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Solasodine inhibits human colorectal cancer cells
through suppression of the AKT/glycogen synthase
kinase-3p/p-catenin pathway
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Solasodine is a main active component isolated from Solanum incanum L. that
performs a wide range of functions containing anti-oxidant, anti-infection, and
neurogenesis promotion. In this study, we explored the influence of solasodine
on three types of human colorectal cancer (CRC) cell lines. The results show that
solasodine prohibited CRC cell proliferation dose- and time-dependently and
impeded CRC cell motility by downregulating MMPs. Solasodine was also found
to fuel caspase-cascade reaction and increase the ratio between Bax and Bcl-2 so
as to induce CRC cell apoptosis. When cells were pretreated with AKT activator
(insulin-like growth factor-1) followed by solasodine, the solasodine-induced
apoptosis was partially abrogated by insulin-like growth factor-1. Moreover, sola-
sodine hindered tumor development and stimulated similar mechanisms in vivo.
In general, our study provides the first evidence that solasodine has a suppres-
sive effect on CRC cells and that this agent may be a novel therapeutic drug for
CRC treatment.

olorectal cancer is the third most commonly diagnosed

malignancy, causing 694 000 deaths per year, globally.(])
Despite the increase in 5-year survival rates from 51% to 65%
in CRC patients, benefitting from early diagnostic approaches
and progressive therapeutics, half will eventually develop inop-
erable metastatic colorectal cancer, which is always fatal. >
Therefore, developing new antitumor therapies against CRC is
necessary for preventing metastasis and increasing the number
of long-term survivors.

Carcinogenesis of CRC is accompanied by a series of
genetic variations, and several signaling pathways have been
singled out as key factors. The activation of the Wnt/B-catenin
and PI3K/AKT/GSK-3p signaling pathways is the crucial
event in CRC.“” Accumulated cytoplasmic B-catenin
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transfers into the nucleus and binds to nuclear partners to cre-
ate a transcriptional activation of downstream genes. Of note,
phosphorylation of GSK-38 at Ser9 by phosphorylated AKT
has been verified to induce GSK-3f inactivation and inhibit
the degradation of B-catenin.®'? Allowing for these essential
molecules, AKT/GSK-3p/B-catenin signaling could be a
promising target for CRC treatment.

Natural products have been considered prominent sources
for anticancer drug discovery with mild side-effects.!!'?
Solasodine, the aglycone of solamargine or solasonine after
hydrolysis, displays a variety of pharmacological activities
including anti-oxidant, neurogenesis promotion, and inhibition

. . (13-15) . . . .
of fungal infection. As a primary active ingredient of the
traditional herb Solanum incanum L., recent studies have
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reported that solasodine has powerful anticancer properties by
inducing apoptosis and cell cycle arrest in a wide variety of
tumor cells including breast cancer, oral epidermoid carci-
noma, chronic myelogenous leukemia, prostate cancer, and
basal cell carcinoma, as well as stimulating persistent immu-
nity against cancer such as sarcoma 180.'°'® However, the
effects and mechanisms of solasodine on human CRC cell
lines have never been clarified. Our research indicated that
solasodine suppresses the proliferation and motility of three
types of CRC cells efficiently through inhibition of the AKT/
GSK-3p/B-catenin signaling pathway. These findings were fur-
ther investigated in vivo, suggesting that solasodine is a poten-
tial therapeutic agent for CRC treatment.

Materials and Methods

Reagents and antibodies. Solasodine was purchased from
Sigma-Aldrich (St. Louis, MO, USA) (Fig. 1a), dissolved in
100% DMSO, and stored at —20°C. Both MTT and mono-
clonal mouse PB-actin antibody were also obtained from Sigma-
Aldrich. Rabbit anti-human antibodies against MMP-9,

Solosodine (umol/L)

40 80

Solosodine (umol/L)

MMP-2, E-cadherin, apoptosis kits, AKT, p-AKT, GSK-38,
p-GSK-3p, B-catenin, p-P-catenin, and secondary antibodies
were obtained from Cell Signaling Technology (Beverly, MA,
USA). Matrix metalloproteinase-14 was from Abcam (Cam-
bridge, MA, USA). The apoptosis detection kit was from BD
Biosciences (San Diego, CA, USA). TRIzol reagent and Power
SYBR Green PCR Master Mix were from Life Technologies
(Grand Island, NY, USA). The PrimeScript RT reagent kit
with gDNA Eraser was from TaKaRa (Dalian, China).

