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Abstract. The present study aimed to investigate the biological 
effects of the new compound 2‑phenyl‑4‑quinolone (YT‑1) 
on human leukemia cells. Cell viability was determined by 
propidium iodide (PI) exclusion method followed by flow 
cytometry. Our results showed that YT‑1 inhibited the cell 
viability and resulted in morphologic changes to the U937, 
HL‑60 and K562 cells, respectively. Among them, U937 
cells were the most sensitive cell line. On the contrary, YT‑1 
had no cytotoxic effects on human fetal skin fibroblast WS1 
cells. Flow cytometric analysis indicated that YT‑1 induced 
G2/M phase arrest and apoptosis (sub‑G1 population) in U937 
cells. The presence of apoptotic bodies evidenced by DAPI 
staining and DNA fragmentation detected by agarose gel 
electrophoresis further supported the induction of apoptosis in 
the YT‑1‑treated U937 cells. Annexin V/PI staining of U937 
cells confirmed that the early apoptotic event occurred after 
YT‑1 exposure. YT‑1 disrupted the mitochondrial membrane 
potential (ΔΨm) in a time‑dependent manner. YT‑1 increased 
the protein levels of Bax and Bak but decreased Bcl‑2 and Bid 
protein levels in U937 cells in a time‑dependent manner. In 
addition, YT‑1 stimulated the expression of cytochrome c and 
proteolytic activation of caspase‑3 and caspase‑9 after expo-
sure to YT‑1 in U937 cells. In summary, YT‑1 suppressed the 
viability of U937 leukemia cells through the intrinsic apop-
tosis pathway. YT‑1 is a potential chemotherapeutic candidate 
for the treatment of leukemia.

Introduction

Leukemia is one of the most common hematological malignan-
cies in humans (1,2). Chemotherapy, target therapy, radiotherapy 
and hematopoietic stem cell (HSC) transplantation are common 
therapies for leukemia (3,4). However, chemoresistance and 
severe side-effects caused by high‑dose chemotherapy drugs 
are current hurdles to effective treatment (5,6). Therefore, the 
screening of target-specific small-molecule drugs for leukemia 
treatment is crucial.

2‑Phenyl‑4‑quinolone derivatives have various pharma-
cological effects including anti‑inflammatory and anticancer 
activities  (7‑10). We have designed and synthesized a new 
series of 2‑phenyl‑4‑quinolone derivatives as new anticancer 
candidates (9). These derivatives can act as anti‑mitotic agents 
by inhibiting tubulin polymerization and disrupting microtubule 
organization (9,11). Previously, we demonstrated that CHM‑1 
(20‑fluoro‑6,7‑methylenedioxy‑2‑phenyl‑4‑quinolone) induced 
DNA damage and inhibited the expression of DNA repair genes in 
human osteosarcoma U‑2 OS cells (12). CHM‑1 induced cell cycle 
arrest at the G2/M phase and mitochondrial‑dependent apoptotic 
cell death in CT‑26 murine colorectal adenocarcinoma cells (13). 
Smh‑3 (2‑[3‑(methylamino)‑phenyl]‑6‑(pyrrolidin‑1‑yl)  
quinolin‑4‑one), another 2‑phenyl‑4‑quinolone derivative, was 
found to induce G2/M cell cycle arrest and mitochondria‑depen-
dent apoptotic cell death through inhibition of AKT activity 
in HL‑60 human leukemia cells (14). In human hepatocellular 
carcinoma Hep3B cells, Smh‑3 also induced cell cycle arrest in 
the G2/M phase and apoptotic cell death through endoplasmic 
reticulum stress and mitochondria‑dependent signaling (15). 
Herein, we investigated the anti‑proliferative effects of 
2‑phenyl‑4‑quinolone (YT‑1) (Fig. 1) on leukemia or normal 
cells and its underlying molecular mechanisms.

