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Background: Galangin (GLN), a pure natural flavonoid compound found in plants, has
been shown to exert anti-cancer effects against multiple cancer types, including glioma.
However, its underlying molecular mechanism remains unclear. Epithelial-to-mesenchymal
transition (EMT) performs an important function in the genesis and development of cancer.
Skp2, a pivotal component of SCFS*P? E3 ubiquitin ligase, has been shown to function as an
oncogene in GBM invasion that contributes to the EMT process. Thus, we explored whether
GLN inhibited Skp2-mediated EMT and the mechanism underlying the Skp2 degradation
pathway.

Methods: CCK-8 assay, wound healing assay and transwell assay were used to examine cell
proliferation, migration, and invasion after treatment with or without GLN. RT-PCR and
Western blotting analysis were performed to evaluate mRNA and protein expression, respec-
tively. Co-immunoprecipitation was conducted to detect ubiquitinated Skp2 levels in vitro
and in vivo after GLN treatment. Bioluminescence imaging was performed to examine the
intracranial tumor size of U87 xenograft mice. Microscale thermophoresis (MST) experiment
was used to detect interactions between Skp2 and GLN.

Results: GLN suppressed GBM cell growth, migration, and invasion, and also downregu-
lated the expression of Skp2 and mesenchymal markers (Zebl, N-cadherin, snail, vimentin)
in vitro. Moreover, the overexpression of Skp2 in GBM cells decreased the effect of GLN on
EMT. Furthermore, we demonstrated that GLN degraded skp2 protein through the ubiquiti-
nation proteasome pathway and directly interacted with skp2 protein, as shown through the
MST assay.

Conclusion: This study is the first to identify Skp2 as a novel target of GLN for the
treatment of GBM and report of Skp2 protein degradation in a ubiquitination proteasome
pathway. Results from our study indicated the potential of GLN for the treatment of GBM
through ubiquitin-mediated degradation of Skp2.
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Introduction

Glioblastoma multiforme (GBM) is a primary malignancy of the central nervous
system. Despite temozolomide (TMZ) treatment, as well as radiotherapy after
surgery, tumor recurrence is unavoidable and the median survival of GBM patients
is not greater than 1.5 years due to the highly invasive nature of GBM.'
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Galangin (GLN; 3, 5, 7-trihydroxyflavone) is a pure
compound of the flavanol class of flavonoids that is found
in shoots of Helichrysum aureonitens plants and is utilized
in Asian countries as a medicinal compound. GLN has
been shown to exhibit different pharmacological effects,
such as anti-oxidative, anti-mutagenic and radical scaven-
ging effects.* ® Research has indicated that GLN exerts
anti-cancer effects against various cancers, such as gastric
cancer, melanoma, ovarian cancer, hepatocellular carci-
noma, and promyelocytic leukemia,” '* despite the fact
that GLN leads to the growth and apoptosis of certain
cancer cells. For example, galangin inhibited proliferation
and induced apoptosis of ovarian cancer cells via the p53-

dependent pathway.''

Galangin suppressed cell growth
and induced HepG2 cell apoptosis through the p38 and
AKT signaling pathways.'? In addition, galangin inhibited
cell proliferation by downregulating CD44 expression in
glioma.'> However, the precise mechanism of action of
GLN and its related molecular mechanism in glioma have
not been fully elucidated.

Epithelial-to-mesenchymal transition (EMT) has been
shown to contribute to the tumorigenic process. Once EMT
occurs, cancer cells change their epithelial features into
mesenchymal characteristics, thereby promoting cell growth,
migration and facilitation of tumor cells to infiltrate nearby
tissues and blood vessels. Accumulating evidence has con-
firmed that EMT causes GBM cells to acquire more malignant
biological properties and is negatively associated with GBM
prognosis.'*'> Moreover, EMT inhibition is an effective mode
of treatment for GBM.'®!” EMT is a complicated process and
a variety of molecules have been identified as regulators
of EMT.

Skp2 (S-phase-kinase-associated protein 2), an onco-
gene, has been reported to be expressed in several types of
cancers, including GBM. Additionally, multiple studies
have reported that Skp2 regulates EMT'® and that a high
expression of Skp2 is correlated with poor prognosis.'” !
Therefore, targeting Skp2-mediated EMT may be a novel
method for the treatment of GBM.

