-AKT-positive cells in the TFP treatment group was
less compared with the vehicle group (Fig. 5c). These data

Fig. 5 TFP’s inhibitory effects on the growth of TNBC in subcutaneous tumor model and safety profile. a Tumor size changes of 4T1-bearing
and MDA-MB-468-bearing mice during TFP treatment. Tumor volume and body weight of the mice in each group were measured every 3 days and
presented as mean ± SD (n= 7). ANOVA was used for statistical analysis in 4T1 subcutaneous tumor model and t test in MDA-MB-468 subcutaneous
tumor model, *P < 0.05; ***P < 0.001. b Body weight changes of mice in each group. There were no significant differences between the groups.
c Tumor tissues from the MDA-MB-468 tumor-bearing mice were immunohistochemically analyzed with Ki67, P-AKT, cleaved caspase-3. Scale bars
represent 50 μm. d TFP treatment did not cause significant changes in blood routine analysis. Units of the parameters are as follows. WBC, PLT, 109/L;
RBC, 1012/L; TP, g/L; ALT, AST, CREA, μM; TG, mM; BUN, GLU, mM. e TFP treatment did not cause obvious pathologic changes in major organs of the
mice. Heart, liver, spleen, lung, kidney, and brain were from the mice bearing MDA-MB-468 xenografts tumor. Images shown are representatives from
each group. Scale bars represent 50 μm
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indicated that reducing proliferation and inducing apop-
tosis also contributed to TFP’s anticancer effects in vivo
and probably through AKT signaling pathways.
Besides, the TFP-treated mice in subcutaneous xeno-

graft tumor models did not show any side effects, such as
diarrhea and weight loss (Fig. 5b). As shown in Fig. 5d,
there were no significant changes in hematological and
serum biochemical parameters between TFP-treated
mice and vehicle-treated mice. H&E staining of major
organs from the mice that were treated with TFP showed
no signs of pathological changes (Fig. 5e and Supple-
mentary Fig. 5B).

TFP inhibited breast cancer cell migration and invasion
in vitro
Metastasis of breast cancer, especially to brain, is the

main cause of cancer-related death5. Migration and
invasion are pivotal steps for the success of cancer
metastasis33. Therefore, we assessed the effects of TFP on
breast cancer cell migration and invasion. Firstly, we
performed wound-healing assays using 4T1 and MDA-
MB-231 cells. As shown in Fig. 6a and Supplementary
Fig. 6A, the results indicated that the migration of
TFP-treated 4T1 cells and MDA-MB-231 cells was sig-
nificantly delayed as compared with vehicle-treated cells.
The inhibition is time dependent in 4T1 cells. Transwell
migration assay showed a similar result. Twenty hours of
TFP treatment inhibited migration of 4T1 cells by 68%
and 95.5% at 10 μM and 20 μM, respectively (Fig. 6c).
Furthermore, we performed Matrigel invasion assay with
transwell. The results showed that invasion of 10 μM
TFP-treated cells was only 12.5% when compared with
vehicle control cells (Fig. 6d). These findings suggested
that TFP could inhibit migration and invasion of breast
cancer cells. Moreover, we evaluated the expression of
some proteins that have critical roles in tumor metastasis.
The expression of both MMP-9 and p-FAK were
decreased after treatment with TFP (Fig. 6b and Supple-
mentary Fig. 6B). These observations indicated that TFP
could inhibit breast cancer cells migration and invasion
in vitro, suggesting its antimetastatic potential in vivo.

