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Abstract: Autophagy is a cellular process by which damaged organelles and dysfunctional proteins are degraded. 
Morusin is an anti-cancer drug isolated from the root bark of Morus alba. Morusin induces apoptosis in human 
prostate cancer cells by reducing STAT3 activity. In this study, we examined whether morusin induces autophagy and 
also examined the effects of autophagy on the morusin-induced apoptosis. Morusin induces LC3-II accumulation 
and ULK1 activation in HeLa cells. In addition, we found that induction of ULK1 Ser317 phosphorylation and reduc-
tion of ULK1 Ser757 phosphorylation occurred simultaneously during morusin-induced autophagy. Consistently, 
morusin induces autophagy by activation of AMPK and inhibition of mTOR activity. Next, we investigated the role of 
autophagy in morusin-induced apoptosis. Inhibition of autophagy by treating cells with the 3-methyladenine (3-MA) 
autophagic inhibitor induces high levels of morusin-mediated apoptosis, while treatment of cells with morusin alone 
induces moderate levels of apoptosis. Cell survival was greatly reduced when cells were treated with morusin and 
3-MA. Taken together, morusin induces autophagy, which is an impediment for morusin-induced apoptosis, sug-
gesting combined treatment of morusin with an autophagic inhibitor would increase the efficacy of morusin as an 
anti-cancer drug.
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Introduction

Autophagy is a catabolic process that degrades 
cytoplasmic constituents and damaged organ-
elles [1]. Autophagy-associated proteins are 
conserved from yeast to higher mammals [2]. 
The induction and progression of autophagy 
are tightly regulated by a variety of signals 
which are activated by nutrient starvation and 
cellular stress [3, 4]. The mammalian target of 
rapamycin (mTOR) signaling pathway is essen-
tial in regulating the induction of autophagy. 
Under normal conditions, active mTOR phos-
phorylates S6K and 4E-BP1 for active protein 
synthesis and cell growth [5]. mTOR constitu-
tively phosphorylates uncoordinated-51-like 
kinase 1 (ULK1) at Ser757 to block autophagy 
induction [6]. ULK1 is rapidly dephosphorylated 
upon nutrient deprivation or inhibition of target 
of rapamycin complex 1 (TORC1) by a variety of 
cellular stresses [7, 8]. AMP-activated protein 
kinase (AMPK) is a highly conserved serine 

threonine protein kinase crucial for maintaining 
cellular energy homeostasis, since AMPK sens-
es energy status and elicits cellular responses 
to promote adaptive changes in growth, differ-
entiation, and autophagy [9]. Once activated, 
AMPK increases ATP production by stimulating 
glucose uptake and fatty acid oxidation, while 
inhibiting energy consuming processes such as 
protein synthesis by mTOR inhibition. AMPK 
also induces autophagy by ULK phosphoryla-
tion at Ser317 and Ser555. Coordinated phos-
phorylation and dephosphorylation of ULK1 is 
important for the induction of autophagy [6, 7]. 
Activated ULK1 phosphorylates Beclin-1 at mul-
tiple sites including Ser15, thereby enhancing 
activity of the ATG14L-containing VPS34 com-
plexes for ATG8/LC3 lipidation and autophago-
some formation [10].