Cell culture and treatment. The human CRC cell lines
HCT116, HT-29, and SW480 were purchased from the Type
Culture Collection, Chinese Academy of Sciences (Shanghai,
China). All cells were cultivated in RPMI-1640 medium with
10% FBS (both from Gibco-BRL, Gaithersburg, MD, USA) in
a humidified incubator at 37°C containing 5% COs,.

Cell proliferation assay. Human CRC cell lines (cell density,
7 x 10° cells per well for all) were seeded into 96-well plates
followed by treatment with various concentrations of sola-
sodine (0, 20, 40, and 80 umol/L) for 24, 48, or 72 h. Then
20 p. MTT solution (5 mg/mL) was added to incubate the
cells at 37°C for 4 h, followed by 150 pL. DMSO per well.

Table 1. Primers for RT-quantitative PCR

Target Forward Reverse Size (bp)
Bax 5-TTTGCTTCAGGGTTTCATCC-3' 5'-GCCACTCGGAAAAAGACCTC-3' 213
Bak 5'-ACGCTATGACTCAGAGTTCC-3' 5'-CTTCGTACCACAAACTGGCC-3' 360
Bcl-2 5-TCGCCCTGTGGATGACTGAG-3’ 5'-CAGAGTCTTCAGAGACAGCCAGGA-3' 143
Bcl-xI 5'-ATGAACTCTTCCGGGATGG-3’ 5-TGGATCCAAGGCTCTAGGTG-3' 166
Survivin 5-TTCTCAAGGACCACCGCATC-3' 5-GCCAAGTCTGGCTCGTTCTC-3’ 127
MMP-2 CTCCCGGAAAAGATTGATG GGTGCTGGCTGAGTAGAT 96
MMP-9 5-TCTATGGTCCTCGCCCTGAA-3’ 5'-CATCGTCCACCGGACTCAAA-3 219
MMP-14 5'-ATCTGCCTCTGCCTCACCTA-3' 5'-AAGCCCCATCCAAGGCTAAC-3' 126
AKT 5-GGATTTGATGAGGAGTTCACG-3' 5-GAGTAGGAGAACTGGGGAAGT-3’ 117
GSK-3p 5'-GACTAAGGTCTTCCGACCCC-3' 5-AAGAGTGCAGGTGTGTCTCG-3' 177
B-Catenin 5'-CAACTAAACAGGAAGGGATGGA -3’ 5'-CTATACCACCCACTTGGCAGAC -3’ 159
B-Actin 5'-GGCCAACCGCGAGAAGAT -3 5'-CGTCACCGGAGTCCATCA -3 134
Cancer Sci | November 2017 | vol. 108 | no. 11 | 2249 © 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Fig. 2.

Solasodine shows cytotoxicity against colorectal cancer cells and synergistic effects with established chemotherapeutic agents. (a,b)

Three types of cells were treated with solasodine, 5-fluorouracil (5-Fu), oxaliplatin, and folinic acid alone or in combination for 48 h. Cell viability
was tested by MTT assay. Values are shown as mean + SD of three independent assays. *P < 0.05, **P < 0.01 versus control group.

The absorbance was detected at an OD of 490 nm using a
microplate reader (Bio-Tek, Winooski, VT, USA). Cell growth
inhibitive rates were calculated using the following formula:
1 _ODexperimem/ ODconlrol-

Cell cycle assay. Cells were seeded into a 100-mm Petri dish
for incubation overnight and then synchronized by serum-free
media. Cells were treated with different doses of solasodine
for 48 h and then harvested and fixed with 70% cold ethanol
at 4°C overnight. Fixed cells were then resuspended in
100 pg/mL RNase and incubated with 50 pg/mL PI at 37°C
for 30 min in the dark for FCM analysis.

