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Abstract
Background/Aims: This study aims to investigate the effect of Luteolin on breast cancer 
in vitro and in vivo and the interaction between miRNAs and Notch signaling after Luteolin 
intervention, and illustrates the possible underlying mechanism and regulation loop. Methods: 
Cell growth/survival assays and cell cycle analyses were performed to evaluate cell survival 
in vitro. Scratch tests, cell invasion assays and tube formation assays were carried out to 
analyze cell viability and identify the impact of Luteolin on angiogenesis. Critical components 
in the Notch pathway including proteins and mRNAs were detected by Western blotting 
analyses, ELISA assays and real-time reverse transcription-polymerase chain reaction. Matrix 
metalloproteinases activity was evaluated by gelatin zymography analyses. MiRNAs were 
analyzed by miRNA expression assays. After MDA-MB-231 cells were separately transfected 
with Notch-1 siRNA/cDNA and miRNA mimics, the above assays were also carried out to 
examine potential tumor cell changes. Xenograft models were applied to evaluate the treatment 
potency of Luteolin in breast cancer. Results: 
survival, cell cycle, tube formation and the expression of Notch signaling-related proteins 
and mRNAs, and regulated miRNAs. After introducing Notch-1 siRNA and miRNA mimics, 
MDA-MB-231 cells presented with changes in miRNA levels, reduced Notch signaling-related 
proteins, and decreased tumor survival, invasion and angiogenesis. Conclusion: Luteolin 
inhibits Notch signaling by regulating miRNAs. However, the effect of miRNAs on the Notch 
pathway could be either Luteolin-dependent or Luteolin-independent. Furthermore, Notch-1 
alteration may inversely change miRNAs levels. Our data demonstrates that Luteolin, miRNAs 
and the Notch pathway are critical in breast cancer development and prognosis.



Cell Physiol Biochem 2015;37:1693-1711
DOI: 10.1159/000438535
Published online: November 09, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1694

Sun et al.: Luteolin Regulates Notch Signaling and miRNAs

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Introduction

Breast cancer is the most prevalent cancer in females in the United States, and it was 
the leading cause of cancer death in women aged 20 to 59 years old, according to Cancer 

changed the life spectrum and improved the quality of life of breast cancer patients. 
However, a respectable number of patients diagnosed with metastatic disease at the time 
of initial visit continue to suffer from poor clinical outcomes. Therefore, these patients 

survival. Among all strategies, therapeutic options that target critical components in cancer 
evolvement and metastasis signaling have great potentials.

Notch signaling plays a pivotal role in cell-fate determination processes including cell 
maintenance, differentiation, proliferation and apoptosis; thus, it is important in breast 
cancer development. A previous publication reported that the combination of Notch ligands 
and receptors in adjacent cells could activate proteolysis of the former, which is mediated by 

therefore, causes the activation of HES/HEY; which maintains stem cells by inhibiting cell 
differentiation [2]. A few other studies have also revealed an uncontrollable Notch receptor 
expression in human solid tumors such as hepatocellular carcinoma, prostate cancer, cervical 
cancer, non-small cell lung cancer, and osteosarcoma [3-8]. All above evidences suggest that 
Notch signaling could potentially contribute to the development and progression of breast 
cancer, and the inhibition of the Notch pathway could possibly be a valuable treatment 
strategy.

non-coding single-stranded RNAs that suppress target homologous mRNA translation by 
base pair binding to their 3’ untranslated region and inhibit protein synthesis [9]. MiRNAs 
are implicated in various cellular processes such as cell metabolism and immunoregulation, 
and have been revealed to be abnormally expressed in different kinds of tumors. Therefore, 
they are commonly applied in cancer diagnosis, treatment and prognosis [10]. Wang et 
al. reported that cross-talk between miRNAs and Notch signaling contributed to tumor 
development [11]. Meanwhile, other studies have also provided evidence that miR-34a was 
involved in regulating the p53 and Notch pathway [12, 13]. The above results suggests a 

in investigating new therapeutic targets that aim at Notch signaling and the downregulation 
of miRNAs for breast cancer.

introducing cell cycle inhibition and apoptosis in vitro; and thus, achieving anticancer 
effects. Other studies have also addressed that Luteolin could suppress vascular formation 

Our preliminary data revealed that Luteolin has a potential of inhibiting breast cancer cells 
by altering the expression of Notch-1 and miR-34a. Thus, we propose that a cross-talk among 
Luteolin, the Notch pathway and miRNAs could exist; and that this network contributes 
to the regulation of breast cancer development and prognosis. In the present study, we 
evaluated the ability of Luteolin in modulating breast cancer cell survival, migration, invasion 

and Notch signaling after Luteolin intervention, and illustrated their possible underlying 
mechanism and regulation loop.
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Materials and Methods

Cell culture and experimental reagents
 Shanghai cell 

2 

 anti-Notch-1 intracellular 

Louise, USA. 

