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Gigantol Targets MYC for Ubiquitin-proteasomal
Degradation and Suppresses Lung Cancer Cell Growth

NATTANAN LOSUWANNARAK!2, SITTIRUK ROYTRAKUL? and PITHI CHANVORACHOTE!?

!Cell-Based Drug and Health Product Development Research Unit,

Faculty of Pharmaceutical Sciences, Chulalongkorn University, Bangkok, Thailand;
°Department of Pharmacology and Physiology, Faculty of Pharmaceutical Sciences,
Chulalongkorn University, Bangkok, Thailand;
3Functional Ingredients and Food Innovation Research Group,

National Center for Genetic Engineering and Biotechnology,

National Science and Technology Development Agency, Pathumthani, Thailand

Abstract. Background: Gigantol is a pharmacologically
active bibenzyl compound exerting potential anticancer
activities. At non-toxic concentrations, it reduces cancer stem
cell properties and tumorigenicity. The mechanisms of the
effects of gigantol on cancer cell growth are largely unknown.
This study aimed to unravel the molecular profile and identify
the prominent molecular mechanism of the effects of gigantol
in controlling lung cancer cell proliferation. Materials and
Methods: Proteomics and bioinformatics analysis were used
accompanied by experimental molecular pharmacology
approaches. Results: Gigantol exhibited antiproliferative
effects on human lung cancer cells confirmed by 3-(4, 5-
dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium  bromide
proliferation assay and colony growth assay. The protein
profile in response to gigantol treatment associated with
regulation of cell proliferation was analyzed to determine the
prominent protein targets. Among the significant hub proteins,
MYC, an important proto-oncogene and proliferation-
promoting transcription factor, was down-regulated with the
highest number of protein—protein interactions. MYC down-
regulation was confirmed by western blot analysis. The up-
stream regulator of MYC, Glycogen synthase kinase 3 beta
(GSK3[3) was found to be responsible for MYC destabilization
mediated by gigantol. Gigantol facilitated GSK3[3 function
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and resulted in the increase of MYC-ubiquitin complex as
evaluated by immunoprecipitation. Conclusion: Gigantol was
Sfound to inhibit lung cancer proliferation through induction of
GSK3[3-mediated MYC ubiquitin-proteasome degradation.
These data suggest gigantol to be a promising candidate for
novel strategy in inhibition of lung cancer.

Evading growth suppression and sustaining proliferation are
among the hallmarks of cancer and lead to disease
progression (1). Cell proliferation is an increase in the
number of cells as a result of cell growth and cell division,
and rapid proliferation is considered an aggressive factor of
cancer and is correlated with poor prognosis (2, 3).
Dysregulation of proliferation signals and oncogenes is
known to drive carcinogenesis and tumor growth (4, 5).

There are several oncogenes that control cancer cell
growth. MYC, a proto-oncogene, is a central transcription
factor that controls cell proliferation, differentiation, and
apoptosis. Amplification or overexpression of MYC occurs
in various cancer types, including lung cancer, and was
shown to be related to poor survival (6). An inhibition of
MYC may offer an effective therapeutic treatment via tumor
growth suppression (7, 8). However, as targeted therapy
against MYC is still elusive due to its lack of inhibitory
binding site, modulation of the MYC level via targeting its
up-stream regulators is a potential strategy (6). Glycogen
synthase kinase 3 beta (GSK3f) showed prominent tumor-
suppressor properties in lung cancer (9). Protein kinase B
(AKT1)-dependent GSK3[ phosphorylation at Ser9 was
shown to be correlated with poor survival rate of patients
with lung cancer (10). GSK3[ suppresses cancer cell
proliferation by inhibit various oncoproteins, including
MYC. The active GSK3p mediates degradation of MYC via
phosphorylation at Thr58 (11). Indirect attenuation of MYC
stabilization may offer an effective therapeutic treatment via
tumor growth suppression.
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Gigantol is a bibenzyl compound from orchids, such as
Dendrobium draconis (Figure 1). Gigantol was shown to have
anticancer activity by triggering apoptotic cell death via a
caspase-dependent mechanism at high concentrations (12). In
addition, non-toxic concentrations of gigantol led to epithelial-
to-mesenchymal transition (EMT inhibition) and suppression
of migration and invasion (13), and reduction of cancer stem
cell-like phenotype (14). Nevertheless, the basis for tumor
growth suppression by gigantol is largely unknown. Proteomic
analysis is a systematic mean for identification and
quantification of the complete protein profile. This approach
benefits the investigation of molecular pharmacology by
allowing monitoring of proteins affected in response to a drug
or active compound leading to the identification of major drug
mechanism. This study aims at evaluated the effect of gigantol
on lung cancer cell proliferation and defined the major
molecular mechanisms of action. These data may benefit the
development of gigantol for novel cancer treatment as well as
provide the overall information of cellular proteins affected by
this compound.