A variety of small molecule and natural com-
pound anti-cancer drugs induce autophagy as 
well as apoptosis [11, 12]. The root bark of the 
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mulberry tree (Morus species, Moraceae) is 
used in traditional Chinese medicine for anti-
phlogistic, antipyretic, antiheadache, and diu- 
retic effects [13]. Morusin was isolated from 
the branch and root bark of various species of 
Moraceae (Morus alba, Morus australis, and 
Morus nigra) [13-16], and was shown to exhibit 
various biological activities including inhibition 
of adipocyte differentiation [17], anti-diabetic 
activity [18], inhibition of platelet aggregation 
[13], scavenging activity against superoxide 
anion radicals [19], protection against NO-in- 
duced neuroblastoma cell death [20], and anti-
microbial activity [21]. Morusin significantly 
affects the secretion and production of airway 
mucin and was proposed for use as a muco-
regulator in inflammatory pulmonary diseases 
[20]. Notably, morusin possesses cytotoxicity 
against various human cancer cells including 
HT29, MCF, Hep3B, and HeLa cells [16, 22]. 
Several recent papers report that morusin 
induces apoptosis through the regulation of 
multiple signaling pathways in various cancer 
cells. Morusin blocks STAT3 and NF-κB signal-
ing resulting in caspase-3 activation and anti-
invasive effects in liver, pancreatic, and pros-
tate cancer cells [23-26]. Morusin also induces 
adipogenic protein expression and pro-apoptot-
ic protein expression, while causing a decrease 
in anti-apoptotic protein expression in breast 
cancer cells [27]. In addition, morusin has the 
potential to kill human cervical cancer stem 
cells. Morusin inhibited the growth and migra-
tion of cancer stem cells through attenuation of 
NF-κB signaling which is up-regulated in cancer 
stem cells [28]. Cell death is orchestrated by 
various death signals. Autophagy is considered 
another death signal for apoptosis. Although 
the interplay between autophagy and apopto-
sis is known to control apoptosis, the autopha-
gic targets for apoptosis induction have yet to 
be elucidated.

In this study, we characterized another function 
of morusin in the induction of autophagy and 
crosstalk between autophagy and apoptosis. 
We show that autophagy is induced shortly 
after morusin treatment and apoptosis induc-
tion follows the decline of autophagy. Morusin-
induced autophagy appears to have a protec-
tive role against apoptosis by inhibiting indu- 
ction of apoptosis. Simultaneous treatment of 
morusin with an autophagy inhibitor causes a 
strong induction of apoptosis. Therefore, com-

bined treatment of morusin with an autophagic 
inhibitor could potentiate the efficiency of 
morusin as an anti-cancer drug.

Materials and methods

Cell culture and transfection

HEK293T, HeLa, HepG2, HCT116, A549, MCF7, 
Hep2 cells were cultured at 37°C in Dulbecco’s 
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS). U2OS 
and M2182 cells were cultured in RPMI 1640 
supplemented with 10% FBS. MEFs were cul-
tured in DMEM supplemented with 10% FBS, 1 
mM pyruvate (Sigma Aldrich) and non-essential 
amino acid mixture (Invitrogen). HeLa cells sta-
bly expressing GFP-LC3 were cultured in DMEM 
supplemented with 10% FBS, 100 μg/ml peni-
cillin/streptomycin and 1 μg/ml puromycin. 
Ulk1 wild-type and knockout mouse embryonic 
fibroblasts (MEFs) were kindly provided by Dr. 
JM Kim (Kyung Hee University School of 
Dentistry).

Antibodies and reagents

The following commercially available antibodies 
were used: Anti-AMPKα (2532), anti-pAMPKα 
T172 (2535), anti-ULK1 (8054S), anti-pULK1 
S555 (5869S), anti-pULK1 S317 (12753S), 
anti-pULK1 S757 (6888S), anti-ATG12 (4180P), 
anti-ATG7 (8558P), anti-ATG5 (12994P), anti-
ATG3 (3415P), anti-Beclin1 (3495P), anti-
ATG16L1 (8089P), anti-LC3A/B (12741P), anti-
mTOR (2983P), anti-4E-BP1 (9452S), anti-S6K 
(9202S), anti-pS6K (9234S), anti-cleaved cas-
pase-3 (9661S), anti-PARP (9542S), anti-pST- 
AT3 (Y705) (9131), anti-STAT3 (9132), anti-
Actin (3700S) antibodies were purchased from 
Cell Signaling Technology. Anti-p62 (ab56416) 
was purchased from Abcam. Morusin (root bark 
of Morus alba) (BP0961) was purchased from 
Biopurity Phytochemicals Ltd (Chendu, Sichu- 
an, China). 3-methyladenine (M9281) was pur-
chased from Sigma Aldrich. Compound C; 
AMPK inhibitor (171260) was purchased from 
CALBIOCHEM. Chloroquine (C6628) was pur-
chased from Sigma Aldrich. Rapamycin from 
Streptomyces hygroscopicus; mTOR inhibitor 
(R0395) was obtained from Sigma Aldrich. The 
GFP-LC3 and GFP-RFP-LC3 expression plas-
mids were kindly provided by Dr. JM Kim (Kyung 
Hee University School of Dentistry).
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RNAi 

Transfection of small interfering RNA (siRNA) 
into the indicated cells were performed with 
RNAiMAXTM reagent (Invitrogen, 13778-075). 
Targeting siRNA and non-targeting control si- 
RNA were synthesized and purified by Qiagen. 
The sequences were as follows: ULK1 siRNA, 
5’-GCA CAG AGA CCG TGG GCAA-3’. Control 
siRNA, 5’-AAC TGT CAG TCA GTC GTA GTA-3’.