TFP inhibited in vivo brain metastasis of TNBC cells
The in vivo anti-metastasis activity of TFP was further

validated in breast cancer brain metastatic model.
Luciferase-expressing 4T1 cells were injected into the
right common carotid artery to establish the metastasis
models. Bioluminescence imaging (BLI) technology was
used to assess the tumor size in which the intensity of
bioluminescent signal is positively related to the number
of luciferase-expressing cells34. As shown in Fig. 6e, f,
there is an obvious increase in brain luminescence start-
ing day 7 after injection. On the basis of luminescence
measuring, our data showed about 73.51% inhibition in

brain metastasis growth by TFP treatment compared with
luminescence signal in control group at day 10. Impor-
tantly, TFP treatment could prolong the survival of mice
bearing metastatic TNBC tumor in the brain (Fig. 6g),
while it did not cause obvious changes in the body weight
(Fig. 6h). The median survival time of mice in TFP
treatment group is 22 days compared with 19 days in
control group. Similar results were observed with
luciferase-expressing MDA-MB-231 cells (Supplementary
Fig. 6C–E). These results suggested that TFP has the
potential to inhibit the brain metastasis of TNBC in vivo.

Discussion
TNBC is an aggressive breast cancer subtype that

accounts for a disproportionate number of cancer-related
deaths due to the absence of effective therapeutic strate-
gies and agents4,35. TNBC patients are at high risk of
metastasis to other organs and nearly 25–46% patients
with TNBC are at a high risk of brain metastasis36.
Therefore, finding new and effective treatment options for
metastatic TNBC is more and more critical. Repurposed
drug gives us the potential to identify effective, inexpen-
sive anticancer agents.
Many clinical investigations have found an overall

reduced risk of cancer in schizophrenic patients using
neuroleptic drugs, suggesting antipsychotic drugs might
have potential anticancer values for clinical treatment18,37.
Indeed, limited publications have shown that some anti-
psychotic drugs such as penfluridol, chlorpromazine, and
thioridazine displayed anticancer effects in different
tumor models37,38. TFP is an approved antipsychotic drug
for treating schizophrenia and shows good bioavailability
in brain. Some studies have shown that TFP have antic-
ancer effects on lung cancer and other cancer mod-
els20,39–41. However, there were few reports about its
potential applications in treating metastatic TNBC, par-
ticularly brain metastases. Thus, our present study eluci-
dated TFP’s in vitro and in vivo activity against metastatic
TNBC as well as the possible underlying mechanisms.
TFP exhibited favorable antiproliferative activity in

multiple cancer cells as shown by MTT assay. Next, we
elucidated its inhibitory effect on TNBC and the under-
lying mechanisms using MDA-MB-231, MDA-MB-468,
and 4T1 cells. The results showed that TFP has the
potential to suppress TNBC via inducing G0/G1 cell cycle
arrest and mitochondria-mediated apoptosis. Importantly,
our work indicated that TFP could significantly suppress
the growth of subcutaneous tumor and intracarotid brain
metastasis tumor. Moreover, it prolonged the survival of
mice bearing brain metastases of TNBC. TFP also showed
good safety profiles during the treatment.
Abnormal cell cycle is a hallmark of cancer. Targeting

this pathway has already shown a promise in treating
breast cancer, and several drugs targeting cell cycle have
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Fig. 6 (See legend on next page.)
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been approved by FDA42,43. Recent studies in cell cycle
indicated that the interaction among cyclins, CDKs
and cyclin-dependent kinase inhibitors (CKIs) plays
a fundamental role in cell cycle progression13,44,45.
Cyclin D, cyclin E, and their specific interacted CDKs are
the crucial regulators in G1 phase21–23. It had been
recognized that cyclin D and cyclin E were oncogenic
whose overexpression may be related with poor prog-
nosis23,46,47. Cells will synthesize cyclin D in response
to the mitogenic stimulation. Increased amount of
cyclin D combines with CDK4 and CDK6 to phosphor-
ylate the inhibitory protein retinoblastoma (Rb) in G1
phase, which leads to the dissociation of Rb from the
transcription factor E2F and promote E2F-dependent
transcription. E2F activation could promote a series of
subsequent events that favor DNA replication and
expression of cyclin E and CDK2. Upregulated cyclin E
and CDK2 formed a positive feedback loop for the
phosphorylation of Rb, which enhanced cells to cross the
G1/S checkpoint48,49. CKIs are CDK inhibitors that pos-
sess the activity of tumor suppression. The most famous
CKIs in G1 and S phases belong to p21 family that con-
tains p21 and p27. They exert anticancer activities via
inactivating CDK-cyclin complexes49–51. In our present
study, the levels of cyclin D1 and cyclin E along with
their specific interacting CDKs including CDK4 and
CDK2 were downregulated in 4T1, MDA-MB-468,
and MDA-MB-231 cells after TFP treatment. Moreover,
the expression of p21 and p27 was upregulated in MDA-
MB-231 and MDA-MB-468 cells.
Cell cycle arrest could lead to cell apoptosis14,52. In this

