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Morusin inhibits the growth of human colorectal cancer
HCT116-derived sphere-forming cells
via the inactivation of Akt pathway
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Abstract. The existence of colorectal cancer stem-like
cells (CSC) is responsible for the failure of current treat-
ments against colorectal cancer. Therefore, novel therapies
need be developed to target CSCs. Some natural agents,
including morusin have been proposed as possible candidates
for this purpose. Morusin has been shown to exert antitumor
effects. In the present study, it is demonstrated that morusin
exerts antitumor effects on colorectal CSCs (CCSCs). The
viability of human CCSCs was enhanced when the CCSCs
formed spheroids in a serum-free and non-adhesive floating
culture system. HCT116 sphere cells exhibited an increased
proliferative capacity and a higher expression of stemness
markers [octamer-binding transcription factor 4 (Oct4), Sox2
and Nanog]. Morusin inhibited the development of cancer
spheroids and suppressed the growth of sphere cells via the
induction of cell cycle arrest. Similarly, morusin decreased
the expression levels of the stemness markers, Nanog and
Oct4. The data partially revealed the molecular mechanisms
involved: B-catenin signaling maintains the growth of CSCs
and directly modulates the expression of Nanog and Oct4.
Morusin suppressed the activity of f-catenin signaling via the
inactivation of Akt; the executive B-catenin/TCF4 complex and
the downstream targets, c-Myc, survivin and cyclin D1, were
also downregulated. Moreover, the morusin-induced inactiva-
tion of Akt also increased the expression of p21Cipl/WAF1
and p27Kip, which can block the cell cycle by interacting with
cyclin-dependent kinase (CDK) complexes. On the whole, the
present study demonstrates that morusin inhibited the growth
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of colorectal cancer sphere cells, which were enriched with
CCSCs via the inactivation of the Akt pathway.

Introduction

Colorectal cancer represented almost 10% of the global cancer
incidence burden in 2012, causing a mortality rate of 694,000
per year worldwide (1). Despite recent advances in medicine,
approximately 50% of patients with colorectal cancer exhibit
tumor recurrence (2), and the overall mortality rate associ-
ated with the disease is approximately 40% (3). Colorectal
cancer stem-like cells (CCSCs) are considered to be one of the
primary causes of tumor recurrence.

Cancer stem-like cells (CSCs) are defined as ‘cells within
a tumor that possess the capacity for self-renewal and that can
cause the heterogeneous lineages of cancer cells that constitute
the tumor’ (4). At present, CSCs have been proven to exist
in a variety of solid tumors, including colon cancer (5-7).
It is considered that only CSCs can drive tumor initiation,
proliferation and spreading (8). In addition, CSCs are not
affected by chemotherapy or radiation (9). CSCs that survive
chemoradiotherapy will initiate and maintain the regrowth of
the tumor. A number of currently used protocols for cancer
therapy are now understood to fail, as marked by the reap-
pearance of disease, due to the inability to eradicate CSCs.
Therefore, the requirement and the challenge in fighting cancer
is to develop novel therapies targeting CSCs. To counteract the
challenges, researchers have turned to natural products. Some
natural agents, including morusin (10), have been proposed as
candidates for the targeting of CSCs alone or in combination
with chemoradiotherapy (11,12).

Morusin (2-(2,4-dihydroxyphenyl)-5-hydroxy-8,8-di-
methyl-3-(3-methylbut-2-enyl)pyranol[2,3-h]chromen-4-one,
C,;H,,0,) (NCBI PubChem Compound database,
CID:5281671) is a naturally occurring agent isolated from the
traditional Chinese medicinal (TCM) herb, Morus alba L.
(Sang Bai Pi), which is used as an antiphlogistic, an anti-
pyretic, an expectorant, an antitussive, a diuretic and an
antidiabetic medication (13,14). Researchers have demon-
strated that morusin exerts antitumor effects in several types
of neoplasms, including hepatocellular carcinoma (15,16),
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gastric cancer (16), cervical cancer (10) and neuroblas-
toma (17). To the best of our knowledge, the last and only
study on the antitumor activity of morusin against colorectal
cancer was published in 2008 (14), in which it was reported
that morusin induced the nuclear factor (NF)-kB-mediated
apoptosis of HT-29 colorectal cancer cells. Based on previous
research, it was hypothesized that morusin may exert anti-
tumor effects on CCSCs. To confirm this hypothesis, in the
present study, the effects of morusin treatment on CCSCs
were examined and the potential underlying mechanisms
were investigated.

