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Abstract 

Triple-negative breast cancer (TNBC) is a subtype of breast cancer with a poor prognosis, accounting 
for approximately 12-24% of breast cancer cases. Accumulating evidence has indicated that there is no 
effective targeted therapy available for TNBC. Dipalmitoylphosphatidic acid (DPPA) is a bioactive 
phospholipid. However, the function of DPPA in the growth of TNBC has not yet been studied. In this 
study, we employed TNBC cells and a subcutaneous tumor model to elucidate the possible effect of 
DPPA on tumor growth in TNBC. We showed that DPPA significantly inhibited tumor growth in the 
mouse subcutaneous tumor model and suppressed cell proliferation and angiogenesis in TNBC tumor 
tissues. This inhibition was mediated partly by suppressing the expression of cyclin B1 (CCNB1), which 
directly promoted the accumulation of cells in the G2 phase and arrested cell cycle progression in 
human TNBC. In addition, the inhibition of tumor growth by DPPA may also be mediated by the 
suppression of tumor angiogenesis in TNBC. This work provides initial evidence that DPPA might be 
vital as an anti-tumor drug to treat TNBC. 
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Introduction 
Breast cancer is one of the most common 

malignant tumors and is the leading lethal type of 
malignant tumor in human females worldwide. 
Moreover, the incidence of breast cancer is increasing, 
and the number of young women diagnosed with 
breast cancer has continued to rise in recent years [1]. 
Research has indicated that breast cancers with 
similar histological features may have distinct clinical 
outcomes and disparate responses to therapy [2, 3]. To 
date, multiple studies have been conducted to 
subtype breast cancer at the molecular level and to 
further determine therapy modalities and the disease 
prognosis. Therefore, breast cancer is mainly 
classified according to the presence of molecular 
markers, including the estrogen receptor (ER), 
progesterone receptor (PR) and human epidermal 
growth factor receptor 2 (HER2 or erbB2), for further 
treatment with the effective targeted therapies [2-7]. 

Triple-negative breast cancer (TNBC) is a type of 
breast cancer with a poor prognosis that is defined as 
the absence of the ER, PR and HER2 markers [2, 8, 9]; 
therefore, TNBC does not respond to hormonal 
therapy or targeted therapy. Due to the limited 
standard treatment options and targeted therapies, 
there is an urgent need to explore an efficient drug to 
treat TNBC. 

Phosphatidic acid (PA) is generated from 
phosphatidylcholine (PC) via a hydrolysis reaction by 
phospholipase D, from lysophosphatidic acid 
(lyso-PA) through an acylation reaction by lyso-PA 
acyl-transferase or from diacylglycerol (DAG) 
through a phosphorylation reaction by DAG kinase 
[10]. Furthermore, PA can be converted to lyso-PA 
and arachidonic acid (AA) by phospholipase A2 or to 
DAG by lipid phosphatases [10-12]. PA, lyso-PA and 
DAG are well-characterized lipid second messengers 
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that can interact with multiple cell signaling pathway 
targets that regulate cancer cell survival, proliferation 
and progression to metastasis [13-19]. 
Dipalmitoylphosphatidic acid (DPPA) is a minor 
phospholipid metabolite that is involved in lipid 
biosynthesis. DPPA has two palmitic acid moieties 
instead of AA and can convert to lyso-PA to increase 
Bcl-2 expression in Hela cells but not in B lymphoma 
cells [17, 20]. However, the biological role and the 
significance of DPPA in TNBC remain entirely 
unknown. 

Uncontrolled cell proliferation in cancer is often 
due to a malfunction in the cell cycle regulatory 
process. The cell cycle consists of four main stages. In 
the G1 phase, cells enter the cell cycle and prepare to 
duplicate DNA, which occurs in the S phase; cells 
then enter the G2 phase and prepare for mitosis in the 
M phase, in which the cells divide into two daughter 
cells [21]. A G2/M cell cycle checkpoint arrest is 
critical for DNA integrity and cell proliferation of 
cancer cells [22, 23]. Moreover, evidence from studies 
has indicated that G2/M-transition-targeting agents 
may be used as novel anti-cancer therapeutics in 
TNBC [24, 25]. 

