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Icariside Il induces cell cycle arrest and apoptosis in
human glioblastoma cells through suppressing Akt
activation and potentiating FOXO3a activity
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Abstract: Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor, and currently chemo-
therapeutic options for GBM are very limited. Given the poor prognosis, the development of novel anti-GBM agents is
quite urgent. Using two human glioma cells (U87 and A172 cells), we demonstrated that Icariside Il (ICA Il), an active
flavonoid compound derived from Epimedium koreanum, could inhibit GBM cell growth in a dose dependent man-
ner. Wound healing data suggested that ICA Il also inhibited the migration of human glioma cells. Mechanistically,
ICA Il induced apoptosis and cell cycle arrest, and this cytotoxic effect was dependent on the reduction of Forkhead
box 03a(FOX03a) phosphorylation mediated by Akt and the enrichment of nuclear FOXO3a, which initiated the
transcription of p21/p27. Importantly, the cytotoxic effect induced by ICA Il could be reversed by silencing the ex-
pression of FOXO3a, suggesting the critical role of FOXO3a in this process. Taken together, we propose ICA Il as a
potential novel anti-GBM candidate with a mechanism of inhibiting cell proliferation and inducing apoptosis through
suppressing Akt activation and potentiating FOXO3a activity.
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Introduction

Glioblastoma (GBM), is the most common and
aggressive cancer that begins within the brain.
The annual incidence of GBM is about 3.19
cases per 100,000 population, and average
age at diagnosis is 64 years old. Without thera-
py, patients with GBM might die within 3-5
months. On the other hand, even with optimal
therapy, most treated GBM patients only sur-
vive approximately 1 year, and only 5% live for
more than 5 years [1].

Standard treatment for GBM is surgery followed
by radiotherapy and chemotherapy, generally
with temozolomide (TMZ). Although TMZ has
been demonstrated as an effective chemother-
apeutic reagent to prolong the overall survival
of GBM patients, some patients do not
response to it, which is mainly caused by hyper-

methylation of DNA repair enzyme, O(6)-
methylguanine-DNA methyltransferase (MGMT)
[2]. Bevacizumab, an anti-VEGFA monoclonal
antibody, only benefits partial GBM patients
with the proneural subtype [3-5]. Other poten-
tial investigating drugs, such as bosutinib [6],
rindopepimut [7, 8], and some immunotherapy
[9, 10], are still in phase I/l clinical trials. The
dilemma and challenge for GBM treatment
might be due to the obstruction of blood brain
barrier (BBB), the instability of genomics and
epigenetics, neurotoxicity, and the intratumoral
heterogeneity. Thus, the prognosis of GBM still
remains miserably poor, and a new therapy is
urgently required to address this significant
unmet medical need.

Icariside Il (ICA 1I), is a bioactive flavonoid
derived from Epimedium koreanum, which has
been used as an anti-glioma herb in traditional
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Chinese medicine. Interestingly, previous re-
ports have suggested the anti-cancer effect of
ICA Il by inactivating several key signaling path-
ways involved in tumor progression, such as
JAK2-STAT3 pathway in multiple myeloma [11]
and PI3K-Akt pathway in osteosarcoma [12].
Although ICA Il has been suggested to possess
anticancer activities against various human
cancer cell lines in vitro and mouse tumor mod-
els in vivo [13], whether it has a similar effect in
GBM cells remains to be determined. Intri-
guingly, ICA Il has been shown to have the neu-
roprotective activity [14, 15], suggesting that it
could be a potential candidate against brain
tumors.

In this study, the anti-tumor effect of ICA Il in
GBM cells was investigated here. Based on our
data, we proposed that ICA Il could serve as a
potential novel anti-GBM candidate, and the
mechanism underlying the apoptosis and cell
cycle arrest induced by ICA Il was involved with
Akt-FOXO3a pathway.

Methods
Cell culture

Human glioma cells line US7MG and A172 were
purchased from Chinese Academy of Sciences
(Shanghai, China) and ICA Il from eBioChem
(Shanghai, China). Cells were grown in Dul-
becco’s Modified Eagle's Medium (DMEM) sup-
plemented with 10% heat-inactivated fetal
bovine serum (FBS), penicillin (100 U/ml), and
streptomycin (100 pg/ml). All cells were grown
in a humidified atmosphere containing 5% CO,
at 37°C.

