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Abstract: STAT3 has been recognized as an efficacious drug target for prostate cancer because of its constitutive 
activation in this fatal disease. We recently identified the root bark of Morus alba Linn. as a potential STAT3 inhibitor 
among 33 phytomedicines traditionally used in Korea. Morusin, an active compound isolated from the root bark 
of Morus alba, has shown anti-oxidant and anti-inflammatory effects. In the present study, we examined whether 
morusin has a potential as an anti-cancer agent in prostate cancer. We found that morusin suppressed viability of 
prostate cancer cells, but little effect in normal human prostate epithelial cells. Morusin also reduced STAT3 activity 
by inhibiting its phosphorylation, nuclear accumulation, and DNA binding activity. In addition, morusin down-regu-
lated expression of STAT3 target genes encoding Bcl-xL, Bcl-2, Survivin, c-Myc and Cyclin D1, which are involved in 
regulation of apoptosis and cell cycle. Furthermore, morusin induced apoptosis in human prostate cancer cells by 
reducing STAT3 activity. Taken together, these results suggest that morusin could be a potentially therapeutic agent 
for prostate cancer by reducing STAT3 activity and inducing apoptosis.
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Introduction

The root bark of Morus alba Linn., also known 
and read as Sang Bek Pi in Korea, has been 
traditionally used in oriental medicine including 
Korean medicine and Chinese medicine as a 
diuretic, anti-tussive, anti-diabetic, or anti-
inflammatory drug [1, 2]. The root bark of Morus 
alba Linn. has several active compounds such 
as prenylated flavonoids, stilbenes, benzofu-
rans, alkaloids, and other phenolic compounds 
[3]. Morusin, a prenylated flavonoid isolated 
from the root bark of Morus alba Linn. [4], dis-
played anti-microbial activity, scavenging activ-
ity against superoxide anion radical, and anti-
inflammatory activity [5-7]. Two recent studies 
showed that morusin induced apoptosis in can-
cer cells [8, 9]. One showed that morusin can 
inhibit cervical cancer stem cell growth and 
migration through reducing NF-κB and inducing 
apoptosis [9]. Another noticed that morusin 

may induce apoptosis via activating caspases 
and inhibiting NF-κB in human colorectal can-
cer HT-29 cells [8].

Prostate cancer is the most common cancer 
among men in the United States and is the sec-
ond leading cause of cancer death, affecting 
28% of all male cancer cases and 10% of all 
male cancer deaths [10]. In addition, the inci-
dence of prostate cancer in South Korea is the 
fifth and mortality of prostate cancer is the sev-
enth among men [11]. However, the incidence 
of prostate cancer in South Korea is rapidly 
increasing [12]. Although different types of 
treatment including surgery, radiotherapy, che-
motherapy and hormonal therapy are available 
for patients with primary prostate cancer, the 
complications frequently associated with these 
conventional treatments diminish positive clini-
cal outcomes [13]. In addition, few options are 
still available for treating patients with advanced 
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or metastatic stages of the disease [14]. 
Therefore, more efficient and advanced treat-
ment strategies are required for cure of patients 
from the fatal disease.

STAT3, a member of the STAT family, is a tran-
scription factor [15]. Various signals to stimu-
late STAT3 induce phosphorylation and dimer-
ization (homodimers or heterodimers) of STAT3, 
resulting in its translocation from the cytoplasm 
to the nucleus to bind each promoter of target 
genes that are involved in apoptosis, prolifera-
tion, differentiation, angiogenesis, and survival 
[15]. Constitutive activation of STAT3 induces 
deregulation of cell proliferation and survival 
that mediates inflammation and tumorigenesis 
in many cancers [15, 16]. Interestingly, some 
studies have suggested a correlation between 
STAT3 and prostate cancer [17, 18]. Recent 
studies also indicated that inhibition of STAT3 
can induce apoptosis in prostate cancer cells 
and that STAT3 promotes metastasis in pros-
tate cancer [19, 20]. Therefore, the STAT3-
targeted therapy has shown a great promise of 
a therapeutic strategy for prostate cancer [15, 
21]. Based on these results, we developed the 
system to screen potential STAT3 inhibitors and 
found that the root bark of Morus alba Linn. 
among 33 phytomedicines traditionally used in 
Korean medicine decreased STAT3 activity 
(unpublished data). Thus we have tried to find 
which active compound in the root bark of 
Morus alba Linn. plays a role as a STAT3 inhibi-
tor, and could be used as an anti-prostate can-
cer agent. In the present study, we suggest that 
morusin, one of active compounds in the root 
bark of Morus alba Linn. could be a potential 
anti-cancer agent for prostate cancer by inhibit-
ing STAT3 activity.

