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INTRODUCTION  
 

Esophageal carcinoma (EsC) is a malignant tumor 

originating from the mucosal epithelium of the  

 

esophagus. In 2015, there were approximately 477,900 

new cases of esophageal cancer and 37,500 related 

deaths in China, accounting for 11.13% and 13.33% of 

the tumor incidence and mortality, respectively [1]. The 
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ABSTRACT 
 

Esophageal carcinoma (EsC) is a clinically challenging neoplastic disease. Genistein, a natural isoflavone product, 
has anti-tumor properties. Through in vitro and in vivo studies, we found that genistein suppressed EsC cell 
proliferation in a time- and concentration-dependent manner. In addition, genistein markedly promoted apoptosis 
and arrested cell cycle at the G0/G1 phase in a concentration-dependent manner. Furthermore, high 
concentrations of genistein have no adverse effect on normal esophageal epithelial cells. Mechanistically, genistein 
treatment strikingly reduced the expression of cell cycle-associated genes, and up-regulated the expression of cell 
apoptosis-related genes in EsC cells. Additionally, genistein dramatically decreased epidermal growth factor 
receptor (EGFR) expression and attenuated its down-stream signaling molecules STAT3, MDM2, Akt and JAK1/2 
phosphorylation, resulting in inhibited nuclear translocation of STAT3 and MDM2, thereby inhibiting the JAK1/2-
STAT3 and AKT/MDM2/p53 signaling pathways. In xenograft nude mice, genistein administration strikingly 
impaired tumor growth in a dose-dependent manner. Moreover, similar disturbances in molecular mechanisms 
were observed in vivo. Taken together, genistein suppressed the JAK1/2-STAT3 and AKT/MDM2/p53 signaling 
pathways by decreasing EGFR expression, leading to cell apoptosis, cell cycle arrest, and proliferation inhibition in 
EsC cells. Our findings suggest that genistein may be a promising alternative adjuvant therapy for patients with EsC. 
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prevention and treatment of EsC in China is a great 

challenge. 

 

Because of the relatively insidious onset of EsC and the 

lack of early specific symptoms, most patients are 

diagnosed at a mid-term or advanced stage. The 5-year 

survival rate of patients with EsC after treatment is only 

10%ï25%, and the 5-year survival rate of EsC patients 

at an advanced stage is less than 10% [2, 3]. 

Chemotherapy is the standard therapy for patients with 

advanced EsC who cannot receive surgical treatment, 

and the therapeutic effect depends on the sensitivity of 

the tumor cells to the chemotherapy drugs. However, 

chemo-resistant tumors are common, resulting in the 

failure of chemotherapy [4, 5]. 

 

Flavonoids, including genistein, daidzein and soy 

flavonoids are extracted from plant phenols [6, 7]. 

Genistein is the simplest isoflavone compound 

biosynthesized by legumes and is widely distributed 

in plants, such as soybeans, Scutellaria, and Pueraria. 

Genistein has a similar structure as estrogen. Through 

binding to the estrogen receptor, genistein exerts 

strong activity, and it is considered to be an active 

phytoestrogen [8, 9]. An increasing number of studies 

have shown that genistein is involved in inducing 

cancer cell apoptosis, inhibiting cell proliferation, 

suppressing angiogenesis and inhibiting colorectal 

cancer metastasis [10]. Clinical trials have confirmed 

that genistein markedly reduced the positive rate of 

Ki -67 in postmenopausal women with breast cancer 

[11]. Therefore, genistein may be a promising agent 

for cancer prevention. However, little is known about 

the mechanism of genistein in the treatment or 

prevention of esophageal cancer. 

 

The occurrence and development of esophageal 

cancer is significantly associated with the up-

regulation of tyrosine kinase expression or activity 

[12]. Genistein is a protein tyrosine kinase inhibitor 

[13, 14]. Tyrosine phosphorylation activity was 

strikingly attenuated following treatment using 

genistein alone or in combination with the tyrosine 

kinase inhibitor AG556, leading to inhibition of ultra-

rapidly activating delayed rectifier K(+) current of 

human atria [15]. In addition, genistein increases the 

ratio of Bax to Bcl-2 by inducing P53 expression, 

promoting sensitivity to radiotherapy in esophageal 

cancer [16]. A large-scale retrospective analysis of 

populations in northwestern Chinaôs Xinjiang 

Province showed a significant negative correlation 

between the consumption of soy products (abundant 

in genistein) and the risk of esophageal cancer [17]. 

We hypothesized that genistein may inhibit the 

development of esophageal cancer by inhibiting the 

activity of tyrosine kinases. Fully understanding the 

mechanisms of genistein in esophageal cancer may be 

helpful in finding potential therapeutic drugs.   