Western blot analysis

Western blotting was performed as described 
[29, 30]. Briefly, cells were lysed with RIPA lysis 
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl,  
1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% 
sodium deoxycholate, 2.5 mM sodium pyro-
phosphate, 1 mM β-glycerophosphate, 1 mM 
Na3VO4, 1 µg/ml leupeptin). Cell lysates were 
separated by SDS-PAGE and transferred to 
polyvinylidene difluoride membranes, followed 
by detection with the indicated antibodies and 
ECL Western detection reagents (Intron).

Cell viability analysis

Cell viability was assessed by the MTT (3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay. Briefly, cells (1 × 103 cells/well) 
were seeded into 96-well plates and treated 
with morusin and/or 3-MA for 24 hours. Viable 
cells with MTT dye uptake were determined by 
measuring the optical density at 570 nm in an 
enzyme-linked immunosorbent assay reader. 
The Cell Viability Assay Kit (11465007001, Ro- 
che Diagnostics) was utilized and analysis was 
performed according to the manufacturer’s rec-
ommendations. Experiments were repeated 
three times, and the data is presented as the 
mean of triplicate wells ± SEM.

Confocal microscopy 

Immunocytochemistry for HeLa cells was per-
formed as described [30, 31]. Briefly, HeLa and 
MEFs were seeded onto coverslips in 6-well 
plates. The cells were fixed in 3% paraformalde-
hyde for 15 minutes and permeabilized with 
0.1% Triton X-100 in PBS for 5 minutes. Cells 
were blocked with 1X phosphate-buffered 
saline containing 2% bovine serum albumin for 
20 min. Anti-LC3 antibody was used to stain 
cells for 1 hr. Samples were washed with PBS 
three times, and incubated with an Alexa Fluor 

488-conjugated secondary antibody against a 
rabbit polyclonal anti-LC3 antibody. Confocal 
microscopy was performed with a Zeiss LSM- 
700 microscope. Acquired images were pro-
cessed with Adobe Photoshop.

Annexin V staining

Apoptotic cells were assessed by FACS analysis 
after annexin V-FITC and propidium iodide (PI) 
staining. Cells were washed twice in 1X phos-
phate-buffered saline and incubated with bind-
ing buffer (10 mM HEPES, 140 mM NaCl, 2.5 
mM CaCl2, pH 7.4) containing 0.5 mg annexin 
V-FITC (BD biosciences, 556420) for 10 min at 
room temperature. The cells were further incu-
bated with binding buffer containing PI (BD bio-
science, 556463) for 15 min on ice, before 
analysis by flow cytometry. Data were collected 
on a BD Canto-II, FACSCalibur (BD Biosciences), 
and analyzed with FlowJo software (Tree Star).

Colony formation assay 

For clonogenic survival assays, cells were seed-
ed into 60 mm plates (2,000 cells/plate). Cells 
were treated with the indicated dose of 3-MA 
and/or morusin, followed by visualization with 
Coomassie Brilliant Blue staining and counting 
of colonies.