In this study, we explored the effect of DPPA on 
tumor growth in TNBC using human MDA-MB-231 
cells and a subcutaneous tumor mouse model and 
found that DPPA significantly inhibited tumor 
growth, cell proliferation and tumor angiogenesis. 
Furthermore, DPPA strongly arrested the G2/M 
transition and further inhibited cell cycle progression 
in MDA-MB-231 cells. Then, we analyzed the key 
regulatory factors of the G2 phase and found that 
cyclin B1 (CCNB1) was the DPPA target that 
regulated cellular proliferation in human TNBC. 
These data demonstrated that DPPA, as an anti-cancer 
drug, inhibited the expression of CCNB1 to arrest the 
G2/M transition in human TNBC. 

Materials and methods 
Reagents and antibodies 

DPPA (BML-LP103) was obtained from Enzo 
Life Sciences, Inc. (NY, USA) and was dissolved in 
dimethyl sulfoxide (DMSO) at a concentration of 
10mM with 15 minutes of sonication at room 
temperature. Cell Counting Kit-8 (CCK8) was 
obtained from Beyotime (China). Rabbit anti-GAPDH 
(#2118, diluted at 1:1000 for western blotting) was 
obtained from Cell Signaling Technology, Inc. (USA), 
while rabbit anti-Ki67 (GT210102) was obtained from 
Gene Tech (Shanghai) Co., Ltd. (China), and rabbit 
anti-CCNB1 (BA0766) and rabbit anti-CD34 (BA0532) 
were obtained from Boster (Wuhan) Co., Ltd. (China). 
CCNB1 siRNA was synthesized by RiboBio Co., Ltd. 

(China) according a previous report [26]. 

Cell lines and transfection 
The 4T1 mouse TNBC cell line and the 

MDA-MB-231 human TNBC cell line were obtained 
from the cell bank of the Chinese Academy of Sciences 
(Shanghai, China). These cells were maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM, 
GIBCO) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin and 100μg/mL 
streptomycin at 37°C in a 5% CO2 humidified 
incubator. Cell transfection with siRNA (100 nM) was 
performed using Lipofectamine 3000 (Invitrogen). 

Animal ethics 
The BALB/c mice (8-week-old, female) and 

BALB/c athymic nude mice (5-week-old, male) were 
obtained from the Guangdong Medical Laboratory 
Animal Center. All the mice were maintained in a 
temperature-controlled environment with a 12-h 
light/dark cycle. The use and study of the animals in 
this project were approved by the Ethics Committee 
of the Laboratory Animal Center of Guangdong 
Pharmaceutical University. All the surgical 
procedures were performed according to the 
Guidelines for Animal Experiments that were drawn 
up by the Ethics Committee.  

Subcutaneous tumor model and therapy 
The BALB/c mice were inoculated 

subcutaneously with 4T1 cells (105 cells) at the second 
right mammary fat pad area, and the BALB/c athymic 
nude mice were inoculated subcutaneously with 
MDA-MB-231 cells (106 cells) at the same body site as 
the BALB/c mice. Each type of mouse subcutaneous 
tumor model was randomly divided into DMSO and 
DPPA groups, with eight mice in each group. At 9 
days after the 4T1 cell injection or 7 days after the 
MDA-MB-231 cell injection, the mice received an 
intravenous tail injection of DPPA (3mg/kg body 
weight) or the same concentration of DMSO once 
every two days for two weeks. The length (L) and 
width (W) of tumors were measured with calipers, 
and the tumor volume (V) was calculated using the 
following formula: V = (L × W2) × 0.5. 

Immunohistological analysis 
Tumor tissues from the mice with subcutaneous 

tumors were fixed in 10% neutral formalin solution 
for 24 hours and then embedded in paraffin. The 
paraffin sections (4μm) were stained for Ki67 and 
CD34 expression according to a previously described 
method [27]. The proliferation index was calculated as 
the percentage of Ki-67-stained cells per field at 40× 
magnification. The microvessel density (MVD) was 
calculated as the number of CD34-positive vessels per 
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field at 40×. Three fields were selected randomly in a 
section from a non-necrotic area of the tumor tissues. 