Materials and Methods

Cell cultures. H460, A549, and H292 Human lung carcinoma cell
lines were purchased from the American Type Culture Collection
(Manassas, VA, USA). Lung cancer cells were cultured in Roswell
Park Memorial Institute (RPMI)-1640 medium in a humidified
atmosphere with 5% CO, at 37°C. The medium was supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, and 100 units/ml
of each penicillin and streptomycin.

Chemicals and reagents. Gigantol, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), cycloheximide, MG132,
bovine serum album, dimethyl sulfoxide (DMSO), fetal bovine
serum (FBS), and cocktail protease inhibitor mixture were
purchased from Sigma Chemical, Inc. (Chemical Express, Bangkok,
Thailand). RPMI-1640 medium, phosphate buffer saline, glutamine,
penicillin, and streptomycin were purchased from Gibco Company
(Gibthai, Bangkok, Thailand). Primary and secondary antibodies for
western blot analysis and RIPA buffer were purchased from Cell
Signaling Technology, Inc. (Theera Trading, Bangkok, Thailand).

Cell viability test: MTT assay. Cells were seeded at a density of
8x103 cells per well in 96-well plates. When the cells had adhered,
the medium was removed, and medium with different
concentrations of gigantol (0-200 uM) was added. After 24 h of
treatment, the number of viable cells was measured by MTT assay.
The medium was aspirated, and 0.4 mg/ml of MTT in PBS was
added to each well. The plate was incubated at 37°C with 5% CO,
for 3 h. Afterward, the resulting formazan crystals were dissolved
in 100 pl of DMSO and subjected to absorbance reading at 570 nm
via a microplate reader (ClarioStar, BMG Labtech, Germany).

Proliferation assay. MTT assay was used to determine the
antiproliferative activity of non-toxic concentrations of gigantol.
Cells were seeded at a density of 2x103 cells per well in 96-well
plates. When the cells had adhered, the medium was replaced with
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Figure 1. Gigantol structure.

5-20 uM of gigantol or vehicle in complete medium. MTT assay
was performed at 0, 24, 48, 72 h after treatment. The growth rate
of each treatment group was normalized by its own MTT result at
the O h time. The growth rates were compared to the untreated
group at each time point.

Colony-formation assay. Cells were seeded at a density of 500 cells
per well in a 6-well plate. When the cells had adhered, the medium
was replaced with 5-20 uM of gigantol or vehicle in complete
medium. The medium with or without gigantol was replaced every
3 days. After incubation for 10 days, the cells were fixed and
stained with crystal violet staining solution. The cells were
photographed, and the colonies with =50 cells were counted. The
numbers of colonies of gigantol-treated groups were compared to
those of the control groups.

Sample preparation for proteomics analysis. H460 cells were treated
with 20 uM gigantol or 0.004% DMSO (vehicle) for 24 h. The cells
were then lysed with 0.5% sodium dodecyl sulfate. The total protein
amount collected from each sample was measured with Lowry assay
with bovine serum albumin as a standard. Equal amounts of protein
from three independent biological samples was pooled. Fifty
micrograms of protein from control or gigantol-treated cells were
subjected to in-solution digestion. Samples were completely
dissolved in 10 mM ammonium bicarbonate (AMBIC), disulfide
bonds were reduced using 5 mM dithiothreitol in 10 mM AMBIC
at 60°C for 1 h, and sulfhydryl groups were alkylated by using 15
mM iodoacetamide in 10 mM AMBIC at room temperature for 45
mins in the dark. For digestion, samples were mixed with 50 ng/pl
of sequencing grade trypsin (1:20 ratio); (Promega, Walldorf.
Germany) and incubated at 37°C overnight. Prior to analysis by
liquid chromatography-tandem mass spectrometry (LC-MS/MS), the
digested samples were dried and protonated with 0.1% formic acid
before injection into LC-MS/MS.