study, we found TFP induced TNBC cell apoptosis.
After treatment of TNBC cells with TFP, the level of
the proapoptotic protein Bax was upregulated while the
antiapoptotic protein Bcl-2 was downregulated. In addi-
tion, an increase expression of cleaved caspase-3 and a
decrease in ΔΨm was observed. So we demonstrated
that treatment with TFP could further activate the
mitochondria-dependent intrinsic apoptotic pathway in
TNBC cells.

The PI3K/Akt pathway is an important regulator of cell
survival through multiple downstream targets and it has
been shown that AKT could promote the activation of
NF-kB by phosphorylation of IkB kinase (IKK), which
in turn, augments the transcriptional activity of NF-kB
p65/RelA, and promote cell survival53. In our present
study, TFP decreased the expression of phosphorylated
AKT, phosphorylated IkBa and reduced NF-kB p65
nuclear translocation. TFP might have inhibited TNBC
cells survival via Akt/NF-kB signaling pathway.
We also tested TFP’s activity to inhibit subcutaneous

tumors in BALB/c and NOD/SCID mice. We chose
intraperitoneal injection instead of oral administration
because the former administration route usually results in
a higher drug concentration in the blood. Our goal in this
study is to seek TFP’s potential for treating TNBC, and
the possible dose and administration route in patient
could be explored at a later stage. After an initial safety
test in BALB/c mice, we chose 40mg/kg as the dose in
mice. TFP showed evidently inhibitory effect of 51.2% on
4T1 xenograft tumor growth in vivo when administered at
40 mg/kg, consistent with the in vitro findings. The tumor
growth-suppressive effects of TFP were associated with
reduced expression of Ki67 and increased expression of
cleaved caspase-3 in tumor cells when compared with the
vehicle group. Importantly, it showed good safety profiles
during treatment. The mice did not show significant
weight loss or other signs of toxicity as shown by H&E
staining of major organs and hematological/serum bio-
chemical parameters in 4T1 and MDA-MB-468 xenograft
tumor models after treatment with TFP 40mg/kg (Fig. 5e
and Supplementary Fig. 5B).
TNBC are easily to metastasize to other important

organs, and metastasis finally causes mortalities. Brain
metastasis of TNBC lacks treatment strategies and drugs5.
Due to its good penetration to brain, TFP’s ability to treat
established brain metastasis was assessed in vivo by BLI
technology in which the intensity of bioluminescent
signal is positively related to the number of luciferase-
expressing cells33. Our study showed that TFP treatment

(see figure on previous page)
Fig. 6 TFP’s inhibitory effects on brain metastasis of TNBC in intracarotid model. a TFP inhibited wound healing of 4T1 cells. Quantified values
were shown on the right. The width of the wound was measured manually (**P < 0.01; ***P < 0.001); the treatment group and the control group
were compared by t test. b The expression of proteins important for migration and invasion were detected by western blot after TFP treatment in
4T1 cells. β-actin served as the loading control. c TFP inhibited the migration of 4T1 cell in the transwell migration assay. 4T1 cells were exposed to
TFP for 18 h. The quantified values were shown in right (***P < 0.001). d TFP inhibited the invasion of 4T1 cell in the transwell invasion assay. 4T1 cells
were exposed to TFP for 24 h. The quantified values were shown on the right (***P < 0.001). e, f TFP inhibits the growth of 4T1 brain metastasis in
intracarotid model in vivo. The metastasis growth in the brain was monitored by noninvasive bioluminescence imaging technology (IVIS,
PerkinElmer) in vivo every 3 days. The imaging was captured at the peak time after i.p. injection of 150 mg/kg D-luciferin. The imaging exposure time
was 60 s. f The tumor burden was measured and judged by bioluminescence intensity (BLI). g TFP treatment prolongs the survival of mice bearing
brain metastasis. The survival of the mice bearing brain metastasis was monitored everyday during the treatment (*P < 0.05). h Body weight changes
of mice bearing brain metastasis during TFP treatment. The results showed that TFP treatment did not cause obvious weight changes compared with
vehicle-treated mice
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substantially suppressed the establishment of metasta-
sized TNBC tumors in the brain of mice in the intracar-
otid model. And this suppression was more robust than
the subcutaneous tumors, maybe due to the high pene-
tration of TFP to the brain. More importantly, TFP
treatment prolonged the survival of mice bearing brain
metastasis.
In conclusion, our present study gives preliminary