 

RESULTS 
 

Genistein suppresses the proliferation of esophageal 

cancer cells 
 

To determine the effect of genistein on the proliferation 

of esophageal cancer cell lines, a CCK-8 assay was 

conducted. As shown in Figure 1, genistein significantly 

reduced EsC cell proliferation in a concentration- and 

time-dependent manner (Figure 1Aï1C, P<0.05), but a 

high concentration of genistein (40 ɛM; 72 h) had no 

adverse effect on the cell viability of human esophageal 

epithelial Het-1A cells (Figure 1D) compared with 

matched un-treated cells, indicating that the cytotoxicity 

of genistein is selective for esophageal cancer cells. The 

half-maximal inhibitory concentration (IC50) values for 

the Eca-109, EC9706, and CaES-17 esophageal cancer 

cell lines as well as Het-1A cells treated with genistein 

for 48 h were 5 ɛM, 15 ɛM, 12 ɛM and 125 ɛM, 

respectively (Figure 1Eï1H, P<0.05). To further test the 

inhibitory effect of genistein on EsC cells, we evaluated 

clone formation after the treatment of Eca-109 cells 

with various concentrations of genistein (1 ɛM, 2 ɛM, 4 

ɛM and 8 ɛM), and genistein inhibited clone formation 

in a concentration-dependent manner (Figure 1Iï1K, 

P<0.05). Moreover, consistent with the in vitro results, 

genistein administration remarkably suppressed tumor 

growth in EsC cell xenografts in vivo (Figure 1Lï1N, 

P<0.001).  

 

Genistein induces apoptosis in esophageal cancer 

cells and arrests cell cycle in G0/G1 phase 

 

To elucidate the mechanism of genistein-induced 

cytotoxicity in esophageal cancer cells, cell apoptosis 

and cell cycle assays were carried out on Eca-109, 

EC9706, CaES-17 and human esophageal epithelial 

Het-1A cells. We found that genistein induced apoptosis 

(Figure 2Aï2F, P<0.05) and caused G0/G1 cell cycle 

arrest (Figure 2Gï2L, P<0.05) in EsC cells in a 

concentration-dependent manner, but when the 

concentration of genistein was below 50 ɛM (genistein 

treatment for 24 h), it had no adverse effects in Het-1A 

cells (Supplementary Figure 1Aï1D).    

 

Genistein inhibits the expression of cell cycle-related 

genes and promotes the expression of cell apoptosis-

associated genes 
 

To understand the molecular mechanisms of genistein 

in EsC cells, we examined the expression of cell 

apoptosis-associated genes and cell cycle-related genes. 

Genistein treatment induced an up-regulation of Bax 
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Figure 1. Genistein inhibits the proliferation of esophageal cancer cells. A CCK-8 assay was performed to measure the effect of 
genistein on the proliferation of the (A) Eca-109, (B) EC9706, and (C) CaES-17 esophageal cancer cell lines, and (D) the human esophageal 
epithelial cell line Het-1A. The IC50 of genistein in (E) Eca-109, (F) EC9706, (G) CaES-17 and (H) Het-1A cells at 24 h, 48 h and 72 h, respectively. 
(I) A clone formation assay was performed to detect the proliferative ability of Eca-109 cells treated with various concentrations of genistein 
for 9 d. Magnification, 40×. (J) Cell numbers per clone. (K) Quantification of clone numbers in each well (6-well plate). In vivo, the effect of 
different concentrations of genistein (5 mg/kg, 10 mg/kg) on (L) the cell growth of Eca-109 cells, (M) tumor diameter and (N) tumor volume 
(n = 6 per group). All in vitro experiments were independently repeated in triplicate. Results were analyzed using one-way ANOVA with 
5ǳƴƴŜǘǘΩǎ ǘŜǎǘ όin vitroύ ƻǊ CƛǎƘŜǊΩǎ ƭŜŀǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ό[{5ύ ǘŜǎǘ όin vivo). Data are presented as the mean ± SD. *P<0.05; **P<0.01; 
*** P<0.001; NS, not significant. 
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Figure 2. Genistein induces apoptosis in EsC cells and arrests cell cycle in G0/G1 phase. The cell apoptosis of (A, B) Eca-109,  
(C, D) EC9706 and (E, F) CaES-17 cells treated with various concentrations of genistein for 24 h was detected using flow cytometry. The cell 
cycle of (G, H) Eca-109, (I, J) EC9706 and (K, L) CaES-17 cells treated with different concentrations of genistein for 24 h was detected using 
flow cytometry. All experiments were independently repeated in triplicate. Data are analyzed using one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ ǘŜǎǘ ŀƴŘ 
presented as the mean ± SD. *P<0.05.  