In this study, we showed that GLN suppressed cell
growth and EMT through the inhibition of Skp2 in
GBM, both in vitro and in vivo. Moreover, we demon-
strated that GLN directly binds to Skp2 protein to promote
Skp2 degradation through a ubiquitin-mediated protea-
some pathway. In conclusion, our results verified that
GLN may act as an anti-cancer agent and provided evi-
dence that GLN exerts its anti-cancer effects through Skp2
suppression.

Materials and Methods

Chemicals, Reagents, and Antibodies
Galangin (Shilan Biology, Tianjin, China) was suspended
in DMSO and kept at 4°C. Dulbecco’s modified Eagle
medium (DMEM) and fetal bovine serum (FBS) were
acquired from Gibco (Grand Island, USA). Skp2, snail,
vimentin, N-cadherin, ubiquitin and GAPDH antibodies
were bought from Cell Signaling Technology (Beverly,
MA). Chloroquine (CQ) and MGI132 were purchased
from Selleckchem (Houston, USA).

Tissue Culture

GBM cell lines (U87, U251 and U87-luciferase) were
provided by the Chinese Academy of Sciences (Beijing,
China). The cell lines were maintained in complete med-
ium (high-glucose DMEM) supplemented with 10% heat-
inactivated FBS and 1% penicillin/streptomycin. The cells
were cultured at 37°C in a 5% CO, atmosphere.

Cell Viability Assessment

Cell viability was determined using CCK-8 assay. The cells
were plated onto 96-well plates with 4000 cells in 100 pL in
each well. Then, the indicated dose of GLN was added and
the cells were incubated for 24 h. Thereafter, 10 pL of CCK-8
reagent was added into each well. The plates were main-
tained at 37°C for 2 hours. The absorbance at a wavelength of
450 nm was quantified utilizing a microplate reader. Data are
displayed as viability relative to the controls.

Cell Migration and Invasion Experiments
The migratory and invasive capacities of the GBM cells were
determined using transwell assay (Corning, USA). 1 x 10*
cells were placed in the upper chamber in 200 pL of serum-
free media. The chambers were coated with (invasion) or
without (migration) 100 uL of Matrigel (BD Biosciences,
CA, USA). The cells were incubated for 24 h at 37°C. Cells
that had migrated across the 8 um polycarbonate basement
membrane were stained using 0.1% crystal violet. The num-
ber of cells was calculated utilizing five random fields of
view in each well using a microscope.

Reverse Transcription Polymerase Chain

Reaction (RT-PCR)

Cellular RNA was isolated using TRIzol reagent (Sigma-
Aldrich). ¢cDNA was synthesized from the RNA using
a PrimeScript RT Reagent kit. A StepOne Plus device
(Applied Biosystems) was used to perform RT-PCR at 95°
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C for 10 s, which was followed by 40 cycles of 95°C for 5
s and 60°C for 20 s using the following primers: human
Skp2: GATGTGACTGGTCGGTTGCTGT (forward) and
GAGTTCGATAGGTCCATGTGCTG  (reverse);  and
human GAPDH: GTCTCCTCTGACTTCAACAGCG (for-
ward) and ACCACCCTGTTGCTGTAGCCAA (reverse).

Transfection

For the overexpression of Skp2 cells, the cells were trans-
fected with plasmids containing Skp2-flag or flag
(OriGene, USA) using Lipofectamine 2000, as per estab-

lished guidelines.

Western Blotting Analysis

Cell lysates or xenograft glioblastoma tissue homoge-
nates were lysed in 1x RIPA lysis buffer (CWBIO,
China). All
through electrophoresis on 10% gradient gels in SDS—
PAGE and were blotted onto PVDF membranes through
electroblotting in a transfer buffer. Then, the membrane
was placed in 1x TBST containing 5% BSA for block-
ing for 1 hour at RT. Thereafter, the membrane was

protein samples underwent separation

incubated overnight with primary antibodies suspended
in 5% BSA (1x TBST) at 4°C. Next, the membranes
were incubated with peroxidase—conjugated secondary
antibodies and were also diluted in 1x TBST solution.
The cells on the membrane were detected using the ECL
chemiluminescence method (Merck Millipore, German
ECL kit).