LC-MS/MS. LC-MS/MS was utilized to identify and quantify the
peptides obtained from the digested lysates. The tryptic peptide
samples were prepared for injection into an Ultimate3000
Nano/Capillary LC System (Thermo Scientific, Altrincham, UK)
coupled to a Hybrid Quadrupole Q-ToF impact II™ MS detector
(Bruker Daltonics, Bangkok, Thailand) equipped with a nano-
captive spray ion source. Briefly, peptides were enriched on a p-
Precolumn 300 pm i.d. x 5 mm C18 Pepmap 100, 5 pm, 100 A
(Thermo Scientific), separated on a 75 um I.D. x 15 cm column
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packed with Acclaim PepMap RSLC C18, 2 um, 100A, nanoViper
(Thermo Scientific). Solvent A and B containing 0.1% formic acid
in water and 0.1% formic acid in 80% acetonitrile, respectively,
were supplied to the analytical column. A gradient of 5-55% solvent
B was used to elute the peptides at a constant flow rate of 0.30
w/minute for 30 min. Electrospray ionization was carried out at 1.6
kV using CaptiveSpray. MS and MS/MS spectra were obtained in
the positive-ion mode over the m/z range 150-2200 (Compass 1.9
software; Bruker Daltonics).

Bioinformatics and proteomics data analysis. MaxQuant 1.6.6.0
(Max-Planck Institute for Biochemistry, Martinsried, Germany) was
used to quantify the proteins in individual samples using the
Andromeda search engine to correlate MS/MS spectra to the Uniprot
Homo sapiens database (https://www.uniprot.org/). The following
parameters were used for data processing: Maximum of two miss
cleavages, a mass tolerance of 20 ppm for the main search, trypsin
as digesting enzyme, carbamidomethylation of cysteine as a fixed
modification, and the oxidation of methionine and acetylation of the
protein N-terminus as variable modifications. Only peptides with a
minimum of seven amino acids, as well as at least one unique
peptide, were required for protein identification. Only proteins with
at least two peptides, and at least one unique peptide, were
considered as being identified and used for further data analysis.
Protein organization and biological action were investigated
conforming to protein analysis through evolutionary relationships
(Panther) protein classification (http://pantherdb.org/). Proteins that
were uniquely found in gigantol-treated cells were considered as
significantly up-regulated, while proteins that were uniquely found
in vehicle-treated cells were considered as significantly down-
regulated by gigantol, and these differentially expressed proteins
were subjected to bioinformatics analysis. The enriched Gene
Ontology (GO) annotations were determined by the gene enrichment
analysis software Enrichr (http://amp.pharm.mssm.edu/Enrichr/). The
Search Tool for Retrieval of Interacting Genes/Proteins (STRING)
software version 11 was used to analyze the common and the
forecasted functional interaction networks between identified
proteins (https://string-db.org/cgi/input.pl). Cytoscape 3.7.2 was
utilized to analyze the significant clusters from protein—protein
interaction (PPI) networks (https://cytoscape.org/).

Western blot analysis. Western blot assay was used for
determination of protein levels. Lung cancer cells were treated with
0-20 uM of gigantol for 24 h. The cells were lysed with RIPA buffer
and cocktail protease inhibitor mixture for 30 min on ice. The
protein contents of the cell lysates were evaluated by the
bicinchoninic acid assay. Samples with equal amounts of protein
(30-50 pg) were run on sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and were then transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). Transferred membranes
were blocked for 1 h in 5% non-fat dry milk in Tris buffer saline
with 1% Tween 20 (TBST) and incubated overnight with specific
primary antibodies against interested proteins. Membranes were
washed three times with TBST and incubated with appropriate
horseradish peroxidase (HRP)-labeled secondary antibodies for 2 h
at room temperature. The immune complexes were detected by
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific) or Immobilon Western Chemiluminescent HRP
Substrate (Millipore) and were imaged using ImageQuant LAS 4000
biomolecular imager (GE Healthcare, Chicago, IL, USA).

Cycloheximide chasing assay. Cells were treated with 20 pM
gigantol with or without 50 pg/ml cycloheximide for 0, 15, 30, 45,
60 and 90 min. The treated cells were collected and lysed with RIPA
buffer containing protease inhibitor cocktail. Western blot analysis
was performed for detecting the MYC protein level. Protein band
intensities were analyzed using Imagel] software (version 1.52;
National Institutes of Health, Bethesda, MD, USA), and the MYC
protein half-life was calculated.

