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Background: Breast cancer is one of the most prevalent gynecologic malignancies world-
wide. Despite the high sensitivity in response to chemotherapy, drug resistance occurred 
frequently in clinical treatment. Cryptotanshinone (CTS) is a herbal medicine and has been 
identified as an anti-inflammatory and anti-oxidative drug.
Methods: In vitro assays, including the cell proliferation assay, colony formation assay, 
Western blot analysis, transwell migration/invasion assays, and cell scratch assay were used 
to explore the biological activities and working mechanism of CTS. Breast cancer cells were 
also transfected with PKM2 expressing vectors to define the molecular mechanisms involved 
in CTS-mediated anti-tumor activity.
Results: We found that CTS shows anti-proliferative effects and decreases the clonogenic 
ability of breast cancer cells. We also found that CTS inhibited the migration and invasion 
activity of MCF-7 and MDA-MB-231 cells by different analyzed methods. CTS also down-
regulated the levels of glycolysis-related proteins, such as PKM2, LDHA, and HK2. In 
addition, overexpression of PKM2 recovered CTS-mediated suppression of cell proliferation, 
colony formation, and cell mobility of breast cancer cells. We also found PKM2 was 
significantly overexpressed in tumor tissues and invasive ductal breast carcinoma compared 
to normal tissues and patients with high PKM2 expression had worse overall survival and 
metastasis-free survival outcomes.
Conclusion: CTS inhibited the proliferation, migration, and invasion of breast cancer cells. 
The involved mechanism may refer to the downregulation of the PKM2/β-catenin axis.
Keywords: cryptotanshinone, glycolysis, breast cancer, PKM2, migration

Introduction
Breast cancer is one of the most prevalent gynecologic malignancies worldwide.1 

Despite high sensitivity towards chemotherapy, drug resistance occurred frequently 
in clinical treatment.2 Importantly, resistance to drugs is a major obstacle in 
effective control of prognosis of breast cancer patients.3 Therefore, a useful agent 
is critical for improving the survival rate of breast cancer patients and decreasing 
the drug resistance.

Cryptotanshinone (CTS) is a liposoluble monomer of Tanshinones which are 
extracted from the dried roots and rhizomes of salvia miltiorrhiza. CTS has been 
identified as an anti-inflammatory and anti-oxidative drug4,5 and is demonstrated to 
have anti-cancer effects on various types of cancer by inhibiting cellular prolifera-
tion, migration, and invasion.6–11 Remarkably, important evidence has shown that 
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CTS may be a potential inhibitor for glucose metabolism 
in ovarian cancer cells, suggesting that CTS might be 
a potent anticancer agent via regulating glycolysis.

Remodeling energy metabolism is the biochemical fin-
gerprint of cancer cells,12 which is characterized by pre-
ferential reliance on glycolysis to produce energy in a non- 
oxygen-dependent manner,13 this phenomenon in cancer 
cells is called the “Warburg Effect”. Benefited by the 
metabolic intermediates in glycolysis, cancer cells have 
an advantage of survival to face the reduced nutrient 
supply condition, for example, increasing evidence 
indicates that the high glycolysis rate is essential for the 
resistance of chemotherapy.14,15 In other words, cancer 
cells rely on increased glucose consumption to escape 
chemotherapy and induce tumor progression. Thus, tar-
geted glycolysis remains an attractive therapeutic strategy 
for cancer treatment.

In this study, we firstly defined that Cryptotanshinone 
suppresses glycolysis in breast cancer cells. Besides, we 
also adopted in vitro experiments to demonstrate that CTS 
inhibits migration and invasion of breast cancer cells 
through the PKM2/β-catenin axis. Our findings provide 
a new therapeutic strategy for breast cancers, and CTS 
might with the potential clinical significance in the devel-
opment of new targeted drugs.

Materials and Methods
Cell Line and Cell Culture
The breast cancer cell lines MCF-7 and MDA-MB-231 
were acquired from Shanghai Academy of Life Sciences 
and cultured in RPMI 1640 (Genom, China) medium and 
DMEM (Genom, China) medium with 10% FBS (BI, 
Israel). All the cells were cultured at 37°C with 5% CO2.