convincing results to convince TFP’s favorable antitumor
and antimetastatic effects against TNBC in vitro and
in vivo. However, the mechanisms by which TFP shows
anticancer effects and its direct target are not fully
understood, which prompted further investigation. To the
best of our knowledge, there was no report about TFP’s
potential applications in treating established TNBC brain
metastases. Our work lays a foundation to repurpose TFP
for treating TNBC, which currently lacks any effective
treatment options. Therefore, our results suggested that
TFP might be a potential therapeutic agent for TNBC
growth and brain metastasis, which deserves further
investigation.

Materials and methods
Materials
Trifluoperazine hydrochloride was purchased from

AstaTech BioPharmaceutical Corp (Chengdu), and was
dissolved in dimethyl sulfoxide (DMSO) for test in vitro.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), DMSO, propidium iodide (PI),
Rhodamine-123 (Rh123), Hoechst 33342 were purchased
from Sigma (St Louis, MO). Annexin V-FITC apoptosis
detection kit was purchased from Roche (Indianapolis,
IN). The primary antibodies were purchased from Cell
Signaling Technology Company (Beverly, MA).

Cell lines and cell culture
Human TNBC cells MDA-MB-468 were purchased

from the Type Culture Collection of Chinese Academy of
Science (Kunming, China). Other cells were purchased
from ATCC (American Type Culture Collection). All of
them were cultured in DMEM or DME/F-12 media
containing 10% fetal bovine serum and 1% antibiotics
(penicillin and streptomycin) under humidified condition
with 5% CO2 at 37 °C.

Cell viability assay
The effect of TFP on cell viability was assessed by the

MTT assay. Briefly, cancer cells (2–8 × 103 cells/well)
were seeded in 96-well plates and incubated overnight.
Then the cells were treated with different concentrations
of TFP. After treatment for 24, 48 and 72 h, 20 μL of 5 mg/
mL MTT solution was added to each well and incubated
for an additional 2–4 h at 37 °C. The medium was sub-
sequently removed and 150 μL DMSO was added to

dissolve the purple-colored formazan crystal. Five min-
utes later, the absorbance was measured at 570 nm using
Spectra MAX M5 microplate spectrophotometer (Mole-
cular Devices, CA, USA) for living cells. All assays were
replicated three times.

The colony formation assay
TNBC cells (400–800 cells/well) were seeded in six-

well plate and incubated overnight. Then the cells
were treated with different concentrations of TFP for
additional 7–14 days. The cells were washed with cold
PBS before being fixed with 4% paraformaldehyde and
stained with a 0.5% crystal violet solution for 15min,
and the colonies (>50 cells) were counted under a
microscope. Data shown were the average of three inde-
pendent experiments.

Morphological analysis of cell nuclei
Cancer cells (1–2 × 105 cells/well) were plated onto an

18-mm coverglass in six-well plate and incubated over-
night. Then the cells were treated with different con-
centrations of TFP for 48 h. Finally the cells were stained
by Hoechst 33342 (10 μg/mL) solution for 10min in dark
at room temperature followed by washing with cold PBS
and fixed with 4% paraformaldehyde. Images were taken
using a fluorescence microscope (Olympus, Tokyo,
Japan).

