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Abstract Flavonoids and their derivatives exhibit many biological

properties, including anti-inflammatory and antitumor activities.

However, the antitumor action of 3'-hydroxyflavanone (3'-HF) is

largely unknown. Antitumor efficacy of 3'-HF was assessed using

cervical cancer (HeLa) cells. 3'-HF treatment resulted in a reduction

in cell proliferation. A flow cytometric analysis demonstrated that

3'-HF deregulated cell cycle progression and triggered apoptosis.

3'-HF also increased the levels of p53 and p21, but decreased the

level of cyclin D1. 3'-HF-induced apoptosis was accompanied by

poly(ADP-ribose)polymerase cleavage. Together, these data indicate

that 3'-HF possesses antitumor activity, which is mediated via the

deregulation of cell cycle progression and induction of apoptosis.
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Flavonoids, polyphenol compounds that are widely distributed in

edible fruits and vegetables, can be divided into several classes,

including chalcones, flavonols, flavones, flavanones, anthocyanidins,

and isoflavonoids. Flavonoids have been shown to possess a broad

range of biological properties, including anti-oxidative and anti-

inflammatory activities (Pietta, 2000; Yao et al., 2004). Several

studies have demonstrated that dietary flavonoids can inhibit the

growth of tumor cells (Knekt et al., 1997; Prasad et al., 2010;

Araujo et al., 2011). Among flavonoids, flavanones are enriched

in most seeds and fruit skin, and some flavanones have been found

to have cancer-preventative effects. Recently, we demonstrated that

2-hydroxyflavanone exhibits antitumor activity through the induction

of early growth response gene-1 in colon cancer cells (Shin et al.,

2012). However, the antitumor potency of 3'-hydroxyflavanone

(3'-HF; Fig. 1A) remains to be elucidated. Effectiveness of 3'-HF

as a therapeutic agent in cervical cancer was examined and found

that 3'-HF inhibited the growth of cervical cancer (HeLa) cells

through the induction of apoptosis.

We first examined the effect of 3'-HF on HeLa cell proliferation.

3'-HF was purchased from Indofine Chemical Co. (USA). HeLa

cells were obtained from the American Type Culture Collection

(USA) and maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum (HyClone, USA).

HeLa cells were seeded onto 96-well plates (2×103 cells/well) and

treated with either vehicle (DMSO) or various concentrations (0,

20, and 40 µM) of 3'-HF for different periods of time (12, 24, and

48 h). Cellular proliferation was assessed using a Cell Counting

Kit-8 Assay (Dojindo Molecular Technologies, USA) according

to the manufacturer’s instructions. A significant, dose-dependent

decrease in proliferation was observed in the cells treated with 3'-

HF (Fig. 1B).

The cell cycle consists of four distinct phases: G1 (gap 1), S

(synthesis), G2 (gap 2), and M (mitosis). Two classes of regulatory

molecules, cyclins and cyclin-dependent kinases (CDKs), regulate

cell cycle progression. Because tumor cells are actively undergoing

cell cycle progression, many cancer chemopreventive agents exert

their anticancer effects by modulating the expression of cyclins

and stimulating caspases, which induce a cell cycle arrest and

apoptosis (Deep et al., 2006; Singh and Agarwal, 2006; Shin et al.,

2012). To determine whether 3'-HF influences cell cycle progression,

cell cycle distribution profiles for 3'-HF-exposed HeLa cells were

examined by flow cytometry. HeLa cells were treated with either

vehicle (DMSO) or 20 µM 3'-HF for 24 h, fixed in 70% ethanol,

washed twice with phosphate-buffered saline, and then stained

with 50 µg/mL propidium iodide, as described previously (Shin et

al., 2010). The cellular DNA content was analyzed using a

FACSCalibur flow cytometer (Becton Dickinson Immunocytometry

Systems, USA). The numbers of G1 and G2/M phase cells were

reduced in response to 3'-HF treatment (Fig. 2). Notably, the
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accumulation of sub-G1 phase cells, a hallmark of apoptosis, was

noted at 24 h following 3'-HF treatment, which suggests that 3'-

HF deregulates the cell cycle and triggers apoptosis in HeLa cells.

We next examined whether 3'-HF affects the expression of cell

cycle or apoptosis regulatory proteins by western blot analysis.

Antibodies against glyceraldehyde 3'-phosphate dehydrogenase

(GAPDH; 1:500), p53 (1:1000), p21 (1:1000), cyclin D1 (1:500),

and proliferating cell nuclear antigen (PCNA; 1:1000) were

purchased from Santa Cruz Biotechnology (USA). Antibodies

against poly(ADP-ribose)polymerase (PARP; 1:1000), phospho-

Erk1/2 (Thr202/Tyr204; 1:1000), phospho-JNK (Thr183/Tyr185;

1:500), and phospho-p38 (Thr180/Tyr182; 1:250) were purchased

from Cell Signaling Technology (USA). HeLa cells were treated

with 20 µM 3'-HF for 12 or 24 h, followed by separation of cell

lysates containing 10–20 µg of protein by 10% sodium dodecyl

sulphate-polyacrylamide gel electrophoresis, and transfer to nitro-

cellulose filters. The filters were then incubated with antibodies

and developed as described previously (Shin et al., 2010). Signals

were developed using an enhanced chemiluminescence detection

system (Amersham Pharmacia Biotech, USA).