Small interfering RNA interference

FOX03a siRNA (sense, 5’ UAGAAUUGGUGCGU-
GAACGGAAGUC-3’) and the negative control
siRNA (sense, 5’ UUCUCCGAACGUGUCACGUAA-
AUGC-3’) were obtained from Shanghai Generay
Biotech Company. U87 and A172 cells in 6 cm
dish were transfected with 250 pmol siFOX03a
or control siRNA using LipofectamineRNAiMax
(Invitrogen). Forty-eight hours posttransfection,
cells were treated with ICA Il to determine the
effect of Akt-FOXO3a signaling on cell cycle
arrest.

Cell proliferation assay

Cell proliferation assay was determined by Cell
Counting Kit-8 assay (Dojindo, Japan) accord-
ing to the manufacture’s protocol [16].
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Apoptosis analysis

After washing cells three times with ice-cold
phosphate-buffered saline (PBS), they were
resuspended in binding buffer (BD Biosciences,
Franklin Lakes, USA), stained with APC conju-
gated Annexin V (BD Biosciences, Franklin
Lakes, USA) and propidium iodide (PIl; Sigma-
Aldrich), and analyzed by flow cytometry (BD
Biosciences, Franklin Lakes, USA).

Cell cycle assay

Cells were seeded 16 h before analysis at 20%
of confluence, collected and stained with 200
pg-mlt of propidium iodide, 0.1% sodium azide,
0.1% Triton-X100 and 10 yg:mlI* RNAses for 2-4
h. Single cell events were collected for G1, S
and G2 phases quantification by fluorescence-
activated cell sorting array (BD Bioscience) and
data were analyzed using FlowJo software.

Migration assay

Cell migration was measured by counting the
number of cells that migrated through transwell
inserts with 3 um pores, as described previ-
ously [17]. Briefly, after 24 h incubation, cells
that migrated through the filter into the lower
wells were quantitated by gentian violet assay,
and presented as the total cell numbers in the
lower wells.

Wound healing assay

Cells were cultured to 90% confluency in six-
well plates, then a thin scratch (wound) was
introduced in the central area using a 200 pl
pipette tip. Detached and damaged cells were
carefully removed by PBS and the medium was
replaced with serum-free medium. Wound clo-
sure was observed by light microscopy and
images were captured at the indicated time
points.

Real-time PCR

Total RNA from U87 and A172 cells was extract-
ed using Trizol reagent (Invitrogen, Carlsbad,
CA), and 4 pg RNA was reverse-transcribed
using the Superscript First Strand synthesis
system (Invitrogen, Carlsbad, CA). The primer
sequences were listed below: p21 (forward
primer 5-AGTCAGTTCCTTGTGGAGCC-3’; re-
verse primer 5-CATTAGCGCATCACAGTCGC-3),
p27 (forward primer 5-GGCAAGTACGAGTGGC-
AAGA-3’; reverse primer 5-CGTGTCCTCAGAG-
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Figure 1. In vitro effect of ICA Il on cell viability in glioma cells. A: Chemical structure of ICA Il. B: Colony formation
assay was performed after U887 and A172 glioblastoma cells were treated with ICA Il (20 and 40 uM) or control for
24 h. C: Cell viability of U887 and A172 cells was analyzed using CCK-8 assay after indicated treatment. *P<0.05,

**%P<0.01, ***P<0.001 vs. control group.

TTAGCCG-3’) and GAPDH (forward primer
5-TGACTTCAACAGCGACACCCA-3’; reverse pri-
mer 5’-CACCCTGTTGCTGTAGCCAAA-3’). Primers
and probes for amplification and detection
were from the Universal Probes Library (Roche,
UK) with an initial heating at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, 60°C for
10 s, and 72°C for 1 s. Histone 3 and GAPDH
were served as internal controls.

