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Abstract

The polyphenolic flavone chrysin has been evaluated as a natural chemopreventive agent due to its 

anti-cancer effects in a variety of cancer cell lines. However, the mechanism of the 

chemopreventive effect has been not well established, especially in human colorectal cancer cells. 

We evaluated the chemopreventive effect of chrysin in three different human colorectal cancer cell 

lines. We found that chrysin treatment consequently reduced cell viability via induction of 

apoptosis. We identified that the involvement of up-regulation of pro-apoptotic cytokines tumor 

necrosis factor (Tnf) α and β genes and consequent activation of the TNF-mediated transcriptional 

pathway in chrysin-induced apoptosis. Using our generated AHR siRNA expressing colorectal 

cancer cells, we demonstrated that the chrysin-induced up-regulation of Tnfα and β gene 

expression was dependent on the aryl hydrocarbon receptor (AHR), which is a ligand-receptor for 

chrysin. Subsequently, we found that the AHR siRNA expressing colorectal cancer cells were 

resistant to chrysin-induced apoptosis. Therefore, we concluded that AHR is required for the 

chrysin-induced apoptosis and the up-regulation of Tnfα and β gene expression in human 

colorectal cancer cells.
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1. INTRODUCTION

Despite advances in screening for and treatment of colorectal cancer, the impact of this 

malignancy on men and women both globally and in the United States remains substantial 

[1]. In 2014, there were an estimated 137,000 new cases of colorectal cancer in the United 

States with approximately 50,000 deaths, which ranks as the third leading cause of cancer 

death in both men and women [2]. The improved screening techniques for colorectal cancer 

have resulted in reduced incidence and mortality, with the advantage of detecting tumors at 

an earlier stage [1]. Additionally, advances in surgical intervention (i.e. total mesorectal 

excision in rectal cancer) with radiation therapy have reduced local recurrence rates and 

newer chemotherapeutic regimens have improved overall survival in patients with later stage 

disease [3–6]. Currently, strategies aimed at inhibiting malignant transformation have gained 

interest, because carcinogenesis within the colon and rectum is a multistep process that 

generally assumes a pre-cancerous state requiring sequential genetic defects to progress to 

invasive disease [7]. One putative avenue for disease prevention is characterized by the use 

of natural or synthetic agents to either suppress initiation of tumorigenesis or inhibit 

progression of premalignant cells to fully invasive complements, also known as 

chemoprevention [8].

Chemopreventive agents modulate tumorigenic pathways as opposed to chemotherapeutics 

that function to eliminate vast populations of premalignant or malignant cells [9, 10]. 

Several studies have revealed an association between diet (dietary compounds) and cancer 

prevention [11–13]. The natural polyphenolic substances known as “flavonoids” which are 

prevalent in vegetables, fruits and nuts and constitute supplements with excellent safety 

profile and low toxicity, have gained significant interest by many in the field of 

chemoprevention [14, 15]. Flavonoids encompass more than 4000 biologically active 

compounds with diverse functions such as enzyme inhibition, ligand-activation of signaling 

pathways and signal transduction [14, 15]. Multiple subclasses of flavonoids possess anti-

inflammatory, anti-oxidant and anti-proliferative capabilities [14, 15]. Anti-carcinogenic 

properties have been attributed to free radical scavenging, modification of enzymes involved 

in carcinogen metabolism, inhibition of transcription factors and induction of apoptosis [14, 

15]. Epidemiologic investigations have highlighted the association of reduced risk of 

development of various malignancies with flavonoid consumption [14, 15].

One such flavonoid that has received considerable attention is chrysin, a compound present 

in honey, propolis and various plant extracts [16]. Among the molecular pathways 

investigated, chrysin has been shown to induce cell cycle arrest, increase degradation of 

hypoxia inducible factor α, inhibit tumor cell-induced angiogenesis, inhibit cell adhesion, 

and induce apoptosis in a variety of cancer cells [16]. However, despite numerous 

investigations for the anti-cancer effects of chrysin in several different cancer cells, the 

mechanism is not well established, especially in colorectal cancer cells. Therefore, we 

evaluated the anti-cancer effect of chrysin in human colorectal cancer cells. Additionally, we 

investigated the molecular mechanism of the chemopreventive effect by chrysin in 

colorectal cancer cells. We elucidated that chrysin induces apoptotic cell death in human 

colorectal cancer cells and that induction of pro-apoptotic cytokines tumor necrosis factor 

(TNF) α and β are involved in chrysin-induced apoptosis. Previous study demonstrated that 
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chrysin is a natural agonist of the aryl hydrocarbon receptor (AHR) known as a xenobiotic 

receptor [17], therefore we hypothesized that activation of AHR would be required for 

chrysin’s ability to kill colorectal cancer cells. As predicted, chrysin-induced apoptosis and 

induction of Tnfα/β gene expression are mediated via the AHR.

2. MATERIALS AND METHODS

2.1. Cell culture

Colon (HCT116, DLD1) and rectal (SW837) cancer cell lines were obtained from ATCC 

(Manassas, VA). Cells were maintained in DMEM medium (Life Technologies, Carlsbad, 

CA) supplemented with 10% fetal bovine serum (Life Technologies), 1% non-essential 

amino acids (Life Technologies), 1% penicillin-streptomycin (Life Technologies), and 1% 

glutamine (Life Technologies) at 37°C and 5% CO2.

