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Homoharringtonine inhibits the progression of hepatocellular carcinoma by
suppressing the PI3K/AKT/GSK3p/Slug signaling pathway
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Homoharringtonine (HHT), was first isolated from the bark of Cephalotaxus harringtonia (Knight ex J. Forbes) K. Koch
and Cephalotaxus fortunei Hook trees. The bark extract is used to treat leukemia and in recent years has also been used in
traditional Chinese medicine (TCM) to treat solid tumors. However, the inhibitory mechanism of HHT in the progression
of hepatocellular carcinoma (HCC) is rarely studied. We aimed to evaluate the antitumor efficacy of HHT on HCC in vitro
and in vivo and elucidate the underlying molecular mechanism(s). HCC cell lines, including HCCLM3, HepGz2, and Huh?7,
were used to evaluate the antitumor efficacy of HHT in vitro. Cytotoxicity and proliferative ability were evaluated by MTT
and colony formation assays. Cell cycle progression and apoptosis in HHT-treated HCC cells were evaluated by flow cytom-
etry. To determine the migration and invasion abilities of HCC cells, wound-healing and Transwell assays were used. Finally,
western blot analysis was used to reveal the proteins involved. We also established a xenograft nude mouse model for in vivo
assessments of the preclinical efficacy of HHT, mainly using hematoxylin and eosin staining, immunohistochemistry, ultra-
sound imaging (USI), and magnetic resonance imaging (MRI). HHT suppressed the proliferation, migration, invasion, and
epithelial-mesenchymal transition (EMT) of HCC cells, and induced cell cycle arrest at the G2 phase and apoptosis. In the
HCC xenograft model, HHT showed an obvious tumor-suppressive effect. Surprisingly, Slug expression was also decreased
by HHT via the PI3K/AKT/GSK3p signaling pathway at least partially suppressed the growth of HCC via the PI3K/AKT/

GSK3p/Slug signaling pathway.
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Hepatocellular carcinoma (HCC) is a common malig-
nant tumor with the sixth and third highest incidence and
mortality, respectively, among all tumors [1]. Patients with
an early-stage HCC can be treated by surgical resection,
liver transplantation, and other methods but patients with
advanced unresectable or metastatic HCC have a poor
prognosis, which is mainly due to intrahepatic and extra-
hepatic metastasis and postoperative recurrence of residual
tumors [2]. Only a few chemotherapy drugs have been
proven effective. Sorafenib, a multikinase inhibitor, is the only
systemic therapy that can improve the survival of patients
with advanced HCC [3]. Although molecular targeted drugs
represented by sorafenib have made major breakthroughs in
the treatment of HCC, in recent years, clinical observations
have found that approximately 70% of patients are either
resistant to sorafenib or develop a series of serious adverse
reactions [4]. Therefore, the development of new, highly
effective drugs targeting HCC with low toxicity has become
an urgent need in the medical community.

In a variety of cancers, the stage of the malignancy and the
related mortality are associated with the metastatic ability of
the local primary tumor [5]. Epithelial-mesenchymal transi-
tion (EMT) is a multi-step biological process that converts
polarized epithelial cells into mesenchymal cells, which
is closely related to the activities of tumor migration and
invasion [6]. EMT has become the primary mechanism for
promoting malignant progression and metastatic coloni-
zation of epithelial-derived cancers (such as HCC) [7-9].
Notably, a group of transcription factors known as EMT
regulators (such as Snail, Slug, Twist, ZEB1, and ZEB2)
can precisely manipulate the EMT process and control the
proliferation, migration, invasion, apoptosis, cell stemness,
and radio/chemical sensitivity of EMT-related cancer cells
[10-12].