Results

Morusin increases autophagy by enhancement 
of autophagy at initiation steps

Morusin induces apoptosis by downregulating 
STAT3-regulated gene expression, followed by 
activation of caspase-3 [23-25]. Since autoph-
agy is another mechanism of cell death, and 
the crosstalk between autophagy and apopto-
sis was previously established, we tested 
whether morusin also induces autophagy. We 
tested various cancer cell lines for the accumu-
lation of phosphatidylethanolamine-conjugat-
ed LC3-II upon morusin treatment, to rule out 
cell-type specificity of morusin effects. In all 
cell lines tested, treatment of morusin inc- 
reased the level of LC3-II in a dose-dependent 
manner (Figure 1A). In addition, LC3 puncta 
accumulated upon morusin treatment, alth- 
ough fold increase is variable depending on the 
cell line (Figure 1B and 1C). Morusin-induced 
LC3-II accumulation was inhibited by co-treat-
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Figure 1. Morusin induces autophagy. A. Morusin induces LC3-II accumulation in a dose-dependent manner. Various cancer cells were treated with increasing 
amounts of morusin, and LC3-II and p62 levels were analyzed after 6 hr of treatment. B. Morusin induces accumulation of LC3 puncta. Various cancer cells were 
treated with either DMSO or morusin (30 uM), and endogenous LC3 puncta were detected by immunostaining using an anti-LC3 antibody. C. The number of LC3 
puncta was counted in three different arbitrary areas, and is shown on the graph. Data are presented as the mean ± SEM. D. The autophagy inhibitor 3-MA inhibits 
LC3-II accumulation induced by morusin. HeLa cells were treated with either DMSO or morusin in combination with or without 3-MA, and levels of LC3 and p62 
were detected by immunoblotting. E. Inhibition of morusin-induced LC3 puncta by 3-MA treatment. HeLa cells expressing GFP-LC3 were treated with either DMSO or 
morusin for the indicated times in the presence or absence of 3-MA. F. The number of LC3 puncta was counted in three different arbitrary areas, and is shown on 
the graph. Data are presented as the mean ± SEM.
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ment with 3-MA, an autophagy inhibitor (Figure 
1D). Morusin-induced accumulation of LC3 
puncta was also inhibited by 3-MA administra-
tion (Figure 1E and 1F). These results indicate 
that morusin can induce autophagy. 

Autophagy consists of several sequential steps 
including induction, autophagosome formati- 
on, autolysosome fusion and degradation [32]. 
An increase in the number of LC3-containing 

autophagosomes upon morusin treatment can 
be due to either increased autophagic activity 
at an early stage or reduced turnover of au- 
tophagosomes at a late stage. As a preliminary 
study to identify the molecular target(s) of 
morusin in autophagy activation, autophagy 
flux was investigated using a GFP-RFP-LC3 ex- 
pression strategy [33]. As shown in Figures 1E 
and 2A, morusin treatment induced accumula-
tion of LC3 puncta which was inhibited by 3-MA 

Figure 2. Morusin induces autophagy at early stages. A. Morusin induces autophagy at the initiation step. HeLa 
cells expressing GFP-RFP-LC3 were treated with morusin alone or in combination with 3-MA or chloroquine (CQ). 
Images of LC3 puncta containing green and red fluorescence were obtained with a confocal fluorescent microscope 
at an excitation wavelength of 488 nm and 543 nm, respectively. In the zoomed images, the arrows indicate red 
LC3 puncta with weak green fluorescence, and the arrowheads indicate red and green puncta colocalization. B. 
The number of LC3 puncta was counted in three different arbitrary areas, and is shown on the graph. Data are 
presented as the mean ± SEM. Morusin and CQ additively induce LC3-II accumulation (left panel). The relative ratio 
of yellow and red puncta is presented (right panel). C. The levels of LC3-II in cells treated with both morusin and CQ 
was compared to levels in cells treated with either drug alone.
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Figure 3. ULK1 is activated upon morusin treatment. A. ULK1 activation by morusin treatment. HeLa cells treated with either DMSO or morusin were subjected to 
immunoblotting with the indicated antibodies. B. Time course of ULK1 activation. HeLa cells were collected at the indicated time points following administration of 
morusin (30 uM), and subjected to immunoblotting with anti-ULK1 and anti-LC3-II antibodies. C. ULK1 depletion impairs morusin-induced LC3-II accumulation. HeLa 
cells either depleted or undepleted of ULK1 were treated with morusin, and subjected to immunoblotting with anti-LC3 and anti-ULK1 antibodies. D. ULK1 depletion 
impairs morusin-induced LC3 puncta accumulation. HeLa cells either depleted or undepleted of ULK1 were treated with morusin, and subjected to immunostain-
ing with an anti-LC3 antibody. E. Wild-type MEF or Ulk1-KO MEF was treated with increasing amounts of morusin, and cells were collected after 6 hr of morusin 
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treatment. In GFP-RFP-LC3 expressing cells 
treated with morusin, LC3 puncta emitting red 
fluorescence from RFP-LC3 with no or weak 
green fluorescence from GFP-LC3 (Figure 2A, 
arrow; Figure 2B, right panel) as well as LC3 
puncta emitting both red and green fluores-
cence were observed (Figure 2A, arrowhead), 
while all the LC3 puncta emitted both red and 
green fluorescence in cells treated with chloro-
quine (CQ), an inhibitor of autolysosomal fusion 
(Figure 2A, arrowhead; Figure 2B, right panel). 
In addition, accumulation of LC3-II was further 
potentiated upon co-treatment with morusin 
and chloroquine (Figure 2C). These results sug-
gest that morusin may increase LC3-II levels by 
induction of LC3-II formation at an early step, 
and not by blocking degradation of autophago-
somes at a later step.