Apoptosis assay. The annexin V/PI method was used to mon-
itor the cell apoptotic rate. Cells were seeded in 6-well plates
for exposure to solasodine (0, 40, or 80 pmol/L) for 48 h, then

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

collected after trypsinization and washed twice with cold PBS.
Cells were resuspended in 500 pL binding buffer and finally
stained with 5 pL. annexin V-FITC and 5 pL. PI at room tem-
perature for 15 min in the dark. The apoptotic rate analysis
was carried out by FCM.

Hoechst 33258 staining. Three types of cells were treated
with different concentrations of solasodine for 48 h, then fixed
with 4% paraformaldehyde and washed once with PBS. Subse-
quently, cells were stained with 50 ngZmL Hoechst 33342 for
30 min. Nuclear apoptotic changes were observed using an
Axioplan2 fluorescence microscope (Zeiss, Jena, Germany).

Transwell assay. Cell invasion ability was examined by Tran-
swell membrane filter inserts (8-um pore size; Costar, Corning,
NY, USA) in 24-well dishes. Cells (1 x 104) suspended in

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2250
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Solasodine induces G,/M-phase cell cycle arrest in colorectal cancer cells. Cells were incubated with RNase, treated with solasodine for

48 h, stained with propidium iodide, and then analyzed by flow cytometry. Data are expressed as the mean & SD of three experiments.

*P < 0.05, **P < 0.01 versus control.

200 pL serum-free medium with solasodine were seeded into
the upper chambers; 500 pL. complete medium was added to
the lower chamber. Invaded cells were fixed in 4%
paraformaldehyde and stained with 0.05% crystal violet for
observation under an inverted microscope (Bio-Tek).

Scratch wound assay. All cells were seeded into 6-well plates
as confluent monolayers and then scratched by a pipette tip.
The cells were then washed twice with PBS to remove
detached cells and underwent incubation with various doses of
solasodine for 48 h. Wound images were acquired by use of
an inverted microscope.

Immunofluorescence staining. After being treated with sola-
sodine, cells were permeated in 0.5% Triton X-100 for
20 min, blocked in 5% BSA for 30 min, and then anchored in
4% paraformaldehyde for 15 min. Cells were incubated with
antibody against B-catenin (1:100 dilution) overnight at 4°C.
Cells were then incubated for 1 h with Cy3-labeled anti-rabbit
IgG (1:200 dilution; Boster, Wuhan, China) secondary anti-
body. Laser scanning confocal microscope (LSM710; Zeiss)
was used for image capture.

p-Catenin siRNA transient transfection. Colorectal cancer cells
were transiently transfected with B-catenin siRNA (sense, 5'-GU
UAUGGUCCAUCAGCUUU-3’; antisense, 5'-AAAGCUGAU

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2251

GGACCAUAAC-3") with Lipofectamine RNAIMAX Transfec-
tion Reagent and used in experiments 48 h later. The knock-
down efficiency was confirmed by RT-PCR.

Animals and in vivo tumor xenograft assay. BALB/c/nu/nu
nude mice (6-8 weeks old, 18-22 g body weight) were from
Beijing Vital River Laboratory Animal Technology (Beijing,
China). HCT116 cells (I x 10° were suspended in 100 pL
PBS and injected s.c. into the right flank of all mice. Mice
were randomly assigned to four groups (PBS, 30 or 50 mg/kg
solasodine, or 20 mg/kg 5-Fu) with six animals in each group.
When the tumors reached a volume of approximately
150 mm®, each group received i.p. injections of PBS, sola-
sodine, or 5-Fu once every day for 5 weeks. The mean tumor
volumes were measured weekly using the formula: vol-
ume = (length x widthz)/2. All mice were killed and tumors
were excised and weighed on the last day. Tumors were stored
at —80°C for RNA or protein isolation. All animal studies
complied with the NIH guide for the care and use of labora-
tory animals and approved by the Animal Ethics and Research
Committee of Nanjing University of Chinese Medicine (Nan-
jing, China).