Cell proliferation assay 
MDA-MB-231 cells were plated at density of 

1,000 cells/well in a 96-well plate. Then, the indicated 
concentration of DPPA was added 24 hours later, and 
each concentration was tested in quadruplicate. Cell 
viability and cell proliferation were evaluated using 
the Cell Counting Kit-8 (CCK8) assay. The CCK8 
reagent was added at the indicated time, and the plate 
was incubated at 37ºC for 4 hours and then 
quantifiably measured at a wavelength of 570 nm. The 
data were obtained from three independent 
experiments. 

A colony formation assay was also used to detect 
cell proliferation. Briefly, MDA-MB-231 cells (3,000 
cells/well) and 4T1 cells (1,500 cells/well) were 
seeded into 6-well plates. Then, the indicated 
concentrations of DMSO and DPPA were added into 
the wells 24 hours later. The colonies were fixed and 
stained after 7 days of growth. The effect of each 
treatment was assessed from three replicates and 
three independent experiments. 

Flow cytometric assays 
MDA-MB-231 cells (with or without siRNA 

transfection) were plated at a density of 5 × 105 
cells/dish in 60-mm dishes and incubated for 24 
hours. Next, the cells were serum-deprived for 24 
hours, followed by the re-addition of serum and 
DPPA or transfection with siRNA; the cells were then 
harvested 20 hours later. The cells were stained using 
BD PharmingenTM PI/RNase staining buffer 
(#550825), and the analysis was conducted using a 
flow cytometer (Becton Dickinson). Cell cycle 
modeling was performed using the Modfit LT 
software, version 3.2 (Verity Software House). The 
data were obtained from three independent 
experiments. 

Immunoblot analysis 
Total proteins of the subcutaneous tumor tissues 

and the cells were extracted using RIPA lysis buffer, 
separated via 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), and then transferred onto PVDF 
membranes and incubated with primary antibodies. 
The signals were detected using the ECL system (Cell 
Signaling Technologies, Danvers, MA). 

Statistical analysis 
The data are presented as the means ± standard 

deviation from at least 3 separate experiments. The 
differences between two groups were evaluated using 
a two-tailed Student’s t test unless otherwise stated. 

Statistical significance was considered at P < 0.05. The 
corresponding relative integrated optical density 
(IOD) of protein expression levels in the IHC slices 
was analyzed using IPP software. The band intensities 
of the immunoblot were measured using Quantity 
One software. 

Results 
DPPA inhibits 4T1 subcutaneous tumor 
growth in vivo 

To evaluate the possible function of DPPA 
(Figure 1A) in TNBC, we employed a subcutaneous 
4T1 TNBC tumor model and analyzed the effect of 
DPPA on tumor growth. DPPA (3 mg/kg) was 
injected every two days for two weeks beginning on 
the ninth day after the subcutaneous inoculation of 
4T1 cells into the mouse mammary fat pad. The 
results revealed that DPPA significantly inhibited 
tumor growth because the tumor volume and tumor 
weight were markedly reduced compared with those 
of the control group (Figure 1B and 1C). In addition, 
the Ki67 staining results indicated that DPPA 
suppressed tumor cell proliferation (Figure 1D). 
Moreover, the results from the vascular endothelial 
marker CD34 staining showed that the tumor 
angiogenesis was inhibited by DPPA (Figure 1E). 
Therefore, these results indicated that DPPA acts as 
an anti-tumor drug by significantly inhibiting the 
tumor growth of mouse TNBC. However, whether 
DPPA can impede human TNBC tumor growth is yet 
to be confirmed. 

 

DPPA suppresses tumor growth in an 
MDA-MB-231 subcutaneous tumor model 

The inhibitory effect of DPPA on tumor growth 
was further studied in a subcutaneous tumor model 
of human TNBC cells. DPPA (3 mg/kg) was injected 
every two days for 14 days after viable MDA-MB-231 
cells were subcutaneously inoculated into the mouse 
mammary fat pad. The tumor volume was measured 
and calculated, revealing that the tumor volume in the 
DPPA-treated group was significantly decreased 
compared with that in the control group (Figure 2A). 
After drug treatment, the mice were sacrificed, and 
the tumors were harvested and weighed. A 
comparison of the two treatment groups revealed that 
the tumor weight was also suppressed by DPPA 
treatment (Figure 2B). Moreover, DPPA remarkably 
inhibited the Ki67 staining for tumor cell proliferation 
and the CD34 staining for tumor angiogenesis in the 
tumor tissues (Figure 2C and 2D). All of these results 
suggested that DPPA inhibited the tumor growth of 
human TNBC. 
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DPPA inhibits cell proliferation by inducing a 
G2 phase cell cycle arrest in human TNBC 
cells 