2.2. Cell viability

Cells were seeded in 96-well plates with approximately 1.0 × 104 cells / well and incubated 

in DMEM supplemented medium for 24 hours. Cells were then treated with chrysin (Sigma-

Aldrich, St. Louis, MO) (10 µM, 50 µM, 100 µM) or vehicle (DMSO) for 24 hours and the 

number of viable cells determined using an XTT proliferation assay (Roche Life Science, 

Indianapolis, IN). The absorbance (460nm) and reference (750 nm) were measured using a 

spectrophotometer (Spectramax, Molecular Devices, Sunnyvale, CA). For the fluorescence 

cell viability assay, cells were seeded to 96-well plates with approximately 1.0 × 104 cells / 

well and incubated in DMEM medium for 24 hours. Cells were treated with chrysin or 

vehicle for 6, 12, 24 and 48 hours. Cell viability was measured using CellTiter-Fluor™ cell 

viability assay kit (Promega, Madison WI). The fluorescence (excitation 390nm, emission 

460nm) was detected using spectramax plus 384 microplate reader (Molecular Devices).

2.3. Cytotoxicity and apoptosis assay

To investigate the mechanism of decreased cell viability induced by chrysin, we used the 

ApoTox-Glo™ Triplex Assay (Promega). Approximately 1.0 × 104 cells / well were seeded 

to 96-well plate and treated with 100 µM chrysin or 0.1% DMSO for 6, 12, 24 and 48h. 

Live-cells (cell viability) and dead-cells (cytotoxicity) were detected with treatment of 

fluorogenic peptide substrates glycylphenylalanyl-aminofluorocoumarin (GF-AFC) and bis-

alanylalanylphenylalanyl-rhodamine 110 (bis-AAF-R110), respectively. Fluorescence (GF-

AFC (excitation 390nm/emission 460nm) and bis-AAF-R110 (excitation 485 nm/ emission 

520 nm)) were measured using spectramax plus 384 microplate reader (Molecular Devices). 

Apoptosis activity was detected using Caspase-Glo® 3/7 Reagent (Promega). After addition 

of the reagent to cell culture medium, luminescence was measured by MicroLumat plus 

(Berthold).

2.4. TUNEL assay

DeadEnd™ Fluorometric TUNEL System (Promega) was utilized to evaluate cell apoptosis 

(DNA fragmentation) via incorporation of fluorescein-12-dUTP at 3’-OH DNA ends by 

recombinant terminal deoxynucleotidyl transferase (rTdT). Cells were treated with 100 µM 

chrysin or 0.1% DMSO for 48 hours and transferred to slides, which were then fixed, 
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permeabilized, and treated with equilibration buffer followed by rTDT and nucleotide mix. 

The cells were then stained with propidium iodide (PI) and analyzed using fluorescence 

microscopy in which PI (apoptotic and nonapoptotic cells) and fluorescein-12-dUTP 

(apoptotic cells) were visualized. The number of terminal deoxynucleotidyl transferase-

dUTP nick end labeling (TUNEL) positive cells and total cell number were counted.

2.5. Gene expression analysis

Cells were treated with chrysin, 6-formylindolo (3,2-b) carbazole (FICZ) or vehicle 

(DMSO) as described. Total RNA was isolated from cells using the Qiagen RNeasy kit 

(Qiagen, Valencia CA). The isolated RNAs were reverse-transcribed using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The 

mRNA levels were measured with TaqMan Universal PCR Master Mix (Applied 

Biosystems) and custom-designed probes (Assay ID: CYP1A1; Hs01054797_g1, Tnf-α; 

Hs01113624_g1, Ltα (Tnf-β); Hs04188773_g1, Ahr: Hs00169233_m1, c-fos; 

Mm00487425_m1, β-actin; Hs01060665_gl). β-actin mRNA levels were measured as 

internal controls.

2.6. PCR array

Gene expression associated with apoptosis was evaluated using the RT2 Profiler PCR array 

(PAHS-012Z, Qiagen). HCT116 cells were treated with 100 µM chrysin or 0.1% DMSO for 

24 hours. Total RNA for RT2 Profiler PCR array was extracted using RNeasy mini QIAcube 

kit. The data analysis was performed by web-based RT2 Profiler™ PCR Array Data 

Analysis program. Genes that demonstrated a two-fold change or greater (chrysin (n=4) vs. 

DMSO (n=4), p < 0.05) were selected for further correlation analyses.

2.7. Stable si-RNA expression cell lines

For generation of small interfering RNA (siRNA) stable expression cell lines, HCT116 cells 

were transfected in 6-cm diameter dishes with 5 µg of pRNAT-U6-siAHR (5’-

GGATCCCAAGATGGATCAATACTTCCACTTGATATCCGGTGGAAGTATTGATCC

ATCTTTTTT TTCCAAAAGCTT-3’) or pRNAT-U6-siScramble (5’-

GGATCCCACATGATCGACTATAACACGTTTGATATCCGGTGGAAGTATTGATCC

ATCTTTTTTTTCCAAAAGCTT-3’) (Genscript) using Lipofectamine 2000 (Life 

technologies). Six hours after transfection, cells were transferred to 15-cm diameter dishes 

and allowed to recover for a further 24 hours. The transfected cells were selected by 

culturing cells in DMEM medium (with 10% fetal bovine serum) containing 900 µg/ml 

G418. After 5–7 days of selection, resistant colonies were isolated and expanded in DMEM 

medium containing 250 µg/ml G418. The resistant clones were screened by Ahr and 

CYP1A1 mRNA levels using RT-PCR.

