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Abstract: In order to explore the synergistic mechanisms of combinatorial treatment using 

curcumin and mitomycin C (MMC) for breast cancer, MCF-7 breast cancer xenografts 

were conducted to observe the synergistic effect of combinatorial treatment using curcumin 

and MMC at various dosages. The synergistic mechanisms of combinatorial treatment 

using curcumin and MMC on the inhibition of tumor growth were explored by differential 

gene expression profile, gene ontology (GO), ingenuity pathway analysis (IPA) and  

Signal–Net network analysis. The expression levels of selected genes identified by cDNA 

microarray expression profiling were validated by quantitative RT-PCR (qRT-PCR)  

and Western blot analysis. Effect of combinatorial treatment on the inhibition of cell  

growth was observed by MTT assay. Apoptosis was detected by flow cytometric analysis  

and Hoechst 33258 staining. The combinatorial treatment of 100 mg/kg curcumin  

and 1.5 mg/kg MMC revealed synergistic inhibition on tumor growth. Among 1501 

differentially expressed genes, the expression of 25 genes exhibited an obvious change  

and a significant difference in 27 signal pathways was observed (p < 0.05). In addition, 

Mapk1 (ERK) and Mapk14 (MAPK p38) had more cross-interactions with other genes  

and revealed an increase in expression by 8.14- and 11.84-fold, respectively during  
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the combinatorial treatment by curcumin and MMC when compared with the control. 

Moreover, curcumin can synergistically improve tumoricidal effect of MMC in another 

human breast cancer MDA-MB-231 cells. Apoptosis was significantly induced by the 

combinatorial treatment (p < 0.05) and significantly inhibited by ERK inhibitor (PD98059) 

in MCF-7 cells (p < 0.05). The synergistic effect of combinatorial treatment by curcumin and 

MMC on the induction of apoptosis in breast cancer cells may be via the ERK pathway. 

Keywords: curcumin; mitomycin C; synergistic effect; gene expression profile;  

breast cancer 

 

1. Introduction 

Drug discovery has focused on the identification of the agents that can modulate individual target. 

Although some new drugs with an individual target have been discovered, limited treatment efficacy, 

poor safety and resistance profiles are often observed [1,2]. Due to these issues, the approach to drug 

design has been confirmed by successful clinical studies with multicomponent therapies [3,4], and 

efforts have been made for the discovery of combinatorial therapies using new drugs [5,6], and for the 

achievement of different synergistic effects. 

When two drugs produce the same broad therapeutic effect, their combinatorial application also can 

produce the same effect to some extents, as compared with the summed effects of the individual drugs. 

The combination is pharmacodynamically synergistic if the effect is greater than the summed effects of 

the partner drugs [7]. Synergistic effects of drug combinations have been explored to achieve one or 

more favorable outcomes, such as enhanced treatment efficacy and decreased dosage at an equal or 

increased efficacy [8]. 

In addition, the combinatorial treatment efficacy of these substances depends on drug–drug 

interactions. The activity of curcumin is evaluated to compromise the pro-apoptotic activity of 

camptothecin, alkylating agents and anthracyclines [9]. On the contrary, curcumin reveals synergistic 

inhibition on cell growth and stimulation of apoptosis in human colon cancer cells when combined 

with chemotherapeutic drugs, such as bortezomib and 5-fluorouracil [10]. We have carried out  

anti-cancer studies in breast cancer cells through xenografts by using combinatorial treatment of 

curcumin and mitomycin C (MMC) [11–13]. However, the synergistic mechanisms of combinatorial 

treatment by curcumin and MMC on the inhibition of tumor growth are still unclear. 

Tumor growth is not only due to the uncontrolled proliferation, but also due to the reduced  

apoptosis [14]. Therefore, the induction of apoptosis has become an effective strategy of cancer 

therapy. Additionally, recent reports have indicated that apoptosis is the activation of caspases by a 

signal transduction cascade [15]. Mitogen-activated protein kinase (MAPK) pathways have been 

implicated in the response to chemotherapeutic drugs [16]. MAP kinases regulate many cellular 

activities from gene expression to mitosis, movement, metabolism, and apoptosis [17]. Similarly, some 

responsiveness was regulated by ERK [18] and p38 [19] in breast cancer cells. It is of interest, 

therefore, to determine whether apoptosis is induced by the combinatorial treatment by curcumin and 

MMC through the ERK signaling pathway. 
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In the present study, the combinatorial treatment of curcumin and MMC-induced inhibition of 

tumor growth revealed synergistic effect in breast cancer xenografts. The ERK pathway was identified 

as a critical mechanism during the combinatorial treatment for the inhibition of tumor growth. 

2. Results and Discussion 

2.1. Effect of Combinatorial Treatment Using Curcumin and Mitomycin C (MMC) on Tumor Growth 

In order to determine the effect of curcumin/MMC on tumor growth, we established MCF-7 breast 

cancer xenografts. MMC treatment alone at the dose of 1.0 mg/kg had no significant effect on tumor 

growth (Figure 1). The weight of tumors was reduced by 44.21%, 64.53% and 84.52% during the 

treatment with 100 mg/kg curcumin, 1.5 and 2 mg/kg MMC alone, respectively. While, the side effect 

of 2 mg/kg MMC alone was more serious than other treatments (data not shown). The combinatorial 

treatment with curcumin and MMC at the doses of 1.0, 1.5, and 2 mg/kg, however, resulted in a more 

loss of tumor weight. The inhibitory rates were 40.91%, 86.51%, and 82.72%. Curcumin significantly 

enhanced the capability of MMC to reduce tumor mass (64.53% to 86.51%) when MMC was 

administrated at the dose of 1.5 mg/kg. Therefore, the combinatorial application of curcumin and 

MMC displayed a synergistic anti-tumor effect. 