Cell cycle and apoptosis analysis by flow cytometry
The distribution of cell cycle was analyzed with

PI staining by FCM. Briefly, breast cancer cells (8–20 ×
104 cells/well) were plated onto a six-well plate. After 24 h
incubation, the cells were treated with different con-
centrations of TFP for 12 and 24 h. Then the cells
were harvested and stained with PI followed by
washing twice with cold PBS and fixed with 75%
ethanol. Cell cycle distribution was measured by FCM.
Data were analyzed with Novo Express 1.1.2 software.
To confirm and quantify the apoptosis induced by TFP,
we used the Annexin V-FITC apoptosis detection kit.
The cells were harvested and stained with Annexin
V-FITC for 5 min in dark at 4 °C and then stained with
PI for 5 min, and finally detected by FCM. Data were
analyzed by FlowJo software. Each experiment was repli-
cated three times.

Mitochondrial membrane potential (ΔΨm) assay
Mitochondrial membrane potential was measured by

FCM. TNBC cells (8–20 × 104 cells/well) were seeded in
six-well plate. After incubation of 24 h, cells were treated
with indicated concentrations of TFP for desired time.
Then the cells were incubated with Rh123 (5 μg/mL) for
30min in dark. The stained cells were then washed with
cold PBS and detected by FCM.
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Measurement of ROS levels in cells
4T1, MDA-MB-231, and MDA-MB-468 cells were

incubated with DCFH-DA (10 μM) at 37 °C for 30 min
after exposure to various concentrations of TFP for the
indicated time. Then the fluorescence intensity was tested
by FCM.

Immunofluorescence
The immunofluorescence assay was performed as

previously described, with some modification54. In
brief, tumor cells were plated onto a 14-mm coverglass in
24-well plate and incubated overnight. Different con-
centrations of TFP were added to treat cells for 48 h.
Then cells were washed twice in PBS, fixed in 4% paraf-
ormaldehyde for 10min and washed three times. Then
unspecific binding sites were blocked with PBST con-
taining 1% BSA and 0.05% Triton X-100. Subsequently,
cells were incubated with primary antibody overnight at
4 °C. Goat anti-mouse secondary antibodies conjugated
to FITC were used. Cell nuclei were stained with DAPI.
Images were taken using a laser-scanning confocal
microscopy (Nikon).

Western blotting analysis
Cocktail was added into RIPA buffer at 1:1000 ratio

before use. Cells were harvested and lysed in RIPA
buffer (Beyotime, Beijing, China) on ice for 30 min after
exposure to various concentrations of TFP for 72 h.
Then, the cell lysate was centrifuged with 13,000 rpm
at 4 °C for 15 min and then the supernatant was har-
vested. The concentration of protein was equalized by
BCA method. Equal amount of total proteins was
resolved by SDS-PAGE and transferred under the
condition of 250 mA, 2 h onto the nitrocellulose
membrane. After blocking with 5% fat-free milk soluble
in TBS/T for 1.5 h at room temperature, the mem-
branes were incubated with primary antibody over-
night at 4 °C. The protein bands were visualized using
an enhanced chemiluminescent substrate on horse-
radish peroxidase (Amersham, Piscataway, NJ) after
incubating with horseradish peroxidase-conjugated
secondary antibodies. The quantitation of the western
blot results was based on three independent experi-
ments using ImageJ.

Wound-healing migration assay
4T1 cells (1 × 105) and MDA-MB-231 cells (2 × 105)

were seeded in a 24-well plate. When cells grew to 80%
confluence, we scraped the monolayer cells by 10 μL
sterile tips and washed it with sterile PBS. Then fresh
medium containing different concentrations of TFP was
added. Cells were photographed after treatment with TFP
for indicated time. Images were acquired using a micro-
scope (Zeiss, Jena, Germany).