Cell Proliferation Assay
The effect of CTS on the viability of cells was assessed 
using MTT. The cells were treated with various concentra-
tions of CTS for 24 hours after incubation in a 96-well 
plate. Then, MTT solution was added, incubated at 37°C 
for 4 hours and the sediment was dissolved in dimethyl 
sulfoxide (DMSO). The absorbance was measured using 
a micro-plate reader at 490 nm.

Colony Formation Assay
Breast cancer cells were seeded 1×103 cells in a 6-well 
tissue culture plate; after 24 hours they were treated with 
various concentrations of CTS and allowed to grow for 6 

days (MCF-7) or 10 days (MDA-MB-231) to form colo-
nies. Cells were stained by 0.1% crystal violet. The total 
number of colonies formed on each well were analyzed.

Cell Scratch Assay
The cells were seeded into 6-well plates and a scratch 
wound was created by a P200 pipette tip. After 24 hours, 
fresh medium without FBS containing either CTS or shi-
konin was added. Cell migration was observed under an 
inverted microscope. The percentage of wound closure 
was measured, using the wound areas from time zero 
(T0) and 24 hours (T24) by the following formula: 
Wound closure (%) = (T0–T24)/T0.

Transwell Migration/Invasion Assay
For the migration assay, 5×104 cells in 200 µL of the serum- 
free medium were seeded in the 8-mm poresize the upper 
compartment of the chamber in 24-well cell culture insert 
companion plates. Then, 600 µL of complete medium con-
taining 10% FBS was added into the lower chamber. After 
incubation for another 12 hours, the chambers were 
removed and the cells on the upper surface of membrane 
were wiped off with cotton swabs, and the migrated cells on 
the lower surface were stained with 0.5% crystal violet for 
30 minutes. Finally, the cells were observed with an inverted 
microscope, and images were obtained. For the invasion 
assay, 1×105 of the cells were seeded to the upper surface 
of polycarbonate membranes and covered with the 50 µL 
Matrigel (Becton-Dickinson) layer. The invasion assay was 
incubated for another 48 hours and subsequent procedures 
were similar to the migration assay.

Western Blot Analysis
Protein was extracted from MCF-7 and MDA-MB-231, 
and concentration calibration protein loading was mea-
sured using the BCA kit (Beyotime, China). The proteins 
were loaded on 10% SDS-PAGE gel and transferred onto 
polyvinylidene fluoride (PVDF) membranes. Therein, 20  
μg of protein mixed with SDS loading buffer was loaded 
per lane. We used 5% nonfat milk to block membranes, 
washed with TBST, and incubated with different antibo-
dies overnight at 4°C. Then, followed by incubating with 
a secondary antibody for 2 hours, the membranes were 
visualized with an ECL-plus detection system.

PKM2 Plasmid Transfection
The PKM2 overexpression plasmid was purchased from 
Addgene, Inc. (Cambridge, MA, USA). 1×105 MCF-7 
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cancer cells and MDA-MB-231 cancer cells were seeded 
in 6-well cell culture dishes and transfected the PKM2 
expressing vector using the TransIT-X2 transfection 
reagent (Mirus, Madison, WI, USA) according to the 
manufacturer’s instructions. Further analysis was per-
formed after 48 hours of transfection.

Statistical Analysis
Data are presented as mean±standard deviation (SD), and 
statistical differences between treatment groups were ana-
lyzed using Students’ t-test by GraphPad Prism 5.0. 
Significant differences were considered as P<0.05.

Results
CTS Inhibits Proliferation of Breast 
Cancer Cells
An ideal anticancer drug must be fewer cytotoxic effects to 
normal cells. Some reported showed that CTS had cyto-
toxic effects in cancer cells but had a slight effect on 
normal cells.16,17 To study whether CTS causes toxicity 
on breast cancer cells, the cell viability was tested at 
various concentrations of CTS in MCF-7 cells and MDA- 
MB-231 by an MTT assay. The results showed that the 
concentration of CTS had obviously influenced cell survi-
val on both cells (Figure 1A and B) (P<0.05). After 24 
hours of incubation, treatment with various dosages of 
CTS decreased the number of viable cells. In colony for-
mation assay, we also found that treatment with CTS 
significantly decreased the clonogenic survival rate in 
a dose-dependent manner in both cells (Figure 1C and 
D). These results suggest that CTS significantly inhibits 
cell proliferation and survival of breast cancer cells.