Materials and methods

Drugs. Morusin (purity 99%) was purchased from the
Shanghai Research Center of Traditional Chinese Medicine
Standardization. Morusin was dissolved in dimethyl sulfoxide
(DMSO) to a concentration of 4,800 uM. The stock solution
was stored at -20°C and diluted in the medium before the
experiment. The final DMSO concentration did not exceed
1% throughout the study.

Reagents and antibodies. McCoy's 5A medium, Dulbecco's
modified Eagle's medium (DMEM)/F12 medium, fetal bovine
serum and B27 supplement (50X) were obtained from Gibco;
Thermo Fisher Scientific, Inc. Penicillin G, streptomycin
and Heparin Na salt were purchased from Sigma-Aldrich;
Merck KGaA. Epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF) were purchased from
PeproTech, Inc. The primary antibodies [octamer-binding
transcription factor 4 (Oct4) (cat. no. sc-5279), Sox2 (cat.
no. sc-365823) and Nanog (cat. no. sc-293121)] used for
immunofluoresence assay were purchased from Santa Cruz
Biotechnology, Inc. The primary antibodies used for western
blot analysis were purchased from the following compa-
nies: Cell Signaling Technology, Inc. [Oct4 (cat. no. 2750),
Sox2 (cat. no. 3579), Nanog (cat. no. 4903), B-catenin (cat.
no. 8480), transcription factor 4 (TCF4) (cat. no. 2569),
c-Myc (cat. no. 18583) and survivin (cat. no. 2808)],
Elabscience® [Akt (cat. no. E-AB-30471), phospho-Akt-473
(cat. no. E-AB-21135), glycogen synthase kinase (GSK)-3f
(cat. no. E-AB-20885) ], American Research Products, Inc.
[CDK2 (cat. no. A2439), cyclin DI (cat. no. 10-M1033) and
p21Cipl/WAFI (cat. no. 24-1026-MSM3)] and ProteinTech
Group, Inc. [(p27Kipl (cat. no. 25614-1-AP), cyclin A2 (cat.
no. 27242-1-AP), GAPDH (cat. no. 60004-1-Ig) and B-actin
(cat. no. 20536-1-AP)].

Cells and cell culture. The HCT116 human colorectal cancer
cell line was purchased from the Shanghai Type Culture
Collection of the Chinese Academy of Sciences. HCT116
cells were cultured in McCoy's 5SA medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin G and
100 pg/ml streptomycin. The cells were cultured in a humidi-
fied 5% CO, atmosphere at 37°C. The human fetal colon (FHC)
cells (a gift from Dr Hu of Shanghai Funeng Biotechnology
Co., Ltd.) were cultured in a 1:1 mixture of Ham's F12
and DMEM (Corning, Inc.) containing HEPES (25 mM),
cholera toxin (10 ng/ml; Sigma-Aldrich; Merck KGaA),
insulin (5 lg/ml), transferrin (5 lg/ml) and hydrocortisone

(100 ng/ml; Sigma-Aldrich; Merck KGaA), supplemented
with 10% fetal bovine serum (FBS) (Invitrogen; Thermo
Fisher Scientific, Inc.).

Spheroid formation. Spheroid formation was enriched using a
serum-free and non-adhesive floating culture system. Prior to
spheroid formation, viable cells were counted by trypan blue
staining and seeded in 24-well ultra-low attachment plates
(Corning Inc.) at a density of 2,000 cells per well in 500 ul
1X serum-free medium (SFM) (DMEM/F12 medium supple-
mented with 20 ng/ml EGF, 20 ng/ml bFGF, 4 yg/ml Heparin
Na salt and 1X B27 supplement) for 8 days; subsequently, 50 ul
of 10X SFM medium per well was added on days 3, 5 and 7.
Tumor spheroids were dissociated, digested and harvested on
day 8, and the viable cells were stained with 0.4% trypan blue
staining solution for 5 min at room temperature. Single-sphere
cell suspensions were cultured in McCoy's 5A medium, then
treated with the morusin (0, 9.1, 18.2 and 36.4 uM). Spheroids
were observed under an inverted fluorescent microscope
(Olympus Corporation).