Figure 1. Effect of mitomycin C (MMC) or MMC combined with curcumin on tumor 

outgrowth in MCF-7 xenografts. Mice were first injected with MCF-7 cells for two weeks 

to establish xenograft. Mice were then administrated with MMC at the doses of 1.0, 1.5 

and 2 mg/kg with or without curcumin. After four weeks treatments, the mice were 

sacrificed, and tumors were excised and weighed. * p < 0.05 versus 2 mg/kg MMC alone. 

 

2.2. Gene Expression Profiles by cDNA Microarray Analysis 

In order to establish the gene expression profile in tumors, the relative expression levels of  

mRNAs were analyzed with random module t-test of R package for exploring the significantly  

differential expression of mRNAs among tumor tissues subjected to curcumin/MMC treatment.  

As shown in Figure 2, we found 1501 differentially expressed mRNA in curcumin/MMC 1.5 mg/kg 

versus curcumin/MMC 1.0 mg/kg, 3481 mRNAs in curcumin/MMC 1.5 mg/kg versus control,  
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and 1284 mRNAs in curcumin/MMC 1.0 mg/kg versus control. Furthermore, the number of overlapping 

genes among the curcumin/MMC 1.5 mg/kg, curcumin/MMC 1.0 mg/kg and control samples are shown. 

Figure 2. Venn diagram summarizing differentially expressed (DE) genes and gene 

ontology (GO) in tumor tissues with different treatments. Mice were treated as in Figure 1. 

Changes in gene expression were determined by cDNA microarray gene profiling. Genes 

with a false discovery rate (FDR)-adjusted p value (p < 0.05) and fold change larger than 

1.5 were considered as DE genes. Above diagonal-DE genes; below diagonal-GO terms. 

 

In order to understand these DE genes holistically, we conducted functional enrichment analysis for 

DE genes using IPA analysis. Significant analysis was determined when p values were corrected for 

false discovery rate (FDR). Gene sets containing less than five gene overlapping were removed from 

IPA analysis. In our analysis, GO terms and pathways with an FDR-adjusted p value of less than 0.05 

were retained. The number of representative GO terms of DE genes in each comparison is shown in 

Figure 2. Through GO analysis, 25 GO terms were observed in curcumin/MMC at the dose of  

1.5 mg/kg versus curcumin/MMC at the dose of 1.0 mg/kg, 219 GO terms were observed in 

curcumin/MMC at the dose of 1.5 mg/kg versus the control, and 119 GO terms were observed in 

curcumin/MMC at the dose of 1.0 mg/kg versus the control. In addition, 19 GO terms were overlapped 

between curcumin/MMC at the dose of 1.5 mg/kg versus curcumin/MMC at the dose of 1.0 mg/kg and 

curcumin/MMC at the dose of 1.5 mg/kg versus control, 7 GO terms were overlapped between 

curcumin/MMC at the dose of 1.5 mg/kg versus curcumin/MMC at the dose of 1.0 mg/kg, and 

curcumin/MMC at the dose of 1.0 mg/kg versus the control, and 107 GO terms were overlapped 

between curcumin/MMC at the dose of 1.5 mg/kg versus the control and curcumin/MMC at the dose 

of 1.0 mg/kg versus the control (Figure 2). The variety of this phenomenon suggested that the different 

treatments using curcumin/MMC in tumor tissues likely had different molecular mechanisms. 

2.3. Modulation of Signaling Pathways Following Combinatorial Treatment of Curcumin/MMC 

Genes with significant change in expression following combinatorial treatment of curcumin/MMC 

at the dose of 1.5 mg/kg and curcumin/MMC at the dose of 1.0 mg/kg were assigned to  
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different signaling pathways and subjected to ingenuity pathway analysis (IPA). Results showed that  

88 pathways were differentially changed, which included 27 significantly altered pathways with  

−log (p value) ranging from 3.032 to 14.881. All of them are involved in apoptosis, cell cycle and 

mitosis (Figure 3). However, among these pathways, the −log (p value) of cell cycle was 3.032 and the 

ratio was 212 (data not shown). Therefore, these genes with more correlation with other genes that are 

necessary for apoptosis and cell cycle progression were selected (Figure 3). 

Figure 3. Significant pathways at the nominal level of 0.05 during the unpaired Student’s 

t-test. The DE genes in tumors treated with curcumin/MMC at the dose of 1.5 mg/kg and 

curcumin/MMC at the dose of 1.0 mg/kg were mapped to the IPA-defined work. The 

significance p values that determine the probability associated with the genes in the dataset 

and the canonical pathway alone were calculated by Fisher’s exact test, and are expressed 

as −log (p value). Green to red represent −log2 ratio from small to large. 

 

2.4. Relationships among Genes by Signal–Net Analysis 

Following the differentially expressed mRNAs between the curcumin/MMC at the dose of  

1.5 and 1.0 mg/kg, we established gene regulatory networks based on Signal–Net database. The 

representative network is shown in Figure 4A. The network is highly weighted to evaluate the hub 

nodes (mRNAs) in terms of topological structure measurements. In the work, a hub node is defined to 

have more than five interactions in those stage-specific networks, and these hub nodes were highly 

affect the network architecture, thus implicating that the interesting potential modules were existed in 

the networks as the molecular pathways in biological system. 