Firstly, we assessed the toxicity of DMSO and 
found that a concentration of less than 15% in vitro did 
not produce a significant difference in the 
proliferation of the MDA-MB-231 cells compared with 
the untreated group (0%) (Supplementary Figure 1A), 
and the toxicity of DMSO was also found only at 
concentrations greater than 5% in the 4T1 cells 
(Supplementary Figure 1B). To explore the biological 
function of DPPA in TNBC cells, the MDA-MB-231 
cells were treated with DPPA at the indicated 
concentration for 48 hours. Compared with the 
untreated cells (0μM), DPPA significantly inhibited 
the viability of the MDA-MB-231 cells at a 
concentration greater than 100μM (15% DMSO) 
(Figure 3A). Furthermore, the cells were treated with 
100μM and 150μM DPPA, and DPPA markedly 
suppressed cell proliferation in a time-dependent 

manner (Figure 3B and 3C). However, DPPA did not 
inhibit cell proliferation in 4T1 cells as detected by the 
colony formation assay (Supplementary Figure 1B). 

Because PA acts as a mediator of the 
ligand-induced inhibition of the G2/M transition in 
the human squamous cell carcinoma A431 cell line 
[13], we investigated whether DPPA suppresses cell 
cycle progression in human TNBC cells. The cells 
were synchronized by serum-deprivation for 24 
hours, followed by the re-addition of serum; DPPA 
(100μM) was added, and the cells were harvested 20 
hours later. The results indicated that DPPA 
significantly arrested the cell cycle at the G2/M 
transition, as indicated by a marked decrease in the 
number of cells in the G1 phase and the accumulation 
of cells in the G2 phase (Figure 3D). These results 
revealed that DPPA inhibited the proliferation of 
TNBC tumor cells, which may be achieved by the 
regulation of cell cycle progression. 

 

 
Figure 1. DPPA inhibits 4T1 subcutaneous tumor growth in vivo. (A) The structure of DPPA. 4T1 cells were injected into the mammary fat pads of BALB/c 
mice, and 9 days later, DPPA (3 mg/kg body weight) or DMSO was injected once every two days for two weeks. DPPA significantly suppressed tumor volume (B) and 
tumor weight (C) in a mouse 4T1 subcutaneous tumor model. DPPA inhibited tumor cell proliferation and angiogenesis, which were measured by Ki67 (D) and CD34 
(E) staining, respectively, using an IHC assay. N = 8, * P < 0.05, *** P < 0.001. Scale bars: 50 μm. 
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Figure 2. DPPA inhibits MDA-MB-231 subcutaneous tumor growth in vivo. MDA-MB-231 cells were injected into the mammary fat pads of athymic nude 
mice, and 7 days later, DPPA (3 mg/kg body weight) or DMSO was injected once every two days for two weeks. DPPA significantly suppressed tumor volume (A) and 
tumor weight (B). DPPA inhibited tumor cell proliferation and angiogenesis, which were measured using Ki67 (C) and CD34 (D) staining, respectively, in an IHC assay. 
N = 8, * P < 0.05, ** P < 0.01 and *** P < 0.001. Scale bars: 50 μm. 

CCNB1 was identified as a functional target of 
DPPA in the inhibition of human TNBC cell 
proliferation 

Because CCNB1 and CDK1 are essential for 
controlling the cell cycle at the G2/M transition, we 
detected the expression of these proteins in the tumor 
tissues of the DPPA-treated mice in the subcutaneous 
tumor model. As shown in Figure 4A, according to 
the immunoblot assay, DPPA dramatically inhibited 
the expression of CCNB1, but not CDK1, in the 
MDA-MB-231 subcutaneous tumor tissues compared 
with the control group. Furthermore, we inhibited 
CCNB1 expression using siRNA technology and 
found that suppressing the expression of CCNB1 also 
produced the accumulation of MDA-MB-231 cells in 
the G2 phase (Figure 4B and 4C). In addition, the 
inhibition of cell proliferation by DPPA was abolished 
by over-expressing CCNB1 (Figure 4D). All of these 
data revealed that DPPA suppressed cell cycle 

progression primarily through the inhibition of 
CCNB1 expression in human TNBC cells. 