Activation of ULK1 by morusin

Since morusin appears to induce autophagy at 
early steps, the levels of key regulators of au- 
tophagy at early steps were examined follow- 
ing morusin treatment. Immunoblotting show- 
ed that ULK1 phosphorylation was induced 
upon morusin treatment, while the levels of 
other proteins were not significantly altered 
(Figure 3A). Time-course analysis of ULK1 and 
LC3-II levels indicated that LC3-II began to 
accumulate soon after morusin treatment and 
ULK1 phosphorylation gradually increased in a 
time-dependent manner (Figure 3B). To deter-
mine whether ULK1 is responsible for morusin-
mediated induction of autophagy, the effects of 
ULK1 depletion on morusin-induced autophagy 
were investigated. Morusin-induced accumula-
tion of LC3-II was observed in HeLa cells, but 
not in ULK1 depleted cells (Figure 3C). Of note, 
ULK1 depletion resulted in accumulation of 
LC3-II in response to ammonia [34, 35], but 
LC3-II levels were not increased by morusin 
treatment. In addition, the increase in LC3 pu- 
ncta formation induced by morusin treatment 
was not observed in ULK1 depleted cells (Fi- 
gure 3D). ULK1-dependent induction of auto- 
phagy in morusin treated cells was further con-
firmed in Ulk1 knockout mouse embryonic 
fibroblasts (MEFs). In wild-type MEFs, dose- 

and time-dependent ULK1 activation and LC3-
II accumulation were observed upon morusin 
treatment, but not in Ulk1 knockout MEFs 
(Figure 3E and 3F). Consistent with the results 
from mammalian cells (Figure 3C), the basal 
level of LC3-II was increased in Ulk1 KO MEFs, 
but LC3-II levels were not increased by morusin 
treatment. In addition, morusin induced accu-
mulation of LC3 puncta in wild-type MEFs, but 
not in Ulk1 knockout MEFs (Figure 3G). These 
results indicate that morusin-induced autopha-
gy is mediated by ULK1 activation.

Morusin activates AMPK and inhibits mTOR 
activity

Since ULK1 activation is regulated by AMPK 
and mTOR, we investigated whether morusin 
affects AMPK and/or mTOR for ULK1 activa-
tion. Immunoblotting indicated that S6K phos-
phorylation was markedly reduced by morusin 
treatment, suggesting that morusin inhibits 
mTOR activity for ULK1 activation (Figure 4A). 
ULK1 is constitutively regulated by mTOR-me- 
diated inhibitory phosphorylation at Ser757 
under normal conditions, and ULK1 is phos-
phorylated at Ser317 and Ser555 by activated 
AMPK under stressed conditions [6, 8]. To 
address the upstream signaling events for 
morusin-mediated ULK1 activation, the phos-
phorylation status of ULK1 and AMPK upon 
morusin treatment was analyzed by immunob-
lotting with phospho-specific anti-ULK1 anti-
bodies. Immunoblotting indicated that AMPK 
was activated due to Thr172 phosphorylation 
of the AMPKα subunit in morusin-treated cells. 
Consequently, ULK1 phosphorylation at Ser- 
317, a target site of AMPK phosphorylation, 
was induced by morusin treatment. On the 
other hand, ULK1 phosphorylation at Ser757, a 
target site of mTOR phosphorylation, was 
observed under normal conditions, but phos-
phorylation gradually decreased upon morusin 
treatment (Figure 4B). These results indicated 
that morusin treatment simultaneously causes 
the induction of stimulating phosphorylation 
(Ser317) and reduction of inhibitory phosphory-
lation (Ser757) of ULK1. Further analysis of ce- 
lls treated with increasing amounts of morusin 