Western blot

Whole cell lysates were obtained using an ice-
cold Mammalian Protein Extraction Reagent
(M-PER, Pierce). Nuclear and cytoplasmic frac-
tionations were separated by the Nuclear and
Cytoplasmic Extraction Kit (Pierce). Proteins
(20 ug) were resolved by 10% SDS-PAGE, and
electro-transferred onto a polyvinylidenedifluo-
ride membrane. Western blot was performed
according to standard methods. Anti-cleaved-
PARP, anti-p53, anti-cytochrome ¢, anti-Cas-
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pase3, anti-Akt, anti-phosphorylated-Akt (Ser-
473), anti-FOXO03a, anti-phosphorylated FOX-
0O3a (Ser318/321), anti-Histone 3 antibodies
were from Cell Signaling Technology (USA),
while anti-p21, anti-p27, and anti-GAPDH anti-
bodies were from Abcam (USA). The mem-
branes were developed using an enhanced
chemiluminescence detection system (Milli-
pore) and an Image Quant LAS-4000 Chemilu-
minescence and Fluorescence Imaging System
(FujiFilm).

Luciferase assay

The p21 and p27-luciferase constructs were
generated by inserting their promoter sequenc-
es into the pGL4-BASIC-luciferase plasmid
(Promega, Tokyo, Japan). Acommercial plasmid
containing a CMV-driven Renilla reporter sys-
tem was used as an internal control (Promega).
Cells were plated in 6-well plates at 50-70%
confluence and were co-transfected with the
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Figure 2. ICA Il induces cell cycle arrest and apoptosis in U87 and A172 glioblastoma cells. A: U87 and A172 cells
were treated with ICA Il for 24 h prior to cell cycle analysis by flow cytometry (left panel). The percentage of cells in
each phase of the cell cycle (sub G1, GO/G1, G2/-M and S) is shown in the right panel. B: U87 and A172 cells were
treated with ICA Il for 24 h prior to apoptosis rate analysis by flow cytometry (left panel). The percentage of early
apoptosis cells is shown in the right panel. C: U87 and A172 cells were treated with ICA Il (20 and 40 uM) for 24 h,
and western blot was performed to examine the effect of ICA Il on the protein levels of cyclin D, Caspase3, cleaved-

PARP, p53, and cytochrome c.

pCMV-p21/p27 construct or with an equimolar
amount of the pCMV empty vector and the
pGL4-p21/p27 construct utilizing PureFection-
TM reagents (System Biosciences). Twenty-four
hours post transfection, the luciferase assay
was performed in triplicate using the Dual-
Luciferase Reporter Assay System according to
the manufacturer’s instructions (Promega).

Statistical analyses

All the experiments were repeated at least
three times, and the data were presented as
means = S.D., unless otherwise indicated.
Statistical analysis was performed with one-
way analysis of variance (ANOVA) followed by
Student’s t-test, and P values less than 0.05
were considered significant.

Result

ICA Il inhibits glioma cell proliferation in a
dose-dependent manner

ICA 1l is a bioactive flavonoid derived from
Epimedium koreanum, and its structure is
shown in Figure 1A. To test its effect on GBM
cells, we chose two human glioma cells (U87
and A172 cells) as models, and treated them
with ICA-Il (20 or 40 yM) or vehicle control for
24 hours. As shown in Figure 1B, we found that
ICA Il treatment reduced tumor cell clone for-
mation in a dose dependent manner in both
cell types. Similarly, cell viability analysis also
suggested a dose dependent ICA Il effect on
both cells (Figure 1C, P<0.05), with IC_ (half
maximal inhibitory concentration) of 30 uM in
U87 cells and 34.5 yM in A172 cells, which is
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4-fold lower than those of temozolomide [18].
Taken together, these data indicated that ICA Il
could suppress GBM proliferation in vitro.