Various developmental signaling pathways, such as the
phosphoinositide 3-kinase (PI3K)/AKT, nuclear factor-xB
(NF-xB), Notch, and Wnt/p-catenin pathways, induce
EMT [7, 8]. The PI3K/AKT signaling pathway is one of the
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most important pathways in tumors [13], as it plays a vital
role in carcinogenesis and tumor progression by inhibiting
apoptosis and promoting cell proliferation [14, 15]. PI3K
phosphorylates  phosphatidylinositol ~ (4,5)-bisphosphate
to form phosphatidylinositol (3,4,5)-triphosphate, which
functions to prevent apoptosis. AKT is a core serine/threo-
nine kinase downstream of PI3K and has been proven to be
a key mediator of HCC cell resistance [16]. Activated AKT
phosphorylates glycogen synthase kinase 3p (GSK3), which
is an isoform of a serine/threonine kinase and can regulate
multiple functions of cells, including apoptosis [17].

In recent years, many natural products and their deriva-
tives, such as vinca alkaloids, taxanes, and camptothecins,
have been used in cancer chemotherapy. Moreover, the scien-
tific community in Western countries has also identified the
underlying plants linked to these natural products, especially
the latent natural products of medicinal plants used in tradi-
tional Chinese medicine (TCM) [18]. Homoharringtonine
(HHT) was firslyt extracted from Cephalotaxus harringtonia
(Knight ex J. Forbes) K. Koch and Cephalotaxus fortunei
Hook [19] and has been used clinically to treat leukemia
[20]. In recent years, HHT has also been used in research
on various solid tumors, such as bladder, kidney, lung, and
colorectal cancer [21-24]. Recent studies have reported
that HHT suppresses tumor proliferation and migration by
regulating EphB4-mediated B-catenin loss in HCC [25]. In
this study, we also observed the inhibitory effect of HHT on
the growth and metastasis of HCC in vivo and in vitro. In
addition, we found that the inhibitory effect of HHT on HCC
is mediated through the PI3K/AKT signaling pathway.

Materials and methods

Compound and reagents. HHT (catalogue number
H111922) was purchased from Aladdin Industries (Shanghai,
China). The powdered HHT was dissolved in DMSO into a
stock solution of 20 mmol/l before use. The primary antibodies
used to detect PI3K (CST#4292), p-PI3K (CST#4228), AKT
(CST#9272), p-AKT (CST#9271), GSK3p (CST#9315) and
p-GSK3p (CST#9336) were provided by Cell Signaling
Technology (Denver, Massachusetts, USA). The primary
antibodies used to detect E-cadherin (Cat No.20874-1-AP),
N-cadherin (Cat No.22018-1-AP), Vimentin (Cat No.10366-
1-AP), CyclinB1 (Cat No.55004-1-AP), Bax (Cat No.50599-
2-Ig), Bcl-2 (Cat No.12789-1-AP), Snail (Cat No.13099-
1-AP), Slug (Cat No.12129-1-AP), Twist (Cat No.11752-
1-AP), and p-actin (Cat No.66009-1-Ig) were purchased from
Proteintech Group (Wuhan, China). The HRP-conjugated
AffiniPure goat anti-rabbit IgG (SA00001-2) and AffiniPure
goat anti-mouse IgG (SA00001-1) secondary antibodies were
obtained from Proteintech Group.

Cell culture. Human liver cells (L-02) and HCC cell
lines (HCCLM3, HepG2, and Huh7) were all sourced from
the Shanghai Cell Resource Centre (Shanghai, China) and
cultured in DMEM containing 10% fetal bovine serum

(FBS) and 1% streptomycin/penicillin solution. All cells were
cultured in a 37°C incubator containing 5% CO,.

MTT assay. The cytotoxicity of HHT was evaluated by
the MTT assay. HCCLM3, HepG2, and Huh7 cells were
incubated in a 96-well plate at a density of 3000-5000 cells/
well and treated with different doses of HHT (0-100 nM) for
24-72 h. Next, MTT solution (5 mg/ml, 20 pl/well) (Sigma-
Aldrich, Merck KgaA, Darmstadt, Germany) was incubated
for 4 h, after which 100 ul of DMSO was added into each well
to dissolve the formazan crystals. The absorbance of each
well at 490 nm was measured on a microplate reader (EIx808,
BioTek Instruments, Winooski, VT, USA). The following
formula was used to calculate the inhibition rate of cell prolif-
eration: inhibition rate (%) = [1-A490 (test)/A490 (blank)] x
100%. The experiment was performed in triplicate.