In addition, Betweenness Centrality represents the modulation capability of a gene, and Degree 

represents gene–gene interaction number. Indegree and Outdegree represent the upstream and 

downstream functions in the signaling pathway [20]. Key genes with Degree larger than five are listed  

in Table 1, which include apoptosis-related genes such as Mapk1 [21], Mapk14 [22], Rock2 [23],  

Akt1 [24] and Jun [25]. The relationship among these apoptosis-related genes was shown in Figure 4B. 
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Figure 4. Signal–Net analysis of DE genes in significant pathways. The circles represent 

genes (blue, down-regulated; other colors, up-regulated. Mapk1 and Mapk14 associated  

with apoptosis in red). The size of the area represents the degree. (A) The differentially 

expressed mRNAs between curcumin/MMC at the doses of 1.5 and 1.0 mg/kg  

was observed. Gene regulatory networks based on Signal–Net database was established; 

(B) Apoptosis-related genes such as Mapk1 and Mapk14 were included. The relationship 

among of apoptosis-related genes was mapped. 

(A) 

 
(B) 

2.5. Validation of DE Genes by Quantitative RT-PCR (qRT-PCR) 

From Signal–Net analysis, two genes such as Mapk1 (ERK) and Mapk14 (MAPK p38) had more 

interaction with other genes, and were selected for further analysis. In order to determine the 

robustness of cDNA microarray gene expression profiling following the combinatorial treatment,  

quantitative RT-PCR (qRT-PCR) was employed to determine the change in the expression of the 

selected genes from Signal–Net analysis. 

The expression of ERK was increased by 3.74- and 8.14-fold in combinatorial treatment with 

curcumin/MMC at the dose of 1.0 mg/kg and curcumin/MMC at the dose of 1.5 mg/kg when 
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compared with the control. Moreover, a significant difference between curcumin/MMC at the dose of 

1.0 mg/kg and curcumin/MMC at the dose of 1.5 mg/kg was observed (p < 0.05). The expression of 

MAPK p38 had been observed in previous studies [12]. The expression of ERK by qRT-PCR fitted  

the pattern of cDNA microarray analysis well (Figure 5A). We next analyzed the expression of  

p-ERK and ERK in tumor grafts from the mice receiving either saline or drugs. The treatment of 

curcumin combined with MMC revealed an increase in the expression of p-ERK (Figure 5B). The 

results indicated that the change in gene expression following the combinatorial treatment with 

curcumin/MMC at the dose of 1.5 mg/kg and curcumin/MMC at the dose of 1.0 mg/kg was determined 

by microarray analysis, and confirmed by qRT-PCR and Western blot. 

Table 1. Key genes (Degree ≥ 5) of Signal–Net analysis. 

Gene Symbol Betweenness Centrality Degree Indegree Outdegree Style 

Mapk1 3.43 × 10−2 20 5 15 up 
Rock2 1.17 × 10−2 13 1 12 up 

Mpak14 2.25 × 10−2 11 3 8 up 
Akt1 2.70 × 10−3 7 1 6 up 

Nfkb1 2.27 × 10−3 6 1 5 down 
Mtor 4.66 × 10−4 5 1 4 up 

Ppp1cb 2.31 × 10−3 7 4 3 up 
Ppp1cc 2.31 × 10−3 7 4 3 up 

Ppp1r12a 1.49 × 10−3 6 3 3 up 
Itgb1 3.91 × 10−3 14 14 2 up 
Fos 2.10 × 10−3 6 4 2 up 
Jun 2.10 × 10−3 6 4 2 up 

Myl2 2.24 × 10−3 7 7 1 up 
Sdc1 0 10 10 0 up 
Sdc3 0 10 10 0 up 
Cd44 0 8 8 0 up 

2900073G15Rik 0 6 6 0 up 
Cxcr4 0 6 6 0 up 

2.6. Curcumin Significantly Improves the Tumoricidal Effect of MMC in MDA-MB-231 Cells 

It has shown that curcumin synergistically enhanced the anti-tumor capability of MMC in breast 

cancer MCF-7 cells. In order to test this hypothesis, we initially determined the cytotoxicity effect  

of MMC with or without curcumin on MDA-MB-231 cells. Cells were exposed to various MMC 

concentrations in the presence or absence of 50% inhibition (IC50) of curcumin (40 µmol/L) for 48 h 

(Figure 6). MMC treatment alone led to IC50 in cell number at 15 µmol/L to MDA-MB-231 cells. 

When MMC was combined with 40 µmol/L of curcumin, IC50 of MMC was reduced to 2.5 µmol/L in 

MDA-MB-231 cells, representing a 600% improvement in IC50 of MMC. 
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Figure 5. DE genes validated by quantitative RT-PCR (qRT-PCR) and Western blot 

analysis. (A) Total RNA was extracted from tumor tissues and qRT-PCR was performed  

as the description in Materials and Methods. Data represent as Mean ± SD from  

4 determinations, and GAPDH was used to normalize the relative mRNA level. * p < 0.05; 

(B) Tumor lysates were analyzed for p-ERK and ERK with the corresponding antibodies. 

Values are mean ± SE from three independent experiments. * p < 0.05 curcumin plus 

MMC 1.5 mg/kg versus control. 
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Figure 6. Sensitivity of breast cancer MDA-MB-231 cells to MMC and MMC plus 

curcumin. MTT assay was performed to determine cell number as described in Material 

and Methods. (A) MDA-MB-231 cells were treated with 0.5, 2.5, 7.5, 15 and 30 µmol/L 

MMC with or without 40 µmol/L curcumin for 48 h; (B) MDA-MB-231 cells were 

incubated in 5, 10, 20, 40 and 80 µmol/L curcumin with or without 7.5 µmol/L MMC for 

48 h. Values are mean ± SE from three independent experiments. 