ICA Il could induce cell cycle arrest and apop-
tosis in human glioma cells

To explore the effect of ICA Il on human glioma
cells, we performed cell cycle and apoptosis
assays. Cell cycle analysis demonstrated that
ICA Il could induce cell cycle arrested at G1
phase, which leads to fewer cells in proliferated
G2/M phase in both GBM cells (Figure 2A).
Apoptosis data indicated that ICA Il treatment
resulted in a significant increase of early apop-
totic cells (Annexin V*/PI') in a dose-dependent
manner (Figure 2B, P<0.01). To further dissect
the effect of ICA Il treatment, we carried out
western blot assay, and showed that a key play-
er for G1/S transition cyclin D was significantly
reduced after ICA Il treatment. While apoptosis
related proteins, including cytochrome ¢, p53,
Poly (ADP-ribose) polymerase (PARP), and
cleaved caspase 3, were increased (Figure 2C,
P<0.05). Hence, our data suggested that ICA Il
could induce apoptosis and cell cycle arrest at
G1 phase in GBM cells.

ICA Il could inhibit GBM cell migration

To further investigate other potential effect of
ICA Il effect on GBM cells, wound healing assay
and transwell assay were conducted to exam-
ine cell migration. We examined three treat-
ment groups: DMSO, 20 uM ICA Il, and 40 uyM
ICA Il (dissolved in DMSO). Compared with the
control group, we found that ICA Il effectively
reduced the migration of U87 and A172 cells

Am J Transl Res 2017;9(5):2508-2519
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Figure 3. ICA Il inhibits the cell motility in U87 and A172 glioblastoma cell lines. A: U87 and A172 cells were first
treated with ICA Il for 24 h, and cells were scraped with pipette tips for the wound healing assay. After cells were
further incubated for another 24 h, wound closure was detected by light microscopy. B: Transwell assays were per-
formed to determine the invasiveness of the cells after 24 h of treatment.

after 24 hours treatment (Figure 3A, 3B,
P<0.05). These findings indicated that ICA I
also could suppress GBM cell migration.

ICA Il inhibits glioma cell proliferation via Akt/
FOX03a signaling pathway

Akt activates the transcription of several criti-
cal regulators involved in glioma proliferation
and survival [19], including FOX03a, a down-
stream phosphorylation target of the PI3K/Akt
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pathway and a member in a family of transcrip-
tion factors that are characterized by a distinct
forkhead DNA-binding domain [8]. Therefore,
we also examined whether Akt/FOX03a signal-
ing plays a role in effect of ICA Il on GBM cells.
Compared with a control group, p-Ser473-Akt
and p-Ser318/321-FOX03a levels were signifi-
cantly reduced in glioma cells after ICA Il treat-
ment (Figure 4, P<0.05). To assess how ICA Il
regulates FOXO3a distribution in glioma cells,

Am J Transl Res 2017;9(5):2508-2519
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Figure 4. Akt/FOX03a signaling pathway is involved in the effect of ICA Il on cell proliferation. After US7 and A172
cells were treated with ICA 1l (20 and 40 uM) for 48 h, western blot assay was performed to measure the protein
levels of Akt, p-Ser473-Akt, FOXO3a, p-Ser318/321-FOX03a in cytoplasmic and nuclear fractions (left). The corre-

sponding quantified data were shown in the right panel.

the levels of nuclear and cytoplasmic fractions
of FOX03a were determined by western blot,
and no change of total FOXO3a level was
observed. However, ICA Il treatment promoted
the translocation of FOXO3a from the cyto-
plasm to the nucleus, which led to accumula-
tion of FOXO3a in the nucleus (Figure 4,
P<0.05). These findings indicated the ICA I
could inhibit cell proliferation by blocking Akt-
dependent FOXO3a phosphorylation and pro-
moting FOX03a transportation into the
nucleus.