Total RNA extraction and RT-gPCR. Total RNA was extracted
from human CRC cells and tumor tissues with TRIzol reagent.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 4. Solasodine induces apoptosis in colorectal cancer cells. (a) Three types of colorectal cancer cells were treated with solasodine and then
analyzed by annexin V/propidium iodide (AV/PI) staining. Lower left (LL) quadrants, living cells (AV negative/Pl negative). Lower right (LR) quad-
rants, early apoptotic cells (AV positive/Pl negative). Upper right (UR) quadrants, late apoptotic cells (AV positive/Pl positive). Upper left (UL)
quadrants, necrotic cells (AV negative/PI positive). (b) Variations in nuclear morphology were examined by Hoechst 33258 staining and captured
by fluorescence microscopy. 5-Fu, 5-fluorouracil.
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internal control. (b,c) Western blot analysis of apoptosis-related proteins in all three cell lines. B-Actin was chosen as loading control. Data are
represented as the mean + SD of three independent experiments. *P < 0.05, **P < 0.01 compared to control. 5-Fu, 5-fluorouracil; PARP1, poly

(ADP-ribose) polymerase 1.

The RNA was then reverse transcribed into cDNA using a
TaKaRa RT reagent kit. Gene expression levels were quantita-
tively measured by an ABI 7500 fast RT-qPCR System (ABI;
Applied Biosystems, Waltham, MA, USA) through DNA-bind-
ing dye SYBR-Green by the “2Ct method, and the internal ref-
erence was ACTB. The primer sequences are described in
Table 1.

Western blot analysis. Cells and xenograft tumor tissues were
lysed by RIPA buffer which contains protease inhibitor cock-
tail. The lysates were separated by SDS-PAGE and transferred
to PVDF membranes (Millipore, Bedford, MA, USA). After
incubation with BSA for 1 h at room temperature, membranes

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2253

were probed with primary antibodies directed against corre-
sponding proteins overnight at 4°C. After washing three times
with TBST, membranes were incubated with secondary anti-
bodies and detected by an ECL detection Kkit.
Immunohistochemical staining. Paraffin-embedded tumor tis-
sues were cut into successive 4-mm transverse planes in order
to analyze immunohistochemical staining of Bax, cleaved
PARP1, MMP-9, vascular endothelial growth factor, E-cad-
herin, and B-catenin in the guidance of the routine protocols."”
Statistical analysis. Results of experiments are presented as
means + SD. Statistical analysis was carried out using Spss
20.0 software (SPSS, Chicago, IL, USA) with one-way aNova

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 6. Solasodine inhibits colorectal cancer cell
invasion and migration. (a,b) Transwell assay was
carried out to test changes in colorectal cancer cell
invasive ability by solasodine. (c,d) Wound healing
assay assessed the inhibitive role of solasodine in
cell migration. The average width of each wound
region was observed under an inverted microscope.
Results are expressed as mean + SD. *P < 0.05,
**P < 0.01. 5-Fu, 5-fluorouracil.
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Fig. 7.

Solasodine modifies invasion-associated genes. (a) Analysis of mRNA levels of MMPs using RT-quantitative PCR. B-Actin was elected as

internal control. (b,c) Western blot analysis of invasion- and adhesion-related proteins. f-Actin was chosen as loading control. Data are shown as
the mean + SD. *P < 0.05, **P < 0.01 versus control group. 5-Fu, 5-fluorouracil.

followed by Duncan’s test to distinguish treatment groups from
control groups. Statistical significance was identified as P-
value < 0.05 or 0.01.

Results

Solasodine prohibits proliferation of CRC cells. The MTT
assay was carried out with the purpose of investigating the
effects of solasodine on CRC cell growth in vitro. Solasodine
dramatically inhibited the proliferative capability of three types
of CRC cell lines dose- and time-dependently (Fig. 1b—d).
According to the results, we chose 48 h as the optimal treat-
ment time for the next studies as the ICsq values of HCT116,
HT-29, and SW480 were 39.43, 44.56, and 50.09 umol/L,
respectively. Additionally, cytotoxicities of a number of estab-
lished antineoplastics, including 5-Fu, oxaliplatin, and folinic
acid, against three types of CRC cells were compared with
solasodine. Of them, solasodine showed the greatest suppres-
sive effect, particularly when its concentration exceeded
40 nmol/L. Moreover, synergistic cytotoxic efficiencies were
studied by combining solasodine and these chemotherapeutic

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2255

drugs. The results revealed that co-treatment showed stronger
cytotoxicity, depending primarily on the concentration of sola-
sodine (Fig. 2).