Materials and methods

Cell lines

DU145, PC3 and LNCaP and RWPE-1 were pre-
viously described [22, 23], and M2182 was 
kindly provided by Dr. Paul B. Fisher (Virginia 
Commonwealth University School of Medicine, 
Richmond, VA, USA). RWPE-1 was cultured in 
keratinocyte growth medium-gold bullet kit 
(Lonza, Inc., Allendale, NJ, USA). DU145, PC3, 
M2182 and LNCaP were cultured in RPMI-1640 
(Lonza) supplemented with 10% fetal bovine 
serum (Lonza) and 100 U/ml of the antibiotics 

and antimycotics (Lonza). All cells were cultured 
in humidified incubator with 5% CO2 at 37°C. 

Reagents

Morusin purchased from Biopurify Phytoche- 
micals Ltd. (Chengdu, Sichuan, China) was dis-
solved in DMSO (Sigma-Aldrich, St. Louis, Mo, 
USA) to make 50 mM stock solutions. 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and sodium orthovanadate were 
purchased from Sigma-Aldrich, and H2O2 was 
from Junsei Chemical (Tokyo, Japan).

Cell viability assays

Cell viability was measured by MTT assays as 
described previously [24]. Cells (3-10 × 103 
cells/well) were seeded in 96-well plates, and 
treated with different concentrations of mor- 
usin for 24 hours. Cell viability was presented 
as percentage compared to the control.

Western blot analysis

Whole cell extracts were prepared, and Western 
blotting was carried out as described [25]. 
Primary antibodies STAT3 (1:1000), p (phos- 
pho)-STAT3 (1:1000), JAK2 (1:1000), SRC (1: 
1000), p-SRC (1:1000), C (cleaved)-CASP3 (1: 
1000), C-CASP8 (1:1000), C-CASP9 (1:1000), 
Bcl-xL (1:1000), c-Myc (1:1000) and Cyclin D1 
(1:1000) from Cell Signaling Technology 
(Danvers, MA, USA), p-JAK2 (1:1000), Bcl-2 
(1:1000), Survivin (1:1000), PARP (1:1000), 
SHP1 (1:1000) and SHP2 (1:1000) from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA), 
β-actin (1:10000) from Sigma-Aldrich, and sec-
ondary antibodies HRP–conjugated anti-mouse 
IgG or anti-rabbit IgG (1:5000; Cell Signaling 
Biotechnology) were used for immunoblotting. 
Then the membranes were detected using a 
chemiluminescence system (Corebio, Seoul, 
Republic of Korea).

Immunofluorescence staining

Cells were seeded in 8-well chamber slides and 
treated with morusin for 6 hours. After the cells 
were fixed and permeabilized, the cells were 
stained with rabbit polyclonal anti-p-STAT3 anti-
body (1:100), Alexa Flour 488 goat anti-rabbit 
antibody (1:1000) (Invitrogen, Carlsbad, CA, 
USA) and 4’,6-diamidino-2-phenylindole (DAPI) 
(Sigma-Aldrich) as described [26]. The images 
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were observed by the FluoView FV1000 confo-
cal microscope (Olympus, Tokyo, Japan).

Transient transfection and luciferase (Luc) as-
says

Cells were transfected with pSTAT3-Luc report-
er containing STAT3 binding sites to measure 
STAT3 activity (Clontech, Palo Alto, CA, USA) in a 
60-mm plate using Lipofectamine 2000 
(Invitrogen). One day after transfection, cells 
were re-plated into a 48-well plate. Then the 
cells were treated with morusin for 24 hours. 