Discussion 
This study demonstrated the mechanism of the 

functional action of a bioactive lipid in TNBC. All the 
data support a model in which DPPA acts as an 
anti-tumor drug in TNBC by inhibiting tumor growth. 
The constitutive inhibition of CCNB1 leads to the 
accumulation of cells in the G2 phase, which results in 
the suppression of both cell cycle progression and 
abnormal cell proliferation in human TNBC (Figure 
5). PA is the simplest membrane phospholipid and 
also functions as a lipid second messenger that 
regulates cell signal transduction, membrane 
trafficking, cytoskeletal rearrangement, and cell 
proliferation [20]. PA can be degraded into lyso-PA 
and AA by PLA2. Moreover, PA and lyso-PA are 
involved in the promotion of cell proliferation and 
cancer metastasis in multiple forms of human cancer 
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[14, 15, 28-31]. DPPA (16:0 PA, without AA) can be 
converted to lyso-PA; however, the function of DPPA 
in tumor growth is not clear. Reports have indicated 
that PA induces the expression of Bcl-2 in both Hela 
cells and B lymphoma cells [17, 20]. Nevertheless, 
DPPA promotes Bcl-2 expression only in Hela cells 
[17, 20]. Based on this result, it can be postulated that 
DPPA might play an important role in solid 
tumorigenesis. In this work, we provide the first 
evidence that DPPA acted as an anti-tumor drug and 
significantly inhibited tumor growth in TNBC. 
Furthermore, other reports have indicated that DPPA 
can be employed to detect the effect of lyso-PA, an 
important metabolite of PA, on tumor growth in 
TNBC [17, 20]. Therefore, our results indicate that 
lyso-PA might be more important than AA regarding 
the inhibition of TNBC tumor growth as a metabolite 
of DPPA. 

A previous report demonstrated that DPPA 
promotes the expression of anti-apoptosis signaling 

proteins in Hela cells [20]. The report suggested that 
DPPA may induce tumorigenesis in cervical cancer. 
However, we showed that DPPA markedly reduced 
tumor volume and weight in TNBC mouse models. 
This discrepancy implies that the action of DPPA is 
cell-type-dependent regarding tumorigenesis. 
Nevertheless, the functional mechanism of DPPA in 
the inhibition of tumor growth is currently unknown. 
A recent report showed that PA significantly induces 
cell cycle arrest in the G0/G1 phase in MDA-MB-231 
cells [32]. However, whether DPPA is involved in cell 
cycle progression has not yet been explored. 
Therefore, we determined the cell cycle progression of 
MDA-MB-231 cells that were treated with DPPA and 
found that the cell cycle was significantly arrested in 
the G2 phase. These results suggest that DPPA 
inhibits tumor growth and cell proliferation by 
regulating cell cycle progression and suppressing the 
G2/M transition in human TNBC. 

 

 
Figure 3. DPPA inhibits cell proliferation by inducing a G2 phase cell cycle arrest in MDA-MB-231 cells. MDA-MB-231 cells were seeded into 96-well 
plates, and the indicated dose of DPPA was added 48 hours later. The cell viability was measured using the CCK8 assay. (A) DPPA significantly inhibited cell viability 
in a dose-dependent manner according to the CCK8 assay. In addition, DPPA also inhibited cell proliferation in a time-dependent manner according to the CCK8 
assay (B) and the colony formation assay (C). (D) A flow cytometric assay was used to detect the effect of DPPA on the regulation of cell cycle progression. DPPA 
arrested MDA-MB-231 cells at the G2/M transition. * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Figure 4. CCNB1 is involved in the G2 phase arrest by DPPA in MDA-MB-231 cells. Total proteins were extracted from the tumor tissues of mice in the 
MDA-MB-231 subcutaneous tumor model. (A) DPPA markedly inhibited the expression of CCNB1 in the tumor tissues of the MDA-MB-231 subcutaneous tumor 
models as assessed by an immunoblot analysis. (B) siRNA technology was used to knock down CCNB1 expression, and the inhibition efficiency in the MDA-MB-231 
cells was determined using an immunoblot assay. The siRNA significantly inhibited the expression of endogenous CCNB1. (C) The inhibition of CCNB1 promoted the 
accumulation of cells in the G2 phase according to the flow cytometric assay. (D) The overexpression of CCNB1 promoted cell proliferation and abolished the 
inhibitory effect of DPPA on cell growth as assessed by a colony formation assay. ns: no significantly difference, * P < 0.05, ** P < 0.01 and *** P < 0.001. 