Solasodine induces G,/M-phase cell cycle arrest in CRC cells.
We used FACS analyses with PI staining to further assess the
influence of different concentrations of solasodine on the cell
cycle. The results showed that the percentage of all three types
of cells in G,/M phase increased in response to solasodine
treatment for 48 h, suggesting the ability of solasodine to
induce G,/M-phase cell cycle arrest in CRC cells dose-depen-
dently (Fig. 3).

Solasodine induces apoptosis in human CRC cells. To evaluate
the effects of solasodine treatment on CRC cell apoptosis,
flow cytometric and Hoechst 33258 staining experiments were
carried out. Compared with the control group, the apoptosis
rate of CRC cells in solasodine-treated groups (40 or
80 umol/L for 48 h) was significantly improved (Fig. 4a). In
addition, the solasodine-treated cells with small, condensed,
and fragmented nuclear variations were visualized by fluores-
cence microscopy after staining with Hoechst 33258, which
indicated typical apoptotic morphology (Fig. 4b). It was noted

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Solasodine-induced apoptosis is regulated by the AKT/glycogen synthase kinase-3f (GSK-3p)/B-catenin pathway. (a, b) Western blot anal-

ysis was applied to test whether AKT/GSK-3p/B-catenin is associated with apoptotic protein expression regulated by solasodine and insulin-like
growth factor 1 (IGF-1). Data are presented as the mean + SD. *P < 0.05, **P < 0.01 versus control. #pP < 0.05, *P < 0.01 versus solasodine-treated

group. PARP1, poly (ADP-ribose) polymerase 1.

that the powerful apoptotic influence of solasodine is compa-
rable to 5-Fu. Both results revealed that solasodine might have

greater cytotoxicity than conventional chemotherapeutic
agents, and that solasodine-induced cell death is based on
apoptosis.

Solasodine regulates apoptosis-related genes in human CRC
cells. Reverse transcription—qPCR was carried out to investi-
gate the influences of solasodine on mRNA changes in mole-
cules related to apoptosis. Solasodine treatment resulted in a
dose-dependent increase in the mRNA levels of Bax and Bak
but decrease of Bcl-2, Bcl-xl, and Survivin (Fig. 5a). Western
blot analysis was used to validate the apoptotic protein expres-
sions. After incubation with solasodine for 48 h, protein levels
of Bcl-2, Bel-xl, and caspase-9 decreased, while those of Bax,
cleaved caspase-8, cleaved caspase-3, and cleaved PARPI1
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increased in a dose-dependent way (Fig. 5b,c). These results
revealed that solasodine-induced CRC cell apoptosis occurs
through stimulating caspase-cascade activation.

Solasodine inhibits CRC cell invasion and migration. Transwell
assay was used to verify whether solasodine inhibits CRC cell
invasive ability. As shown in (Fig. 6a,b), the number of cells
that invaded the lower chamber was clearly reduced in
response to solasodine for 48 h. The scratch wound assay also
showed that solasodine-treated cells migrated into the wound
region more slowly than cells in the control group (Fig. 6¢,d).
Suppression of CRC cell invasion and migration by solasodine
both showed a dose-dependent trend.

Solasodine modifies the expression of invasion- and adhesion-
related genes in human CRC cells. For the purpose of exploring
the underlying mechanism of solasodine-mediated suppression
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Annexin V

Role of B-catenin in proliferation and apoptosis in colorectal cancer cells. (a) Cells were transfected with B-catenin siRNA and incubated

for 48 h. B-Catenin mRNA expression was determined using RT-PCR. (b) MTT assay was used to study inhibitive rates of transfected cells or cells
incubated with XAV939 for 24 h. (c) Transfected cells and cells treated with 10 uM XAV939 for 24 h were analyzed by annexin V/propidium

iodide (PI) staining.

in cell motility, RT-qPCR and Western blot analyses were
applied to evaluate the expression of MMPs and E-cadherin.
As shown in Figure 7, MMP-2, MMP-9, and MMP-14
decreased at both transcriptional and translational levels as the
concentration of solasodine increased. Furthermore, solasodine
treatment led to a gradual increase of E-cadherin, suggesting
its potential to block CRC cells from adhering to fibronectin.