Cell proliferation assay/Cell Counting Kit (CCK)-8 assay. The
proliferation of the HCT116 cells and FHC cells was measured
using a CCK-8 assay (Dojindo Molecular Technologies, Inc.).
There were 3 general groups: The blank group (McCoy's 5A
medium without cells or drugs), the control group (cells
were cultured in McCoy's 5SA medium without the drug)
and the experimental groups (cells were exposed to 2.5, 5,
10, 15, 20, 25, or 50 #M morusin for 72 h, or to 9.1, 18.2 or
36.4 uM morusin for 24, 48 or 72 h). Following treatment, the
culture medium was discarded and 100 pl of fresh medium
including 10 pl of CCK-8 was added to each well. Following
4 h of incubation in a humidified 5% CO, atmosphere at 37°C,
the absorbance was measured at 450 nm using a Multiskan
Spectrum Microplate Reader (Bio-Rad Laboratories, Inc.).
The experiments were performed in triplicate. The percentage
inhibitory rate (IR%) of the treated cells was calculated using
the following formula: IR%=1-[(EXP group OD450 nm-blank
group OD450 nm)/(CTRL group OD450 nm-Blank group
0OD450 nm)] x100%.

5-Ethynyl-2'-deoxyuridine (EdU) assay. Cells were seeded in
Millicell EZ 8-well glass slides (EMD Millipore) at a density
of 1x10* cells/well, and the cells were exposed to 9.1, 18.2 or
36.4 uM Morusin for 24 h. Following treatment, the culture
medium was discarded, and an EdU incorporation assay was
performed using a Cell-Light™ EdU Apollo® 567 In Vitro
Imaging kit (Ribobio Co.) according to the manufacturer's
instructions. The stained cells were observed under a fluo-
rescence microscope (Olympus Corporation), images were
captured and analyzed using ImagelJ software (https://image;j.
nih.gov/ij/download.html).

Immunofluorescence assay. Cells were seeded in Millicell
EZ 8-well glass slides (EMD Millipore) at a density of
1x10* cells/well, washed with phosphate-buffered saline
(PBS), fixed and permeated using a BD Cytofix/Cytoperm™
kit (BD Biosciences). The cells were then incubated with Oct4,
Sox2 and Nanog antibodies at a dilution of 1:50 in 1% bovine
serum albumin (BSA)-PBS at 4°C overnight followed by
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Table I. Primer sequences used for RT-PCR.

Gene Primer sequences (5'-3") Product length (bp)
Oct4 F: GGG TGG AGA GCAACT CCG A 150
R: GCT TGG CAAATT GCT CGA G
Sox2 F: GTT CTA GTG GTA CGG TAG GAG CTT TG 150
R: TTT GAT TGC CAT GTT TAT CTC GAT
Nanog F: CCA GCT GTG TGT ACT CAATGAATTT 150
R: TTC TGC CAC CTC TTAGAT TTC ATT C
18s rRNA F: TCG GAG GTT CGA AGA CGATC 150

R: CAG CTT TGC AAC CAT ACT CCC

F, forward; R, reverse; Oct4, octamer-binding transcription factor 4.

incubation with the secondary antibody [goat anti-mouse IgG
H&L (Alexa Fluor® 647) (Abcam, 1:200, cat. no. ab150115)
and donkey anti-goat IgG H&L (Cy5®) (Abcam, 1:400, cat.
no. ab97117)] in 1% BSA-PBS at room temperature in the
dark for 1 h. The cells were then washed with PBS and stained
with 10 pg/ml Hoechst 33342 (Abcam, cat. no. ab228551) at
room temperature in the dark for 5 min. The stained cells were
observed under a fluorescence microscope, and images were
captured and analyzed using Image]J software.

Detection of cell cycle distribution by flow cytometry.
Following treatment with 9.1, 18.2 or 36.4 xM morusin for
24 h, the cells were harvested, washed with 4°C PBS and stored
in cold 70% ethanol at -20°C overnight. The cells were centri-
fuged (200 x g) for 4 min at room temperature, then stained
with propidium iodide (PI) treated with RNase A (100 U/ml)
and detected by flow cytometry (FACScan; BD Biosciences)
for cell cycle analysis.