CTS Inhibits Migration and Invasion of 
Breast Cancer Cells
Breast cancer has high invasiveness and high recurrence 
and cancer metastasis is the leading cause of death from 
advanced breast cancer.18 Therefore, we used cell scratch 
assay to evaluate the in vitro migration ability of CTS on 
breast cancer cells (Figure 2A). We found that the migra-
tion ability of MCF-7 and MDA-MB-231 cells was sig-
nificantly decreased after 24 hours intervention with SKN 
and CTS, and the difference was statistically significant 
(P<0.05) (Figure 2B). Following, we used the transwell 
migration assay to further define whether the migratory 
ability significantly decreased by CTS. Consistently, we 
found CTS decreased cell migratory ability in a dose- 

dependent manner by Transwell migration assay (Figure 
2C). Furthermore, we evaluated the effects of CTS on cell 
invasion of MCF-7 and MDA-MB-231 cells. After treat-
ment with CTS, the invasive abilities of MCF-7 and 
MDA-MB-231 cells were significantly decreased com-
pared to the untreated groups (Figure 2D). These data 
further indicated that CTS inhibits migration and the inva-
sion ability of breast cancer cell lines.

CTS Inhibits Glycolysis and PKM2/β- 
Catenin Signaling of Breast Cancer Cells
The cancer cell produces additional energy by increased 
glycolysis activity to promote tumorigenesis and breast 
cancer progression.19 Referring to published literature, 
glycolysis related genes were high expression in breast 
cancer tissues compared with normal tissue.20 Therefore, 
we examined whether CTS regulates glycolysis related 
protein LDHA, HK2, and PKM2 expression in breast 
cancer cell lines. As shown in Figure 3, the Western blot 
results indicated that CTS (5, 10, 20 μM) strongly 
decreased the expression of LDHA, HK2, PKM2 in pro-
tein levels of both breast cancer cell lines. Together, these 
data showed that CTS significantly regulated breast cancer 
cells’ glycolysis.

PKM2 has been shown to be involved in the maintenance 
of cancer stem cell-like phenotypes, angiogenesis.21,22 As an 
important regulator, PKM2 can mediate β-catenin to promote 
EMT.23 It has been found earlier that CTS can affect the 
expression of PKM2.24,25 Therefore, we subsequently per-
formed Western blotting assay to define the effects of CTS on 
the PKM2/β-catenin signaling pathway. After treatment with 
SKN and different concentrations of CTS for 24 hours, we 
found that the expressions of PKM2 and β-catenin in MCF-7 
and MDA-MB-231 cells were decreased significantly 
(Figure 4).

PKM2 Regulates CTS Sensitivity in Breast 
Cancer Cells
To define whether PKM2 play an important functional role 
in CTS-mediated anti-cancer activities of breast cancer 
cells, we overexpressed PKM2 plasmid in MCF-7 and 
MDA-MB-231 cells. As shown in Figure 5A, overexpres-
sion of PKM2 successfully increased PKM2 expression in 
MCF-7 and MDA-MB-231 cells. Next, we used MTT 
assay to investigate whether PKM2 affects CTS sensitivity 
in breast cancer cell lines. We found that overexpression of 
PKM2 in MCF-7 and MDA-MB-231 cells led to 
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Figure 1 CTS decreases cell proliferation. (A and B) After the cells were treated with different concentration of CTS for 24 hours, cell proliferation was evaluated by MTT 
assay. (C and D) Colony formation assay of cells treated with different concentrations of CTS. Data are presented as mean±SD (n=6). *Represented P<0.05, ***Represented 
P<0.001, compared with the blank control group (NC).
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reduced CTS sensitivity (Figure 5B). Consistently, in the 
colony formation assay, the results have been shown that 
not only CTS-suppressed colony formation ability (Figure 
5C and D) but also the migration/invasion activity (Figure 
5E and F) were significantly recovered by overexpression 
of PKM2, as compared to control cells. These results 
indicated that PKM2 mediated the suppressive effects of 
CTS on cell proliferation, colony formation, and cell 
mobility of breast cancer cells.