Materials and methods 

Reagents and chemicals. YT‑1 was provided by Professor 
Sheng‑Chu Kuo and synthesized as previously described (10). 
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RPMI-1640 medium and penicillin/streptomycin were 
obtained from Thermo Fisher Scientific (Waltham, MA, 
USA). All antibodies used in this study and anti‑mouse 
(cat. no.  sc-2005) and anti‑rabbit (cat. no.  sc-2004) IgG 
peroxidase‑conjugated secondary antibodies were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All 
chemicals and reagents were purchased from Sigma‑Aldrich 
(St. Louis, MO, USA) unless otherwise stated.

Cell culture. Human leukemia cell lines U937 (lymphoma), 
HL‑60 (promyelocytic leukemia), K562 (chronic myeloid 
leukemia) and WS‑1 (normal skin fetal fibroblasts) were 
obtained from the Bioresource Collection and Research 
Center (BCRC) (Hsinchu, Taiwan). All tested cells were 
maintained in RPMI‑1640 medium supplemented with 10% 
fetal calf serum (HyClone Laboratories, Logan, UT, USA), 
2 mM L‑glutamine and antibiotics (100 U/ml penicillin and 
100 µg/ml streptomycin) at 37˚C in a humidified atmosphere 
of 5% CO2.

Cell viability by flow cytometry and microscopy observa‑
tion. Cells were plated in a 24‑well plate at a density of 
2.5x105 cells/ml and cultivated for 24 h in the presence of 
DMSO vehicle or 0.05, 0.1, 0.5, 1, 5 and 10 µM of YT‑1. At 
each time point, cell viability was determined by propidium 
iodide (PI) exclusion method followed by flow cytometry 
(FACSCalibur flow cytometer; Becton-Dickinson, Franklin 
Lakes, NJ, USA) as previously described (16,17). In addition, 
following YT-1 treatment for 24 h, the cells were also observed 
and photographed by a phase‑contrast microscope to monitor 
apoptotic characteristics before being subjected to flow cytom-
etry.

Analysis of DNA content by flow cytometry. U937 cells 
(2x105  cells/well) in 12‑well plates were incubated with 
1 µM YT‑1 for 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 h. Cells 
were then harvested and washed twice with pre‑chilled PBS. 
Cells were fixed in cold 70% ethanol overnight and then 
re‑suspended in 500 µl propidium iodide (PI) staining buffer 
(0.1% Triton X‑100, 100 µg/ml RNase A and 50 µg/ml PI in 
PBS) for 30 min as previously described (18,19). Analyses of 
cell cycle profiling and apoptotic cells were performed by flow 
cytometry (Becton Dickinson FACSCalibur flow cytometer) 
and BD CellQuest Pro software (BD Biosciences, Franklin 
Lakes, NJ, USA) as previously described (20‑22).

Nuclear DAPI staining. After treatment with or without 1 µM 
YT‑1 for 24 h, U937 cells (1x105 cells/well) were sequentially 
washed with PBS, fixed in 4% formaldehyde (Sigma‑Aldrich) 
for 15 min and permeabilized in 0.1% Triton X‑100 for 15 min. 
Each sample was stained with 200 µl DAPI solution (1 µg/ml) 
for 30 min at 37˚C in the dark. The integrity of nuclei and cells 
was visualized under a fluorescence microscope (Nikon, Inc., 
Tokyo, Japan).

DNA fragmentation assay. After treatment with 1 µM YT‑1 for 
24 h, U937 cells were harvested and lysed in 500 µl lysis buffer 
[20 mM Tris (pH 8.0), 10 mM EDTA and 0.2% Triton X‑100] at 
4˚C for 30 min. Cell lysates were then digested overnight with 
100 µg/ml proteinase K at 50˚C followed by 1 h of 50 µg/ml 

RNase A incubation at 37˚C. Total DNA was extracted with 
phenol/chloroform/isopropanol (24:25:1) and then precipitated 
in 50% isopropanol. These samples were electrophoresed on 
1% agarose gel in 0.5X TBE buffer. DNA was stained with 
1 µg/ml ethidium bromide (EtBr) before the gel was photo-
graphed under UV light.