 
(A) 

 
(B) 

2.7. Apoptosis via ERK Pathway in MCF-7 Cells 

In order to assess the role of ERK in the combinatorial treatment, MCF-7 cells were stimulated  

with ERK-specific inhibitor PD98059 alone or PD98059 coupled with different drugs. As shown in 

Figure 7A, the rate of cell survival was decreased to 30% due to the combinatorial treatment by MMC 

and curcumin when compared with the untreated control. However, in the presence of PD98059, cell 

survival rate revealed an increase by approximately two-fold when compared with the combinatorial 

treatment without PD98059. Meanwhile, a significant difference between curcumin/MMC coupled 

with or without PD98059 was observed (p < 0.05). This inhibitory effect was reversed by pretreatment 

with PD98059. 

In order to determine the effect of curcumin/MMC treatment on cell apoptosis through ERK pathway, 

we detected the apoptosis of MCF-7 cells by both flow cytometric and Hoechst 33258 staining 

analysis. Significant apoptosis was observed in the cells treated with curcumin/MMC combination, 

while the degree of apoptosis was greatly decreased in the cells treated with curcumin/MMC coupled 

with PD98059 (Figure 7B). 
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Figure 7. Effect of ERK-specific inhibitor PD98059 alone or PD98059 coupled with 

different drugs on cell proliferation and apoptosis in MCF-7 cells. (A) MCF-7 cells were 

pretreated with or without 30 μmol/L PD98059 for 2 h before the cells were treated with 

both 40 μmol/L curcumin and 2.5 μmol/L MMC alone or combination for 48 h. MTT assay 

was performed as the description in Materials and Methods. All data were expressed  

as Mean ± SD from three independent experiments. * p < 0.05 versus curcumin/MMC 

coupled with PD98059. # p < 0.05 versus the combinatorial treatment of curcumin and 

MMC; (B) Cell morphology was observed by Hoechst 33258 staining, and then observed 

under fluorescence microscope (×200); and (C) the cells were subjected to the subsequent 

staining of Annexin V-PI and flow cytometric analysis. Data were expressed as Mean ± SE 

(n = 3). * p < 0.05. (a) untreated control; (b) 40 μmol/L curcumin alone; (c) 2.5 μmol/L 

MMC alone; (d), curcumin/MMC combination; (e) 30 μmol/L PD98059 combined with  

40 μmol/L curcumin; (f) 30 μmol/L PD98059 combined with 2.5 μmol/LMMC; (g) curcumin/ 

MMC combination coupled with 30 μmol/L PD98059; (h) 30 μmol/L PD98059 alone. 
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Figure 7. Cont. 

 
(C) 

In order to quantitate the number of apoptotic cells, we performed Annexin V flow cytometry assay 

on MCF-7 cells exposed to either curcumin/MMC combination or combinatorial treatment coupled 

with PD98059. The apoptosis rate in the cells treated with curcumin/MMC combination was 49.23%. 

In the presence of PD98059, the apoptosis rate was reduced to 13.66% (Figure 7C). There was 

significant difference between them (p < 0.05). 

The apoptosis rate was consistent with the inhibition of cell growth, which suggested that apoptosis 

induced by the individual or combinatorial treatment is dependent on the ERK pathway in MCF-7 cells. 
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curcumin (diferuloylmethane) has gained extreme attention because of its relative low toxicity [30] and 

exhibits anti-cancer activity both in vitro and in vivo through a variety of mechanisms [31]. We have 
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of breast cancer [11,12]. In order to explore the synergistic mechanisms of curcumin combined with 

MMC, we have screened the associated genes by cDNA microarray analysis. 

The cDNA microarray technology can provide the expression profile of all genes simultaneously, 

and is an important tool in the dissection of signal transduction pathways. In the present study, 

curcumin synergistically enhanced the anti-tumor capability of MMC at the dose of 1.5 mg/kg to 

reduce tumor mass from 64.5% to 86.5% (Figure 1). Tumor tissues administrated with curcumin 

combined with MMC at the doses of 1.0 and 1.5 mg/kg were examined by cDNA microarray analysis. 

Curcumin/MMC at the dose of 1.5 mg/kg induced 1501 DE genes and 25 GO terms when compared 

with curcumin/MMC at the dose of 1.0 mg/kg (Figure 2). Moreover, the apoptosis and cell cycle were 

mainly related to the synergistic combination of curcumin and MMC in signaling pathway analysis. 

In order to clarify the relationship among these genes, Signal–Net network analysis was used to 

explore these relationships among different treatments. The considered evidence is the source of the 

interaction database from KEGG. Networks are stored and presented as graphs, where the nodes are 

mainly genes or proteins, and edges represent the related types between the nodes. Previous reports 

have shown that the activation of MEK by mitogenic stimuli contributes to the differentiation, 

proliferation, and survival of cells [32]. Some responsiveness is regulated by ERK and MAPK in 

breast cancer cells. From this network, two genes associated with apoptosis, ERK and p38 may be  

the mainly related genes (Figure 4 and Table 1). Notably, these results suggest that the synergistic 

combinatorial treatment-induced apoptosis may be involved in ERK and p38 pathways in breast  

cancer cells. 

It has been reported that cell survival and apoptosis are regulated through ERK/MAPK in various 

cancer cells such as human pancreatic cancer cells [33–35] and human endometrial cancer cells [36]. 