treatment for immunoblotting. F. Wild-type MEF or Ulk1-KO MEF was treated with morusin (30 uM), and cells were 
collected at the indicated time points for immunoblotting. G. ULK1 knockout impairs morusin-induced accumulation 
of LC3 puncta. Wild-type MEF or Ulk1-KO MEF was treated with morusin, and subjected to immunostaining with an 
anti-LC3 antibody.
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indicated that morusin treatment resulted in 
AMPK activation, induction of ULK1 Ser317 
phosphorylation, and reduction of ULK1 Ser757 
phosphorylation in a dose-dependent manner 
(Figure 4C). To address whether morusin reduc-
es ULK1 Ser757 phosphorylation independent 
of mTOR inhibition by AMPK, the levels of ULK1 
Ser757 phosphorylation were determined in 
the presence of compound C, an AMPK inhibi-
tor. ULK1 Ser555 phosphorylation was induced 
by morusin treatment, which was inhibited by 
co-treatment with compound C. However, ULK1 
Ser757 phosphorylation was slightly reduced 
by treatment of compound C alone, and further 
reduced by morusin treatment (Figure 4D, lane 
4). This result indicated that morusin directly 
inhibits mTOR activity independent of AMPK-
mediated mTOR inhibition. mTOR inhibition by 
morusin treatment was also confirmed by the 
lack of 4E-BP1 phosphorylation as well as ULK1 
Ser757 phosphorylation, which was compara-
ble to the results obtained with rapamycin-
treated cells as a positive control (Figure 4E). 

Collectively, morusin activates ULK1 by induc-
tion of Ser317/Ser555 phosphorylation and 
reduction of Ser757 phosphorylation through 
AMPK activation and mTOR inhibition, respec- 
tively.

Morusin-induced autophagy enhances cell 
survival by inhibiting apoptosis

To investigate the effects of autophagy on mo- 
rusin-induced apoptosis, a time-course analy-
sis of autophagic and apoptotic markers follow-
ing morusin treatment was performed (Figure 
5A). Immunoblotting indicated that AMPK acti-
vation (phosphorylation at Thr172) was obser- 
ved as an early response to morusin treatment 
(lane 2), which was followed by transient activa-
tion of apoptosis, which includes events such 
as cleavage of PARP and caspase-3 (lane 3). 
ULK1 was gradually activated, with de-phos-
phorylated faster-migrating ULK1 first observed 
and followed by a gradual increase in phos-
phorylated slowly-migrating ULK1. Induction of 