Immunoprecipitation assay. Cells were pretreated with 10 uM
proteasome inhibitor, MG132, for 1 h in order to prevent the
ubiquitinated MYC from proteasomal degradation and treated with
20 uM of gigantol or left untreated for 1 h. The cells were collected
and lysed with RIPA buffer containing protease inhibitor cocktail.
Immunoprecipitation was then performed using Dynabeads™
Protein G Immunoprecipitation Kit from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Magnetic beads were prepared and
resuspended with primary antibody against MYC (1:50) in a binding
buffer for 10 min. A suspension of the magnetic bead—antibody
complex was mixed with cell lysate and incubated at 4°C overnight
to allow MYC antigen to bind with magnetic bead—antibody
complex. After that, the magnetic bead—antibody—antigen complex
was washed three times using 200 pl of washing buffer, separated
on a magnet between each wash, and the supernatant was removed.
Elution Buffer was added for releasing the antibody-—antigen
complex from the magnetic beads. The supernatant containing the
antibody—antigen complex was then used to perform western blot
analysis for detecting the ubiquitinated MYC protein.

Statistical analysis. One-way analysis of variance (ANOVA)
following by Bonferroni’s multiple comparison test was performed
to conduct statistical analysis using GraphPad Prism 7.0 software
(GraphPad Software, San Diego, CA, USA). Data are expressed as
the meantstandard deviation (SD), and values of p<0.05 were
indicative of significant differences.

Results

Cytotoxicity of gigantol. In order to further determine the
effects of gigantol on cell proliferation, we first characterized
the cell viability in response to gigantol treatment. Lung
cancer cells were used to evaluate gigantol toxicity. The
results showed that gigantol caused significant toxic effects
on H460, A549, and H292 cells at concentrations of 50-200
uM in a dose-dependent manner (Figure 2A). Overall,
gigantol treatment at concentrations lower than 20 uM
caused no significant reduction in terms of cell viability in
any of the tested cell lines (Figure 2A). Therefore, gigantol
was used at 5-20 uM for further experiments.

Antiproliferative effect of gigantol. Gigantol at 5-20 uM was
further investigated for the antiproliferative activity. The cells
were cultured in growth medium in the presence or absence of
gigantol for 1-3 days. The proliferation assay revealed that
gigantol at 20 pM significantly reduced proliferation after 1
day of cultivation in H460 and A549 cells, however, gigantol
at lower concentrations (5-10 uM) significantly suppressed
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Figure 2. A: Cytotoxicity of gigatol (Gig) was evaluated. Lung cancer cells were treated with 0-200 uM gigantol for 24 h. Cell viability was determined
by an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cytotoxic effect of gigantol on H460, A549, and H292 was measured
as a reduction of cell viability relative to that of untreated cells (100%) (n=35, *p<0.05, compared with the untreated cells). B: Antiproliferative effect
of gigantol was evaluated. Lung cancer cells were treated with 0-20 uM gigantol for 3 days and the MTT assay was performed every 24 h. Cell viability
at days 1-3 was compared to the viability at day 0 within each group, and data were plotted as a growth rate of each treatment group (The cell viability
at day 0 was counted as 1). Relative growth of the gigantol-treated cells was compared with control cells for the same time of gigantol exposure (n=4,
#*p<0.05 compared with untreated cells at each time point). C: Colony-formation assay was performed to confirmed the antiproliferative effect of
gigantol. Lung cancer cells were treated with 0-20 uM gigantol for 10 days and then were stained with crystal violet. Colonies with =50 cells were
counted. Results showed the reduction of colony numbers of gigantol-treated cells in all tested cell lines. D: The percentage of colonies was calculated
relative to that for untreated cells (n=3, *p<0.05 compared with the untreated cells). All data represent the mean+SD.
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proliferation at day 3. In H292 cells, gigantol at 5-20 uM
showed an antiproliferative effect after 2 days of treatment
(Figure 2B). Moreover, the antiproliferative activity of gigantol
was confirmed using colony-formation assay of all tested cell
lines as described in the Materials and Methods. The average
colony number of the untreated control group was designated
as 100% and the colony numbers of the gigantol-treated groups
were calculated as a relative percentage. Gigantol at 5-20 uM
significantly suppressed lung cancer cell growth in a dose-
dependent manner (Figure 2C and D). Results from these two
assays demonstrated that gigantol had an antiproliferative effect
against lung cancer cells. As gigantol at 20 uM showed the
strongest antiproliferative effect in both assays, this
concentration was used for the proteomics analysis.