Annexin V/PI double staining. U937 cells (2x105 cells/well) 
were challenged with or without 1 µM YT‑1 for 0, 3, 6, 9 
and 12 h and then incubated with Annexin V and PI solution 
(Annexin V‑FITC Apoptosis Detection kit, BD Biosciences 
Pharmingen, San Diego, CA, USA). According to the manu
facturer's protocol, the apoptotic cells were detected by a 
Becton Dickinson FACSCalibur flow cytometer and quanti-
fied by BD CellQuest Pro software.

Determination of mitochondrial membrane potential (ΔΨm) 
by flow cytometry. U937 cells (2x105 cell/ml) in 24‑well plates 
were incubated with 1 µM YT‑1 for 1, 2, 6, 12, 18 and 24 h. Cells 
were harvested, washed twice with PBS and re‑suspended in 
500 µl of 50 nM 3,3'‑dihexyloxacarbocyanine [DiOC6(3)] solu-
tion (Thermo Fisher Scientific) at 37˚C for 30 min. The level 
of ΔΨm was determined and quantified by flow cytometry 
(Becton Dickinson FACSCalibur flow cytometer).

Western blot analysis. U937 cells (1x107 cells) were plated 
in 75‑T flasks in the presence of 1 µM YT‑1 for 2, 4, 6, 8, 10, 
12 and 18 h. Cell pellets were re‑suspended in ice‑cold lysis 
buffer (150 mM sodium chloride, 1.0% NP‑40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris, 
pH 8.0). Protein concentration of each cell lysate was measured 
by Bradford assay (Bio‑Rad Laboratories, Hercules, CA, USA). 
Equal amount of protein from each sample (40 µg protein/lane) 
was resolved by 12% SDS‑PAGE. The proteins were then 
electro‑transferred onto a polyvinylidene difluoride (PVDF) 
membrane. The membranes were immersed in PBS/0.1% 
Tween-20 (PBST) containing 5% skim milk for 2 h at room 
temperature as previously described (20,23,24). Each blot was 
thereafter incubated overnight at 4˚C with the desired primary 
antibodies (1:1,000), including Bcl‑2 (cat. no. sc-509/mouse), 
Bax (cat. no. sc-70405/mouse), Bak (cat. no. sc-517390/mouse), 
Bid (cat. no. sc-373939/mouse), cytochrome c (cat. no. sc-13560/
mouse), caspase‑3 (cat. no.  sc-7272/mouse), caspase‑9 (cat. 
no. sc-56076/mouse), PARP (cat. no. sc-7150/rabbit), cyclin A 
(cat. no. sc-751/rabbit), cyclin B (cat. no. sc-166210/mouse), 
and p21CIP1/WAF1 (cat. no.  sc-756/rabbit) and α-tubulin (cat. 
no. sc-5286/mouse) (all from Santa Cruz Biotechnology). Protein 
bands were visualized using the enhanced chemiluminescence 

Figure 1. Chemical structure of 2‑phenyl‑4‑quinolone (YT‑1).
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(ECL) detection kit (Immobilon Western HRP Substrate, Merck 
Millipore, Billerica, MA, USA) and Amersham Hyperfilm ECL 
(GE Healthcare, Piscataway, NJ, USA). The blots were stripped 
and reprobed with α‑tubulin as the internal loading controls.

Statistical analysis. All data are shown as the mean ± SD 
(n=3). Statistical analysis of the results was carried out using 
the Student's t‑test. P<0.05 and P<0.01 were considered statis-
tically significant.

Results

YT‑1 is cytotoxic to human leukemia cell lines but not to normal 
cells. The cytotoxic effect of YT‑1 was examined on various 
human leukemia cells, including U937, HL‑60 and K562 cells. 
After treatment with 0.05-10 µM YT‑1 for 24 h, leukemia cells 
showed concentration‑dependent sensitivity to YT‑1. The IC50 
values (the 50% inhibitory concentration of cell viability) were 
~1 µM YT‑1 (Fig. 2A). U937 was the most sensitive cell line to 
YT‑1. It is worth noting that no significant cytotoxicity appeared 
in human fetal skin fibroblast WS‑1 cells after 1.56‑50 µM 
YT‑1 challenge (Fig. 2B). Furthermore, HL‑60, U937 and K562 
cells following 1 µM YT‑1 treatment showed morphological 
changes with apoptotic characteristics (cell shrinkage, rounding 
and membrane blebbing) (Fig. 3). We selected YT‑1 at 1 µM to 
further investigate its effects on U937 cells.