Colony formation assay. After HCC cells were seeded
(500 cells/dish) in a 6-cm Petri dishes and cultured for 24 h,
treated with different doses of HHT (0-20 nM) for 3h and
then cultured with fresh complete medium, which was
replaced every 2 days. After 2 weeks, the cells were fixed with
methanol and stained with 0.5% crystal violet. The colonies
were all counted manually in three fields (10x, Olympus Co.,
Tokyo, Japan). The experiment was performed in triplicate.

Cell cycle assay. HCC cells seeded in a 6-well plate were
treated with HHT (0 or 20nM) for 48 h, after which they
were harvested, fixed with ethanol, stained with propidium
iodide (PI), and digested with RNase (10 mg/ml). Finally,
flow cytometry was used to determine the cell cycle distribu-
tion. The experiment was performed in triplicate.

Apoptosis assay. HCC cells were seeded in a 6-well plate
and cultured overnight. After adhering to the surface of the
wells, the cells were treated with increasing doses of HHT
(0-40 nM) for 48 h. They were then collected, washed, treated
with Annexin V-FITC/PI, and incubated in the dark. Finally,
flow cytometry was used to detect the apoptosis rate of the
HCC cells. The experiment was performed in triplicate.

Wound-healing assay. HCC cells were seeded in 6-well
plates to form a monolayer. After the cells were pre-treated
with mitomycin C (10 ug/ml) for 2 h, a scratch was created
with a pipette tip, and then the cells were cultured in a
serum-free medium and treated with different doses of HHT
(0-10nM). Microscope images were acquired at 0 h, 24 h, and
48 h after scratching. Image] software was used to analyze the
data. The experiment was performed in triplicate.

Transwell assay. A Transwell chamber (pore size 8 um,
Corning, Tewkesbury, USA) was used to evaluate the migra-
tion and invasion abilities of HCC cells. For the migration
assay, HCC cells were pre-treated with different doses of
HHT (0-20 nM) for 48 h. Then, the lower compartment of
the Transwell chamber was filled with medium containing
10% FBS, and the upper cell was filled with a suspension
of pre-treated HCC cells (2x10* cells/well) in serum-free
medium (300 pl). For the invasion assay, the procedure was
identical to the migration assay except for the addition of
diluted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA)
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the upper Transwell chamber to form a continuous layer
before the cells were seeded. After 48 h of incubation, the
migrated and invading cells were stained with 0.5% crystal
violet, observed and analyzed under an optical microscope;
images were obtained. The experiment was repeated three
times.

Animal tumor model and treatments. BALB/c nude
mice (4-5 weeks old) were provided by Charles River, Japan
(Beijing, China) and housed in a pathogen-free environ-
ment. After they were anaesthetized via intraperitoneal injec-
tion of sodium pentobarbital (1%; 5 ml/kg), BALB/c nude
mice were subcutaneously inoculated with HCCLM3 cells
on the left abdomen to establish a subcutaneous xenograft
model. When the tumor size was approximately 200 mm’,
tumor-bearing nude mice were randomly divided into two
groups (n=4, each group): the control group and the HHT
treatment group. The lung metastasis model was established
by injecting nude mice with 4x10° cells via tail vein (n=4,
each group). The mice in the HHT treatment group received
intraperitoneal injections of HHT (10 mg/kg/injection) once
every two days. The mice in the control group were intra-
peritoneally injected with the same volume of phosphate-
buffered saline (PBS). During treatment, ultrasound imaging
(USI) and magnetic resonance imaging (MRI) was used to
monitor tumor changes.

Hematoxylin and eosin staining. After the mice were
sacrificed on the 14" day after treatment, the tumors were
excised. The main organs (heart, lung, liver, spleen, kidney)
were also removed, and then the tumor tissues and organs
were fixed with formalin, embedded in paraffin, and
sectioned. Subsequently, the sections were deparaffinized
and stained with hematoxylin-eosin (H&E) before they were
viewed under a microscope and imaged.