2.8. Luciferase reporter gene assay

To determine the alteration of TNF-mediated transcriptional regulation from treatment with 

chrysin, cells were transiently transfected with TNF signaling pathway analysis luciferase 

reporter vector (pNF-κB-RE LUC (pGL4.32), pSRE-LUC (pGL4.33) or pAP1-RE LUC 

(pGL4.44) (Promega)) and pTK-renilla luciferase plasmid (Promega) using Lipofectamine 
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2000 (Life technologies). Six hours after transfection, cells were cultured with DMEM 

media containing 100 µM chrysin or 0.1% DMSO for 6, 12 and 24 hours. The luciferase 

activity was measured using the dual luciferase reporter assay system (Promega) according 

to manufacturer's instructions, and MicroLumat Plus luminometer (Berthold Technologies, 

Hartfordshire, UK).

2.9. Statistical analysis

All statistical analyses were performed using GraphPad Prism software (version 5, LaJolla, 

CA). Statistically significant differences between treatment and control groups were 

determined using unpaired t-test with Welch’s correction. Data was presented as mean ± 

standard error of mean and was considered statistically significant when p value was < 0.05.

3. RESULTS

3.1. Chrysin induces cell apoptosis in colorectal cancer cell lines

The anti-cancer effects of chrysin have been observed in numerous cancer cell lines [16]. 

However, its effects in colon and rectal cancer cell lines have not been well studied. To 

evaluate chrysin effects on colorectal cancer cells, we first examined changes in cell 

viability with treatment of chrysin using HCT116, DLD-1 and SW837 colorectal tumor cell 

lines (Fig. 1A). With treatment of 10–100 µM chrysin for 24 hours, each cell line 

demonstrated a dose-dependent decrease in cell viability (Fig 1A). Cell viability in all three 

cell lines was significantly decreased at 50 µM and 100 µM chrysin. HCT116 cells 

demonstrated the highest susceptibility to chrysin-induced cell death among the three cell 

lines with cell viability (61.4% (50 µM) and 37.9% (100 µM) of control, respectively). 

Therefore, we primarily used HCT116 cells as an experimental model for investigating the 

mechanism of chrysin’s effects.

To identify the basis of decreased cell viability after treatment with chrysin, we assessed cell 

viability, cytotoxicity and apoptosis (caspase3/7 activity) using ApoTox-Glo™ Triplex 

assay system (Promega) (Fig 1B–D). The number of viable HCT116 cells after treatment 

with 100 µM chrysin decreased in a time-dependent manner from 86.7 % of control at 6 

hours to 21.8% at 48 hours (6h; 86.7% (% of control), 12h; 68.7% 24h: 54.1% 48h; 21.8%) 

(Fig. 1B). Concomitant with decrease in cell viability, treatment with 100 µM chrysin 

resulted increases in indicating increased apoptosis (6h; 57.1% (% of control), 12h; 85.4% 

24h: 200.0% 48h; 118.7%) (Fig. 1D). Cytotoxicity was not similarly elevated compared to 

control but actually decreased to 51.1 % of control at 48 hours (6h; 98.2% (% of control), 

12h; 92.1% 24h: 91.7% 48h; 51.1%) (Fig 1C). These results suggest that the decrease in 

viable cells was consequent to apoptosis, which surpassed levels in control cells between 

24–48 hours.

Further evidence for apoptosis was provided by evaluation of nuclear DNA fragmentation, a 

biomarker of the advanced stage of apoptosis, with a terminal deoxynucleotidyl transferase-

dUTP nick end labeling (TUNEL) assay in chrysin (100 µM) and vehicle (DMSO) treated 

cells. A marked increase in nuclear DNA fragmentation was observed at 48 hours, 

approximately 65% of chrysin treated HCT116 cells detected as TUNEL positive cells 
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(apoptotic cells), while only 8% apoptotic cells were present in the control group (p < 0.05) 

(Fig 1E). Together, these results indicate that chrysin induces apoptotic cell death in colon 

and rectal cancer cells.

3.2. Tumor necrosis factor (Tnf) α and β genes were up-regulated by chrysin

To identify the signaling pathways involved in chrysin-induced apoptotic cell death, we 

performed a gene profiling analysis using the apoptosis RT2 Profiler PCR Array System 

(Qiagen). Among the 84 apoptosis-related genes profile, gene expressions of lymphotoxin α 

(LTα) (known as tumor necrosis factor β (TNFβ)), TNFα and PYD and CARD domain 

containing (PYCARD) were significantly increased (>2 fold change, p < 0.05) in HCT116 

cells treated with 100 µM chrysin for 24 hours compared to DMSO treated HCT116 cells 

(Table 1). TNFα and TNFβ are major ligands for the TNF-receptor (TNFR)-mediated 

apoptosis pathway [18, 19] and PYCARD is controlled by TNF in KG1a cells [20]. 