 

 
Figure 5. A schematic illustration of how DPPA might inhibit tumor 
growth in human TNBC. DPPA functions as an anti-tumor drug in TNBC by 
inhibiting tumor growth. The constitutive inhibition of CCNB1 by DPPA leads 
to the accumulation of cells in the G2 phase of the cell cycle, which results in the 
suppression of abnormal cell proliferation in human TNBC. 

 
 
In all mammalian cells, cell proliferation is 

dependent on cell cycle progression. The cell cycle 
includes four continuous stages (G1, S, G2 and M) that 
are driven by the sequential activation of cyclin 
dependent kinases (CDKs) and cyclins [33]. The G2 
phase is a key period of rapid cell growth and cell 
division. A previous study has shown that CCNB1, as 
a key regulatory protein, forms a complex with CDK1 
that is essential for the regulation of mitosis and the 
transition from the G2 to the M phase [34]. CCNB1 
and CDK1 are highly expressed in a variety of cancers 
[35-39]. Moreover, high levels of CCNB1/CDK1 are 
associated with the progression and survival of breast 
cancer cells [38, 40-42]. Our study revealed that DPPA 
arrested the MDA-MB-231 cell cycle in the G2 phase; 
however, the relationship between the DPPA-induced 
G2/M arrest and CCNB1 and CDK1 in MDA-MB-231 
cells was still unclear. Therefore, we assessed the 
effect of DPPA on CCNB1 and CDK1 protein 
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expression and showed that DPPA significantly 
inhibited the expression of CCNB1 but not CDK1 in 
tumor tissues. This result implied that CCNB1 is the 
main functional target of DPPA in the inhibition of 
cell cycle arrest in the G2 phase in human TNBC cells. 

In this study, we found that DPPA inhibited the 
tumor growth of TNBC. Furthermore, DPPA 
suppressed cell proliferation and tumor angiogenesis 
in the tumor tissues. However, DPPA inhibited the 
proliferation of only the MDA-MB-231 cells but not 
the 4T1 cells in vitro. To date, we still do not 
understand the differences in the inhibitory effects 
between the in vivo and in vitro assays. Tumors grow 
in complex microenvironments in vivo, and multiple 
factors are involved in the progression of 
tumorigenesis, such as leukocytes and angiogenesis. 
Through an analysis of our data, we speculate that the 
inhibition of TNBC tumor growth by DPPA might 
occur through different mechanisms in humans and 
mice or not only by directly suppressing cell 
proliferation. Based on the inhibition of tumor 
angiogenesis by DPPA in the tumor tissues, these data 
suggest that DPPA may decrease tumor growth also 
via anti-angiogenesis. From another perspective, the 
metabolism of DPPA is a complex process and 
multiple factors are involved in the regulatory 
process. The in vitro condition might lack the 
necessary regulatory factors and may not completely 
simulate the in vivo environment. Therefore, we did 
not detect a direct inhibitory effect on 4T1 cell 
proliferation by DPPA in vitro. However, whether 
DPPA inhibits tumor angiogenesis must be further 
clarified in a future study. 

The above analysis demonstrated that DPPA 
inhibited tumor growth partly by suppressing cell 
proliferation, which primarily occurs by blocking the 
cell cycle in the G2 phase by down-regulating the 
expression of CCNB1, which might further lead to a 
reduced formation of the CCNB1/CDK1 complex in 
human TNBC. In addition, DPPA might decrease 
tumor angiogenesis to further inhibit tumor growth in 
TNBC. 
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