Detection of apoptotic cells by flow cytometry. Cell apoptosis
was detected using an Annexin V-Fluorescein Isothiocyanate
(FITC) Apoptosis Detection kit I (BD Biosciences) according
to the following protocol: The cells were seeded in 6-well
plates at a density of 2x10° cells/well and exposed to0 9.1, 18.2 or
36.4 uM morusin for 24 h. The cells were digested, incubated
with FITC-Annexin buffer at room temperature for 10 min,
stained with PI and detected by flow cytometry (FACScan;
BD Biosciences).

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from the cells using the RNeasy
Micro kit (Qiagen GmbH). Total RNA (0.5 ug) was used as
a template to prepare cDNA (Reverse Transcription System,
Promega Corporation; cat. no. A3500) according to the manu-
facturers' instructions. The amplification conditions were as
follows: Stage 1 (holding 95°C for 10 min); stage 2 (40 cycles
of denaturing at 95°C for 15 sec, annealing at 60°C for 45 sec
and extending at 72°C for 30 sec); stage 3 (extension at 72°C
for 7 min). The primer sequences are listed in Table 1. The
housekeeping gene GAPDH was used as an internal reference
to normalize the results. All experiments were performed in
triplicate. Finally, the 2" method was performed to calcu-
late the relative expression (18).

Semi-quantitative RT-PCR. Similarly, total RNA was
extracted from the cells and the cDNAs were prepared as
described above for RT-PCR. Subsequently, 1% of the cDNA
samples were used for GAPDH, Oct4, Sox2, Nanog PCR.
Sense primers were **P-radiolabeled with T4 polynucleotide
kinase. The PCR reactions were performed with the following
profile: 30 sec denaturation at 94°C, 15 sec annealing, 25 s
extension at 72°C. An initial denaturation step at 94°C for
2.5 min and a final extension step at 72°C for 7 min were also
performed. The PCR products were analyzed by 2% agarose
gel electrophoresis and stained with ethidium bromide.

Western blot analysis. HCT116 sphere cells were seeded
in 10-mm dishes at a density of 2x10° cells per dish and
were exposed to 9.1, 18.2, or 36.4 M morusin for 24 h.
Following treatment, the cells were washed with cold PBS
at 4°C, lysed in RIPA lysis buffer including PhosSTOP
(Roche Diagnostics) and 1 pM PMSF at 4°C for 30 min. Cell
lysates were homogenized and centrifuged of 14,000 x g
at 4°C for 10 min. The protein concentration was detected
by Enhanced BCA Protein Assay kit (Beyotime Institute
of Biotechnology). Equal amounts of total protein (40 ug)
were boiled, loaded onto an 8% SDS-PAGE gel and electro-
transferred to polyvinylidene fluoride (PVDF) membranes
(EMD Millipore). After blocking with 5% non-fat milk in
Tris-buffered saline (TBST) for 2 h at room temperature,
the membranes were incubated with the primary antibodies
at 4°C overnight and incubated with 1:4,000 dilutions of
secondary antibodies labeled with horseradish peroxidase
[rabbit anti-mouse IgG H&L (HRP), Abcam, cat. no. ab6728)]
at room temperature for 1 h. After being washed with TBST
3 times, the target proteins were detected using an Enhanced
Chemi Luminescence (ECL) kit (Thermo Fisher Scientific,
Inc.). Finally, images were captured by ChemiDoc™ XRS+
(Bio-Rad Laboratories, Inc.).

Statistical analysis. All data were analyzed using the Statistical
Package Social Science (SPSS) 19.0 software and are expressed
as the means + SD. Statistical analysis was performed among
multiple groups by one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test. Values of P<0.05 and P<0.01
were considered to indicate statistically significant and highly
statistically significant differences, respectively.
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Figure 1. Enrichment and biological characterization of CCSCs. (A) Spheroid-formation state of HCT116 cells over a period of 1-7 days. (B) Cell growth inhibi-
tion assay revealed that HCT116 sphere cells had an increased proliferative capacity at 24,48 and 72 h. (C) The expression of Oct4, Nanog, and Sox2 in HCT116
parental and sphere cells was assayed by immunofluorescent staining assay (magnification, x200). (D) Fluorescence intensity of Oct4, Nanog and Sox2
expression in HCT116 parental and sphere cells. All the data are expressed as the means + SD of data obtained in 3 parallel experiments; ““P<0.01 vs. HCT116

parental cells. CCSCs, colorectal cancer stem cells.