Quantitative proteomic analysis revealed the change of
proliferation regulatory proteins in response to gigantol
treatment. Having shown that gigantol negatively regulates
proliferation of lung cancer cells, we next aimed to identify
the key underlying mechanisms using proteomic analysis.
The cells were treated with 20 uM gigantol or left untreated
as control for 24 h, and then subjected to proteomic LC-
MS/MS. The proteomic profiles of the two groups were
obtained and bioinformatics analysis was performed. The
analysis process is demonstrated as a flowchart in Figure 3A.
The analysis identified 1, 767 proteins that were up-regulated
and 2, 373 proteins that were down-regulated in gigantol-
treated versus control cells. After deleting proteins whose
gene names could not be identified by Uniprot database
(accessed on 27 April 2020), the remaining 1, 763 up-
regulated and 2, 368 down-regulated proteins were analyzed
by the enrichment analysis tool, Enrichr (conducted on 27
April 2020). The GO annotations based on GO Consortium
database were investigated and it was found that the GO
term “regulation of cell proliferation (GO:0042127)” was the
meaningful GO annotation associated with regulatory
signaling of cell proliferation. Gigantol altered the
expression of 156 proteins involved in the regulation of cell
proliferation, of which 96 were down-regulated and 60 up-
regulated. Subsequently, the hub proteins were clarified.

Gigantol targets MYC in lung cancer cells. To determine the
most important hub protein that controlled cell proliferation,
the differentially expressed proteins were subjected to PPI
networks functional enrichment analysis using STRING
(Figure 3B; conducted on 27 April, 2020), and the number of
PPIs was analyzed using the function ‘network analyzer’ of
Cytoscape software. The top 20 proteins that had the highest
interactions with other proteins in the network were found to
be AKT1, MYC, fibronectin (FN1), epidermal growth factor
(EGF), KRAS, Janus kinase 2 (JAK2), KIT, breast cancer
type 1 susceptibility protein (BRCA1), histone deacetylase 1
(HDAC1), insulinlike growth factor 1 receptor (IGFIR),

Janus kinase 1 (JAK1), ABLI, cyclin dependent kinase 2
(CDK?2), nitric oxide synthase 3 (NOS3), protein tyrosine
kinase 2 (PTK2), histone deacetylase 2 (HDAC2), erb-b2
receptor tyrosine kinase 4 (ERBB4), bone morphogenetic
protein 2 (BMP2), platelet-derived growth factor receptor A
(PDGFRA), and insulin receptor (INSR) (Figure 3B). Their
molecular functions were then determined from GO
annotation using Panther software (conducted on 27 April
2020). Among these target candidates of gigantol, MYC had
the most abundant PPIs in the network (>50 PPIs) and was
down-regulated by gigantol (Figure 4A). It was also the only
one that had transcription factor activity. This suggested that
MYC was a key player in the mechanism of action of
gigantol in suppression of cell proliferation. Therefore, we
validated the effect of gigantol on MYC in H460, A549 and
H292 lung cancer cells by western blot analysis.

The proteomic and protein interaction analysis pointed out
that MYC was the dominant regulatory protein in cell
proliferation in response to gigantol treatment. We then
confirmed the validity of this in gigantol-treated cells. The
cells were similarly treated with non-toxic concentrations of
gigantol and the MYC level was determined by western blot
analysis. Figure 4B shows that MYC expression was
dramatically reduced in response to gigantol treatment.
Gigantol at 10 and 20 pM significantly reduced the MYC
level in all tested cells, while at 5 uM it significantly reduced
the MYC level of H460 and A549 cells (Figure 4C). Overall,
gigantol suppressed MYC expression in a dose-dependent
manner. This result confirmed that gigantol down-regulates
MYC protein in lung cancer cells.