Cell growth and survival assays

discarded, 10 2 

Cell cycle analyses

5 

Wound-healing and cell invasion assays

5 

the percentage of open space covered by migrated cells was calculated [20]. Cell invasion assay was carried 

cells/200 L, while 500 

cells was recorded.

In vitro HUVEC tube formation assay
In order to detect the impact of Luteolin on angiogenesis, the following studies were carried out. Serum-
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mol/L of Luteolin and 

5 

Western blotting analyses

Enzyme-linked immunosorbent assay (ELISA)
5 

L of sample and 40 

served as standard and blank controls, respectively. Then, the microplate was cultured at room temperature 

density at 450 nm. 

Gelatin zymography analyses

mol/L of Luteotin for 48 hours. Then, the supernatant was collected and centrifuged to remove cell debris, 
25 L of the supernatant was mixed with 25 

2

Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR) 
In order to detect Notch-1, Hes-1, Hey-1, Hey-2, VEGF, MMP-2 and MMP-9 mRNA levels before and after 

instructions. All sequences of primers are listed in Table 1. As an internal control, GAPDH
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MiRNA expression analyses

155, miR-34a, miR-181a, miR-139-5p, miR-224 and 

Table 1.

Transfection of Notch-1 siRNA and cDNA

5 

Transfection of miR-34a and miR-224 mimics
5 

Animal experiments

humidity and circadian rhythm. All mice were raised with complete feed and free access to water.

groups with six mice in each group. Tail vein injections were performed for 14 consecutive days with the 

axis and animal daily activity were recorded. Individual tumors were weighted at the 15th day after all mice 

ab2
t / 

0 t 0
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 / C
treatment group and C

Statistical analyses
Continuous variables were recorded as mean ± standard deviation. Student’s t-test was carried out for 

P-value <0.05 was 

Results

Luteolin inhibited breast cancer cell survival

mol/L of Luteolin 

remarkably alter tumor cell survival.

Luteolin decreased breast cancer cell migration
Wound-healing tests revealed that scratches in cells treated with Luteolin remained 

larger number of cells migrated to the lower chamber in the control group compared with 

Fig. 1. 
and dose-effect relationship; *P 
Luteolin treatment for 48 hours. Two strains of tumor cells were employed in the experiment in triplicates.
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relationship; wherein, cells treated with 100 mol/L of Luteolin exhibited the smallest 
number of migrations. 

Reduced HUVEC tube formations induced by decline in VEGF expression in Luteolin-treated 
breast cancer cells

However, this tube formation effect was reversed when Luteolin was applied in conditional 

Fig. 2. P < 0.05, **P < 0.01.

Fig. 3. 
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formations without the impact of breast cancer cells, 50 mol/L of Luteolin with low dose 

mol/L of 
P 

cancer cells. 

Luteolin reduced Notch-1, Hes-1, Hey, VEGF, Cyclin D1 and MMP expression in breast 
cancer cells

mol/L of Luteolin for 48 hours 
presented decreasing expression levels of Notch-1 mRNAs, as well as its downstream genes 
Hes-1, Hey-1 and Hey-2

P 

with Luteolin, suggesting that Luteolin may also alter protein expression in Notch signaling 

VEGF, MMP-
2 and MMP-9 P 
cells; indicating that Luteolin plays an important role in both tumor cell growth and matrix 

P 

MiRNA expression in Luteolin-treated breast cancer cells

P 

Fig. 4. 

cells cultured with Luteolin, presenting a dose-effect relationship. *P < 0.05, **P < 0.01.
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P 
miRNA levels in breast cancer cells.

Effect of Notch-1 silence on miRNA levels in breast cancer cells

Fig. 5. Luteolin 
inhibits Notch-1, 
Hes-1, Hey-1, Hey-
2, VEGF, MMP-2 
and MMP-9 mRNA 
expression levels. 
*P < 0.05, **P < 
0.01.
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Effect of Notch-1 silence and overexpression on breast cancer cell survival, invasion and 
angiogenesis

effects increased when 25 
P 

silencing together with Luteolin could more effectively inactivate proteins in Notch signaling 

P

MiR-34a and miR-224 regulated Notch signaling and inhibited breast cancer cell survival, 
migration and angiogenesis

P

Fig. 6. After Luteolin 
treatment, miR-181a, 
miR-139-5p, miR-

expression levels in 

enhanced; while miR-
155 level decreases. 
MiR-34a level is 
only enhanced in 

 
*P < 0.05, **P < 0.01.
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Luteolin inhibited breast cancer xenograft growth in vivo
A subcutaneous breast cancer mouse model was successfully established. All animals 

doses of Luteolin, respectively. Our results revealed that high Luteolin doses effectively 
inhibited tumor growth in vivo, as compared to both blank control and standard therapy 

P
suffered from toxic side effects such as weight loss or activity reduction, demonstrating that 

with no negative effect on daily animal activity.