Co-Immunoprecipitation

Tissues were lysed in RIPA buffer containing protei-
nase inhibitors (Thermo Fisher Scientific). The proteins
were treated for an hour at 4°C using 20 pL of Protein-
A/G agarose beads (Santa Cruz) to decrease non-
specific binding. The supernatant was acquired through
centrifugation at 3000 rmp for 30 sec, then incubated
overnight at 4°C with 2 pg of rabbit anti-Skp2 anti-
body, followed by addition of Protein A/G Plus-
Agarose (Santa Cruz Biotechnology, Santa Cruz, CA)
at 4°C overnight, while being slowly swirled. Then, the
resulting beads were washed to decrease non-specific
binding. After being washed three times with RIPA
buffer, the bound proteins were determined using
Western blotting analysis.

GLN Treatment of a U87 Xenograft
Mouse Model

Approval for experimental procedures using animals was
granted by the Institutional Animal Care Committee of the
Southwest Medical University. Experiments were per-
formed in accordance with the guideline of the Chinese
Animal Welfare Act. Ten weeks old male balb/c nude mice
(Vital River Laboratories) were housed at 23—25°C under
a 12-hour light/dark cycle with free access to food and
water. And the mice were administered 4 puL of 1x10°
U87-luciferase cells/mouse at a rate of 0.5uL/min using
a micro syringe pump (RWD, China) bound to a Hamilton
syringe with a 33-gauge needle (Hamilton, Reno, NV).
The following guidelines were used: (mm from the
bregma): +0.5 anterior-posterior, +2.2 medio-lateral, and
—3.0 dorsoventral. Five days after injection, tumor—bearing
mice were divided into two groups and were intraperito-
neally injected with GLN (100 mg/kg/day) or the vehicle.
The weight of the mice was determined and tumors were
quantified once every 7 days. Thereafter, the mice were
anesthetized with 3.6% chloral hydrate in 0.9% sterile
saline.

Bioluminescence Imaging

The mice were intraperitoneally administered 100 mg/kg
body weight D-luciferin (Sigma-Aldrich, UK) and images
were captured a minute later using the IVIS Lumina II
Life MA).
Bioluminescence images were acquired using the exposure

imaging system (Caliper Sciences,
function. Analysis of signal intensities and images were
conducted using Living Image® Software (Caliper Life

Sciences).

Microscale Thermophoresis (MST)

Experiment

Recombinant Skp2 was marked using the Monolith
NT™ Protein Labeling Kit RED as per labeling proto-
cols. Labeled Skp2 was used at a concentration of 50
puM. The samples were incubated for 10 minutes at room
temperature and added into MonolithTM standard-
treated capillaries. Thermophoresis of the samples was
quantified at 25°C after 20 minutes of incubation on
a  Monolith  NT.115
Technologies, Germany). NT Analysis was used to

instrument  (NanoTemper

determine the dissociation constant Kd values.
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Statistical Analysis

Two-tailed Student’s t-tests were conducted to assess sig-
nificant variances among the two groups and one-way
ANOVA was used to evaluate multiple comparisons.
A P value of <0.05 was considered to indicate statistical
significance. The results are shown along with standard
errors of the mean.

Results
GLN Inhibited the Growth, Migration and
Invasion of GBM Cells

Initially, we detected the anti-proliferative effect of GLN
on U87 and U251 cells using CCK-8 and EdU assays. As
shown in Figure 1A-D, GLN suppressed proliferation in
a concentration-dependent manner. Next, we carried out
transwell assays to identify the anti-migratory and inva-
sive abilities of GLN on glioblastoma cells. 10 pM and
20 uM GLN was used to determine the effect of GLN on
migration. Compared with the control group, the GLN
treatment groups showed lower levels of migration and
invasion at the bottom of the membrane (Figure 1E-H).
These results indicated that GLN could substantially
decrease the migration and invasion abilities of glioblas-
toma cells.

GLN Suppressed Skp2 and EMT-Related

Markers in GBM Cells

To evaluate the influence of GLN on Skp2 and EMT in
GBM, U87 and U251 cells were treated with 10 uM and
20 uM GLN for 24 hours and examined using Western
blotting analysis to assess Skp2 and EMT-related markers
(zebl, N-cadherin, snail, and vimentin). As shown in
Figure 1I-L, GLN decreased Skp2 protein level and EMT-
related indicators in a concentration-dependent manner in
U87 and U251 cells. This finding indicated that Skp2 is
a target of GLN and that GLN can suppress EMT in GBM
cells.