Results

Enrichment and biological characterization of CCSCs.
Spheroid formation was induced in a serum-free and
non-adhesive floating culture system (SFM) enriched with
CCSCs (19), as it has been demonstrated that sphere cells are
enriched with CSCs (20,21). Visible tumor spheroids were
observed under an optical microscope on day 3 and were then
gradually grown for the following 5 days (Fig. 1A). Following
spheroid formation, the number of viable cells in each well
increased from 2,000 to 65,500+18,358. To evaluate the prolif-
erative capacity of the HCT116 sphere cells, HCT116 parental
and sphere cells were seeded in 96-well plates at a density of
5,000 cells per well in McCoy's 5A medium, and CCK-8 assay
was performed at 24, 48 and 72 h. The sphere cells exhibited
an increased proliferative capacity compared with the parental
cells (P<0.01; Fig. 1B). Subsequently, the expression levels of
stemness markers (Oct4, Sox2 and Nanog) was detected by
immunofluorescence staining. It was observed that Nanog
mRNA and protein expression was detectable in the HCT116
parental cells, whereas Oct4 and Sox2 expression was unde-
tectable. By contrast, the Oct4, Sox2 and Nanog expression
levels were significantly increased in the HCT116 sphere cells,
with a particular increase noted in Nanog mRNA and protein
expression (Fig. 1C). As shown in Fig. 1D, the fluorescence
intensity of Oct4, Sox2 and Nanog expression was significantly
upregulated in the HCT116 sphere cells (each P<0.01). Taken
together, the results indicated that there was an upregulation in
the expression of stemness-related transcription factors (Oct4,
Sox2 and Nanog) in HCT116 sphere cells.

Inhibitory effects of morusin on the growth of HCTI116 sphere
cells (results of CCK-8 and EdU assays). The proliferation
of HCT116 sphere cells was assessed by CCK-8 assay. The
HCT116 sphere cells were treated with various concentrations
of morusin (2.5,5.0, 10.0, 15.0,20.0,25.0 and 50.0 uM) for 72 h.
When the concentration was =5.0 puM, morusin significantly
inhibited the proliferation of HCT116 sphere cells in a concen-
tration-dependent manner (P<0.01); an approximately 50%
growth inhibition at 72 h was achieved at the concentration
of 18.2 uM (IC,,) (Fig. 2A). Subsequently, the HCT116 sphere
cells were treated with 9.1, 18.2, or 36.4 yuM morusin for 24, 48
and 72 h. Morusin significantly decreased cell viability at each
time point (P<0.01; Fig. 2B and C). These results indicated that
treatment with morusin led to a significant inhibition of cell
growth in a concentration- and time-dependent manner.

To further evaluate the proliferative activity of HCT116
sphere cells following treatment with morusin, an EdU incorpo-
ration assay was also performed (Fig. 2D). Following treatment
with 9.1, 18.2, or 36.4 uM morusin for 24 h, cell viability was
decreased from 70.65+5.33 to 29.54+3.33, 13.23+1.19 and
4.12+1.13%, respectively. There was a significant decrease in
EdU incorporation when the cells were incubated with morusin
(P<0.01; Fig. 2E), suggesting that morusin significantly inhib-
ited the proliferative activity of the HCT116 sphere cells. In
addition, the proliferation of normal FHC cells treated with
morusin (9.1, 18.2 and 36.4 yM) demonstrated that morusin
did not affect normal colonic mucosa cell viability (Fig. 2F).

Morusin inhibits the initiation of colorectal cancer spheroid
formation. To determine whether morusin inhibits the
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Figure 2. Inhibitory effects of morusin on the growth of HCT116 sphere cells. (A) Results of cell viability and cell growth inhibition assay in HCT116 sphere
cells following treatment with increasing concentrations of morusin for 72 h. (B and C) Results of (B) OD450 nm and (C) cell growth inhibition assay in HCT116
sphere cells following treatment with morusin (9.1, 18.2 and 36.4 uM) for 24, 48 and 72 h. (D) Following treatment with morusin (4.6, 9.1, 18.2 and 36.4 uM) for
24 h, the proliferative ability of HCT116 sphere cells was measured by EdU incorporation assay (magnification, x200). (E) The number of positive cells in the EdU
incorporation assay was counted. The EdU-positive rate is shown. (F) The proliferation of normal fetal colonic mucosa cells (FHC cells) treated with morusin
(9.1, 18.2 and 36.4 uM) for 24, 48 and 72 h. All data are expressed as the means = SD of the data obtained in 3 parallel experiments; “P<0.01 vs. control.