Figure 4. Morusin activates AMPK and inhibits mTOR activity. A. ULK1 activation and mTOR inhibition by morusin. 
HeLa cells were treated with either DMSO or morusin, and subjected to immunoblotting with anti-ULK1, anti-LC3, 
and anti-phospho S6K antibodies. B and C. AMPK activation by morusin in a time- and dose-dependent manner. 
B. HeLa cells were treated with either DMSO or morusin, and cells were collected at the indicated time points for 
immunoblotting with the indicated antibodies. C. HeLa cells were treated with either DMSO or increasing amounts 
of morusin, and cells were collected after 6 hr of treatment for immunoblotting with the indicated antibodies. D. 
Inhibition of morusin-induced ULK1 phosphorylation at Ser555 upon compound C treatment. ULK1 phosphorylation 
levels at Ser555 and Ser757 in cells treated with both morusin and compound C were compared to levels in cells 
treated with either drug alone. E. Inhibition of mTOR activity by morusin. HeLa cells were treated with morusin or 
rapamycin, and collected cells were subjected to immunoblotting with the indicated antibodies.
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Figure 5. Morusin-induced autophagy enhances cell survival by inhibition of cell death. (A) Time-course induction of autophagy and apoptosis by morusin. HeLa 
cells were treated with morusin (30 uM), and cells were collected at the indicated time points for immunoblotting. (B and C) Induction of morusin-mediated apop-
tosis in the absence of autophagy. HeLa cells were treated with morusin (30 uM), and cells were collected at the indicated time points for immunoblotting in the 
presence or absence of 3-MA (B) or CQ (C). (D) Analysis of morusin-induced apoptosis using fluorescence-activated cell sorting (FACS) analysis. HeLa cells were 
treated with either morusin alone or in combination with 3-MA, and apoptotic cells were assessed by FACS analysis after annexin V-FITC and propidium iodide (PI) 
staining. Apoptotic cells (double-positive for PI and annexin V) are presented on the graph. (E) Inhibition of STAT3 signaling upon combined treatment of morusin 
and 3-MA. The levels of STAT3 phosphorylation at Tyr705 and AMPKα phosphorylation at Thr172 in cells treated with both morusin and 3-MA were compared to 
levels in cells treated with either drug alone. (F) Inhibition of STAT3 signaling upon ULK1 depletion and morusin treatment. The levels of STAT3 phosphorylation at 
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apoptosis was transiently inhibited at the time 
point of appearance of slowly-migrating ULK1 
(lane 4), and apoptosis was induced again at 
later times during morusin treatment (lanes 
7-9). These results suggest that the induction 
of autophagy transiently inhibits induction of 
apoptosis. To confirm the inhibitory effects of 
autophagy on apoptosis induction, apoptosis 
levels were determined following inhibition of 
autophagy. Immunoblotting indicated that cl- 
eavage of PARP and caspase-3 were increased 
by morusin treatment, and were potentiated by 
blockage of autophagy through treatment with 
3-MA or chloroquine (Figure 5B and 5C). In ad- 
dition, morusin-induced apoptosis was deter-
mined by FACS analysis after annexin V-FITC 
and propidium iodide (PI) staining. Morusin 
treatment increased annexin V-positive cells, 
which was markedly potentiated by administra-
tion of 3-MA (Figure 5D). These results indicate 
that morusin-induced apoptosis is negatively 
regulated by autophagy.

To examine the crosstalk between morusin-
induced autophagy and apoptosis at the molec-
ular level, STAT3 phosphorylation at Tyr705 (a 
marker for STAT3 activation) was compared 
with or without autophagy inhibition. STAT3 
phosphorylation at Tyr705 was decreased by 
both pharmacological inhibition of autophagy 
by 3-MA treatment and genetic inhibition of 
autophagy by ULK1 depletion compared to 
cells treated with morusin alone (Figure 5E, 
lane 4 and Figure 5F, lane 4). These results 
indicate that the increase in apoptosis upon 
autophagy inhibition is mediated by inhibition 
of STAT3 signaling. To assess the cellular out-
come of crosstalk between apoptosis and au- 
tophagy, cell viability was determined with the 
MTT assay and colony forming assay. Morusin 
treatment reduced cell viability due to the 
induction of apoptosis, which was enhanced  
by co-treatment with the autophagy inhibitor 
3-MA. Similarly, autophagy-defective ULK1 de- 
pleted cells were more sensitive to morusin 

than wild-type HeLa cells (Figure 5G). Consi- 
stent with these results, the number and size of 
colonies were reduced by morusin treatment, 
and further decreased upon treatment with 
both morusin and 3-MA (Figure 5H). Collectively, 
morusin induces both autophagy and apopto-
sis, and morusin-induced autophagy inhibits 
morusin-induced apoptosis.

Discussion

Apoptosis and autophagy are evolutionarily 
conserved catabolic processes important for 
organismal homeostasis. A variety of death 
stimuli are able to activate both pathways in 
which the functional role of either pathway is 
dependent on complicated patterns of cross-
talk between apoptosis and autophagy [36-
38]. Although it is clear that crosstalk between 
apoptosis and autophagy are key factors in 
determining the cellular outcomes of death-
associated pathologies such as cancers, much 
is unknown about the interplay between auto- 
phagy and apoptosis at the molecular level, 
since autophagy can act both as a cell survival 
and cell death process [39, 40]. In this study, 
we demonstrate that morusin activates both 
autophagy and apoptosis, and morusin-induced 
autophagy inhibits the induction of apoptosis. 
Morusin induced AMPK activation and inhibited 
mTOR activity, by which ULK1 was activated to 
induce autophagy (Figures 3 and 4). To demon-
strate the inhibitory role of autophagy on 
morusin-induced apoptosis, autophagy was 
pharmacologically blocked at an early and late 
stage with 3-MA and chloroquine, respectively. 
Blockage of autophagy at any step potentiated 
morusin-induced apoptosis (Figure 5B and 5C). 
A similar result was observed with genetic dis-
ruption of autophagy by ULK1 depletion (Figure 
5F and 5G). Therefore, autophagy per se is  
an inhibitory process for morusin-induced 
apoptosis.