Moreover, ursodeoxycholic acid (UDCA) enhanced the phosphorylation of ERK1/2 and MEK1/2. The 

prevention of MEK by the pharmacologic inhibitors PD98059 and U0126, resulted in the decrease of 

UDCA-induced apoptosis, as shown by the reduction of apoptotic body formation, caspase-8 activity, 

and caspase-3, -6 and PARP cleavage, indicating that ERK exerts pro-apoptotic activity upon exposure 

to UDCA [37]. In order to validate whether the apoptosis induced by combinatorial treatment was 

regulated by ERK, MEK-specific inhibitor PD98059 was used. As shown in Figure 7, cell survival was 

decreased and apoptosis was increased by curcumin combined with MMC treatment. However, these 

effects were rescued by PD98059. In this study, ERK signaling is involved in the inhibition of cell 

growth and apoptosis induction by combinatorial treatment in MCF-7 cells. 

qRT-PCR and Western blot are used to validate differential expression of ERK-associated genes 

and proteins have been carried out by comparing curcumin and MMC-treated samples with control 

samples (Figure 5). The combination of curcumin and MMC 1.5 mg/kg increased the expression level 

of ERK mRNA and protein. 

In order to determine the effect of curcumin/MMC treatment on other breast cancer cell lines,  

we detected cell survival of MDA-MB-231 cells by performing MTT assay. Curcumin reduced  

the concentration required for MMC to suppress the growth of breast cancer MDA-MB-231 cells  

(Figure 6). Therefore, different breast cancer cell types were equally sensitive to this treatment. 
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3. Experimental Section 

3.1. Reagents and Cell Culture 

MMC was purchased from International Chemical and Nuclear Corporation (Hamilton, ON, 

Canada). Curcumin was obtained from National Institute for the Control of Pharmaceutical and 

Biological Products (Beijing, China). PD98059 was ordered from Biomol (Plymouth Meeting, PA, 

USA). The antibodies against p-ERK, ERK, p-p38 and p38 were obtained from Cell Signaling 

Technology (Danvers, MA, USA). Hoechst 33258 was purchased from Invitrogen (Carlsbad, CA, 

USA). Human breast cancer MCF-7 cells were purchased from the American Type Culture Collection 

(ATCC) (Manassas, VA, USA) and cultured in RPMI 1640 medium supplemented with 10% fetal calf 

serum (FBS) and 0.01 mg/mL insulin at 37 °C with 5% CO2 in a humidified atmosphere. 

3.2. Tumor Xenograft and Treatment 

Female nu/nu athymic mice (7 weeks of age) were obtained from Academia Sinica (Shanghai, 

China). MCF-7 cells (1 × 107/mL) were inoculated into the mammary fat pad (m.f.p.) of mice and  

17β-estradiol was intraperitoneally injected before inoculation [38,39]. Once palpable tumors were 

developed (approximately 2 weeks), the mice were randomly divided into 9 groups (n = 8). Treatment 

groups included curcumin (100 mg/kg) [11], MMC (1.0, 1.5 and 2 mg/kg) and combinatorial treatment 

of curcumin (100 mg/kg) and MMC (1.0, 1.5 and 2 mg/kg) groups. All drugs were administrated 

intraperitoneally. Untreated groups were divided into normal and control groups with the injection of 

physiological saline. After 4 weeks of treatment, the mice were sacrificed followed by tumor removal 

in trizol. All procedures were conformed to the consideration of animal welfare and approved by the 

ethical committee (09001, 5 March 2014) of Shanghai Traditional Chinese Medicine. 

3.3. Microarray Detection 

Total RNAs of tumor tissues from different treatments using curcumin/MMC at the doses of  

1.0 and 1.5 mg/kg and saline were extracted using TRIzol (Invitrogen) and the RNeasy kit (Qiagen, 

Hilden, Germany) according to manufacturer’s instructions including a DNase digestion step.  

RNA concentration was evaluated on the Nanodrop ND-1000 and analyzed by denaturing gel 

electrophoresis. The samples were amplified and labeled using a NimbleGen One-Color DNA 

Labeling Kit (Roch, Basel, Switzerland) and hybridized in NimbleGen Hybridization System (Roch). 

After hybridization and washing, the processed slides were scanned with the Axon GenePix 4000B 

microarray scanner (Molecular Devices, Sunnyvale, CA, USA). Raw data were extracted as pair files 

by NimbleScan software (version 2.5) (Roch). 

3.4. Data Analysis 

In order to evaluate the effects of different treatments, we compared the mRNA expression of tumor 

tissues subjected to the treatments of curcumin/MMC at the doses of 1.0 and 1.5 mg/kg, and the 

control, respectively. The relative mRNA expression levels were further normalized utilizing the 

median over all samples. The weighted differentially expressed (DE) genes were calculated using the 



Int. J. Mol. Sci. 2014, 15 16297 

 

 

random variance model t-test. A significant difference was considered at the fold change larger than 

1.5 and p < 0.05. Among these inferred DE genes, the enrichment was analyzed using ingenuity 

pathway analysis (IPA), and significance analysis was determined when p values were corrected for 

the false discovery rate (FDR). Gene sets containing less than 5 overlapped genes were removed from 

the DAVID analysis. In our analysis, gene ontology (GO) terms and pathways with an FDR-adjusted  

p value of less than 0.05 were retained. 

3.5. Regulatory Network Construction of Weighted Genes 

Direct binding between different genes can also reveal shared functionality. We built the weighted 

gene regulatory networks for DE genes using Signal–Net [40,41], which is a network-building method 

based on KEGG interaction database. In the weighted regulatory network, the nodes represent genes, 

and the edges represent the connection strength (adjacency). As an example, if two genes interact with 

each other, an interaction edge is assigned between two genes where arrows or smooth edges indicate 

the activation or inhibition. 