initiation of cancer spheroids formation, HCT116 cells were
pre-treated with 9.1, 18.2, or 36.4 yuM morusin for 24 h. The
culture medium was then removed and the cells were washed
with PBS and collected; viable cells were seeded at a density of
2,000 viable cells per well. Following culture in CSC medium
for 7 days, images of each cell group were obtained and the
viable cells were counted by trypan blue staining. As shown
in Fig. 3A, the HCT116 parental cells that were pre-treated
with 9.1 uM morusin could only rarely form spheroids; in the
higher concentration groups (18.2 and 36.4 yM), the HCT116
parental cells lost the ability to initiate tumor spheroid forma-
tion entirely. Compared with the control group, the number of
viable cells in the experimental groups (morusin at 9.1, 18.2
and 36.4 uM) was significantly decreased (P<0.01; Fig. 3B).
These results indicated that the spheroid-forming capacity of
the HCT116 cells was suppressed by morusin.

Effect of Morusin on the cell cycle and apoptosis of HCTI116
cells. After being incubated with morusin for 24 h, the cell
cycle status and apoptosis were detected by flow cytometry.
Compared with the control group, morusin (9.1, 18.2 and
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Figure 3. Morusin inhibits the initiation of cancer spheroid-formation.
(A) Following pre-treatment with morusin (4.6, 9.1, 18.2 and 36.4 uM) for
24 h, the surviving viable cells were cultured in SFM at a density of 2,000
cells per well for 7 days; the spheroid-formation state is shown at day 8.
(B) The number of viable cells was counted after harvesting the spheroids;
data are expressed as the means + SD of the data obtained in 3 parallel
experiments; “"P<0.01 vs. control (no treatment).
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Figure 4. (A and B) Cell cycle status of HCT116 sphere cells treated with morusin (9.1, 18.2 and 36.4 uM) for 24 h. (C and D) Apoptosis of HCT116 sphere
cells treated with morusin (9.1, 18.2 and 36.4 uM) for 24 h. All data are expressed as the means = SD of the data obtained in 3 parallel experiments; "P<0.05,

“P<0.01 vs. control.

36.4 uM) significantly increased the percentage of cells in the
S phase (P<0.01) and decreased the percentage of cells in the
GO/G1 phase (P<0.01); the higher concentrations of morusin
(18.2 and 36.4 uM) decreased the percentage of cells in the
G2/M phase (P<0.05; Fig. 4A and B). These results indicated
that morusin induced cell cycle arrest at the S phase in the
HCT116 sphere cells. The percentages of apoptotic cells in
each group are shown in Fig. 4C and D. It was found that
morusin induced the apoptosis of HCT116 sphere cells in a dose
depended manner. The apoptotic rate of the HCT116 sphere
cells increased with the increased concentration of morusin.

Effect of Morusin on the expression of stemness markers. The
expression levels of stemness markers (Oct4, Sox2 and Nanog)
were detected by RT-PCR and western blot assay. There was
a decreasing trend in Nanog mRNA expression following
morusin treatment. In addition, the results of western blot
analysis further confirmed that morusin inhibited the protein
expression of Nanog in a concentration-dependent manner.
Furthermore, the Oct4 protein expression level was decreased
in the group treated with the higher concentration of morusin
(36.4 uM); however, the Sox2 protein expression level was too
low to be detectable (Fig. 5).