Therefore, we suspected that increased Tnfα and Tnfβ gene expression were essential 

components of chrysin-induced apoptotic cell death.

To further examine how the up-regulation of Tnfα and Tnfβ gene expression participated in 

chrysin-induced cell apoptosis, we monitored the time-course of Tnfα and Tnfβ induction in 

chrysintreated HCT116 cells using quantitative RT-PCR (Taqman). Tnfα and Tnfβ mRNA 

expression increased at 3 hours and expression levels were more than 10-fold induced 

between 6–12 hours (Fig. 2A–B). Peak levels occurred at 6–12 hours, but significant 

induction remained as long as 48 hours. Elevated expression of Tnfα and Tnfβ was also 

observed in DLD-1 and SW837 cells (Figure 2C–F) demonstrating that chrysin treatment 

increased Tnfα and Tnfβ expression in all colorectal cancer cell lines. Notably, elevated Tnfα 

and Tnfβ expression preceded the increase in caspase 3/7 activity (24–48 hours). Since Tnfα 

and Tnfβ are principal ligands for the TNFR-1 mediated apoptosis signaling pathway, this is 

consisted with a critical role for the TNFR-1 pathway in chrysin-induced apoptosis.

3.3. Chrysin activated TNF signaling pathways

To test this hypothesis that TNF-regulated signaling pathway(s) should also be activated by 

chrysin, we measured the transcriptional activity of TNF-controlled nuclear factor κ-light-

chain enhancer of activated B cells (NF-κB), mitogen-activated protein kinase (MAPK)/

extracellular signal-regulated kinase (ERK) and activator protein (AP-1) pathways using 

luciferase reporter vectors containing NF-κB response element (NF-κB RE), serum response 

element (SRE) or AP-1 response element (AP-1 RE), respectively (Fig. 3).

In HCT116 cells, all three transcriptional pathways were activated by chrysin between 6–24 

hours and these transcriptional activities were increased in time-dependent manner (Fig. 

3A). Notably, there was a robust increase in the transcriptional activity of the MAPK/ERK 

pathway mediated through SRE, which was increased approximately 66 fold by chrysin at 

24 hours. The transcriptional activity of NF-κB and AP-1 pathways was increased 

approximately 4 and 3 fold (24 hours) in HCT116 cells, respectively (Fig. 3A). In DLD-1 

cells, the time-dependent increases of NF-κB RE and SRE-mediated transcriptional activity 

were also observed (Fig. 3B). The induction level of SRE-MAPK/ERK transcriptional 

activity by treatment of chrysin at 24 hours was higher than those of NF-κB and AP-1 
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mediated transcriptional activity (NF-κB RE, 3.2 fold; SRE, 8.7 fold; AP-1 RE, 1.6 fold) 

(Fig. 3B).

3.4. Chrysin activates AHR signaling

Chrysin has been reported as an agonist of the transcriptional receptor AHR in several cell 

lines [17] and certain AHR agonists (e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)) 

induce TNF gene expression in vitro and in vivo [21, 22]. Therefore, we hypothesized that 

the chrysin-induced elevation of Tnfα and Tnfβ gene expression was regulated by AHR. We 

first examined whether or not chrysin activates AHR signaling in the colorectal cancer cell 

lines (Fig. 4). In HCT116 cells, the expression of CYP1A1, a highly sensitive and specific 

marker of AHR transactivation, was increased by treatment with chrysin in a dose-

dependent manner (approximate 5-fold at 50 µM chrysin and 8-fold at 100 µM chrysin) 

(Figure 4A). Similar to the time-course of Tnfα and Tnfβ induction (Fig. 2A–B), CYP1A1 

mRNA levels were increased between 3–6 hours after chrysin treatment (Fig. 4B). CYP1A1 

induction by chrysin was also observed in DLD-1 and SW837 cells (Fig 4C–D). These 

results indicated that chrysin activated AHR signaling in the colorectal cancer cell lines and 

the induction was occurred within 3–6 hours post-treatment..

3.5. Inhibition of AHR expression blocked induction of AHR activity by chrysin

Although chrysin activates AHR signaling and promotes colon cancer cell apoptosis, the 

relationship between the AHR pathway and apoptosis remains unclear. The dependence of 

chrysin-induced transcriptional and apoptotic events on AHR was investigated by generating 

HCT116 cell lines stably transfected with si-AHR or si-scramble (control) expression 

vectors. The si-AHR stable-expression HCT116 cells demonstrated greater than 60% knock-

down in Ahr mRNA expression compared to si-scramble stable-expression control cells 

(Fig. 5A). More importantly, the si-AHR stable expression cells demonstrated a substantial 

inhibition of AHR activity with an approximately 80% decrease in CYP1A1 induction 

compared to si-scramble cells after treatment with 6-formylindolo (3,2-b) carbazole (FICZ, a 

potent AHR ligand) (si-scramble, 60 fold; P<0.05, si-AHR, 13 fold, p < 0.05) (Fig. 5B). 

Additionally, we compared the induction levels of CYP1A1 gene expression after chrysin 

treatment between AHR and scramble si-RNA expression cells (Fig. 5C). The induction 

level of CYP1A1 gene expression by chrysin in si-AHR expression cells (2.1 fold compared 

to vehicle, P=0.07) was significantly lower than that in si-scramble expression control cells 

(4.5 fold compared to vehicle, P<0.05) (Fig. 5C). From these studies, it appeared that 

chrysin-AHR-mediated signaling was significantly reduced in the si-AHR expression cells.