Immunohistochemistry. The tissue samples were fixed
with formaldehyde and embedded in paraffin before they
were sectioned and deparaffinized in water. Antigen retrieval
was performed, and specific antibodies were used for
immunohistochemical staining with a streptavidin-peroxi-
dase complex. Microscope images were collected.

Ultrasonic imaging. Ultrasound imaging (USI) with an
iU Elite ultrasound system (Philips Healthcare, Amsterdam,
Netherlands) was conducted to monitor tumor growth and
progression. B-mode ultrasound was used to observe tumor
size and internal echo, and color Doppler flow imaging
(CDFI) and color power Doppler (CPA) were used to evaluate
tumor angiogenesis. At the same time, ultrasound elastog-
raphy (USE) was used to assess the stiffness of the tumor.

MRI. The Philips Achieva 3.0 T TX MR system for MRI
examination was used to assess tumor size in nude mice. The
imaging sequences include TIWI and T2WI.

Western blot assay. HCC cells seeded in six-well plates
were incubated with different doses of HHT (0-40 nM) for
48 h, washed with ice-cold PBS, collected by centrifugation,
and lysed with RIPA buffer. Then, the total protein content
of HCC cells was obtained by centrifugation and boiling.

The protein concentration was determined by the bicincho-
ninic acid (BCA) method. Subsequently, the proteins were
separated by electrophoresis through a sodium dodecyl
sulfate-polyacrylamide gel at constant voltage and then
transferred to a PVDF membrane. Then, the membrane was
blocked with 5% skim milk/TBST followed by incubation
with the corresponding primary and secondary antibodies.
Finally, electrochemiluminescence (ECL) reagents (Pierce,
Rockford, IL) were used for evaluating the protein band
intensities, and Image] was used for optical density analysis.
The experiment was repeated three times.

Statistical analysis. IBM SPSS 22.0 software was used
for statistical analysis. The data are shown as the mean *
standard deviation (X + SD). Student’s t-test or one-way
analysis of variance was used to compare differences between
two groups or among more than two groups, respectively.
A p-value <0.05 was considered statistically significant.

Results

HHT displayed obvious cytotoxicity against HCC cells.
First, we observed the cytotoxic effect of HHT on the normal
liver cell line L-02 with the MTT assay and found that HHT
showed no obvious cytotoxicity in these cells. To identify
the potential antitumor activity of HHT on HCC cells, we
measured the activity of HCCLM3, HepG2, and Huh?7 cells
after 24, 48, and 72 h of treatment with different concen-
trations of HHT (up to 100 nM) using a standard MTT
assay. The results indicated that HHT can obviously inhibit
the activities of all three HCC cell lines. More importantly,
the inhibitory effect of HHT on HCC cells depends on the
concentration and duration of HHT treatment. Then, we
calculated the 50% inhibitory concentration value (IC50) for
48 h by probit regression analysis. The IC50 values of HHT in
HCCLM3, HepG2, and Huh?7 cells were approximately 36.85
nM, 18.34 nM, and 19.68 nM. Sorafenib, the most common
drug for clinical treatment of HCC, was used as a positive
control [26]. The results suggested that HHT and sorafenib
could significantly inhibit the growth of HepG2 cells in a
dose- and time-dependent manner (Figure 1A). Of note,
we calculated the IC50 value of sorafenib at 48 h by probit
regression analysis; the value of sorafenib was approximately
5.62 uM, while that of HHT was only 18.34 nM.