YT‑1 induces G2/M phase arrest and apoptosis in U937 cells. 
To investigate whether the cytotoxic effect of YT‑1 was medi-
ated by apoptotic machinery or/and interference of cell cycle 
distribution, the cells were exposed to 1 µM YT‑1 for 2, 4, 6, 8, 
10, 12, 14, 16, 18 and 20 h. We monitored the percentage of the 
sub‑G1 population (apoptotic cells) and the cell cycle profile via 
PI staining followed by flow cytometry. Following 6 to 20 h of 
treatment, YT‑1 promoted G2/M phase arrest. It also increased 
the sub‑G1 population (apoptotic cells) after a 2‑h exposure 
(Fig. 4). In addition, results from DAPI staining showed that 
YT‑1 caused an increase in the fluorescence intensity in nuclei 
and apoptotic bodies (Fig. 5A). These results indicated that 
YT‑1 caused chromatin condensation and cleavage of nuclei 
in the U937 cells. In addition, YT‑1 treatment at 1, 10 and 
25 µM concentrations provoked inter‑nucleosomal DNA frag-
mentation in the U937 cells (Fig. 5B). At indicated intervals 
of time, YT‑1 triggered a concentration‑dependent increase in 
Annexin-positive/PI-negative (Annexin V+/PI‑) cell popula-
tion, which is the cell population with early signs of apoptosis. 
Approximately 11% of the U937 cells were Annexin V+/PI‑ 
visualized at a 12‑h exposure (Fig. 6). Based on these findings, 

Figure 2. YT‑1 is cytotoxic to human leukemia cell lines but not to human 
fetal skin fibroblast WS‑1 cells. (A) The viability of YT‑1-treated U937, 
HL‑60 and K562 leukemia cells. (B) The viability of human skin fibro-
blast WS1 cells. Cells were treated with different concentrations of YT‑1 
for 24 h and analyzed by propidium iodide (PI) staining followed by flow 
cytometry. Data represent the mean ± SD (n=3); *P<0.05 and **P<0.01 vs. the 
YT‑1‑untreated control group.

Figure 3. YT‑1‑induced morphological changes in U937, HL‑60 and K562 
leukemia cells. After exposure to 1 µM YT‑1 for 24 h, cells were observed 
under a phase‑contrast microscope and photographed. Data are representa-
tive results of three independent experiments.

Figure 4. YT‑1 induces G2/M phase arrest and apoptosis in U937 cells. Cells 
were exposed to 1 µM YT‑1 for the indicated periods of time and then stained 
with PI followed by flow cytometry. Data represent results from three inde-
pendent experiments.
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the cytotoxic impact of YT‑1 might result from G2/M phase 
arrest and apoptotic death in U937 cells.

YT‑1 disrupts the mitochondrial membrane potential (ΔΨm) 
in U937 cells. To explore whether the apoptosis induced by 
YT‑1 was mediated by the mitochondrial pathway, we detected 
alterations in ΔΨm. YT‑1‑treated U937 cells were analyzed by 
DiOC6(3) incorporation. The resulting flow cytometric profile 
exhibited a left‑shifted fluorescent peak. Following 24 h of 
1 µM YT‑1 treatment, the loss of ΔΨm increased from 12.1 
to 78.7%. The time‑dependent loss of ΔΨm indicated that 
YT‑1‑induced apoptosis was mediated through mitochondrial 
regulation in U937 cells.