Luc assays were performed using a Luc assay 
system (Promega, Madison, WI, USA) according 
to the manufacturer’s instructions. Luc activity 
was normalized by protein concentration.

Reverse transcription-polymerase chain 
reaction (RT-PCR)

Total RNA was isolated using PureHelix™ RNA 
Extraction Solution (Nanohelix, Seoul, Republic 
of Korea). 1 μg of total RNA was used for RT-PCR 
using Maxime™ RT PreMix Kit (iNtRON Biotech- 
nology, Kyounggi, Republic of Korea) and HiPi 

Figure 1. Effects of morusin on cell viability in human 
prostate cancer cells. (A) DU145, (B) M2182, (C) PC3, 
(D) LNCaP and (E) RWPE-1 cells were treated with 
morusin for 24 hours as indicated. Cell viability was 
determined by MTT assays. Data in the graphs are pre-
sented as the mean ± SEM (*, P < 0.05; and ***, P < 
0.001 versus mock-treated control). 
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Plus 5X PCR Master Mix (ELPIS Biotech, 
Daejeon, Republic of Korea) according to the 
manufacturer’s protocol. Sequences of the 
primers used for RT-PCR are as following: BCL2 
sense, 5’-ATGGCGCACGCTGGGAGAAC-3’; BCL2 
antisense, 5’-GGTGTGCAGGTGCCGGTTGA-3’; 
BCL-XL sense, 5’-TACCAGCCTGACCAATATGGC- 
3’; BCL-XL antisense, 5’-TGGGTTCAAGTGATTC- 
TCCTG-3’; Survivin sense, 5’-TTGGCCCAGTGTT- 
TCTTCTGCTTC-3’; Survivin antisense, 5’-GCAC- 
TTTCTCCGCAGTTTCCTCAA-3’; Cyclin D1 sense, 
5’-AGAAGCTGTGCATCTACACCGACA-3’; Cyclin 
D1 antisense, 5’-TGATCTGTTTGTTCTCCTCCGC- 
CT-3’; GAPDH sense, 5’-ATGGGGAAGGTGAAGG- 
TCGGAGTC-3’; and GAPDH antisense, 5’-GC- 
TGATGATCTTGAGGCTGTTGTC-3’.

Transcription factor activity assays

Nuclear extracts were prepared and 2 µg of 
nuclear extracts in each sample was analyzed 
for the STAT3 DNA binding activity using the 
TransAM STAT3 kit (Active Motif, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. 

Apoptosis analysis

Cell cycle and apoptosis were observed respec-
tively by Propidium Iodide (PI) (Invitrogen) and 
Annexin V (ApoScan from BioBud, Seoul, 
Republic of Korea) staining followed by flow 
cytometry analysis using FACS Calibur (BD 
Biosciences, San Jose, CA, USA) as described 
[27]. TUNEL assays were also performed using 
a DeadEnd™ Fluorometric TUNEL assay kit 
(Promega) according to the manufacturer’s 
protocol.

Statistical analysis

Data were presented as mean ± standard error 
of the mean (SEM) from at least three indepen-
dent experiments in triplicate or more and ana-

lyzed for statistical significance using the 
unpaired Student’s t-test. P < 0.05 was consid-
ered significant.

Results

Morusin suppresses cell viability in human 
prostate cancer cells

In order to investigate the possible therapeutic 
effect of morusin in prostate cancer, we first 
examined whether morusin affects viability of 
human prostate cancer cells. Human prostate 
cancer cell lines DU145, M2182, PC3 and 
LNCaP, and a normal immortalized prostate 
epithelial cell line RWPE-1 were treated with 
morusin for 24 hours, and cell viability was 
measured by MTT assays. Intriguingly, morusin 
suppressed cell viability in a dose-dependent 
manner in all the prostate cancer cell lines but 
less effect on RWPE-1 cells (Figure 1A-E). IC50 
values also indicated that morusin is a more 
potent cytotoxic reagent in prostate cancer 
cells compared to that in normal cells (Table 1). 
These results suggested that morusin is a 
potentially favorable therapeutic phytochemi-
cal for prostate cancer.