Gigantol suppresses MYC through inhibition of GSK3[3
phosphorylation. Having shown that gigantol inhibited cell
proliferation via MYC suppression, we next verified the
underlying mechanisms of MYC protein level modulation.
Figure 5A demonstrates a curated pathway of MYC regulation.
Well-established evidence revealed that cellular MYC is
regulated mainly via ubiquitin-proteasomal degradation and
that phosphorylation at Thr58 by GSK3p was prerequisite for
MYC ubiquitination. However, GSK3f function is regulated
via phosphorylation at Ser9. Once GSK3p is phosphorylated
and inactivated, MYC protein is more stable and the cellular
MYC level is increased, resulting in cell proliferation (11).
Therefore, the activation status of GSK3p was further
investigated by western blot analysis. Cells were treated with
gigantol at 0-20 uM for 24 hours and whole-cell lysates were
harvested. The levels of phosphorylated and total forms of
GSK3p were evaluated. Western blot results showed that
gigantol at 5-20 uM significantly reduced the level of inactive
GSK3p (phosphorylated GSK3f at Ser9), but rarely affected
the total form of GSK3p in all tested cell liness (Figure 5B).
The ratio of relative protein levels of phospho-GSK3p versus
GSK3p was calculated to determine the level of GSK3f
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Figure 3. A: Flowchart showing the bioinformatic analysis process of proteomic profiles obtained from untreated and gigantol-treated lung cancer
cells. B: The protein—protein interaction (PPI) network of the differentially expressed proteins in gigantol-treated lung cancer cells, demonstrating
the relationship between the 156 proteins associated with regulation of cell proliferation. Located in the center of the network, the proteins whose
gene names are highlighted in yellow with red font were the top 20 proteins with the highest number of PPIs.
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Figure 4. A: Protein—protein interaction (PPI) network of 20 hub proteins demonstrating regulation status and significance level of the proteins
affected by gigantol. The larger the node, the higher the number of PPIs. B: Lung cancer cells were treated with 0-20 uM gigantol for 24 h. Western
blot analysis was performed to determine MYC level. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to confirm equal loading of
each protein sample. C: The band intensities of treatment groups were compared to the control group and are presented as fold-change. Data
represent the mean+SD (n=3; *p<0.05 compared with the untreated control).

inactivation (Figure 5C). The ratios indicated that GSK3f  Gigantol destabilizes MYC via ubiquitination-facilitated
inactivation was significantly reduced by gigantol in a dose-  proteasomal degradation. Next, gigantol-induced MYC
dependent manner. This suggested that the increase of MYC  degradation was demonstrated using cycloheximide chasing
degradation was triggered by a surge of active GSK3p. assay. Gigantol at 20 pM was used in this assay as it reduced
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Figure 5. A: Curated data showing the relationship between MYC, glycogen synthase kinase 3 beta (GSK3[3), and ubiquitin. B: Western blot analysis
was performed to determine the protein levels of phosphorylated and total forms of GSK3p with gigantol treatment. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used to confirm equal loading of each protein sample. C: The band intensities of treatment groups were compared

to the control group and are presented as fold-change. Data represent the mean+SD (n=3; *p<0.05 compared with the untreated control).

the MYC protein level more compared to 5 and 10 pM. Western
blot analysis showed that gigantol significantly reduced the
MYC protein level at after 15, 30, 45, and 60 min of treatment
compared to the untreated control at the same time points in all
tested cell lines (Figure 6A and B). The MYC half-life was
calculated from an equation obtained from a regression curve.
The MYC half-lives of untreated H460, A549, and H292 cells
were 44.30+7.58, 38.63+3.75, and 38.52+7.45 min, while the
half-lives of gigantol-treated cells were 26.41+3.24, 26.55+2.69,
and 26.73+£3.06 min, respectively (Figure 6C). This indicated
that gigantol reduced the half-life of MYC significantly.

788

To demonstrate that this reduce in MYC stability was
through proteasomal degradation of the protein, we utilized
MG132, a potent selective proteasome inhibitor. The lung
cancer cells were pretreated with MG132 0-20 uM for 1 h
and then were left untreated or treated with gigantol for 1 h.
Treatment with MG132 at all concentrations drastically
increased the MYC level, which confirmed that MYC
protein was degraded mainly through the proteasomal
degradation pathway (Figure 7A and B). Treatment of the
lung cancer cells with gigantol for 1 hour significantly
reduced the MYC level, while pretreatment with MG132 (5-
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Figure 6. Cycloheximide (CHX) chasing assay was performed to measure MYC stability. Lung cancer cells were treated with 20 uM gigantol with
or without 50 ug/ml CHX as indicated. A: Western blot analysis was performed for determined MYC levels. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used to confirm equal loading of each protein sample. B: The relative protein levels were calculated by densitometry
(n=3, *p<0.05 compared with the untreated control at the same time). C: The half-life of MYC was calculated from the data.