3.6. Inhibition of AHR signaling suppressed chrysin-induced cell apoptosis and increases 
in Tnfα and Tnfβ expression

We compared cell viability and apoptotic caspase activity after treatment with chrysin in si-

AHR and si-scramble cell lines (Fig. 6A–B). At each treatment dose of chrysin (25 µM, 50 

µM, 100 µM), si-AHR cells demonstrated resistance to chrysin induced cell death compared 

to si-scramble cells (si-scramble: 61.8% (% of DMSO-treated control) (25 µM), 48.6% (50 

µM), 36.9% (100 µM); si-AHR: 80.0% (25 µM), 76.6% (50 µM), 47.6% (100 µM)) (Figure 

6A). Moreover, in the si-AHR expression HCT116 cells, the increases in caspase-3/7 
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activity by chrysin (50 µM and 100 µM) were suppressed compared to si-scramble 

expression cells (si-scramble: 168.7% (50 µM), 171.1% (100 µM); si-AHR: 101.8% (50 

µM), 133.3% (100 µM)) (Fig. 6B). These results demonstrated that AHR is involved in 

chrysin-induced apoptotic cell death.

Furthermore, we evaluated induction levels of Tnfα and Tnfβ mRNA after chrysin treatment 

in si-AHR and si-scramble cell lines (Fig. 7A–B). Tnfα and Tnfβ expression was 

substantially reduced (approximately 81% and 77%, respectively) in si-AHR cells compared 

to si-scramble control cells following treatment with chrysin. Interestingly, the induction of 

SRE-mediated transcriptional activity by chrysin was significantly suppressed in si-AHR 

expression cells (Fig. 8A), although NF-κB and AP-1 mediated transcriptional activity was 

more induced in si-AHR cells compared to control cells (Fig. 8A). The expression of c-fos 

gene, a well-studied SRE-driven gene [23, 24], was increased by treatment of chrysin in 

control cells, while the increase was not observed in si-AHR expressing cells (Fig. 8B). 

These results suggested that AHR controls Tnfα and β gene expression and SRE-mediated 

transcriptional pathway.

4. DISCUSSION

In this study, we proposed that polyphenolic flavone chrysin would be a prospective 

chemopreventive flavonoid for human colorectal cancer cells, because chrysin has 

demonstrated an anti-cancer effect though cell cycle arrest, reduction of cell viability, and 

induction of apoptosis in a variety of human cancer cell lines [16]. Therefore, to investigate 

our hypothesis, we examined the effect on cell viability after chrysin treatment in three 

different human colorectal cancer cell lines. Our results indicated that chrysin induced 

apoptotic cell death in colorectal cancer cells after exposure to 50–100 µM chrysin for 24 

hours (Fig. 1). Moreover, we identified that apoptosis-related cytokines Tnfα and Tnfβ genes 

were up-regulated in chrysin-treated colorectal cancer cells (Table 1).

TNFα and TNFβ are members of the TNF superfamily and are ligands of TNF receptors 

(TNFR) 1 and 2. Binding of TNF to TNFR induces pleiotropic cellular responses including 

cell proliferation, inflammation and cell apoptosis. TNF/TNFR binding leads to formation 

and activation of “deathincluding signaling complex” composed of TNFR-associated death 

domain protein (TRADD), Fas associated protein with death domain (FADD), TNFR-

associated factor 1 (TRAF1) and caspase-8 [18, 19]. Alternatively, the complex also 

stimulates oxidative stress responses with activation of pro-apoptotic Bcl-2 members (i.e., 

Bax, Bid), mitochondrial permeabilization and resultant release of cytochrome c, and 

activation of caspase-9 [18, 19]. These two pathways ultimately promote to activate 

executioner caspases-3, -6 and -7, which mediate the cascade of apoptotic cell death [19]. 

We hypothesized that the TNF-TNFR mediated apoptosis pathway constitutes the apoptotic 

mechanism in chrysin treated human colorectal cells, due to the up-regulation of Tnfα and 

Tnfβ gene expression with chrysin treatment (Table 1). Because the up-regulation in Tnfα 

and Tnfβ expression were preceded the elevation of apoptotic caspase- 3/7 activity by 12 to 

18 hours, and the Tnfα/β genes induction was sustained up to 48 hours (Fig. 2A–B) and the 

up-regulation of Tnfα/β genes expression was identified in the other two colorectal cell lines 

(Fig. 2C–F).
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In response to TNF binding TNFR, regulation of several signaling pathways occurs, with 

activation of transcriptional factors and kinases such as nuclear factor κ-light-chain enhancer 

of activated B cells (NF-κB), extracellular signal-regulated kinase (ERK), mitogen-activated 

protein kinase (MAPK), c-jun N-terminal kinase (JNK), activator protein (AP-1), as well as 

the apoptosis cascades [19]. Therefore, the transcriptional activity of three distinct TNF-

response pathways (NF-κB-RE SRE (MAPK/ERK), AP-1-RE (AP-1)) were measured and 

found to be induced by chrysin. Consistent with the temporal relationship of Tnf genes 

expression and caspase activity, the induction of TNF-response pathways was observed 12–

18 hours prior to the increase in caspase-3/7 activity (Fig. 3A–B). Taken together, these 

results suggest that the increase of Tnfα and Tnfβ expression by chrysin would trigger 

activation of TNF/TNFR-mediated signaling which in turn regulates the chrysin-induced 

apoptosis through the TNF-caspase cascade in colorectal cancer cells.