HHT inhibits the proliferation of HCC cells. Gener-
ally, inhibiting cell proliferation and inducing apoptosis are
the main measures by which researchers assess the inhibi-
tory effect of chemotherapy drugs on cancer cell growth [2,
27]. Colony formation can be used to directly reflect the
proliferation potential of cells. The evidence of the decline
in the proliferative ability of HCC cells treated with HHT
was dose-dependent (Figure 1B). Cell proliferation is also
related to the normal cell cycle function. Therefore, flow
cytometry was used to analyze the cell cycle distribu-
tion, study the regulatory effect of HHT on the HCC cell
cycle, and further evaluate the mechanism by which HHT
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Figure 1. Effect of HHT on the growth of HCC cells. A) Cytotoxic effect of different concentrations of HHT (0-100 nM, 0-72 h) on L-02, HCCLM3,
HepG2, and Huh?7 cell lines and percentage of surviving HepG2 cells treated with sorafenib (0-20 uM, 0-72 h) as observed by the MTT assay. *p<0.05,
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inhibits HCC cell proliferation. HHT treatment (20 nM)
arrested HCCLM3, HepG2, and Huh?7 cells at the G2 phase
(Figures 1C, 1D). The proportion of HCCLM3, HepG2, and
Huh7 cells in the G2 phase of the HHT treatment group was
4.5, 4, and 3 times higher than that of the corresponding
control group, respectively (Figure 1E). We also analyzed
the expression levels of cell cycle regulatory proteins by
western blot. The expression level of CyclinB1 decreased
in a dose-dependent manner after HHT treatment, which
was consistent with the cell cycle analysis (Figure 1F). These
results reveal that HHT may suppress HCC cell prolifera-
tion by arresting cells at the G2 phase.

HHT induces apoptosis of HCC cells. Cell death is
deemed to be another key factor that leads to drug-induced
mitigation of cancer cell growth [28]. After treating HCC cells
with HHT, we used FITC-Annexin V/PI staining to study
apoptosis and observed that the percentages of HCCLM3,
HepG2, and Huh?7 cells in the Q4 and Q2 quadrants, which
represent early and late apoptotic cells, respectively, were
elevated after HHT treatment in a dose-dependent manner
(Figure 2A). When the HHT concentration was 40 nM, the
total apoptosis rate of HCCLM3, HepG2, and Huh7 cells
increased by 6-fold, 5-fold, and 2-fold compared with that
of their corresponding control cells, respectively (Figure 2B).
Western blot analysis also reported that the expression of Bax
(a pro-apoptotic marker) increased in the HHT-treated HCC
cells and that of Bcl-2 (an anti-apoptotic marker) decreased,
indicating that the HHT-induced apoptosis is driven by an
endogenous pathway (Figure 2C). Hence, the HHT-induced
apoptosis may be a significant factor in the inhibition of
HCC cell growth.

HHT inhibits the migration and invasion of HCC cells.
Apart from inducing cancer cell apoptosis, many chemother-
apies also have the ability to block tumor cell migration and
invasion. Therefore, we used a wound-healing assay to eluci-
date the inhibitory effect of HHT on HCC cell migration. To
avoid the influence of cell activity on cell migration, we used a
lower concentration of HHT (0-10 nM) to discern the effect
of HHT on migration, and mitomycin C to attenuate prolif-
eration. Compared to the control group, the HHT-treated
group had an effectively slower migration rate that was
both, concentration- and time-dependent (Figures 3A, 3B).
Consistently, the Transwell assays revealed a dose-dependent
decline in the migration and invasion of HHT-treated HCC
cells (Figures 3C, 3D). These results indicate that HHT treat-
ment can inhibit the migration and invasion of HCC cells at
non-cytotoxic concentrations.

HHT inhibits HCC progression in vivo. To evaluate
the antitumor activity of HHT in HCC in vivo, we used
BALB/c nude mice to establish an HCCLM3 xenograft
tumor model. On day 14, the tumor weight and size in
mice from the HHT-treated group were obviously smaller
than those in mice from the control group, suggesting that
HHT significantly inhibits tumor growth (Figures 4A and
4D-4F). USI and MRI technologies are non-invasive tools