20 uM) reversed gigantol-induced MYC down-regulation
(Figure 7A and B). Taken together, it could be concluded that
gigantol induced MYC proteasomal degradation. The
ubiquitination level of MYC was evaluated using
immunoprecipitation and western blot analysis of the MYC—
ubiquitin complex in the lung cancer cells treated with

gigantol and in untreated control cells. After pretreating the
cells with 10 pM MGI132 for 1 h, the cells were left
untreated or treated with 20 uM gigantol for another 1 h,
then MYC complex was analyzed for conjugated ubiquitin
through western blot analysis. Figure 7C and D show that
gigantol treatment dramatically enhanced the formation of
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Figure 7. A: Lung cancer cells were treated with a potent proteasome inhibitor, MG132 (0-20 uM) with or without gigantol (20 uM) for 1 h. MYC
levels were measured using western blot analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to confirm equal loading of each
protein sample. B: The band intensities were calculated by densitometry and compared to the untreated control cells (*p<0.05 compared with the non-
MG132 gigantol-treated cells). C: Lung cancer cells were treated with MG132 (10 uM) with or without gigantol (20 uM) for 1 h. Protein lysates were
then collected subsequent to MYC immunoprecipitation, and the ubiquitinated protein levels were measured by western blotting. D: Ubiquitinated MYC
(Ub-MYC) levels were quantified using densitometry (*p<0.05 compared with the untreated control). All data represent the mean+SD (n=3).
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Figure 8. A scheme presenting the mechanisms of action of gigantol in MYC-dependent cell growth suppression. Gigantol blocks phosphorylation
of glycogen synthase kinase 3 beta (GSK3f3), which subsequently enhances GSK3[3-mediated MYC ubiquitin-proteasomal degradation.

the MY C—ubiquitin complex compared to untreated controls
of all tested cell lines. Taken together, the mechanism of
action of gigantol was shown to be through the induction of
MYC degradation via ubiquitin-proteasomal degradation.

Discussion

Gigantol has been reported to have anticancer properties against
several cancer types including breast, liver, and lung cancer,
while having a low toxic effect on normal cells (12, 15-17).
Several effects of gigantol on aggressive phenotypes of lung
cancer have been studied. Previous studies showed that gigantol
suppressed EMT, migration and invasion, stem cell-like
phenotype, and tumorigenicity (13, 14, 17). As far as we are
aware, the antiproliferative effect of gigantol has not been
explored. The present study is in line with above mentioned
data and further supports the anticancer properties of gigantol
in suppression of lung cancer cell growth. In order to evaluate
cancer cell proliferation, the cytotoxicity of gigantol was a
concerned as it might interfere in the result of the proliferation
assay. Therefore, we first defined the concentrations of gigantol
that caused no significant inhibitory effect on cancer cells within
24 h as a non-toxic concentration. The results showed that
concentrations <20 uM had no toxic effect on lung cancer cells

(Figure 2A), therefore this concentration was used for an
antiproliferative  evaluation. The proliferation assay
demonstrated that gigantol reduced the growth rate of lung
cancer cells and the colony formation assay showed that
gigantol reduced the number of lung cancer cells with a colony-
forming capacity in a dose-dependent manner (Figure 2B-D).
Gigantol inhibited lung cancer cell proliferation effectively.
Cancer cell growth is a consequence of the activation of
oncoproteins as well as dysregulation of proliferative proteins.
Data from several studies revealed that certain oncoproteins
such as MYC are overexpressed and activated in cancer (18-
20). In general, MYC protein regulates biological functions,
namely proliferation, apoptosis, and differentiation. It is called
a master transcription factor since MYC participates in
transcription of up to 15% of the entire genome (21). In cancer,
overexpression of MYC is correlated with poor prognosis and
unfavorable patient survival (22), and the transient silencing of
MYC was shown to sufficiently inhibit cancer cell proliferation
(8). These data have highlighted the fact that MYC is a critical
protein for enhancing cancer cell growth and inhibition of such
a protein may offer an effective strategy for management of the
disease. Here we demonstrated that MYC was a key protein
affected by the treatment of gigantol using proteomics and
bioinformatics approaches (Figure 3A). Based on the
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enrichment analysis results, “regulation of cell proliferation”
in GO biological processes was the nearest term related to cell
proliferation. We defined hub proteins because such proteins
would affect several effectors or signaling pathways and have
a major impact on cellular processes overall. Changes of hub
proteins by treatment would effect cancer cell proliferation. We
defined the top 20 hub proteins as potential candidate target of
gigantol (Figure 3B). Since the proliferation assay and colony-
formation assay indicated that gigantol inhibited cancer cell
growth, the target in response to gigantol treatment should be
proteins that facilitate cell proliferation and which were down-
regulated by gigantol, or up-regulated proteins which inhibit
cell proliferation. It appeared that MYC, which is a pro-
proliferative protein, was down-regulated by gigantol with the
most abundant PPIs (Figure 4A). Furthermore, MYC is a
transcription factor whose function correlated with its
expression level. Thus, a small change in MYC protein level
might have a large effect on cell division processes. MYC is a
well-known proto-oncogene which controls several proteins
involved in the cell cycle and is crucial for cancer cell growth
(6). Moreover, phosphoinositide 3-kinase (PI3K)/AKT,
mitogen-activated protein kinase (MAPK), and JAK/signal
transducer and activator of transcription 3 (STAT) pathways
induce cancer proliferation through MYC regulation (23-25).
Therefore, we considered MYC as a target of gigantol-
mediated inhibition of proliferation. The MYC expression level
was validated in lung cancer cells, and western blot analysis
demonstrated that MYC levels in gigantol treated cells was
significantly reduced (Figure 4B and C). The protein analysis
confirmed that gigantol reduced the cellular MYC level in lung
cancer cells.