Li and colleagues found that pretreatment of 40 µM chrysin for 2 hours sensitized TNFα-

induced apoptosis in TNFα-treated HCT116 cells through suppression of NF-κB signaling 

thereby inhibiting an anti-apoptosis pathway [25]. In contrast, our results revealed NF-κB 

signaling was up-regulated from 6 to 24 hours after treatment of chrysin. Discrepant results 

may be due to the different treatment conditions (chrysin followed by treatment with TNF-α 

vs chrysin alone) and experimental duration.

SRE-mediated transcriptional activity was substantially enhanced by chrysin compared to 

NF-κB-RE and AP-1-RE-driven transcription (Fig. 3A–B). Most interestingly, the up-

regulation of SRE-mediated transcriptional activity by chrysin was suppressed in AHR-

dependent manner (Fig. 8A), while NF-κB-RE and AP-1-RE-mediated transcription was 

upregulated in si-AHR cells (Fig. 8A). These results suggest that the SRE-mediated 

transcriptional pathway would be involved in the AHR-dependent cell apoptosis by chrysin. 

The SRE-driven transcription is regulated by serum response factor (SRF)-ternary and 

complex factors (TCFs) complexes which are activated through ERK/MAPK and Rho/actin 

signaling pathways. The SRF/TCFs-SRE signal controls the transcriptions of several 

immediate early genes (IEGs) such as c-fos, JunB, Fos-B and Egr-1[24]. The most studied 

SRE-driven gene c-fos is known to play a key role in cell proliferation, transformation and 

differentiation [26]. Several reports have demonstrated that c-fos expression influences the 

induction of cell apoptosis in nerve cells, immune cells and colorectal cancer cell lines [27–

31]. The c-fos gene expression was also increased by treatment of chrysin in AHRdependent 

way (Fig. 8B). It has been reported that TNFα enhances SRF-SRE binding activity and 

SREdrive IEGs expression [32–33]. Therefore, we concluded that the AHR-dependent 

induction of Tnfα and β genes expression by chrysin would lead to upregulate the SRE-

mediated transcriptional pathway and the expression of SRE-driven IEGs (Fig. 9). The 

increased SRE-driven IEGs may contribute to the mechanism of chrysin-induced apoptosis 

(Fig. 9).

The Aryl hydrocarbon receptor (AHR) is a cytoplasmic receptor, transcriptional factor and 

member of the PAS protein family which responds to environmental and nutritional 

compounds such as halogenated aromatic hydrocarbons and 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) [34]. Once the AHR ligand (agonist) binds to AHR, AHR dimerizes with 

AHR nuclear translocator (ARNT) in the nucleus [35, 36]. The AHR/ARNT dimer 
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recognizes dioxin-responsive elements (DREs) located in the enhancer region of AHR-

driven genes such as the xenobiotic metabolizing enzyme cytochrome P450 1A1 (CYP1A1) 

[35, 36]. The AHR-mediated transcriptional regulation facilitates diverse biological 

responses such as adaptive and toxic responses to xenobiotics in the body [35, 36]. We 

hypothesized that AHR was involved in chrysin-induced apoptosis by controlling Tnfα and 

Tnfβ gene expression. This suspicion arose from previous studies demonstrating interactions 

between AHR and chrysin as well as AHR and TNF. Shu et al. screened the agonist/

antagonist activity of 15 chemical compounds including chrysin and revealed chrysin as a 

potent agonist of AHR in hepatoma and breast cancer cell lines [17]. Additionally, we 

previously demonstrated that TNFR1, TNFR2 and interleukin-1 receptor were required for 

AHR-mediated liver toxicity induced by TCDD in mice [37, 38]. Finally, Vogel and Abel 

have reported that Tnfα gene expression was induced by exposure of TCDD in human breast 

cancer cells [21]. Therefore, to investigate our hypothesis of AHR regulating chrysin-

induced apoptosis, we generated AHR si-RNA expressing HCT116 cells characterized by 

reduced AHR mRNA expression (Fig. 5A). In the si-AHR expression cells, the elevation of 

AHR activity by FICZ and chrysin was also suppressed. (Fig. 5B–C). In addition to 

inhibition of AHR activity, chrysin induction of Tnfα and Tnfβ expression was significantly 

suppressed (Fig. 7A–B) and resistance to chrysin-induced apoptotic cell death arose in the 

si-AHR expressing cells compared to control cells (Fig. 6A–B). These results indicate that 

chrysin-induced upregulation of Tnfα and Tnfβ genes and cell apoptosis is controlled in 

AHR-dependent fashion. Presumably the AHR-dependent suppression of Tnf genes 

expression may yield the resistance to chrysin-induced apoptosis.