Fig. 7. 
P < 0.05, 

**P < 0.01.
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Discussion

In the past decades, researchers have revealed the anticancer effect of Luteolin in 
various kinds of tumors such as hepatocellular carcinoma, melanoma and gastric, ovarian, 
colorectal and breast cancers [28-31]. However, the mechanism underlying these positive 
results remains to be completely determined. In this study, we presented several innovative 

in vitro and in vivo through 
Notch-1 signaling; and this suppressing effect is also regulated by miRNAs. The above results 
provide potential targets and new strategies for breast cancer treatment.

it has been revealed that this pathway inhibits apoptosis by cross-talk with growth factor-
induced cell survival in different malignancies including breast cancer [2-8, 11]. Our study 

of Notch-1 mRNA, a key component in Notch signaling, and several downstream genes in the 
same pathway such as Hes-1, Hey-1, Hey-2 and Cyclin D1 mRNAs in breast cancer cells. This 

tube formation in vitro, as well as tumor inhibition in vivo. In the present study, we mainly 

Fig. 8.

CS, control siRNA; NS, Notch-1 siRNA; Luteolin, 25 mol/L of Luteotin; NS + Luteolin, Notch-1 siRNA + 25 
mol/L of Luteotin; *P < 0.05, **P < 0.01.
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better describe the interaction between Notch-1 and other components in the Notch pathway. 
Results were positive and highly suggest that Luteolin inhibits tumor activity by Notch-1 

breast cancer control and treatment.

34]. These factors were also found to directly cause tissue remodeling and angiogenesis [35, 

Fig. 9.

siRNA; NS, Notch-1 siRNA; Luteolin, 25 mol/L of Luteotin; NS+Luteolin, Notch-1 siRNA + 25 mol/L of 
Luteotin; *P < 0.05, **P < 0.01.

Fig. 10.
were found to be overexpressed in these cells. Notch-1 overexpression promotes cell survival and invasion 

mol/L of Luteolin. *P < 0.05, **P < 0.01.
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Fig. 11.
overexpression of corresponding miRNAs are presented. Transfected miR-34a and miR-224 mimics present 

suppressed after miR-34a or miR-224 transfection. *P < 0.05, **P < 0.01.
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tube formation in our study; and therefore, decreased the possibility of tumor invasion 
and migration. Notch-1 silencing provided similar results with the application of Luteolin; 

tumor cell survival, invasion and angiogenesis were suppressed; while the overexpression 

invasion, migration and angiogenesis.
MiRNA has been acknowledged to be an endogenous transcriptional regulatory factor, 

studies have shown that miRNAs control tumor development and progression by regulating 
the expression and transcription of tumor-associated genes and various tumor cells that 

many solid tumors, and was responsible for tumor progression, compromised treatment 
effect and decreased survival rate [39-41]. These miRNAs also presented suppressing effects 

Fig. 12. In vivo
while none of the mice suffered from weight loss. *P < 0.05, **P < 0.01.
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Fig. 13. The complex interaction loop among 
Luteolin, miRNAs and the Notch pathway is shown.

downregulated; however, opposite 
outcomes could be observed when miRNAs 
were upregulated, leading to Notch pathway 
alteration [42, 43]. The absence of miR-181a 
and miR-139-5p were revealed in different 
cancers such as hepatocellular carcinoma 
and gastric cancers [44, 45]. However, if 
these two factors are introduced into breast 
cancer cells, the ability of invasion and 

to enhance chemosensitivity in breast cancer 
treatment. Another critical component 
that regulates tumor progression is miR-

neuroblastoma and prostate, bladder and cervical cancers [48-51]. It was also found that 

neuroglia cells and pancreatic cancer cells, illustrating that components in the Notch pathway 
could be downstream factors of miR-34a [12, 52].

decreased Notch-1 levels simultaneously after applying Luteolin; thus, further experiments 
were carried out to illustrate the inhibiting effect of Luteolin on other components in the 

Our results revealed an increased expression of several barely seen miRNAs in breast cancer 

treatment. Moreover, transfected miR-34a or miR-224 mimics directly led to reduced Notch-1 
levels, illustrating that Luteolin inhibited Notch signaling by regulating miRNAs. Nonetheless, 
according to our study, the interaction between miRNA and Notch-1 is not monodirectional. 
Notch-1 silencing could also cause decreased miR-155 levels and increased miR-34a, miR-

provided inverse signal feedback, and thus, bidirectionally interacted with miRNAs. The 

angiogenesis; indicating that miRNAs could be independent from both Luteolin and Notch 
signaling, and directly alters cancer development and progression.

the Notch pathway. The effect of miRNAs on Notch-1 could be introduced by Luteolin. 
However, it may also be Luteolin-independent. MiRNAs led to tumor suppression through 

above evidences demonstrate the critical status of Luteolin, miRNAs and the Notch pathway, 
suggesting that any components within the network could be a potential target for future 
treatment and drug delivery.
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