ICA Il could regulate the cyclin-dependent
kinase inhibitors p21 and p27 dependent on
Akt-FOXO3a pathway

We further investigated downstream effectors
of FOXO3a which participate in the anti-GBM
effect of ICA Il. Previous studies have suggest-
ed that p21 and p27, cyclin-dependent kinase
inhibitors and downstream effectors of FOX03a,
are important anti-tumor targets [20-22]. In-
terestingly, the mRNA and protein levels of p21
and p27 were upregulated in ICA ll-treated cells
(Figure BA). To further test this hypothesis, we
performed the reporter assay to check whether
ICA Il influences p21 and p27 activity in glioma
cells. Indeed, ICA Il potentiated the transcrip-
tional activity of p21 and p27 in GBM cells
(Figure 5E). To examine the role of FOX0O3a in
this process, FOXO3a siRNA or scramble con-
trol siRNA were transfected into U87 and A172
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cells, and significant reduction of FOX03a pro-
tein level were observed in GBM cells (Figure
S1). Notably, silencing FOXO3a expression abol-
ished the increase of p21 and p27 expression
levels and transcriptional activities induced by
ICA 1l (Figure 5A, 5B and 5E, P<0.05). Con-
sistently, ICA Il mediated cell growth suppres-
sion and cell cycle arrest were reversed after
FOX03a siRNA transfection (Figure 5C, 5D). In
summary, the upregulation of p21 and p27 are
essential for ICA ll-mediated growth inhibition
in GBM cells, and FOX03a plays a critical role in
this event. The working model of the mecha-
nism was shown in Figure 6.

Discussion

Malignant glioma is among the deadliest types
of brain cancer, and currently there is no satis-
factory treatment. Many scholars pay much
attention to explore new medicines. However,
most drugs would induce neurotoxicity, which
will unfortunately limit their clinical application.
Growing evidence indicates that flavone com-
pounds have anti-cancer activities, which has
been applied in traditional Chinese medicine
for thousands of years. Several clinical studies
suggested that dietary intake of plant flavo-
noids could reduce the risk of various cancers
[23-25]. ICA 1I, an active flavonoid compound
derived from Epimedium koreanum, is a metab-
olite and pharmacological active form of Icariin
[26, 27]. With the effective concentration rang-

Am J Transl Res 2017;9(5):2508-2519
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Figure 5. ICA Il regulates the expression of p21 and p27 through the Akt-FOXO3a signaling pathway. A: After U7 and
A172 cells were treated with ICA Il at IC50 concentration for 24 h, increased expression levels of nuclear FOX03a ,
p21, and p27 were detected, and this effect was abolished after FOXO3a knockdown. B: After U87 and A172 cells
were treated with ICA Il at IC,, concentration for 24 h, upregulated mRNA levels of p21 and p27 were detected,
and this effect was reversed after FOXO3a knockdown. C: Cell viability was analyzed using CCK-8 assay in control
and siFOX03a transfected cell treated with ICA 1 (IC_, concentration) or vehicle control. D: siFOXO3a transfected
glioma cells were treated with ICA Il for 24 h prior to cell cycle analysis by flow cytometry. The percentage of cells in
each phase of the cell cycle (sub G1, GO/G1, G2/-M and S) was shown. E: After cells were co-transfected with the
pCMV-p21/p27 construct or with an equimolar amount of the pCMV empty vector and the pGL4-p21/p27 construct,
cells were treated with ICA Il at IC, concentration for another 24 h before the luciferase signal was measured to
determine the transcriptional activity of p21 and p27. *P<0.05, **P<0.01 vs. control group, #P<0.05 vs. scramble

group.
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Figure 6. A schematic model to describe the mechanism of ICA II's anti-GBM effect. ICA Il inhibits the phosphory-
lation and activation of Akt, induces the expression of apoptotic related proteins (cytochrome c, p53, PARP, and
cleaved caspase 3), and promotes FOXO3a to transport into nucleus and drives the transcription of p21 and p27,
which eventually leads to glioma cell apoptosis and cell cycle arrest.

ing from 5 to 100 uM, ICA Il was demonstrated
to be efficacious against lung cancer, prostate
cancer, breast cancer and leukemia [28-31]. In
present study, we first demonstrated that ICA Il
could suppress cell proliferation and cell cycle
progression in human glioblastoma cells, and
IC,, of ICA Il in GBM cells (about 30 pM) was
4-fold lower than that of temozolomide (IC,,
134.97 uM), a drug widely used in current clini-
cal practice, suggesting that ICA Il may have
broader application prospects.