3.6. Quantitative RT-PCR (qRT-PCR) 

The gene expression levels in cDNA microarray analysis were validated by qRT-PCR. The 

sequence of MAPK1 (ERK) oligonucleotide is 5'-CAGGTGTTCGACGTAGGGC-3'. Total RNA  

(1 µg) was employed to prepare cDNA via reverse transcription. All reactions were performed in a 

final volume of 20 μL. qRT-PCR reaction conditions were as follows: activation at 95 °C for 10 min 

with 40 cycles of denaturation at 95 °C for 15 s, primer annealing and extension at 60 °C for 1 min  

and ramping back to 95 °C. Melting curve analysis of all samples was routinely performed to ascertain 

that only the expected products were generated. A fluorescence reading was determined the extent  

of amplification at the end of each cycle. The expression levels of target genes were normalized to the 

expression of GAPDH. The qRT-PCR for each gene was determined in duplicate, and each experiment 

was repeated three times. 

3.7. Western Blot Analysis 

Tumor tissues were homogenized and lysed in lysis buffer containing 2 M sodium chloride,  

10% NP-40, 10% SDS, 1 M Tris–HCl, 1 g/L phenyl-methylsulphonyl fluoride (PMSF), 0.1 g/L aprotinin 

and 0.01 g/L leupeptin. The cell lysates were subjected to SDS-PAGE and then blotted onto PVDF 

membrane. After membrane was blocked with BSA for 1 h, the expression of proteins was detected 

using primary antibodies (1:1000) and secondary antibodies (1:800) conjugated with horseradish 

peroxidase and enhanced chemiluminescence (ECL) reagents (Pharmacia, Buckinghamshire, UK). 

Quantitative analysis of Western blots was carried out using Alpha Ease FC (FluorChem FC2) software 

(Santa Clara, CA, USA). The density ratio of proteins to GAPDH as spot density was calculated using 

the analysis tools. 
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3.8. Cell Growth Inhibition Test 

The inhibition of cell growth was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Fifteen various concentrations of MMC, with or without curcumin, were then 

added to MCF-7 or MDA-MB-231 cells for varying length of times, followed by the addition of  

MTT for another 4 h. After removal of culture solution, the remaining MTT formazan crystals were 

dissolved with DMSO and measured at 490 nm with a microplate reader. The percentage of inhibition 

was calculated as followed by the formula: Inhibition ratio (IR) (%) = (1 − ODsample/ODcontrol) × 100%. 

3.9. Flow Cytometric Analysis 

MCF-7 cells (106/mL) were cultured in 6-well plates, and reached up to 70%–80% confluence after 

seeding cells for 6 h. The media containing FCS were not changed, and then treated with 2.5 μmol/L 

MMC, 40 μmol/L curcumin and 30 μmol/L PD98059 alone or combination. Cells were subjected to 

annexin V-PI dual staining assay according to the manufacturer’s protocol. Stained cells were analyzed 

by fluorescence activating cell sorter (FACS) (Becton Dickinson, San Jose, CA, USA) and the 

apoptotic cell population was determined using ModFit LT 3.0 software (Becton Dickinson). 

3.10. Hoechst 33258 Staining 

Cells were seeded on the slides at a density of 5 × 104/mL in 6-well plates. After treatment as 

mentioned above, the cells from all five groups were washed twice with phosphate-buffered saline 

(PBS), fixed in 4% paraformaldehyde for 10 min, and then stained with Hoechst 33258 for 5 min. 

After the cells were washed twice with PBS, the cells were observed under a fluorescence microscope. 

The nuclei of living cells were homogeneous blue, but the nuclei of apoptotic cells were compact, 

condensed and whitish blue. 

4. Conclusions 

In summary, the combination of curcumin and MMC 1.5 mg/kg can synergistically inhibit tumor 

growth in MCF-7 breast cancer xenografts and induce apoptosis in breast cancer MCF-7 cells through 

ERK pathway. 

Acknowledgments 

This work was financially supported by E-institutes of Shanghai Municipal Education Commission 

(No. E03008), Budgetary Research Projects of the Shanghai Municipal Education Commission  

(No. 2010JW28), Leading Academic Discipline Project of Shanghai Municipal Education Commission 

(No. J50301), Shanghai College Young Teachers’ training (No. shzy032) and Doctoral Fund of 

Ministry of Education of China (No. 20123107120010). 

Author Contributions 

Shibing Su designed the experiments and proofread the manuscript. Qianmei Zhou performed the 

Western blot analysis, apoptosis and proliferation assays, interpreted the results, generated the figures 



Int. J. Mol. Sci. 2014, 15 16299 

 

 

and wrote the manuscript. Qilong Chen performed bioinformatics analysis. Jia Du, Xiufeng Wang and 

Hui Zhang assisted with animal experiments and provided many useful discussions on experiments. 

Yiyu Lu analyzed data. All authors assisted in revision of and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Curèiæ, M.G.; Stankoviæ, M.S.; Mrkaliæ, E.M.; Matoviæ, Z.D.; Bankoviæ, D.D.; Cvetkoviæ, D.M.; 

Daèiæ, D.S.; Markoviæ, S.D. Antiproliferative and proapoptotic activities of methanolic extracts 

from Ligustrum vulgare L. as an individual treatment and in combination with palladium 

complex. Int. J. Mol. Sci. 2012, 13, 2521–2534. 

2. Critchfield, K.L. Tailoring common treatment principles to fit individual personalities.  

J. Personal. Disord. 2012, 26, 108–125. 

3. Montero, A.J.; Diaz-Montero, C.M.; Deutsch, Y.E.; Hurley, J.; Koniaris, L.G.; Rumboldt, T.; 

Yasir, S.; Jorda, M.; Garret-Mayer, E.; Avisar, E.; et al. Phase II study of neoadjuvant treatment 

with NOV-002 in combination with doxorubicin and cyclophosphamide followed by docetaxel in 

patients with HER-2 negative clinical stage II–IIIc breast cancer. Breast Cancer Res. Treat. 2012, 

132, 215–223. 