Morusin induces apoptosis in human prostate 
cancer cells

Since apoptosis is a crucial mechanism by 
which phytochemicals regulate cancer cell via-
bility, we then investigated whether morusin 
can affect cell cycle and apoptosis in human 
prostate cancer cells DU145 and M2182. As 
shown in Figure 2A and Supplementary Figure 
1A, morusin increased the cell population of 
the sub-G1 phase in both DU145 and M2182 
which is indicative of apoptosis. To further con-
firm whether morusin induces apoptosis, we 
performed Annexin-V staining assays. As shown 
in Figure 2B and Supplementary Figure 1B, 
morusin increased Annexin-V positive cell pop-
ulation in both cell lines, corroborating that 
morusin induced apoptosis in prostate cancer 
cells. These results were also confirmed by 
TUNEL assays (Figure 2C). In addition, we found 
that morusin increased cleavage of both initia-
tors (CASP8 and CASP9) and executioner 
(CASP3) caspases and also PARP cleavage, 
indicating their activation (Figure 2D). Together 
these results indicated that morusin induces 
apoptosis in prostate cancer cells.

Table 1. IC50 value of each prostate cancer 
cells
Cell lines IC50 (µM)

DU145 26.27±2.84
M2182 22.19±3.36
PC3 19.97±1.19
LNCaP 21.89±1.40
RWPE-1 43.48±1.81
IC50 was determined using the data morusin treatment 
for 24 hours. Data are presented as the mean ± SEM.
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Morusin inhibits the STAT3 signaling pathway 
in human prostate cancer cells

Since morusin is an active compound of the 
root bark of Morus alba Linn. [4], which we 
found as a potential inhibitor of STAT3 (data not 
shown), we expected that morusin could inhibit 
the STAT3 signaling pathway that might be the 
mechanism by which morusin induced apopto-
sis and reduced viability of prostate cancer 
cells. In order to investigate the effect of 

morusin on the STAT3 pathway, we analyzed its 
effect on the STAT3 phosphorylation in pros-
tate cancer cells. As shown in Figure 3A, 
morusin reduced the phosphorylation levels of 
STAT3 in DU145 and M2182 cells. In addition, 
morusin decreased the phosphorylation levels 
of upstream signaling molecules of STAT3, SRC 
and JAK2 (Figure 3A). After phosphorylation, 
STAT3 dimerizes and translocates to the nucle-
us where STAT3 act as a transcriptional activa-
tor [16]. Therefore, we next analyzed the effect 

Figure 2. Effect of morusin on apoptosis in human prostate cancer cells. DU145 and M2182 cells were treated with 
the indicated concentration of morusin for 24 hours. A. The cells were stained with PI, and analyzed by flow cytom-
etry. B. The cells were stained with Annexin V, and analyzed by flow cytometry. C. DU145 and M2182 cells were 
treated with morusin (30 μM) for 24 hours. The TUNEL and DAPI staining were analyzed by confocal microscopy. 
Scale bar, 70 μm. D. DU145 and M2182 cells were treated with morusin for 24 hours. Whole cell lysates were sub-
jected to Western blotting with the indicated antibodies. β-actin was used as an internal control. Data in the graphs 
are presented as the mean ± SEM (*, P < 0.05; **, P < 0.01; and ***, P < 0.001 versus mock-treated control).
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of morusin on nuclear accumulation and DNA 
binding activity of STAT3 in prostate cancer 
cells. As shown in Figure 3B and 3C, morusin 
inhibited the nuclear accumulation of STAT3, 
and also reduced its DNA binding activity in 
DU145 and M2182 cells. These results noticed 
that morusin is a potent STAT3 inhibitor, and 
suggested that STAT3 might be a target of 
morusin to decrease cell viability in prostate 
cancer.