We also investigated the mechanisms that caused attenuation
of the MYC level. It is known that GSK3[ promotes
proteasomal degradation of MYC by phosphorylating MYC at
Thr58 and enhancing MYC degradation via the ubiquitin-
proteasome pathway. MYC is also positively regulated by AKT
via AKT-mediated GSK3p inactivation (11). Previous studies
demonstrated that gigantol inhibited AKT function by reducing
an active form of AKT (phosphorylated AKT at Ser473) in
lung cancer (14, 17), therefore it was possible that gigantol
might enhance GSK3f function. Nevertheless, an effect of
gigantol on GSK3f was unclear. We tested this hypothesis by
western blot analysis. The results indicated that gigantol
treatment reduced the level of Ser9 p-GSK3p (the inactive
form) but not total GSK3p (Figure 5B and C). This suggests
that gigantol attenuates GSK3f inactivation, which leads to an
increase in the active form of GSK3[} and accelerates MYC
degradation, as demonstrated by the reduction of MYC half-
life in the cycloheximide chasing assay (Figure 6). We
performed inhibition of proteasomal degradation using MG132
and the results confirmed that MYC was indeed degraded
mainly through the proteasome pathway. MG132-treated cells
had a higher MYC level because MYC degradation was
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blocked and MYC accumulated in the cells (Figure 7A and B).
Moreover, MG132 was able to reverse an inhibitory effect of
gigantol on MYC level (Figure 7A and B), which confirmed
that gigantol destabilized MYC through proteasomal
degradation. Next, we verified the level of ubiquitin-MYC
conjugation for ubiquitination was required for the recognition
of the proteasome. Immunoprecipitation followed by western
blot analysis was performed and the results indicated that MYC
ubiquitination was significantly increased in gigantol-treated
cells (Figure 7C and D). These data show that MYC
degradation was increased by gigantol since ubiquitination was
the critical process for prompting ubiquitin-proteasomal
degradation.

MYC is a potential target for cancer treatment as it plays
prominent roles in tumorigenesis and cancer progression.
Various strategies for modulating MYC expression have been
suggested, such as targeting the up-stream signaling
pathways which destabilize MYC protein [reviewed in (6)].
Natural flavonoids that modulated MYC were intensively
explored. For example, taxifolin, a natural plant flavonoid
found in the barks of Cedrus brevifolia, Cedrus brevifolia
(Hooker fil.), Laric siberica (ledeb.) and Texus chinensis,
was demonstrated to inhibit osteosarcoma cell proliferation
and suppress tumor growth in nude mice xenograft model
through AKT/MYC inhibition (26). In line with the above
context, the present study provides a detail of a key
molecular mechanism by which gigantol suppresses MYC
and supports its potential use and development for cancer
treatment (Figure 8).

The present study provided molecular mechanisms for the
effects of gigantol on cell proliferation of lung cancer cells
using proteomic and bioinformatic analysis. Gigantol
inhibited lung cancer proliferation by the reduction of MYC
stabilization through enhancing GSK3[-mediated ubiquitin-
proteasomal degradation. This finding on the mechanism of
regulation of cell proliferation by gigantol may have vital
implications in lung cancer management.
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