Solasodine suppresses CRC cells through regulation of the
AKT/GSK-3p/-catenin signaling pathway. Because the AKT/
GSK-3p/B-catenin axis has been acknowledged to play a vital
role in several malignancies, the regulative effect of solasodine
on this pathway was examined. A prominent downregulation
of p-PI3K, PI3K, p-AKT, AKT, mTOR, p-GSK-3p, and
B-catenin as well as upregulation of GSK-3p and p-B-catenin
were detected after treatment with solasodine (Fig. 8). Of note,
solasodine reduced AKT/GSK-3[/B-catenin activity in a dose-
dependent manner, whereas the inhibitive degree in the high
concentration group was similar to the 5-Fu group and even
stronger. To further substantiate that the inhibitive role of sola-
sodine is based on regulation of AKT/GSK-3f/B-catenin sig-
naling, specific activation of AKT by IGF-1 (100 ng/mL for
4 h) was used ahead of treatment with 40 pmol/L solasodine
for 48 h. Western blot analyses showed that IGF-1 not only
leads to stimulation of AKT/GSK-3f/fB-catenin signaling but
also partially repairs solasodine-induced apoptosis (Fig. 9). In
general, solasodine participates in attenuating the AKT/GSK-
3B/B-catenin pathway to suppress CRC cells.

Solasodine terminates nuclear translocation of p-catenin in
human CRC cells. It is widely accepted that nuclear B-catenin is
the dominant initiator that triggers downstream genes, paving
the way for carcinogenesis. Therefore, the nuclear translocation
of B-catenin after treatment with solasodine was monitored by
Western blot analyses and immunofluorescence assays. The
protein expression of nuclear B-catenin was remarkably

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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reduced, and immunofluorescence studies revealed that both
cytoplasmic and nuclear B-catenin were lessened when treated
with solasodine (Fig. 8b,d). As P-catenin was downregulated
by solasodine when suppressing CRC cells, we applied B-cate-
nin siRNA and specific inhibitor XAV939 to suppress its activ-
ity and assess the variations in cell proliferation, movement,
and apoptosis. The results showed that both B-catenin siRNA
and XAV939 not only inhibited growth and motility but also
induced apoptosis effectively in all of these three cells
(Figs 10,11), indicating that the antitumor activity of sola-
sodine might be based on prompting the degradation of cyto-
plasmic P-catenin and hindering P-catenin gathering in the
nucleus.

Solasodine suppresses xenograft tumor growth. We estab-
lished a xenograft model with HCT116 cells in order to further
research the influence of solasodine on tumor development
in vivo. Tumors in both treated groups developed more slowly
and their final volume and weight were conspicuously lower
compared to the control group (Fig. 12). In addition, we inves-
tigated several molecules from tumor tissues. Both RT-qPCR
and Western blot studies indicated upregulation of apoptotic
proteins but downregulation of metastasis-associated genes and
elements of the AKT/GSK-3f/B-catenin pathway (Fig. 13). In
accordance, immunohistochemistry analysis showed apparent
induction of Bax, cleaved PARPI, and E-cadherin and reduc-
tion of MMP-9, vascular endothelial growth factor, and [-cate-
nin (Fig. 14). These findings verified that solasodine
antagonized CRC development in vivo.

Discussion

In spite of recent progress in CRC diagnosis and treatments,
the prognosis of advanced disease is still poor on account of
the high frequency of recurrence and metastasis to distant

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2258
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average width of wound area was observed under an inverted microscope. (b) Transwell assay was undertaken to study the changes in cell inva-

sion ability.

organs,(2’3) highlighting the necessity of the search for new
effective anticancer agents. Solasodine is a natural product that
is present in solanaceous plants that has potent antitumor prop-
erties, as well as relatively fewer side-effects. Solasodine has
been reported to initially interact with free sterols to diffuse
within the cancer cell wall, resulting in the expression of tissue