Morusin represses transcriptional activity of 
STAT3 in human prostate cancer cells

Since STAT3 is a well-known transcription fac-
tor which regulates target genes involved in 

apoptosis, cell proliferation, and other cellular 
functions [28, 29], we next examined whether 
morusin regulates the STAT3-mediated tran-
scriptional activation in prostate cancer cells 
using the pSTAT3-Luc reporter system. As 
shown in Figure 4A, morusin repressed the 
transcriptional activity of STAT3 in both DU145 
and M2182 cells. Furthermore, morusin 
reduced protein levels of Bcl-xL, Bcl-2, Survivin, 
c-Myc, and Cyclin D1 (Figure 4B), which are 
STAT3 target genes involved in regulation of 
apoptosis and cell proliferation [30, 31]. 
Accordingly, morusin down-regulated mRNA 
levels of BCL-XL, BCL-2, Survivin, and Cyclin D1 
(Figure 4C). These results suggested that 
morusin might regulate apoptosis and cell via-

Figure 3. Effect of morusin on the STAT3 signaling pathway in human prostate cancer cells. A. DU145 and M2182 
cells were treated with morusin for 6 hours. Cell lysates were subjected to Western blotting with the indicated an-
tibodies. β-actin was used as an internal control. B. DU145 and M2182 cells were treated with morusin (30 μM) 
for 6 hours. The p-STAT3 and DAPI staining were analyzed by confocal microscopy. Scale bar, 10 μm. C. DU145 and 
M2182 cells were treated with morusin for 24 hours. Nuclear extracts were subjected for measuring the STAT3 DNA 
binding activity. Data in the graphs are presented as the mean ± SEM (**, P < 0.01; and ***, P < 0.001 versus 
mock-treated control). 
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sion of these proteins in morusin treated pros-
tate cancer cells. As shown in Figure 5A, 
morusin dramatically upregulated SHP1 in a 
dose-dependent manner, but not SHP2 in 
DU145 and M2182 prostate cancer cells. Next, 
we confirmed whether SHP1 dominantly partici-
pates in morusin-mediated inhibition of STAT3 
using by treatment of PTPs inhibitor, pervana-
date. Treatment of pervanadate reversed 
morusin-mediated inhibition of STAT3 phos-
phorylation and also reduced morusin-mediat-
ed apoptosis in DU145 and M2182 cells (Figure 
5B and 5C), indicating the critical role of SHP1 
in morusin-induced STAT3 inhibition. 

Discussion

Prostate cancer is the second most frequently 
diagnosed cancer and the sixth leading cause 
of cancer death worldwide in males, but the 
most frequent cancer among males in the 
developed countries because of the wide utili-
zation of prostate-specific antigen (PSA) testing 
[34]. The increase of PSA testing led to earlier 
diagnosis, which may increase the survival time 
of prostate cancer patients but does not neces-
sarily reduce mortality [34]. During the earlier 
stages, most prostate cancers are dependent 
on androgen hormone, and tumor treatment 
can be obtained by surgery, radiotherapy, and 
androgen deprivation [35, 36]. However, these 
treatments are not effective for advanced and 
metastatic prostate cancer. Therefore, recent 
studies have noticed effective phytochemicals 
for advanced stage of prostate cancer [37-39]. 

In the cytotoxicity assay to verify whether 
morusin could be a novel therapeutic agent for 
prostate cancer, we found that morusin sup-
pressed cell viability in human prostate cancer 
cells, but interestingly had less toxic effect in 
normal prostate cells (Figure 1). Although we 
found that morusin induced apoptosis in pros-
tate cancer cells (Figure 2 and Supplementary 
Figure 1), its rate (15~20% at 30 μM of morusin) 
was lower than cytotoxicity (~80% at the same 
concentration) (Figures 1 and 2). These results 
indicate that morusin may induce other cell 
death such as necrosis, autophagy and etc. in 
prostate cancer cells. A recent report stated 
that another type of prenylated flavonoid xan-
thohumol has participated in autophagosome 
maturation via direct interaction with autopha-
gosome protein [40] supports this hypothesis. 