PKM2 is a Poor Prognostic Biomarker 
and Associated with Breast Cancer Risk
Some recent studies showed that PKM2 regulates cell 
growth, migration, invasion, and cancer progression in 
breast cancer.26–29 We found that PKM2 was overex-
pressed in breast cancer tissues compared to normal tissues 
by the Oncomine database (Figure 6A). Among them, we 
noted that PKM2 was also higher in invasive ductal breast 
carcinoma (Figure 6B). In addition, we observed that 

Figure 2 CTS suppresses the migration and invasion of breast cancer cells. (A and B) The migration ability of breast cancer cells was inhibited by shikonin (SKN) and CTS in 
the cell scratch assay. Shikonin (SKN) acts as the positive control for inhibition of migration ability. (C) Transwell migration assays were detected after treated with different 
concentrations of CTS in MCF-7 and MDA-MB-231 cells. (D) Transwell invasion assays were detected after treated with different concentrations of CTS in MCF-7 and 
MDA-MB-231 cells. Data are presented as mean±SD (n=3). *Represented P<0.05, **Represented P<0.01, ***Represented P<0.001, compared with the blank control group 
(NC).
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patients with high PKM2 expression had worse overall 
survival and metastasis-free survival outcomes in the 
PROGgeneV2 online database (http://genomics.jefferson. 
edu/proggene/index.php) (Figure 6C). These results sug-
gest that the expression of PKM2 was significantly asso-
ciated with poor survival outcomes in breast cancer 
patients.

Discussion
Compounds isolated from herbal medicine are widely used 
in cancer treatment.30 Cryptotanshinone (CTS), extracted 
from dried roots of salvia miltiorrhiza, have widespread 

applications as anti-inflammatories and anti-oxidants.31 In 
this study, we demonstrated the anti-tumor and bioactivity 
of CTS on breast cancer cells.

CTS has been reported to inhibit development of dif-
ferent cancers. CTS showed the anti-tumor and chemosen-
sitization effects on ovarian cancer cells in vitro.6 It also 
suppressed migration and invasion of human melanoma 
cancer cells, and induced apoptosis via the ROS- 
mitochondrial apoptotic pathway.32 In this study, we 
found that CTS significantly inhibited the proliferation of 
breast cancer cells, and reduced expression of glycolysis- 
related proteins. We also observed that migration and 

Figure 3 CTS inhibits glycolysis in MCF-7 and MDA-MB-231 cells. (A and C) In MCF-7 cell, comparison of PKM2, GLUT1, LDHA, and HK2 expression level among groups; 
(B and D) In MDA-MB-231 cell, comparison of PKM2, GLUT1, LDHA, and HK2 expression level among groups; Data are presented as mean±SD (n=3). *Represented 
P<0.05, **Represented P<0.01, ***Represented P<0.001, compared with the blank control group (NC).
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invasion ability of breast cancer cells significantly sup-
pressed by CTS via PKM2/β-catenin axis.

Glycolysis is an ATP-supporter in human cells, espe-
cially under low-oxygen environment. In cancer cells, 
glycolysis is considered as a major way to support cancer 
cells growth, and facilitate energy production, invasion, 
and redox equilibrium.33 Enhanced glycolysis has been 
observed in human tumor tissues.34,35 It is noteworthy 
that several enzymes have been shown to influence glyco-
lysis in breast cancer cells, especially HK2, LDHA, and 
PKM2.12,36,37 Inhibition of LDHA reduced the pro- 
survival autophagy and drug resistance in MCF-7 cells.38 

More recently, HK2 has been considered as an important 
factor in tumorigenesis in mouse models and breast cancer 
cells, both in vitro and in vivo.39 PKM has been shown to 
significantly suppress NF-κB signaling and NF-κB target 
genes, knockdown of PKM effectively inhibits cell growth 
and migration.27

Modulation of PKM2 expression could promote cyto-
toxic autophagy and apoptosis in breast cancer cells.40 Our 
data indicated that breast cancer cells treated with CTS 
displayed a low proliferation rate and different concentra-
tions of CTS significantly inhibit the cell migration and 

invasion of breast cancer cells. Moreover, we found that 
CTS could inhibit the expressing levels of glycolysis- 
related proteins, such as PKM2, LDHA, and HK2.