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2259

necrosis factor receptors.(zo) Additionally, specific receptors on
the cancer cell surface, such as endogenous sugar receptor and
rhamnose-specific binding lectin receptor, selectively bounded
by the rhamnose moiety of solasodine to regulate signal trans-
duction or drug transportation, can increase the bioavailability
of solasodine to tumor cells while enhanced plasma or tissue
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enzymatic activity could lead to lack of toxicity towards nor-
mal cells.?"*? However, the cytotoxicity of solasodine
towards CRC cells and related mechanisms has not yet been
illustrated. In our present study, the results indicated that
solasodine could not only suppress CRC cell viability or syner-
gistically with chemotherapeutic drugs, but also induce G,/M-
phase cell cycle arrest and inhibit CRC proliferation in vivo.
As apoptosis resistance and invasion have been regarded as the
most fundamental features of tumors, we examined the effi-
ciency of solasodine on these essential biological behaviors.
The first serious analysis and discussion of apoptosis
emerged in 1972 with the achievement made by Kerr er al.*
Of late, a considerable number of published works have
implied the paramount role of caspase-cascade during apopto-
sis, which is acknowledged to be induced by a cell death
receptor-mediated or mitochondrion-dependent pathway.¥
Investigators have shown that solasodine has great antineoplas-
tic capability against several malignancies through both path-
ways as well as  sensitizing cancer cells to
chemotherapeutics.?>?® In regard to the death receptor path-
way, reciprocity between death ligands and receptors leads to
intracellular structural variations, which recruits the activation
of pro-caspase-8 and the succeeding cascade reaction. Endoge-
nous apoptosis is marked by the release of cytochrome C fol-
lowed by pro-caspase-9 activation, both of which participate in
constituting the apoptosome and activating  several

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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executioners. Finally, two pathways result in the cleavage of
caspase-3 and PARPI, recognized to be the executants of cell
apoptosis.?”*® The Bcl-2 family also plays a vital role in
either prompting (Bax and Bak) or suppressing (Bcl-2 and
Bel-x1) apoptosis.®” Bcl-2 has been verified to be able to ter-
minate apoptosis by attenuating the release of cytochrome C to
inactivate caspase.°” However, Bax can transport from the
cytosol to mitochondria and nuclear membrane when inducing
apoptosis. Overexpression of Bax is capable of antagonizing
the protective effect of Bcl-2 and accordingly impels cell
death.®" In addition, as an important upstream protein of the
Bcl-2 family, p53 is able to lead to cell apoptosis based on its
transcription-dependent and -independent functions, which
have been reported to be involved in solasodine-induced apop-
tosis.®? In our present research, the results of annexin V-
FITC/PI staining showed that solasodine induces apoptosis in
three types of CRC cells as its concentration increases. More-
over, Hoechst 33258 analysis detected evident nuclear morpho-
logical variations, including condensation and fragmentation.
The RT-qPCR and Western blot studies further explored the
molecular mechanisms underlying solasodine-mediated apopto-
sis. They showed that solasodine activated caspase-3, caspase-
8, caspase-9, and PARP1 and led to increases of Bax and Bak,
but decreases of Bcl-2, Bel-xl, and Survivin, dose-dependently.
Additionally, we detected similar functions of solasodine in an
HCT116 xenograft model, in which the tumor development

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2260
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Fig. 13. Solasodine induces apoptosis and prohibits AKT/glycogen synthase kinase-3p (GSK-3B)/B-catenin signaling in HCT116 xenograft tumors.

Tumors were abscised after the last solasodine i.p. injection and mRNA or protein was extracted. (a—¢) RT-quantitative PCR and Western blot
studies were undertaken to evaluate the levels of AKT/GSK-3p/B-catenin, apoptotic, and invasive molecules. 5-Fu, 5-fluorouracil; PARP, poly

(ADP-ribose) polymerase.

was significantly restrained in vivo. Expression of apoptotic
mRNA and protein extracted from tumors also showed the
same tendencies as the results obtained in vitro. These results
showed that solasodine efficiently induces CRC cell apoptosis
through stimulating a caspase-cascade reaction.