The mechanism of AHR-dependent regulation of Tnfα and Tnfβ genes expression has not 

been elucidated. The proximal −1kb promoter region of human Tnfα gene does not reveal an 

AHR-binding DRE sequence [39]. In contrast to the Tnfα gene, human Tnfβ gene has one 

copy of core sequence of DRE (5’-GCGTG-3’ or 5’-CACTG-3’) on distal, proximal and 

downstream promoter regions (distal: −1,079 to −1,074, proximal: −59 to −54, downstream: 

+399 to +404) [40]. We speculate that both Tnfα and Tnfβ genes may be regulated through 

the DRE sequences in promoter regions of Tnfβ gene similar to the regulation mechanism of 

Cyp1a1 and Cyp1a2 genes. Cyp1a1 and Cyp1a2 genes are characteristic AHRdriven 

batteries and located in a “head to head” configuration on chromosomal Cyp1a locus [41]. In 

mice, Cyp1a1 and Cyp1a2 genes are regulated by the same DREs located upstream of the 

Cyp1a1 gene, with the DREs enhancer region 13.9 kb removed from the transcriptional start 

site of Cyp1a2 gene [41, 42]. Interestingly, human Tnfα and Tnfβ genes are adjacent on the 

TNF/LT gene locus of human chromosome 6 [43, 44]. Although Tnfα and Tnfβ genes are 

sequentially and transcriptionally oriented, not “head to head” [44], Tsytsykova et al. 

illustrated that the Tnfα gene was regulated by an enhancer region that lies 5 kb upstream of 

the Tnfβ gene and 9kb downstream of Tnfα due to intrachromosomal looping [43]. 

Therefore, given the concomitant TNFα and β gene induction by chrysin (Fig. 2A–B), Tnfα 

and β genes may be regulated through the same DREs located in the promoter regions of 

Tnfβ gene due to the mechanism of intrachromosomal interaction.

In our current study, we have demonstrated that chrysin showed significant 

chemopreventive effect in human colorectal cancer cell lines, mainly as a consequence of 
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apoptotic cell death. Because chrysin treatment induced Tnfα and Tnfβ gene expression and 

activated multiple TNF-mediated signaling pathways, our findings suggest that TNF-

mediated apoptosis underlies chrysin’s effects. Additionally, we have identified a novel 

pathway in which the transcriptional factor AHR appears to orchestrate TNF-mediated 

apoptosis following ligand binding of chrysin. Chrysin-AHR binding presumably regulates 

the Tnfα and β genes expression and the TNF-mediated SRE pathway, which in turn drive 

apoptosis (Fig. 9), since it is known that several SRE-driven genes are associated with 

induction of apoptosis [26, 30, 45] and are identified as up-regulated genes by exposure of 

AHR agonist [46, 47]. Therefore, future studies can focus on further clarifying the pathway 

by which AHR regulates TNF-SRE mediated apoptosis after chrysin treatment. 

Characterizing the mechanism of chrysin-induced cell death in colon cancer cells will allow 

better understanding of its putative role as a cancer chemopreventive agent.
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Abbreviations used are as follows

AHR aryl hydrocarbon receptor

AP-1 activator protein 1

ARNT AHR nuclear translocator

BAD Bcl-2-associated death promoter

CYP cytochrome P450

DRE dioxin-responsive element

ERK extracellular signal-regulated kinase

FICZ 6-formylindolo (3,2-b) carbazole

IEGs immediate early genes

JNK c-jun N-terminal kinase

LTα lymphotoxin α

MAPK mitogen-activated protein kinase

NF-κB nuclear factor κ-light-chain enhancer of activated B cells

PYCARD PYD and CARD domain containing

rTdT recombinant terminal deoxynucleotidyl transferase

siRNA small interfering RNA

SRE serum response element

SRF serum response factor

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
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TCFs ternary and complex factors

TNF tumor necrosis factor

TNFR TNF receptor

TUNEL terminal deoxynucleotidyl transferase-dUTP nick end labeling
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Research Highlights

► The treatment of flavonoid chrysin showed chemopreventive effect in human 

colorectal cancer cells via apoptosis pathway.

► Up-regulation of pro-apoptotic cytokines tumor necrosis factor (Tnf) α and β 

genes and consequent activation of the TNF-mediated transcriptional 

pathway were involved in the chrysin-induced apoptosis.

► The aryl hydrocarbon receptor, a ligand-receptor for chrysin, is required for 

the chrysin-induced apoptosis and the up-regulation of Tnfα and β gene 

expression in human colorectal cancer cells.
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Fig.1. Chrysin induced cell apoptosis in colorectal cancer cells
(A) Cell viability of HCT116, DLD-1 and SW837 cells after treatment with DMSO or 

chrysin (10, 50 and 100 µM) for 24 hours. Each group contained 8–18 samples. Error bars 

represent SEM. *significantly different relative to DMSO-treated cells (p<0.05), (B) Cell 

viability, cytotoxicity and apoptosis of HCT116 cells after treatment with 100 µM chrysin or 

DMSO for a period of 48 hours. Each group contained 8 samples. Error bars represent SEM. 