Our data indicated that ICA Il could induce
apoptosis-related proteins expression and sup-
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press Akt phosphorylation in GBM cells, as
phosphorylated-Akt might help GBM cells grow
without control of apoptosis and also enhance
tumor invasion. ICA I, icariin, and icaritin, all
have ability against tumors with different mech-
anisms [13]. FOX03a, a tumor suppressor that
is downregulated in glioma cells [32], is the
substrate of Akt and plays a vital role in the ini-
tiation of cell cycle arrest. Activated Akt could
subsequently phosphorylate FOXO3a and inhib-
it its activity by translocating it into the cyto-
plasma, where it is degraded by proteasomal
machinery [33]. In line with this, recent reports

Am J Transl Res 2017;9(5):2508-2519
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suggested that the cytoplasmic FOXO03a is cor-
related with Akt phosphorylation and poor prog-
nosis in gliomas [34]. Our data demonstrat-
ed that ICA Il treatment could inhibit Akt-
dependent FOXO3a phosphorylation and
induce FOXO3a accumulation in the nucleus.
Furthermore, ICA 1l did not alter the total expres-
sion of FOX03a in U87 and A172 cells, indicat-
ing the specificity of ICA Il in FOXO3a nuclear
translocation in GBM cells. Nuclear FOX03a
could target multiple genes such as p21, p27,
and cyclin D, which will result in the arrest of
cell cycle in GO/G1 phases and cell growth inhi-
bition [21, 35]. Consistent with these reports,
our data indicated that the anti-GBM effect by
ICA Il was dependent on the activation of p21
and p27 and the reduction of cyclin D, leading
to growth inhibition and cell cycle arrest.
Moreover, the cytotoxic effect of ICA Il could be
partially rescued when FOXO3a was knocked
down. Thus, we proposed that the anti-cancer
activities of ICA Il can be exerted dependent on
Akt-FOX03a-p21/p27 pathway in GBM cells.

Since the mechanism of cytotoxicity induced by
ICA 1l seems different from TMZ, ICA Il might be
an alternative drug and a candidate of combi-
nation therapy for recurrent gliomas. It was
reported that combo of ICA Il and paclitaxel
could suppress tumor growth in melanoma and
minimize paclitaxel resistance [36]. Icariin has
been tried to synergize the anti-glioma effect
with temozolomide, the additive anti-tumor
activities was associated with suppression of
NF-kB activity [37]. ICA Il has also been shown
to improve cerebral microcirculatory distur-
bance by decreasing IL-18 and TGF-B1 levels
via PPARs signaling in cerebral ischemia-reper-
fusion injury rat models, and is considered to
be a neuroprotective drug in cerebral ischemic
stroke [14, 38]. In addition, ICA Il can readily
penetrate the blood brain barrier [39], implicat-
ing that ICA Il could be a potential drug to pre-
vent both brain tissue damage and enhance
the effectiveness of chemotherapy in GBM
patients.

Many other effects could be also induced by
icariin against tumors, such as angiogenesis
inhibition, immunomodulation, and hormone
dependent cytotoxicity. So, a limitation of this
study is that ICA Il is an anti-tumor drug with
multiple targets, thus our results might only
elaborate a partial mechanism. Other pathways
like JAK2/STAT3 and PI3K pathway might also
be involved [28, 40]. More precise treatment by
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ICA Il needs lots of delicate work. More impor-
tantly, the anti-GBM effect of ICA Il in vivo still
needs further investigation, which will be an
objective of our further studies.

Conclusion

In summary, our data provided critical evidence
of anti-tumor effect induced by ICA Il against
GBM cells in vitro. We also verified that ICA I
treatment could suppress the axis of Akt-
FOX03a-p21/p27 and lead to cell cycle arrest
and apoptosis in GBM cells. These findings sug-
gested that ICA Il could inhibit GBM cells via
inactivation of Akt-related signaling pathway,
as a potential therapeutic candidate.
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Figure S1. After US7TMG and A172 cells were transfected with FOXO3a siRNA or scramble control siRNA and stimu-
lated with ICA Il at IC50 concentration or DMSO control for 24 h, the expression levels of total FOXO3a was examined.