Western blot analysis showed increased levels of the tumor

suppressor p53 and cyclin-dependent kinase inhibitor 1A

(CDKN1A; p21) after 12 h of exposure to 3'-HF (Fig. 3A). In

contrast, the level of cyclin D1 began to decrease at 24 h, whereas

the PCNA levels did not change in response to 3'-HF treatment.

p21 is a well-characterized, potent inhibitor of G1 and G2 CDKs

associated with cyclin D1, cyclin E, cyclin A, and CDK2 (Harper

et al., 1993; Bunz et al., 1998). p53 induces p21 expression, and

enhanced p21 expression mediates a cell cycle arrest in response

to DNA damage (el-Deiry et al., 1993; Yang et al., 1995). The

upregulation of p21 by antitumor agents is associated with the

inhibition of tumor cell proliferation (Yang et al., 1995). Thus, our

data suggest that 3'-HF upregulates p53-dependent p21 expression,

leading to a cell cycle arrest and the downregulation of cyclin D1.

Apoptosis is tightly regulated by caspases, which are cysteine-

dependent aspartate-specific proteases. PARP is a chromatin-

associated enzyme that uses NAD as a substrate to catalyze the

Fig. 1 Effect of 3'-hydroxyflavanone (3'-HF) on the inhibition of cellular
proliferation in HeLa cells. (A) Chemical structure of 3'-HF. (B) Cell
proliferation assay. Proliferation was measured in HeLa cells treated with
different doses (0, 5, 10, or 20 µM) of 3'-HF for varying lengths of time
(0–48 h) using a Cell Counting Kit-8 Assay. The data shown represent
the mean ± SD for one experiment performed in triplicate.

Fig. 2 Effect of 3'-HF on cell cycle progression. HeLa cells were
treated with 20 µM 3'-HF for 24 h, after which the cells were harvested,
fixed with ethanol, and stained with propidium iodide. The cellular
DNA contents were determined by flow cytometry for detecting the
cell cycle distribution. 2N, diploid; 4N, tetraploid. The results shown
are representative of three independent experiments.
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covalent transfer of ADP-ribose to nuclear proteins. The processing

of native PARP (113 kDa) to its 89- and 24-kDa forms is

catalyzed by effector caspases, including caspase-3 and -7, during

apoptosis (Lazebnik et al., 1994). PARP plays an important role in

the apoptotic program (Yu et al., 2006). To test whether 3'-HF

induces the activation of effector caspases, the levels of cleaved

PARPs were measured. 3'-HF treatment caused the accumulation

of the typical cleaved forms of PARP (Fig. 3A). The transcription

factor p53 regulates multiple target genes involved in apoptosis,

including PUMA, NOXA, and Bax, in response to diverse genotoxic

stresses, thereby contributing to the sequential activation of

caspases-9 and -3/-7 (Vousden and Lane, 2007). The activation of

caspases-3 and -7 leads to the cleavage and inactivation of many

vital proteins, including lamin and PARP, resulting in apoptotic

cell death (Riedl and Salvesen, 2007). Thus, our results demonstrate

that 3'-HF possesses antitumor activity mediated via the

deregulation of cell cycle progression and apoptosis through the

induction of p53 and p21.

Mitogen-activated protein kinase (MAPK) signaling pathways,

including p42/44 MAPK (ERK), JNK1/2, and p38 MAPK, can

mediate DNA damage responses and apoptosis (Dent et al., 2003).

To investigate whether 3'-HF modulates MAPK signaling, serum-

starved HeLa cells were treated with 20 µM of 3'-HF for various

lengths of time, and the MAPK phosphorylation status was

determined by western blot analysis. The levels of phosphorylated

ERK1/2 and JNK1/2 increased within 30 min and were maintained

for up to 30 min, whereas that of p38 MAPK was not altered by

3'-HF (Fig. 3B). Activation of JNK is generally activated by stress

signals and involved in the induction of apoptosis, whereas ERK

MAPK is associated cell proliferation and survival (Xia et al.,

1995). Previously, we have reported the role of ERK1/2 MAPK in

sodium arsenite-induced apoptosis through the induction of Elk-1-

mediated p21 and Bax expression (Shin et al., 2011). Several

studies have demonstrated that ERK signaling mediates up-

regulation of p21 expression to growth arrest (Datto et al., 1995;

Pumiglia and Decker, 1997; Beier et al., 1999; de Siervi et al.,

2004; Facchinetti et al., 2004; Ciccarelli et al., 2005; Tu et al.,

2007) and the induction of apoptosis through activation of p53

(Persons et al., 2000; Wu, 2004) in various cell types. At present,

although defining the roles of different MAPK pathways is

difficult, the ERK and JNK MAPK pathways are likely involved

in mediating the antitumor activity of 3'-HF. The exact molecular

targets of 3'-HF are currently unknown. However, it has been

shown that some flavanones and flavones, such as apigenin

(4',5,7-trihydroxyflavone), can be catalyzed by peroxidase in the

presence of glutathione (GSH), which results in producing

intracellular reactive oxygen species (ROS) (Wang et al., 1999;

Miyoshi et al., 2007). Because the generation of ROS may

contribute to p53-mediated apoptotic cell death (Martindale and

Holbrook, 2002), it is possible that 3'-HF induces p53-mediated

cell cycle arrest and apoptosis through generation of ROS. Further

study remains to be clarified whether this event is actually

involved in the 3'-HF-induced apoptosis.

In summary, we found that 3'-HF induced accumulation of the

tumor suppressors p53 and p21, deregulated cell cycle progression,

and stimulated ERK1/2 and JNK1/2 MAPK signaling, which

triggered apoptosis in HeLa cells. These findings provide new

insight into the molecular mechanisms responsible for the

antitumor effects of hydroxylated flavanone derivatives.
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