PKM2, a rate-limiting enzyme in glycolysis, has been 
widely reported to play a role in different processes of 
cancer development. In recent years, PKM2 has been 
found to be an important factor in various biological 
functions of cancer cells, including regulation of cell 
cycle, resistance to chemotherapy, and cancer 
metastasis.41,42 PKM2 exists in two forms, tetramer and 
dimer. When PKM2 was phosphorylated at serine and 
tyrosine sites, it's molecular structure changed from tetra-
mer to dimer.43 The tetramer form of PKM2 has the 
strongest activity to promote the complete oxidative 
decomposition of glucose to generate ATP through oxida-
tive phosphorylation. Therefore, formation of PKM2 tetra-
mer could inhibit the occurrence and development of 
tumors.44 The inactive dimer form of PKM2 promoted 
the Warburg effect, or aerobic digestion of glucose. In 
tumor cells, the dimer form of PKM2 is dominant, which 
provides precursors for biosynthesis and provides 
a metabolic advantage for tumor cells. In addition to its 
role as a pyruvate kinase, PKM2 is a transcriptional 

Figure 4 CTS downregulates PKM2/β-catenin axis. (A and C) in MCF cell and (B and D) in the expression levels of PKM2 and β-catenin in breast cancer cells were 
decreased by shikonin (SKN) and CTS. *Represented P<0.05, **Represented P<0.01, ***Represented P<0.001, compared with the blank control group (NC).
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Figure 5 Overexpression of PKM2 abolished CTS-induced cell death and cell mobility suppression of breast cancer cells. (A) Transfection of PKM2 plasmids in MCF-7 and 
MDA-MB-231 cells and analyzed the expression of PKM2 in the indicated cells by Western blot. (B) Overexpression of PKM2 decreased the CTS-mediated suppression of 
cell survival ability. Cell survival ability of indicated groups were analyzed by MTT assay. Overexpression of PKM2 in MCF-7 cells (C) and MDA-MB-231 cells (D) significantly 
increased colony forming ability of cells treated with CTS by colony formation assay. (E) The effects of CTS on cell migration were analyzed using Transwell migration assay 
in MCF-7 and MDA-MB-231 cells stably expressing PKM2. (F) Overexpression of PKM2 reversed the effect of CTS on cell invasion. Data are presented as mean±SD (n=3). 
**Represented P<0.01, ***Represented P<0.001, compared with the blank control group (NC).
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coactivator of protein kinases and genes to mediate cell 
proliferation, migration, and apoptosis. Wnt/β-catenin sig-
naling plays essential roles in diseases development in 
humans, including cancer and myocardial infarction.45 

Some reports pointed out that PKM2 is translocated into 
the nucleus in cancer cells as a transcriptional factor, and 
nuclear PKM2 regulates β-catenin transactivation.46 

Notably, β-catenin mediates many important functions of 
cancer cells, such as cell migration, invasion, and angio-
genesis. A clinical study concludes that the expression of 
β-catenin in TNBC tissue might be closely correlated with 
survival prognosis.47 In our study, we also found that CTS 
effectively suppressed breast cancer migration and inva-
sion, the underlying mechanism may refer to the 

downregulation of PKM2/β-catenin axis and overexpres-
sion of PKM2 decreased CTS sensitivity in breast cancer 
cells.

Conclusion
In conclusion, we have demonstrated that CTS exerts an 
anti-cancer effect of breast cancer cells by suppressing cell 
proliferation, migration, and invasion of breast cancer cells 
in vitro. In addition, CTS could markedly reduce the 
expression of glycolysis-related proteins and PKM2/β- 
catenin signaling in breast cancer cells. Overexpression 
of PKM2 recovered CTS-mediated suppression of cell 
proliferation, colony formation, and cell mobility of breast 
cancer cells.

Figure 6 Expression of PKM2 positively associated with poor prognosis of breast cancer patients. (A) PKM2 expression positively correlates with breast cancer tissue and 
normal tissue analyzed by the Oncomine database. (B) PKM2 expression positively correlates with invasive breast cancer tissue and breast cancer tissue in the Oncomine 
database. The fold change (Log2 median-centered intensity) and P-value are shown within each box plot. (C) Analysis of overall survival and metastasis-free survival in breast 
cancer patients. High PKM2 expression correlates with poor survival of breast cancer patients.
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