that do not require radiation, do not increase mortality,
and can provide detailed and accurate information for
evaluating the effectiveness of tumor treatment. We used
USI (B-mode, CDFI, CPA, and USE) and MRI (T1WI and
T2WI) to monitor changes in the tumor. The ultrasound
monitoring results showed that the tumor size, angiogen-
esis, and hardness index in the HHT treatment group were
lower than those in the control group (Figure 4B). Further-
more, similar results were obtained by MRI with regard
to tumor size (Figure 4C). H&E staining is a standard
pathological method for assessing the efficacy of drugs.
The results show that tumor growth and angiogenesis are
ameliorated after HHT treatment. Furthermore, decreased
immunohistochemical staining of the proliferation marker
Ki67 (brown) and increased terminal deoxynucleotide
transferase-mediated dUTP notch end labeling (TUNEL)
staining (brown) revealed that proliferation was inhibited
and apoptosis was increased in the HHT-treated HCCLM3
xenograft tumors (Figures 4G, 4H). To evaluate whether
HHT had an adverse effect on mice, we collected heart,
liver, spleen, lung, and kidney from both groups of mice.
H&E staining demonstrated that compared with the control
treatment, HHT treatment did not cause obvious necrosis
in these organs (Figure 41I). To elucidate the role of HHT in
metastasis in vivo, HCCLM3 cells were injected into nude
mice via tail vein, and the mice were sacrificed 7 weeks later.
The number of lung metastatic nodules was counted under
a dissecting microscope. The results showed that compared
with the control group, the HHT treatment group had fewer
metastatic nodules (Figures 4], 4K).

HHT suppresses EMT by repressing Slug expres-
sion in HCC cells. In addition to significant contribution
to migration and invasion, EMT has also been reported to
be a key mechanism for enhancing proliferation, memory,
angiogenesis, and anti-apoptotic activity in cancer cells [8].
Consequently, we tried to evaluate the effect of HHT on
EMT in HCC cells. The expression of key EMT biomarkers,
including E-cadherin, N-cadherin, and Vimentin, was
detected by western blot. The results showed that as the
dose of HHT increased, the expression levels of the mesen-
chymal markers N-cadherin and Vimentin decreased
while those of the epithelial marker E-cadherin increased
(Figures 5A, 5B). These changes in N-cadherin, Vimentin,
and E-cadherin expression indicated that interstitial to
epithelial transformation, which is the reversal process of
EMT, occurred after HHT treatment. At the same time, we
investigated the expression of upstream EMT regulators,
including Snail, Slug, and Twist, which have been reported
to regulate EMT-related migration and invasion and play a
role in promoting the proliferation and inhibiting apoptosis
of tumor cells [11]. HHT treatment significantly suppressed
the expression of Slug in a concentration-dependent manner
in HCCLM3, HepG2, and Huh7 cells (Figures 5C, 5D),
while there was no significant difference in the expression
of Snail and Twist. Slug has been shown to be involved in



HOMOHARRINGTONINE INHIBITS HEPATOCELLULAR CARCINOMA 929

A HCCLM3 control HCCLM3 10nM 48h HCCLM3 20nM 48h HCCLM3 40nM 48h
<
o
a‘“q«
e e i s e R P L PR R R R
FITC-A FITC-A FITC-A FITC-A
HepG?2 control HepG2 10nM 48h HepG2 20nM 48h HepG2 40nM 48h
£ vl
m"s— Eﬂs_
1 (|||ll|2.'| T T T S— T AL P L e L AL T T Ty
10° 10 o' 10 10 10° 10° 10 1 10 10° 10° 10 10 10
FITC-A FITC-A FITC-A FITC-A
Huh7 control Huh7 10nM 48h Huh7 20nM 48h Huh7 40nM 48h

T == Ty
T 3 A s 1

0

FITC-A FITC-A FITC-A FITC-A
B 9 e HepG2 48h * Huh7 48h
oe 30 HCCLMS34sh N 2 epG S ul
~— ~— *% 3
g 8, % *k il
£ 8 £ o
€ 20 € 5 204 € g 204
ike) 8o s [Xe]
g q P o & o &
o o Q.
0104 - 2210 * 22 104
7] [7] [
= i} ]
8. o o
a 0. g od g ol
° SESRERS ° > S S o] RN
O O O
$ N Q Q $ Q Q N N o Q Q
S S & S 9
C HHT HHT HHT

control 20nM 40nM control 20nM 40nM control 20nM 40nM

BCL-2 | g . s

| ——

| —
B-actin | e —— | | —— S m——
HCCLM3 HepG2 Huh7

Figure 2. Apoptosis of HCC cells after treatment with HHT (0-40 nM, 48 h). A, B) Apoptosis assay of HCC cells treated with different concentrations
of HHT (0-40 nM, 48 h). **p<0.01. C) Western blot assay indicated that Bcl-2 expression decreased and Bax expression increased in HCC cells treated
with HHT (0-40 nM, 48 h). B-actin was used as the loading control.