YT‑1 triggers mitochondria‑mediated apoptosis in U937 
cells. We next determined the effects of YT‑1 on Bcl‑2 
family‑regulated molecules and intrinsic caspase activation 
in U937 cells by western blotting. The results demonstrated 
that the protein levels of Bax and Bak were increased, while 
those of Bcl‑2 and Bid were decreased in a time‑dependent 
manner (Fig. 8). Moreover, YT‑1 increased the expression 
of cytochrome  c and proteolytically activated caspase‑3 
and caspase‑9 after exposure to 1 µM YT‑1 (Fig. 8). These 
findings revealed that mitochondria‑dependent intrinsic 
apoptosis signaling was involved in the YT‑1‑triggered U937 
cell death.

Discussion

Previously we designed and synthesized 2‑phenyl‑4‑quinolone 
derivatives to screen potential anti‑inflammatory and anticancer 
compounds  (9,11‑15). In the present study, we investigated 
2‑phenyl‑4‑quinolone (YT‑1) for its effects on anti‑leukemia 
activity and signaling transduction associated with G2/M 

arrest and apoptosis in leukemia cell lines. YT‑1 significantly 
inhibited the cell proliferation of U937, HL‑60 and K562 cells 
(Fig. 2A). Importantly, YT‑1 had only a weak cytotoxic effect 
on normal human skin fibroblast WS‑1 cells when compared 
with its effect on U937, HL‑60 and K562 cells (Fig. 2B). 

Wang et al (25) showed that YT‑1 inhibits neutrophil O2
‑̇ 

generation in vitro. YT‑1 increased cellular cyclic AMP levels 
by inhibiting phosphodiesterase (PDE) activity in formyl-
methionyl‑leucyl‑phenylalanine (fMLP)‑induced respiratory 
burst in rat neutrophils, with an IC50 value of 60.7±8.2 µM. 
Kuo et al (10) demonstrated that 2‑phenyl‑4‑quinolone deriva-
tives have significant cytotoxic effects against human lung 
carcinoma (A‑549), ileocecal carcinoma (HCT‑8), melanoma 
(RPMI‑7951), epidermoid carcinoma of the nasopharynx (KB) 
and two murine leukemia cell lines (P‑388 and L1210). We 
selected a dosage of 1 µM of lead compound YT‑1 to inves-
tigate its molecular mechanisms underlying its anti‑leukemia 
activity in vitro. The results are summarized as follows. i) In 

Figure 6. YT‑1 promotes early apoptosis in U937 cells. Apoptosis in U937 
cells was assessed at 0, 3, 6, 9, and 12 h after exposure to 1 µM YT‑1 by 
Annexin V‑FITC/PI assay followed by flow cytometry. Apoptotic cell num-
bers show the percentage of Annexin V+/PI‑ and Annexin V‑/PI‑ cells in each 
quadrant. Data are representative results of three independent experiments.

Figure 5. YT‑1 triggers apoptosis and DNA fragmentation in U937 cells. Cells 
were incubated in the presence of different concentrations of YT‑1 for 24 h. 
(A) DAPI staining was used to analyze apoptotic bodies in the YT‑1‑treated 
U937 cells. (B) DNA ladders were analyzed by agarose gel electrophoresis 
in U937 cells after different concentrations of YT‑1. Data are representative 
results of three independent experiments.
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HL‑60, U937 and K562 cells, 6‑20 h of YT‑1 treatment caused 
growth inhibition (Fig. 2A) and cell cycle arrest at the G2/M 
phase (Fig. 4). ii) YT‑1 increased protein levels of cyclin A, 
cyclin B and CDK1 in U937 cells (Fig. 8). iii) YT‑1 induced 
apoptotic body formation (Fig. 3), chromatin condensation 
(Fig. 5A), and DNA fragmentation (Fig. 5B) in U937 cells 
(Fig. 8). iv) YT‑1 induced early apoptosis as demonstrated 
by increased Annexin V-positive U937 cells (Fig. 6). v) YT‑1 
decreased the mitochondrial membrane potential in U937 
cells (Fig. 7). vi) YT‑1 caused a decrease in the protein level 
of Bcl‑2 and Bid, but increased the protein levels of Bax 
and Bak in U937 cells (Fig. 8). vii) YT‑1 increased protein 
levels of cleaved‑activated caspase‑3 and caspase‑9 and the 
cleaved form of PARP in U937 cells. Based on these results, 
we suggest that YT‑1 induced apoptotic cell death through the 
mitochondria‑dependent pathway in U937 cells. 