Morusin suppresses the activity of the Akt/f3-catenin pathway.
Subsequently, the mechanisms involved in the morusin-induced

A Morusin (M)
0 0 18.2
Octd 150 bp
Sox2 150 bp
Nanog 150 bp
18s rRNA 150 bp
Parental Sphere Sphere
HCT116 cells
B Morusin (uM)
0 9.1 18.2 36.4
Oct4 45 kDa
Nanog - -- = 42 kDa

HCT116 sphere cells

Figure 5. Effect of Morusin on the expression of stemness markers. (A) RT-PCR
assays were performed for Oct4, Sox2 and Nanog mRNA expression in
HCT116 parental cells, HCT116 sphere cells and morusin (18.2 yM)-treated
HCT116 sphere cells. (B) Following treatment with morusin (9.1, 18.2 and
36.4 uM) for 24 h, western blot analysis was performed for Oct4 and Nanog
protein expression in HCT116 sphere cells.
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Figure 6. Effect of morusin on the expression of Akt and its target proteins in HCT116 sphere cells. (A) Following treatment with morusin (9.1, 18.2 and
36.4 uM) for 24 h, western blot analysis for Akt activity was performed. (B) Morusin-induced inactivation of $-catenin signaling and its downstream proteins.
(C) Effect of morusin on the expression of p21Cipl/WAF1, p27Kipl, and other cell cycle-related proteins.

growth inhibition of HCT116 sphere cells were investigated.
Following incubation with 9.1, 18.2 and 36.4 xM morusin
for 24 h, the activity of Akt/protein kinase B and [3-catenin
signaling was detected by western blot analysis. The expres-
sion levels of total Akt and phosphorylated Akt at Ser473 are
required for Akt activation (22). In the present study, morusin
inhibited the expression of total Akt at the higher concentra-
tion (36.4 yuM) and suppressed the phosphorylation of Akt
in a concentration-dependent manner (Fig. 6A). As shown
in Fig. 6B, the morusin-induced inactivation of Akt increased
the expression of Gsk-3f, which is a common target of the Akt
and Wnt/p-catenin pathway (23). Activated Gsk-3 decreased
the expression of (3-catenin, followed by a reduction in TCF4
expression. Furthermore, morusin suppressed downstream
targets of the Wnt/B-catenin pathway (c-Myc and survivin)
in a concentration-dependent manner, which decreased
the expression of cyclin DI at the higher concentration of
morusin (36.4 uM).

Morusin modulates the expression of cell cycle-related
proteins via the activation of p21Cipl/WAFI and p27Kipl.
Inactivated Akt can also increase the expression of
p21Cipl/WAF1 and p27Kipl (24). Morusin upregulated the
expression of p21Cipl/WAF1 and p27Kipl via the inactiva-
tion of Akt and then suppressed a number of cell cycle-related
proteins, including cyclin A and CDK2 (Fig. 6C), that
participate in the progression through the S and G2 phases
cooperatively (25). The reduced cyclin A-CDK?2 complex
expression induced cell cycle arrest at the S phase, which
was consistent with the results of the cell cycle distribution
assay (Fig. 4).

Discussion

Colorectal cancer causes approximately 694,000 deaths per
year worldwide (1). Despite recent advancements being made
in therapies, the response rate to current systemic therapies is
~50%, resistance develops in nearly all patients (26). Although
the mechanisms invovled remain unclear, chemoresistant
colorectal CSCs are an important cause. Conventional anti-
tumor therapies that can eliminate the bulk of tumor cells,
cannot target CSCs that may lead to a reduction of the tumor
mass, but not the regression of the tumor (27). Natural products
are proposed as candidates for targeting CSCs (28,29). The
present study demonstrated that morusin exerts antitumor
effects on CCSCs.

In the present study, spheroid formation was induced in a
serum-free and non-adhesive floating culture system (SFM)
enriched with CCSCs (19), as it has been demonstrated that
sphere cells are enriched in CCSCs (20,21). Compared with
parental HCT116 cells, sphere cells exhibited an increased
proliferative capacity and a higher expression of pluripo-
tent transcriptional factors (Oct4, Sox2 and Nanog), core
components of the pluripotency regulation network that also
maintain the stem-like properties of CSCs (20,30,31) and are
considered to be colorectal CSCs markers (32). It was observed
that morusin not only inhibited the growth of colorectal sphere
cells, but also suppressed the initiation of colorectal cancer
spheroid formation. Similarly, morusin decreased the expres-
sion of the stemness markers, Oct4 and Nanog. Subsequently,
further experiments were performed to examine the mecha-
nisms responsible for the effects of morusin on HCT116 sphere
cells.
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The potential molecular mechanisms of the effects
of morusin on CCSCs were demonstrated in the present
study. First, activated Akt downregulates the activity
of GSK-3p (33), which is also a signaling target of the
canonical Wnt/B-catenin pathway. It is recognized that the
Wnt/f-catenin pathway carries activating mutations in virtu-
ally all colon cancers (34) and plays an important role in
CCSCs (2). The constitutive activation of the Wnt/B-catenin
pathway triggers the tumor-initiating potential (35,36) and
maintains the growth of CSCs (tumorspheres in vitro) (20).
The Akt-mediated inactivation of GSK-3f results in the
stabilization and accumulation of $-catenin in the cytoplasm,
followed by the nuclear translocation of f-catenin, which
leads to the activation of the canonical Wnt pathway. In the
cell nucleus, B-catenin binds to members of the T-cell factor
(TCF)/lymphoid enhancer factor (LEF) family to modulate
the expression of target genes. In addition, Nanog and Oct4
are also downstream targets of B-catenin pathway (37,38),
which may partly explain why Wnt/pB-catenin signaling plays
arole in sustaining stemness.