930 Hong-Yuan LIU, et al.

A HCCLM3 HepG2 Huh7
control HHT 5nM  HHT 10nM control HHT 5nM HHT 10nM control HHT SnM  HHT 10nM

Oh

24h

48h

B HCCLM3 mm control HepG2 mm control Huh7 mm control
= 5nM — = 5nM = 5nM
fad = 10nM kel = 10nM = 10nM

*% ok

N
(=}
*
s+
9
(=}
*
*
—_
W

—
wn
—_
W

—
(=}

e
©n

o
n

Relative migration
o
wn

z
Relative migration
>
Relative migration

o
o
o
°
o
)

24h 48h 24h 48h ’ 24h 48h

C Migration Invasion
control HHT 5nM HHT 10nM HHT 20nM control HHT 5nM  HHT 10nM HHT 20n

HCCLM3

HepG2

HepG2

Huh7

D * %k * % * %
* % ——

g * % é’ * %
[0} ** * % [0} * %
© - - - o 400 - —
g L s Sege mm control g e . Y == control
© . = 5nM §300_ s = 5nM
'81000- = 10nM S = 10nM
s = 20nM G 200 1 = 20nM
[0}
[0} i
500 4 [
3 £ 1001
E = |
> 4
z 0 4 0 -
> 2 A
e o N ) o
Q\QQ X o QQQ X




931

HOMOHARRINGTONINE INHIBITS HEPATOCELLULAR CARCINOMA

14d

0 = n 3
- ~ =3 S

(8)1ySrom Jowng,

=3 (=3
=3 =3
" =]

7d

(sWwrur)ownjoA Jowny,

0od

spow-g  14dD vdO

LHH €INTODOH

T
BN G RT3 001 041,12 13 14

spou-¢g 14dD

m [onuod ¢INTOOH

IMIL

IMZTL
LHH €NTOOH

14d

7d

od

IMIL

IMCTL
[onuods cINTOOH

A [onuod ¢INTOOH LHH €EWTOOH (&)

Bottom

Surface

I

Ki67 TUNEL

H&E

o

S

[onuod 1HH
x %,
Z
O.W\o
OO
o n [

Q — —~ wn ©

(%) TANNLJO
xopui snjoydode

S ® O T Ao

(%) L9T31JO
xopur uoneajrjoxd

[onuod

kidney

spleen

liver

heart

Wl control
= HHT

*%
T

T
HHT

control

= ) =) " =)
aQ - -

Buny 1od sonpou

oneISEIOW JO IDqUINN




932

Hong-Yuan LIU, et al.