 

ǿǿǿΦŀƎƛƴƎ-ǳǎΦŎƻƳ снпп !DLbD 

and Bid in Eca-109 cells, and caused the down-regulation 

of bcl-2 and bcl-xl at the transcriptional and translational 

levels (Figure 3Aï3C, P<0.05). The cleavage of PARP 

and caspase-3 activity were strikingly elevated (Figure 

3Dï3F, P<0.05). Additionally, the expression of 

CyclinD1, CDK4 and CDK6 were significantly 

decreased in Eca-109 cells treated with genistein, 

whereas P53 expression was markedly increased (Figure 

3Gï3I, P<0.05). However, 50 ɛM of genistein treatment 

for 72 h did not affect the expression of the above-

mentioned genes in human esophageal epithelial Het-1A 

cells compared with control cells (Supplementary Figure 

1Gï1I). In xenograft tumor tissues, similar gene 

expression changes in EsC cells were observed in nude 

mice, and the expression of PARP and Caspase-3 were 

substantially down-regulated (Figure 3J, P<0.05). 

Immunohistochemistry revealed that genistein 

administration significantly reduced the positive rate of 

Ki-67 in xenograft tumor tissues in a dose-dependent 

manner compared with the untreated group (Figure 3K 

and 3L, P<0.05).  

 

Genistein reduces mitochondrial membrane 

potential and increases reactive oxygen species 

(ROS) levels in Eca-109 cells 

 

To understand the mechanism through which genistein 

affects the cyclical distribution of esophageal cancer cells 

and induces apoptosis, mitochondrial membrane potential 

was detected in Eca-109 cells treated with genistein. The 

results show that the mitochondrial membrane potential of 

Eca-109 cells was significantly decreased after genistein 

treatment (Figure 4A and 4B, P<0.05) compared with un-

treated cells. Moreover, genistein facilitated ROS 

production in esophageal cancer cells in a time and dose-

dependent manner (Figure 4Cï4F, P<0.05). When Eca-

109 cells were pretreated with 5 mM of N-acetylcysteine 

(NAC), a ROS inhibitor, for 6 h following treatment with 

genistein (8 ɛM), ROS levels were reduced compared 

with Eca-109 cells treated with genistein alone (Figure 4G 

and H, P<0.01), suggesting that genistein promoted ROS 

production. In addition, western blot analysis confirmed 

that genistein treatment activated the phosphorylation of 

histone protein H2AX, ataxia-telangiectasia mutated 

protein kinase (ATM), Rad3-related protein kinase (ATR) 

and checkpoint kinase 2 (CHK2) in Eca-109 cells, while 

no significant difference was observed in the mRNA 

levels of H2AX, ATM, ATR, and CHK2 (Figure 4Jï4L) 

compared with untreated Eca-109 cells. However, 

compared with control cells, the expression levels of 

H2AX, ATM, ATR, and CHK2 were not different in 

human esophageal epithelial Het-1A cells subjected to a 

50 ɛM genistein treatment at the translational and/or 

transcriptional level (Supplementary Figure 1Gï1I). In 

vivo, the mRNA levels of H2AX, ATM, ATR and CHK2 

were remarkably up-regulated in the tumor tissues of mice 

following intragastric administration of genistein, 

compared with the tumor tissues of untreated mice (Figure 

4I, P<0.05), indicating that long-term treatment has a 

significant effect on EsC cells in vivo. Collectively, 

genistein may affect mitochondrial membrane potential 

and intracellular ROS production in EsC cells, and 

regulate the expression of cell cycle-related genes and 

apoptosis-associated genes, leading to cell apoptosis and 

cell cycle arrest.  

 

Genistein represses the JAK/STAT3 and 

AKT/MDM2/p53 signaling axis by decreasing 

STAT3 and MDM2 phosphorylation and restricting 

their nuclear translocation 

 

To uncover the mechanism through which genistein 

affects cyclical distribution and apoptosis in esophageal 

cancer cells, we tested the expression levels and 

phosphorylation levels of JAK1, JAK2, STAT1 and 

STAT3 in Eca-109 cells. In Figure 5, compared with un-

treated cells, the phosphorylation levels of JAK1, JAK2 

and STAT3 were significantly decreased after genistein 

treatment, but not those of STAT1 (Figure 5Aï5C). 