In the present study, the expression levels of total Akt
and phosphorylated Akt at Ser473, which is required for
Akt activation (22), were assayed by western blot analysis.
The morusin-induced inactivation of Akt significantly
increased the expression of GSK and decreased the activity
of B-catenin. In turn, the expression of TCF4 expression,
which is a critical factor in response to -catenin (39), was
decreased, and the -catenin/TCF4 complex is an important
effector of Wnt/B-catenin signaling. Morusin reduced the
expression of the downstream proteins, c-Myc [a known
promoter of cell proliferation and growth (40), survivin [a
member of the inhibitor of apoptosis protein (IAP) family
that inhibits caspases and blocks cell death (41), and
cyclin D1 (which facilitates cell-cycle progression through
the G1 phase (42). In particular, Nanog and Oct4 are
directly regulated by the -catenin/TCF complex (37,38).
Nanog not only is a CSC marker, but also promotes cell
proliferation (43,44); the results indicated that morusin
downregulated Oct4 and Nanog expression via the suppres-
sion of the B-catenin/TCF4 complex. Taken together, the
results demonstrated that Morusin inhibited the growth
of HCT116 sphere cells and decreased stemness marker
expression via the Akt/GSK/B-catenin pathway.

According to the second pathway shown in Fig. 7, acti-
vated Akt directly or indirectly decreased the expression of
p21Cipl/WAF1 and p27Kipl (45,46), which belong to the
CDK interacting protein/kinase inhibitory protein (CIP/KIP)
family, a CDK inhibitor that can halt the cell cycle by inter-
acting with a variety of cyclin-CDK complexes (47). The
morusin-induced inactivation of Akt attenuated its suppres-
sion of the growth inhibitory activity of p21 and p27, which
led to a reduction in cyclin A-CDK2 complex formation,
which is required for cell cycle progression through the
S and G2 phases (25). Furthermore, the morusin-induced
reduction in TCF4 expression can also contribute to the
increase in p27 expression cooperatively (48). As a result of
the inactivity of cyclin A-CDK2, morusin induced cell cycle
arrest at the S phase (Fig. 4), and the EdU incorporation assay
further demonstrated that the proliferative ability was inhib-
ited (Fig. 2C and D). According to the above, morusin blocked
cell cycle progression in CCSCs via the Akt/p21Cipl/WAF1
p27Kipl pathway to inhibit cell proliferation.

It has been reported that morusin induced cancer cell apop-
tosis (10,14). The results of the present study were consistent with
those of these other studies. It was found that morusin promoted
the apoptosis of HCT116 sphere cells in a concentration-depen-
dent manner. In addition, it was found that morusin was able to
increase the expression of p21Cipl/WAF1 and p27Kipl, resulting
in inducing cell cycle arrest. Although the mechanism involved
is unclear, it was hypothesized that it was associated with the
upregulation of p21Cipl/WAF1 expression (49).

In conclusion, the present study demonstrated that Morusin
inhibited the growth of colorectal cancer sphere cells, which
were enriched with CCSCs. Morusin induced the inactivation
of Akt followed by the suppression of f-catenin signaling,
which resulted in a reduction in stemness marker expression
and cell growth inhibition. Morusin also increased the expres-
sion of p21Cipl/WAF1 and p27Kipl and induced cell cycle
arrest. Morusin may thus be considered a novel antitumor
agent targeting CSCs.
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