*significantly increased relative to DMSO-treated cells (p<0.05), (C) Percent of TUNEL 

positive HCT116 cells after treatment with DMSO or 100 µM chrysin (number of TUNEL 

positive cells divided by total number of cells). Each group contained 3 samples. Error bars 

represent SEM. *significantly different relative to DMSO-treated cells (p<0.05)
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Fig.2. Tnfα and Tnfβ genes expression were induced by chrysin
Tnfα and Tnfβ mRNA levels in HCT116 cells treated with DMSO or 100 µM chrysin for 

time periods up to 48 hours (1, 3, 6, 12, 18, 24, 48 hours). Results are expressed as relative 

mRNA level compared to DMSO-treated controls (relative fold induction). Tnfα and Tnfβ 

mRNA levels (A-F). (A) Tnfα (HCT116), (B) Tnfβ (HCT116), (C) Tnfα (DLD-1), (D) Tnfβ 

(DLD-1), (E) Tnfα (SW837), (F) Tnfβ (SW837). Each group contained more than 4 samples. 

Error bars represent SEM. *significantly different relative to DMSO-treated controls 

(p<0.05)
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Fig.3. Chrysin activated TNF signaling pathways
Luciferase activity for (A) HCT116 or (B) DLD-1 cells transiently transfected with TNF 

signaling pathway analysis luciferase reporter vector pNF-κB-RE LUC, pSRE-LUC or 

pAP1-RE LUC (Promega) and pTK-renilla luciferase plasmid (Promega). The relative 

luciferase activity was calculated by normalizing the firefly luciferase activity to the 

transfection control TK-renilla luciferase activity. Each group contained 4 samples. Error 

bars represent SEM. *significantly different relative to DMSO-treated controls (p<0.05).
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Fig.4. Chrysin activated AHR signaling pathway
(A) CYP1A1 mRNA expression in HCT116 cells treated with DMSO or chrysin (10, 50 and 

100 µM) for 6 hours. (B) Time-dependent increases in CYP1A1 mRNA levels in HCT116 

cells treated with 100 µM chrysin. (C-D) CYP1A1 mRNA expression in (C) DLD-1 and (D) 

SW837 cells treated with DMSO or 100 µM chrysin for 6 hours. Each group contained more 

than 4 samples. Error bars represent SEM. *significantly different relative to DMSO-treated 

controls (p<0.05).
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Fig.5. Decrease of AHR and AHR-driven gene expression in HCT116 cells expressing si-AHR
(A) Ahr mRNA levels in si-scramble and si-AHR expressing cell lines. Each group 

contained 3 samples. Error bars represent SEM. *significantly different relative to si-

scramble cells (p<0.05). (B–C) CYP1A1 mRNA expression in si-scramble and si-AHR 

expressing cells treated with (B) 200 nM FICZ or (C) 100 µM chrysin for 6 hours. Each 

group contained 4 samples. Error bars represent SEM. *significantly different relative to 

DMSO-treated si-scramble cells (p<0.05), ** significantly different relative to chrysin-

treated si-scramble cells (p<0.05).
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Fig.6. The si-AHR expressing HCT116 cells resisted to the decrease of cell viability and the 
increase of cell apoptosis induced by chrysin
(A) Cell viability of si-scramble and si-AHR expressing cells treated with DMSO or chrysin 

(25, 50 and 100 µM) for 48 hours. (B) Caspase 3/7 activity in si-scramble and si-AHR 

expressing cells treated with DMSO or chrysin for 24 hours. Each group contained 8 

samples. Error bars represent SEM. *significantly different relative to chrysin-treated si-

scramble cells (p<0.05).
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Fig.7. The increases of Tnfα and Tnfβ genes expression by chrysin were suppressed in HCT116 
cells expressing si-AHR
Tnfα (A) and Tnfβ (B) expression in si-scramble and si-AHR expressing cells treated with 

DMSO or 100 µM chrysin for 6 hours. Each group contained more than 4 samples. Error 

bars represent SEM. *significantly different relative to DMSO-treated si-scramble cells 

(p<0.05), ** significantly different relative to chrysin-treated si-scramble cells (p<0.05).
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Fig.8. AHR-dependent upregulation of SRE-mediated transcriptional pathway by chrysin
(A) Siscramble or si-AHR cells transiently transfected with TNF signaling pathway analysis 

luciferase reporter vector pNF-κB-RE LUC, pSRE-LUC or pAP1-RE LUC (Promega) and 

pTK-renilla luciferase plasmid were treated with DMSO or chrysin (100 µM) for 24 hours. 

The relative luciferase activity was calculated by normalizing the firefly luciferase activity 

to the transfection control TK-renilla luciferase activity. (B) c-fos mRNA expression in si-

scramble or si-AHR cells treated with DMSO or chrysin (100 µM) for 24 hours. Each group 

contained more than 4 samples. Error bars represent SEM. *significantly different relative to 
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DMSO-treated si-scramble cells (p<0.05), ** significantly different relative to chrysin-

treated si-scramble cells (p<0.05).

Ronnekleiv-Kelly et al. Page 24

Cancer Lett. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig.9. Schematic representation of the mechanism in chrysin-induced cell apoptosis through 
AHR
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Table 1

Induction of apoptosis-related gene expression in chrysin-treated HCT116 cells

Gene Symbol Description Fold differencea

LTA (TNFβ) Lymphotoxin alpha (TNF superfamily, member 1) 11.2

TNF (TNFα) Tumor necrosis factor 7.2

PYCARD PYD and CARD domain containing 3.1

a
Genes that demonstrated a two-fold change or greater (chrysin-treated cells (n=4) vs.DMSO-treated cells (n=4), p<0.05)
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