Skp2 Overexpression Decreased the

Influence of GLN on GBM Cells

To validate whether GLN could decrease the effect of Skp2
overexpression, U87 and U251 cells were transfected with
a Skp2 overexpressing plasmid or vector, followed by treat-
ment with GLN or vehicle. The results indicated that skp2
overexpression substantially suppressed the influence of GLN
on cell growth (Figure 2A and B). In addition, Skp2-induced

migration, and invasion abilities of GBM cells were decreased
by GLN treatment (Figure 2C-F). Furthermore, Skp2-
overexpression in U87 and U251 cells decreased the influence
of GLN on Skp2, N-cadherin, snail, and vimentin levels
(Figure 2G-J). These results indicated that GLN exerts anti-
glioblastoma effects, at least in part, by suppressing Skp2-
induced EMT.

GLN Induced Skp2 Degradation Through
the Ubiquitin-Proteasome-Dependent
Pathway in GBM

First, we evaluated Skp2 mRNA levels post-GLN treatment
for 24 hours using RT-PCR. The results showed no signifi-
cant differences between Skp2 levels in U87 and U251 cells
(Figure 3A and B). Subsequently, we detected whether
Skp2 was degraded via the autophagy-lysosome pathway
or ubiquitin-proteasome pathway. The cells were treated
with GLN combined with MG132 (a proteasome blocker)
or CQ (a lysosome inhibitor). As shown in Figure 3C,
MG132, but not CQ, effectively inhibited GLN-induced
Skp2 protein degradation. Then, ubiquitination activity
assays of U87 and U251 cells were performed to determine
the association between ubiquitin and GLN-regulated pro-
teasome breakdown of Skp2 protein. U87 and U251 cells
were incubated with MG-132 and treated with GLN. Then,
a co-immunoprecipitation assay was performed to examine
levels of ubiquitinated Skp2. Compared with control cells,
the intensity of Skp2 smeared bands in the GLN treatment
group was found to be greater (Figure 3D). These results
suggested that GLN enhanced Skp2 degradation through
the ubiquitin-proteasome-dependent pathway in GBM.

GLN Inhibited Tumor Proliferation in an

Orthotopic Xenograft Mouse Model

To confirm the anti-GBM effect of GLN, we constructed
a U87-luciferase orthotopic xenograft mouse model and trea-
ted it using GLN or the vehicle. As shown in Figure 4A and B,
GLN inhibited intracranial tumor growth. Additionally, the
survival rates of mice were higher (Figure 4C) in the 21-day
GLN treatment group. Moreover, in the GLN treatment group,
the body weight of the mice was higher than that of the
vehicle-treatment group (Figure 4D). Similar to the in vitro
results, protein levels of Skp2 and EMT-related markers in
tumor tissues were downregulated in the GLN-treated group,
compared with the vehicle-treated group (Figure 4E and F).
Moreover, the co-immunoprecipitation assay confirmed that
GLN-enhanced the ubiquitination of Skp2 in the intracranial
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Figure I GLN suppressed cell growth, migration, invasion and EMT in GBM (A and B) CCK-8 assay was performed to evaluate the proliferation of U87 and U251 cells at
the indicated concentrations of GLN. (C and D) U87 and U251 cells were administered different doses of GLN for 24 hours and then EdU assay was used to detect
proliferation. (E-H) Transwell assay was conducted to detect the migration and invasion capabilities of U87 and U251 cells after the administration of the indicated
concentrations of GLN for 24 hours. (Bar, 100 um). (I-L) Western blotting analysis was performed to evaluate Skp2 protein and EMT-related marker levels followed by
treatment using the indicated concentrations of GLN for 24 hours. **p < 0.01; **p < 0.001.
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Figure 3 GLN strengthened Skp2 degradation through the ubiquitin-proteasome-dependent pathway in GBM. (A and B) Skp2 mRNA expression was evaluated using qRT-
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xenograft model (Figure 4H). These results indicated that
GLN treatment is crucially involved in the inhibition of
GBM proliferation in a tumor model through inhibition of
Skp2-induced EMT.