Furthermore, 1 mM sodium orthovanadate (OV) 

treatment for 72 h (a protein tyrosine phosphatase 

inhibitor) did not affect the tyrosine phosphorylation of 

JAK1 and JAK2 (Figure 5Dï5F, P<0.05), suggesting that 

tyrosine phosphorylation of JAK1 and JAK2 in EsC cells 

is physiologically saturated. The downregulation of 

JAK1, JAK2 and STAT3 phosphorylation induced by 

genistein treatment could be partially rescued by OV 

(Figure 5Gï5I, P<0.05). Additionally, compared with un-

treated Eca-109 cells, genistein treatment did not affect 

the expression of Akt and MDM2, but greatly down-

regulated Akt and MDM2 phosphorylation; P53 

expression was significantly up-regulated in Eca-109 

cells treated with genistein (Figure 5Jï5L, P<0.05). On 

analysis of nuclear and cytoplasmic proteins through 

western blotting, it was found that the levels of STAT3 

(Figure 5M and N, P<0.05) and MDM2 (Figure 5O and 

5P, P<0.05) in the nucleus were strikingly reduced after 

genistein treatment. These data suggest that genistein 

suppressed the JAK/STAT3 and AKT/MDM2/p53 

signaling axis by decreasing STAT3 (not STAT1) and 

MDM2 phosphorylation and restricting their nuclear 

translocation.   

 

A synergistic inhibitory effect of genistein with 

JAK1 pathway inhibitor GLPG0634 and/or Akt 

pathway inhibitor MK -2206 on the proliferation of 

Eca-109 cells in vitro and in vivo  
 

To identify the relationship between genistein and the 

JAK/STAT3 and AKT/MDM2/p53 pathways, we 

treated Eca-109 cells with genistein alone or in 

combination with the JAK1 pathway inhibitor  
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Figure 3. Genistein inhibits the expression of cell cycle-related genes and promotes the expression of cell apoptosis-
associated genes. (AςC) The mRNA and protein levels of Bcl-2, Bcl-xl, Bax and Bid in Eca-109 cells treated with genistein for 72 h were 
determined through qPCR and western blotting. (D) The mRNA levels of PARP and Caspase-3 in Eca-109 cells treated with genistein for 72 h. 
(E, F) The protein levels of PARP, Caspase-3, cleaved PARP and cleaved Caspase-3 in Eca-109 cells treated with genistein for 72 h. (GςI) The 
mRNA and protein levels of P53, CyclinD1, CDK6 and CDK4 in Eca-109 cells treated with genistein for 72 h. (J) The mRNA and protein levels of 
Bax, Bid, Bcl-2, Bcl-xl, PARP, Caspase-3, CyclinD1, CDK4, CDK6 and P53 in xenograft tumor tissues were validated using qPCR and western 
blotting. Tumor-bearing nude mice were treated using different concentrations of genistein (5 mg/kg or 10 mg/kg) through gavage every 2 d 
(total time, 42 d; n = 6 per group). (K, L) Ki-67 expression in xenograft tumor tissues was tested through immunohistochemistry. Scale bar, 
млл ˃ƳΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ƛndependently repeated in triplicate. Data are analyzed using one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ ǘŜǎǘ ŀƴŘ 
presented as the mean ± SD. *P<0.05; **P<0.01; ***P<0.001; C-, cleaved. 
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Figure 4. The effects of genistein on mitochondrial membrane potential, ROS levels and the activation of DNA damage 
response kinases in Eca-109 cells. (A, B) Mitochondrial membrane potential in Eca-109 cells treated with genistein for 24 h was detected 
through flow cytometry. ROS levels in Eca-109 cells treated with genistein for (C, D) 24 h or (E, F) 48 h were detected through flow cytometry. 
(G, H) The ROS levels in Eca-109 cells treated with 5 mM NAC for 6 h, followed by genistein treatment for 48 h. (Iύ ¢ƘŜ Ƴwb! ƭŜǾŜƭǎ ƻŦ ʴIн!·Σ 
ATM, ATR and CHK2 in xenograft tumor tissues were measured through qPCR (n = 6 per group). (Jύ ¢ƘŜ Ƴwb! ƭŜǾŜƭǎ ƻŦ ʴIн!·Σ !¢aΣ !¢w ŀƴŘ 
CHK2 were analyzed through qPCR. (K, Lύ ¢ƘŜ ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʴIн!·Σ !¢aΣ !¢wΣ /IYнΣ Ǉ-ATM, p-ATR and p-CHK2 in Eca-109 cells 
treated with genistein for 72 h was measured through western blotting. All experiments were independently repeated three times. Data are 
analyzed using one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ ǘŜǎǘ ŀƴŘ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ƳŜŀƴ ҕ {5Φ ϝP<0.05; **P<0.01; ***P<0.001; NAC, N-
acetylcysteine; Gen, genistein. 