Figure 4. Effect of morusin on transcriptional activity 
of STAT3 in human prostate cancer cells. A. DU145 
and M2182 cells were transfected with pSTAT3-Luc 
plasmid and the transfected cells were treated with 
morusin for 24 hours. Data in the graphs are pre-
sented as the mean of fold-normalized activities ± 
SEM to that of the untreated cells taken as 1 (*, P < 
0.05; and ***, P < 0.001 versus mock-treated con-
trol). B and C. DU145 and M2182 cells were treated 
with morusin for 24 hours. B. The treated cells were 
analyzed for protein levels of the STAT3 target genes. 
β-actin was used as an internal control. C. The treat-
ed cells were analyzed for mRNA levels of the STAT3 
target genes. GAPDH was used as an internal control. 

bility of prostate cancer cells by inhibiting tran-
scriptional activity of STAT3.

Morusin induces apoptosis by inhibiting STAT3 
in human prostate cancer cells

Non-transmembrane protein tyrosine phospha-
tases (PTPs) have critical roles in the inhibitory 
regulation of the JAK/STAT signaling pathway in 
various type of cancer cells [32, 33]. To verify 
whether inactivation of JAK2/STAT3 signaling 
by morusin was mediated by induction of PTPs, 
such as SHP1 and SHP2, we quantified expres-
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Since STAT3 has been found constitutively acti-
vated in many cancers including prostate can-
cer, STAT3 has been recognized as a valuable 
drug target [28, 29]. For this reason, we devel-
oped the system to screen potential STAT3 
inhibitors in traditionally used Korean medi-
cines, and morusin is one of candidates 
screened as a STAT3 inhibitor (unpublished 
data). Therefore we verified whether morusin 
can affect STAT3 activity in prostate cancer 

cells at first. Our results clearly showed that 
morusin inhibited the SRC/JAK2/STAT3 signal-
ing pathway by blocking their phosphorylation, 
and consequential loss of nuclear accumula-
tion and transcriptional activity of STAT3 
(Figures 3 and 4A). These STAT3 inhibition 
resulted in suppression of the downstream tar-
get genes encoding anti-apoptotic proteins 
such as Bcl-xL, Bcl-2 and Survivin and cell cycle 
regulator proteins such as c-Myc and Cyclin D1 

Figure 5. Effect of pervanadate on morusin-mediated STAT3 inhibition and apoptosis in human prostate cancer 
cells. A. DU145 and M2182 cells were treated with morusin for 6 hours. B. DU145 and M2182 cells were treated 
with pervanadate (0.5 μM) and morusin (30 μM) for 6 hours. A and B. Cell lysates were subjected to Western blotting 
with the indicated antibodies. β-actin was used as an internal control. C. DU145 and M2182 cells were treated with 
pervanadate (0.5 μM) and morusin (30 μM) for 24 hours. The TUNEL and DAPI staining were analyzed by confocal 
microscopy (C, control; M, morusin; and P, pervanadate). Scale bar, 70 μm. Quantitative analysis of TUNEL positive 
cells are expressed as relative amount of the treated cells compared to that of the mock-treated control. Data in the 
graphs are presented as the mean ± SEM (*, P < 0.05; and **, P < 0.01 versus morusin-treated control). 
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(Figure 4B and 4C). Moreover, morusin signifi-
cantly induced SHP1 expression and inhibition 
of SHP1 by PTPs inhibitor pervanadate partially 
restored p-STAT3 level (Figure 5). These results 
suggest that morusin may inhibit STAT3 signal-
ing via direct participation in regulation of tyro-
sine kinases, such as SRC, JAK2 and EGFR, as 
well as SHP1. Taken together these results indi-
cate that morusin induces apoptosis through 
inhibiting STAT3 by induction of SHP1 in pros-
tate cancer cells, and suggest that morusin is a 
potentially useful anti-cancer agent for pros-
tate cancer. Further studies including in vivo 
animal studies and other types of human 
tumors with increased active STAT3 are war-
ranted and some are currently in progress to 
test its anti-cancer effect and to develop 
improved therapies for prostate cancer and 
methods for ameliorating its pathogenesis.
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Supplementary Figure 1. Effect of morusin on apoptosis in human prostate cancer cells. DU145 and M2182 cells 
were treated with the indicated concentration of morusin for 24 hours. A. The cells were stained with PI, and ana-
lyzed by flow cytometry. B. The cells were stained with Annexin V, and analyzed by flow cytometry.