Specific Binding of GLN to Skp2 Protein
We used the microscale thermophoresis method (MST)
system to determine the binding of GLN to Skp2.
Compared with the control group (BSA), GLN was found
to bind to Skp2 protein and the EC50 was found to be 26.39
uM (Figure 4G), which indicated that Skp2 is a potential
direct target of GLN.

Discussion

Increasing evidence has demonstrated that Skp2 is an
important EMT regulator that contributes to the com-
mencement and advancement of multiple cancers. GLN

is a natural polyphenolic molecule that exerts anti-
proliferation and anti-motility effects in several cancers.
In this study, we discovered that GLN suppressed Skp2-
induced EMT in GBM. Moreover, we also demonstrated
that GLN accelerated Skp2 degradation. In addition, GLN
was found to have degraded Skp2 in a ubiquitination pro-
teasome dependent manner through its interaction with
Skp2. Finally, we confirmed that GLN inhibited GBM in
an intracranial GBM model and that the drug plays acts
through identical mechanisms in vivo and in vitro.

The invasive property of GBM is due to its aggressive
invasion capacity to infiltrate adjacent tissue. Cumulating
evidence has demonstrated that EMT is an important
mechanism that gives GBM cells an invasive ability.”***
Based on histopathology, GBM has been regarded as being
derived from the neuroepithelium. In addition, similar to
carcinoma, GBM contains high expression levels of
mesenchymal markers, including zebl, vimentin, snail, and
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Figure 4 Influence of GLN on an orthotopic xenograft mouse model and the specific binding of GLN with Skp2. (A) Representative tumor volume in each group displayed
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(H) MST assay was used to quantify the binding between GLN and Skp2. *p < 0.05; **p < 0.01.

N-cadherin.**?® Moreover, GBM patients with increased

levels of mesenchymal markers have a worse
prognosis.'>*® An increasing number of studies have
reported that inhibition of EMT could suppress GBM.?’
Cao et al reported that GLN inhibited cell invasion by inhi-
biting EMT in renal cell carcinoma,” while Chen et al
reported that GLN inhibited EMT by suppressing CD44 in
glioma.'® In this study, we showed that GLN could effec-
tively downregulate mesenchymal markers in GBM via
downregulating Skp2 in vitro and in vivo. However, the
xenograft usually does not grow invasive. Therefore, anti-
invasive therapy assessments would be needed in vivo for
further investigations.

Skp2 is a part of the F-box family of the specific sub-

strate-recognition subunit of SCF ubiquitin-protein ligase

complexes. Many studies have confirmed that Skp2 performs
a crucial oncogenic function in glioma pathogenesis. For
instance, Skp2 was found to be highly expressed in most
glioblastomas and high levels of Skp2 have been observed in
about 30% of GBM patients, while high Skp2 expression has
been associated with a poor prognosis.'® In addition, inacti-
vation of Skp2 could suppress EMT, as well as glioma
growth.”® Thus, inhibition of Skp2 could prevent glioma
growth and proliferation. In this study, we reported that
GLN suppress Skp2 expression in  GBM.
Additionally, we reported that skp2 can be degraded through
the ubiquitination-proteasome system. K48-linked Skp2

could

polyubiquitination is crucial for proteasomal degradation.
We also showed that GLN encouraged skp2 degradation
through a ubiquitination proteasome pathway.
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The Food and Drug Administration (FDA) has reported
that 30-40% of currently available anti-cancer therapies origi-
nate from plants or their derivatives.”> GLN, a natural com-
pound isolated from the Helichrysum aureonitens plant, has
exhibited antitumor properties in a variety of types of
cancers.”'%*® In glioma, the existence of the blood-brain bar-
rier (BBB) makes it difficult for agents to exert their effect
in vivo. We confirmed that GLN inhibited GBM using a mouse
orthotopic glioma model. Furthermore, we discovered that
GLN targeted and enhanced Skp2 degradation, which reduced
the side effects of GLN and promotes its anti-glioma ability.

In summary, we demonstrated that GLN blocked GBM
proliferation and EMT in vitro and in vivo. Furthermore,
we assessed whether GLN enhanced Skp2 degradation in
ubiquitination proteasome pathway and found that Skp2 is
a potential target of GLN in GBM.
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