4. Secord, A.A.; Berchuck, A.; Higgins, R.V.; Nycum, L.R.; Kohler, M.F.; Puls, L.E.; Holloway, R.W.; 

Lewandowski, G.S.; Valea, F.A.; Havrilesky, L.J. A multicenter, randomized, phase II clinical 

trial to evaluate the efficacy and safety of combination docetaxel and carboplatin and sequential 

therapy with docetaxel then carboplatin in patients with recurrent platinum-sensitive ovarian 

cancer. Cancer 2012, 118, 3283–3293. 

5. Wang, J.Y.; Swami, S.; Krishnan, A.V.; Feldman, D. Combination of calcitriol and dietary soy 

exhibits enhanced anticancer activity and increased hypercalcemic toxicity in a mouse xenograft 

model of prostate cancer. Prostate 2012, 72, 1628–1637. 

6. Urba, S.; van Herpen, C.M.; Sahoo, T.P.; Shin, D.M.; Licitra, L.; Mezei, K.; Reuter, C.; Hitt, R.; 

Russo, F.; Chang, S.C.; et al. Pemetrexed in combination with cisplatin versus cisplatin 

monotherapy in patients with recurrent or metastatic head and neck cancer: Final results of  

a randomized, double-blind, placebo-controlled, phase III study. Cancer 2012, 118, 4694–4705. 

7. Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and 

antagonism in drug combination studies. Pharmocol. Rev. 2006, 58, 621–681. 

8. Jia, J.; Zhu, F.; Ma, X.H.; Cao, Z.W.; Li, Y.X.; Chen, Y.Z. Mechanisms of drug combinations: 

Interaction and network perspecivs. Nat. Rev. 2009, 8, 111–128. 

9. Somasundaram, S.; Edmund, N.A.; Moore, D.T.; Small, G.W.; Shi, Y.Y.; Orlowski, R.Z. Dietary 

curcumin inhibits chemotherapyinduced apoptosis in models of human breast cancer. Cancer Res. 

2002, 62, 3868–3875. 

10. Du, B.; Jiang, L.; Xia, Q.; Zhong, L. Synergistic inhibitory effects of curcumin and 5-fluorouracil 

on the growth of the human colon cancer cell line HT-29. Chemotherapy 2006, 52, 23–28. 



Int. J. Mol. Sci. 2014, 15 16300 

 

 

11. Zhou, Q.M.; Wang, X.F.; Liu, X.J.; Zhang, H.; Lu, Y.Y.; Huang, S.; Su, S.B. Curcumin improves 

MMC-based chemotherapy by simultaneously sensitising cancer cells to MMC and reducing 

MMC-associated side-effects. Eur. J. Cancer 2011, 47, 2240–2247. 

12. Zhou, Q.M.; Wang, X.F.; Liu, X.J.; Zhang, H.; Lu, Y.Y.; Su, S.B. Curcumin cooperates with 

mitomycin C to inhibit cell proliferation and induce cell cycle arrest in breast cancer models  

in vitro and in vivo. Acta Pharmacol. Sin. 2011, 32, 1402–1410. 

13. Zhou, Q.M.; Zhang, H.; Lu, Y.Y.; Wang, X.F.; Su, S.B. Curcumin reduced the side effects of 

mitomycin C by inhibiting GRP58-mediated DNA cross-linking in MCF-7 breast cancer 

xenografts. Cancer Sci. 2009, 100, 2040–2045. 

14. Tamm, I.; Schriever, F.; Dorken, B. Apoptosis: Implications of basic research for clinical 

oncology. Lancet Oncol. 2001, 2, 33–42. 

15. Simstein, R.; Burow, M.; Parker, A.; Weldon, C.; Beckman, B. Apoptosis, chemoresistance, and 

breast cancer: Insights from the mcf-7 cell model system. Exp. Biol. Med. 2003, 228, 995–1003. 

16. Makin, G.; Dive, C. Modulating sensitivity to drug-induced apoptosis: The future for chemotherapy? 

Breast Cancer Res. 2001, 3, 150–153. 

17. Roy, S.K.; Srivastava, R.K.; Shankar, S. Inhibition of PI3K/AKT and MAPK/ERK pathways 

causes activation of FOXO transcription factor, leading to cell cycle arrest and apoptosis in 

pancreatic cancer. J. Mol. Signal. 2010, 19, 5–10. 

18. Azzam, D.G.; Tay, J.W.; Greeve, M.A.; Harvey, J.M.; Bentel, J.M. ERK/MAPK regulation of the 

androgen responsiveness of breast cancer cells. Adv. Exp. Med. Biol. 2008, 617, 429–435. 

19. Chen, J.; Sun, L. Formononetin-induced apoptosis by activation of Ras/p38 mitogen-activated 

protein kinase in estrogen receptor-positive human breast cancer cells. Horm. Metab. Res. 2012, 

44, 943–948. 

20. Zhang, J.D.; Wiemann, S. KEGGgraph: A graph approach to KEGG PATHWAY in R and 

bioconductor. Bioinformatics 2009, 25, 1470–1471. 

21. Pang, W.; Leng, X.; Lu, H.; Yang, H.; Song, N.; Tan, L.; Jiang, Y.; Guo, C. Depletion of 

intracellular zinc induces apoptosis of cultured hippocampal neurons through suppression of ERK 

signaling pathway and activation of caspase-3. Neurosci. Lett. 2013, 552, 140–145. 