In recent years, an increasing number of reports have
described the influential role of the interaction between the
PI3K/AKT and Wnt/B-catenin pathways, through the AKT/
GSK-3p/B-catenin axis, in tumor progression.°>* Protein
kinase B is a decisive molecule of PI3K/AKT signaling, and p-
AKT can phosphorylate the serine-9 of GSK-3f phosphorylated
by p-AKT can limitlthe activity of GSK-3p. Inactivated GSK-
3 loses the capability to phosphorylate and degrade cytoplas-
mic P-catenin, accordingly improves nuclear translocation of

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2261

B-catenin to stimulate downstream genes. Our present study
showed that treatment with solasodine weakens the expression
of p-PI3K, PI3K, p-AKT, AKT, mTOR, p-GSK-3pB, and f-
catenin in CRC cells, whereas the levels of GSK-3p and
p-B-catenin were strengthened. Moreover, Western blot and
immunofluorescence analyses provide further evidence that
solasodine suppresses both cytoplasm aggregation and nuclear
localization of [-catenin. We next chose specific inhibitor
XAV939 and transfected cells with B-catenin siRNA to sup-
press B-catenin activity; subdued cell proliferation and motility,
as well as increased apoptotic rates, were assessed in response.
Research on the expression of related mRNAs and proteins
from in vivo tumors revealed parallel outcomes. Mechanically,
pretreatment with a specific activator of AKT (IGF-1) partly

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Solasodine varies apoptotic- and invasion-relevant proteins and f-catenin expression in mouse xenograft colorectal cancer. Immunohis-

tochemical analysis of tumor specimens revealed the modifications between solasodine-treated and control groups. 5-Fu, 5-fluorouracil; PARP1,

poly (ADP-ribose) polymerase 1; VEGF, vascular endothelial growth factor.

blocked solasodine-induced variations of apoptotic protein
levels in all three types of CRC cells, indicating that solasodine
initiates apoptosis through abrogation of the AKT/GSK-3f/p-
catenin pathway indeed. Protein kinase B is important for the
anticancer effects of solasodine and our results have verified
the suppression of its activation as a critical event when

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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inhibiting CRC cells. At the transcriptional level, solasodine
might decrease the stability of AKT mRNA and activate its
degradation mechanism through regulation of several mole-
cules, including RNA helicase of the DEAD box family, his-
tone deacetylase, and the [-galactoside binding protein
cytokine.os’ 7 At the translation level, PI3K is one of the

Cancer Sci | November 2017 | vol. 108 | no. 11 | 2262
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primary upstream molecules of AKT, which is a heterodimeric
enzyme consisted of p110 catalytic and p85 regulatory sub-
units. Several reports have shown that these two subunits mod-
ify PI3K activity to further regulate its target molecule
AKT,®¥3% supporting our hypothesis that solasodine probably
targets pl10a/B/d or p85a/B to resist PI3K/AKT signal trans-
duction. Protein kinase B is composed of three parts from the
amino to the carboxyl terminal, including PH, kinase, and regu-
latory domains. Phosphorylation of Thr308 and Ser473 is
meaningful while Ser473 activation is a necessary condition for
stimulating AKT, which can be regulated by choline kinase.“”
We accordingly consider that the inhibition of choline kinase to
dephosphorylate AKT at Ser473 might be part of the potential
mechanism involved in solasodine-associated termination of
AKT phosphorylation. Mammalian target of rapamycin is an
important downstream component of PI3K/AKT signal and
contains two protein complexes (mMTORCI and mTORC2);
mTORC?2 participates in regulating AKT Ser473 phosphoryla-
tion, whereas S6K, one of the substrate molecules of mMTORCI,
is able to initiate negative feedback loops to restrain
AKT.“"*2 Based on this, we speculate that solasodine could
control the activation of mTORCs to further suppress AKT.
Moreover, lipid rafts located in the cell membrane, which have
been reported to facilitate AKT recruitment, might be another
target for solasodine.“”> All of these remain to be researched
for further insight into solasodine-mediated AKT inactivation
in CRC cells.

Infiltrative and metastatic characters of malignancies are the
most important factors determining severity and the degrada-
tion of the ECM as well as the basement membrane is the pre-
requisite of tumor invasion. Matrix metalloproteases are a
family of enzymes that can destroy the activity of the ECM;
among them, MMP-2, MMP-9, and MMP-14 are crucial ele-
ments that give rise to CRC progression.** E-cadherin is a
transmembrane molecule that mediates adhesion between
adjacent cells, whose degree of expression has an inverse asso-
ciation with invasive capability in CRC.“*> Our results of
wound-healing and Transwell assays showed that solasodine
significantly reduces CRC cell migration and invasion.
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