Cisplatin is one of the best known anti-cancer 
drugs used as first-line chemotherapy for ad- 

Tyr705 and AMPKα phosphorylation at Thr172 in cells subjected to both morusin treatment and ULK1 depletion 
were compared to levels in cells either treated with morusin or depleted of ULK1. (G) Reduction of cell viability by 
blocking morusin-induced autophagy. HepG2 cells were treated with morusin and/or 3-MA, and cell viability was 
determined by measuring MTT metabolic activity. Mock-depleted and ULK1-depleted HeLa cells were treated with 
either DMSO or morusin, and subjected to the MTT assay. Data are presented as the mean ± SEM. (H) Inhibition 
of colony formation by blocking morusin-induced autophagy. Cells were treated with morusin and/or 3-MA, and the 
number of colonies were counted following staining of cells with Coomassie Brilliant Blue. The number of colonies 
obtained from three independent experiments are presented as a graph. One representive image is shown. Data 
are presented as the mean ± SEM. 
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vanced epithelial cancers. Cisplatin treatment 
induces both autophagy and apoptotic cell 
death [41-43]. Cisplatin-triggered activation of 
AMPK can induce an autophagic response that 
protects tumor cells from cisplatin-mediated 
cell death. In cells co-treated with melphalan, 
bortezomib, and rapamycin, however, AMPK 
was activated and contributed to synergistic 
induction of apoptosis by phosphorylation of 
Beclin-1 at Ser93/96 and cleavage of Beclin-1 
[44]. The multidrug-induced AMPK activation 
resulted in reduction of autophagy through 
Beclin-1 cleavage and amplification of mitoch- 
ondrion-mediated apoptosis through the clea- 
ved C-terminal fragment of Beclin-1 [44]. Alth- 
ough AMPK was activated by cisplatin, morusin 
or multidrug treatment, it appears that the 
effects of autophagy on drug-induced apopto-
sis are not the same and cannot be explained 
by AMPK activation alone. A time-course analy-
sis of AMPK following morusin treatment indi-
cated that AMPK activation occurred in two 
stages, with early activation of AMPK involved 
in autophagy induction and late re-activation 
possibly participating in induction of apoptosis. 
Morusin treatment induced AMPK activation at 
an early stage of autophagy initiation (Figures 
4B and 5A). Afterwards, AMPKα and the acti-
vated AMPK (phosphorylated AMPKα at Thr- 
172) levels gradually decreased (Figure 5A, 
lanes 2-8). However, AMPK was markedly acti-
vated again at the time of apoptosis induction 
(Figure 5A, lane 9), implying an association of 
AMPK with the induction of apoptosis. Consis- 
tently, AMPK activation was further enhanced 
by pharmacological inhibition and genetic dis-
ruption of autophagy (Figure 5E and 5F). 
Further studies are required for deciphering the 
functional roles of AMPK and identifying molec-
ular targets in morusin-mediated induction of 
apoptosis. Knowledge of drug-specific mecha-
nisms of cell death can lead to efficient cancer 
treatment with anti-cancer drugs.

Autophagy inhibitors have been successfully 
developed for clinical trials for various cancers 
[45, 46]. From studies over the past few years, 
it has become apparent that apoptosis and 
autophagy are inter-connected to ensure the 
elaborate regulation of cellular homeostasis 
and responses to various stresses. Consistent 
with this idea, a variety of anti-cancer drugs 
and phytochemicals induce both cellular pro-
cesses of autophagy and apoptosis simultane-

ously or sequentially. Given that autophagy can 
act in either a cyto-protective or pro-apoptotic 
manner, combined treatment of anti-cancer 
drugs with inhibitors or activators of autophagy 
could provide more efficient protocols for 
chemotherapy. 
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