22. Lee, H.J.; Auh, Q.S.; Lee, Y.M.; Kang, S.K.; Chang, S.W.; Lee, D.S.; Kim, Y.C.; Kim, E.C. 

Growth inhibition and apoptosis-inducing effects of cudraflavone B in human oral cancer cells via 

MAPK, NF-κB, and SIRT1 signaling pathway. Planta Med. 2013, 79, 1298–1306. 

23. Shi, J.; Wu, X.; Surma, M.; Vemula, S.; Zhang, L.; Yang, Y.; Kapur, R.; Wei, L. Distinct roles for 

ROCK1 and ROCK2 in the regulation of cell detachment. Cell Death Dis. 2013, 4, e483. 

24. Green, B.D.; Jabbour, A.M.; Sandow, J.J.; Riffkin, C.D.; Masouras, D.; Daunt, C.P.; Salmanidis, M.; 

Brumatti, G.; Hemmings, B.A.; Guthridge, M.A.; et al. Akt1 is the principal Akt isoform 

regulating apoptosis in limiting cytokine concentrations. Cell Death Differ. 2013, 20, 1341–1349. 

25. Yeh, C.T.; Yen, G.C. Induction of apoptosis by the anthocyanidins through regulation of Bcl-2 gene 

and activation of c-Jun N-terminal kinase cascade in hepatoma cells. J. Agric. Food Chem. 2005, 

53, 1740–1749. 

26. Volpato, M.; Seargent, J.; Loadman, P.M.; Phillips, R.M. Formation of DNA interstrand cross-links 

as a marker of mitomycin C bioreductive activation and chemosensitivity. Eur. J. Cancer 2005, 

41, 1331–1338. 



Int. J. Mol. Sci. 2014, 15 16301 

 

 

27. Chalasani, P.; Kurtin, S.; Dragovich, T. Response to a third-line mitomycin C (MMC)-based 

chemotherapy in a patient with metastatic pancreatic adenocarcinoma carrying germline BRCA2 

mutation. JOP 2008, 9, 305–308. 

28. Wu, H.I.; Brown, J.A.; Dorie, M.J.; Lazzeroni, L.; Brown, J.M. Genome-wide identification of 

genes conferring resistance to the anticancer agents cisplatin, oxaliplatin, and mitomycin C. 

Cancer Res. 2004, 64, 3940–3948. 

29. Verwey, J.; de Vries, J.; Pinedo, H.M. Mitomycin C-induced renal toxicity, a dose-dependent side 

effect? Eur. J Cancer Clin. Oncol. 1987, 23, 195–199. 

30. Campbell, F.C.; Collett, G.P. Chemopreventive properties of curcumin. Future Oncol. 2005, 1, 

405–414. 

31. Aggarwal, B.B.; Kumar, A.; Bharti, A.C. Anticancer potential of curcumin: Preclinical and 

clinical studies. Anticancer Res. 2003, 23, 363–398. 

32. Xia, Z.; Dickens, M.; Raingeaud, J.; Davis, R.J.; Greenberg, M.E. Opposing effects of ERK and 

JNK-p38 MAP kinases on apoptosis. Science 1995, 270, 1326–1331. 

33. Lee, J.C.; Laydon, J.T.; McDonnell, P.C.; Gallagher, T.F.; Kumar, S.; Green, D.; McNulty, D.; 

Blumenthal, M.J.; Heys, J.R.; Landvatter, S.W.; et al. A protein kinase involved in the regulation 

of inflammatory cytokine biosynthesis. Nature 1994, 372, 739–746. 

34. Han, J.; Lee, J.D.; Bibbs, L.; Ulevitch, R.J. A MAP kinase targeted by endotoxin and 

hyperosmolarity in mammalian cells. Science 1994, 265, 808–811. 

35. Lee, K.H.; Hyun, M.S.; Kim, J.R. Growth factor-dependent activation of the MAPK pathway in 

human pancreatic cancer: MEK/ERK and p38 MAP kinase interaction in uPA synthesis.  

Clin. Exp. Metastasis 2003, 20, 499–505. 

36. Gao, J.; Tian, J.; Lv, Y.; Shi, F.; Kong, F.; Shi, H.; Zhao, L.; Leptin induces functional activation 

of cyclooxygenase-2 through JAK2/STAT3, MAPK/ERK, and PI3K/AKT pathways in human 

endometrial cancer cells. Cancer Sci. 2009, 100, 389–395. 

37. Lim, S.C.; Duong, H.Q.; Parajuli, K.R.; Han, S.I. Pro-apoptotic role of the MEK/ERK pathway in 

ursodeoxycholic acid-induced apoptosis in SNU601 gastric cancer cells. Oncol. Rep. 2012, 4, 

1429–1434. 

38. Price, J.E.; Polyzos, A.; Zhang, R.D.; Daniels, L.M. Tumorigenicity and metastasis of human 

breast carcinoma cell lines in nude mice. Cancer Res. 1990, 50, 717–721. 

39. Chen, J.; Hui, E.; Ip, T.; Thompson, L.U. Dietary flaxseed enhances the inhibitory effect of 

Tamoxifen on the growth of estrogen-dependent human breast cancer (MCF-7) in nude mice. 

Clin. Cancer Res. 2004, 10, 7703–7711. 

40. Jansen, R.; Greenbaum, D.; Gerstein, M. Relating whole-genome expression data with  

protein–protein interactions. Genome Res. 2002, 12, 37–46. 

41. Spirin, V.; Mirny, LA. Protein complexes and functional modules in molecular networks.  

Proc. Natl. Acad. Sci. USA 2003, 100, 12123–12128. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