Boyden chamber migration and invasion assay
Boyden chamber (8 μm pore size) migration assay was

performed as previously described, with some modifica-
tion33,55. 4T1 cells (4 × 104) in 200 μL serum-free medium
were added in the upper chamber, and 600 μL medium
containing 10% FBS was added at the bottom. The same
amount of 0.1% DMSO or TFP were added into both
chambers and bottom. Cells were allowed to migrate for
18 h. Nonmigrated cells on the upper chamber were dis-
carded using a cotton swab. The migrated cells were fixed
with 4% paraformaldehyde and stained with 0.5% crystal
violet solution for 15 min. Migrated cells were randomly
selected fields, counted and photographed using a light
microscope. Invasion assay was performed as described in
previous studies33,55. Briefly, the upper surface of the
transwell was coated with diluted Matrigel (1:4, 50 μL/
well, BD Biosciences). When the diluted Matrigel was
solidified, 4T1 cells (1.5 × 105) in 200 μL serum-free
medium were added in the upper chamber, and 600 μL
medium containing 10% FBS was added at the bottom.
Other steps were the same as above except the TFP
treatment was 24 h.

Subcutaneous xenograft and intracarotid brain metastasis
models
Female BALB/c mice (6–8 weeks) were purchased from

HFK Bioscience Co., Ltd. (Beijing, China). The experi-
ments were approved and conducted in strict accordance
with the regulations of the Animal Care and Use Com-
mittee of Sichuan University. Subcutaneous xenograft
models were established as previously described55. Briefly,
100 μL media containing 2.5 × 105 4T1 cells and 5–10 ×
106 MDA-MB-468 cells were injected subcutaneously into
the right flanks of female BALB/c mice and NOD/SCID
mice, respectively. The mice were grouped into three
groups (seven mice per group) at random when the tumor
volume was about 100 mm3. Then the three groups of
mice were treated with vehicle (v/v) (12.5% Cremophor El,
2.5% DMSO, 85% normal saline), 20 mg/kg TFP and
40mg/kg TFP by intraperitoneal injection everyday,
respectively. Tumor volume measured by a digital caliper
and body weight of the mice were recorded every 3 days
and clinical symptoms were observed everyday. The
tumor volume was calculated according to the following
formula: Tumor volume (mm3)= 0.52 × L ×W2 where L
is the length and W is the width.
Intracarotid brain metastasis models were established as

described before56. Briefly, 4T1 and MDA-MB-231 cells
expressing luciferase were harvested, washed and resus-
pended in sterile HBSS at a density of 50,000 cells/100 μL,
and 100,000 cells/100 μL, respectively. Then the cells were
injected into the right common carotid artery of BALB/c
mice and BALB/c nude mice, respectively. Brain metas-
tasis took place in all survived mice and the metastasis
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growth in the brain was monitored in vivo by noninvasive
BLI technique (IVIS, PerkinElmer). Two days after injec-
tion, the mice were randomly separated into vehicle (six
mice per group) and TFP treatment group (seven mice
per group). The survival of the mice was also recorded.

Immunohistochemistry
Briefly, the tumor sections of paraffin-embedded

were stained with primary antibodies (P-AKT, Ki67 and
cleaved caspase-3). Images were taken using a fluores-
cence microscope (Olympus, Tokyo, Japan).

Toxicity evaluation
During the treatment of 4T1 xenograft on BALB/c mice

and MDA-MB-468 xenograft on NOD/SCID mice, they
were also observed everyday to investigate the side effects
and toxicities after TFP treatment. On the 18th day,
all animals were euthanized by extracting the eyeball
blood. Blood was obtained for blood chemistry analysis
and blood routine analysis. Histological examinations
of heart, liver, spleen, lung, brain, and kidney were
carried out after dissection by H&E staining.

Statistical analysis
All the statistics were analyzed by Prism 6.0 software

(GraphPad Software Inc.). Data were represented
as means ± SD or SEM. Statistical significance was
analyzed using Student’s t test and ANOVA and the
considered statistical P values were labeled as follows:
*P < 0.05; **P < 0.01; ***P < 0.001.
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