2‑Phenyl‑4‑quinolone derivatives are potent inhibitors 
of tubulin polymerization (9,11). These activities are nearly 
comparable to those of the anti‑mitotic natural products 
colchicine, podophyllotoxin, and combretastatin A‑4 (26,27). 
Previous studies indicate that microtubule‑targeting agents 
(MTAs) promote CDK1 activity  (28‑30). CDK1 plays a 
pro‑apoptotic role in microtubule‑targeting agents (27). An 
increase in CDK1 activity and induction of apoptosis have 
been demonstrated by paclitaxel (Taxol) and vinca alkaloids 

Figure 7. YT‑1 stimulates the disruption of the mitochondrial membrane potential (ΔΨm) in U937 cells. (A) Cells were treated with 1 µM YT‑1 for the indicated 
lengths of time and then probed with DiOC6(3) by flow cytometry. (B) Quantitation of the data for ΔΨm as detected by flow cytometric analysis. Data represent 
the mean ± SD (n=3); *P<0.05 vs. the YT‑1‑untreated control group.

Figure 8. YT‑1 alters expression of the Bcl‑2 family and mitochondria‑depen-
dent proteins in U937 cells. Cells were incubated with 1 µM YT‑1 for the 
indicated lengths of time. Cell lysates were collected and blotted with 
antibodies for mitochondria‑regulated signals (Bcl‑2, Bax, Bak, Bid, cyto-
chrome c, caspase‑3, caspase‑9, PARP, cyclin A, cyclin B, and p21CIP1/WAF1). 
α‑tubulin was used as the internal control.



1336 LIN et al:  YT‑1 INDUCES G2/M ARREST AND INTRINSIC APOPTOSIS IN U937 CELLS

(vinblastine, vincristine) in leukemia cells  (27,31). CDK1 
can trigger mitochondrial membrane permeabilization by 
targeting anti‑apoptotic Bcl‑2 protein (27). Bcl‑2 protein was 
phosphorylated by CDK1 on Ser70 and was found to suppress 
its anti‑apoptotic activity, therefore leading to apoptosis (12). 
As to the G2/M arrest induction by YT‑1 (Fig. 4), our results 
further demonstrated that YT‑1 increased protein levels of 
p21CIP1/WAF1, cyclin A, cyclin B and CDK1 (Fig. 8) in U937 
cells. We suggest that YT‑1 causes cell cycle arrest at the 
G2/M phase and apoptosis through CDK1‑mediated Bcl‑2 
phosphorylation.

Once anticancer drugs trigger mitochondria‑dependent 
apoptotic pathways, the mitochondrial outer membrane 
becomes permeable, and then cytochrome  c, Apaf‑1, 
pro‑caspase‑9, AIF and Endo G are released into the cytosol 
to sequentially activate caspase‑9 and caspase‑3, eventually 
leading to apoptotic cell death (16,17,32). YT‑1 decreased the 
mitochondrial membrane potential (Fig. 7), and reduced Bcl‑2 
and Bid protein levels. In contrast, YT‑1 upregulated Bax 
and Bak, activated caspase‑3 and caspase‑9, and increased 
the proteolytic cleavage of PARP in U937 cells (Fig. 8). The 
results revealed that YT‑1 triggers an mitochondria‑dependent 
apoptotic mechanism (an intrinsic pathway).

In conclusion, YT‑1 showed significant cytotoxicity against 
HL‑60, U937 and K562 leukemia cells. However, YT‑1 was 
less toxic to normal human skin fibroblast WS‑1 cells. The 
mechanisms underlying the inhibitory effects of YT‑1 in U937 
human leukemia cells included the promotion of G2/M phase 
arrest and induction of the mitochondria‑dependent apoptotic 
pathway.
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