Relative expression
compared with B-actin

Relative expression

wn
(=]
J

100 -

W
(=}
L

(=]
L

El control
= 20nM
= 40nM

*%

*%

E-cadherin N-cadherin Vimentin

HHT HHT HHT
control 20nM 40nM control 20nM 40nM control 20nM  40nM
E-cadherin S — —— - — e
et | |y o || O
VImentin | sm— —— . — -
B-actin
iy | | gy Y | |w—" — —
HCCLM3 HepG2 Huh7
HCCLM3 mm control _ %150 - HepG2 mm control . 150 7 Huh7
o - —
= 200M 2 G = 20nM S 3
S E 40nM ? @ sk ‘» ¢
»  crood ., B 40nM @ o 1
QX ok o sk *%
X '3 Q=
dedk [} xX 2
*k o ()
g o *% o *%k
W S g 501 wk q>) © 50 A
*% E =3 *% = @®
O £ O o
X o o £
o o d 14 g o
E-cadherin N-cadherin Vimentin E-cadherin N-cadherin Vimentin
HHT HHT HHT
control 20nM 40nM control 20nM  40nM control  20nM  40nM
Snailﬁ—‘_ — A N A e
stug | QD — — || ——
. ——— -— — = — —
Twist —
B-actin [ P—— TR
HCCLM3 HepG2 Huh7
HCCLM3 HepG2 Huh7
c 5120+ c S1207
W control § O Em control § QO
2 oF ] 2%
= 20nM @ 4100 = 20nM 9 'O
*k o *k P
B 40nM 3 £ 807 B 40nM 5 £ 804
30 - o 3 601
(0] -06 xx 03 *k
(0] (]
2 240 - 2 = 40+
58 5 8
O £20 - O £ 204
e 5 2§
O 9 O od

Snail

Twist

Slug

Twist

Snail

Slug

Snail Slug

Em control
= 20nM
= 40nM

Twist



HOMOHARRINGTONINE INHIBITS HEPATOCELLULAR CARCINOMA 933

EMT, proliferation, cell cycle progression, stem cell A HHT HHT —
characteristics, angiogenesis, and anti-apoptotic control  20nM 40nM  control 20nM 40nM  control 20nM_40nM
activities [29]. These results show that HHT may
exert the above-mentioned functions by inhibiting PPEK |- [ — b a—
Slug-induced EMT.

I%IHTinhibitsthePI?,K/AKTsignalingpathway PIK |W— | W S—-— h——
in HCC cells. Accumulating evidence suggests that
the PI3K/AKT pathway plays an important role p-AKT | TP e«
in cell survival and metastasis [15, 30, 31]. Slug
is a transcription factor that has been reported to AxT (VP S—— |-_ TP
be regulated by the PI3K/AKT signaling pathway
in HCC cells in previous studies [32]. Therefore, p-GSK-3p | S -— - -
we examined the expression and activation of
key regulatory factors in this signaling pathway, GSK-3P fum e s o —— oy e—— a—
including PI3K (p-PI3K) and AKT (p-AKT). The
results showed that HHT significantly decreased B-actin. | N GHENS S | G S— t— |.-.|
the levels of phosphorylated PI3K and AKT in a HCCLM3 HepG2 Huh?

dose-dependent manner, whereas the expression

levels of total PI3K and AKT were not significantly B e — N control
different. GSK-3p, as one of the downstream targets 100 =1 200M
of AKT, mediates apoptosis [33]. Therefore, we c £ i b B 40nM
examined GSK-3f and its activated phosphory- 2 80

lated form (p-GSK-3B) and discovered that HHT gzéo_

obviously reduced the levels of phosphorylated 53 »

GSK-3B in a dose-dependent manner (Figures 2 Buo- Wl i

6A, 6B), but there was no significant difference in :3 g - ok

total GSK-3p expression. Collectively, these data x g207 2

demonstrate that the inhibitory effect of HHT on 0 | L

the proliferation, migration, and invasion of HCC p-PI3K  PI3K  p-AKT AKT p-GSK3B GSK3B
cells as well as the induction of apoptosis appears

to act by inhibiting the PI3K/AKT/GSK-3f/Slug 1507 HepG2 S
signaling pathway. 5§

AKT activator SC79 hindered the inhibitory gé‘; - e
effect of HHT on HCC. To further determine Q%mo_ = 40nM
whether HHT suppresses the growth and metas- $8
tasis of HCC via PI3K/AKT/GSK-3p/Slug signaling, 2 8 so-

SC79, an activator of AKT, was used for rescue SE

experiments. The results showed that compared ©

with cells treated with HHT alone, cells treated 0-

with the combination of SC79 and HHT showed PERE PRE paKT AKD pGSERp GSKSp

significant attenuation of the suppressive effect of

HHT on cell proliferation (Figure 7A), migration, N

and invasion (Figures 7B-7D). We next investigated N control
the effect of SC79 on the PI3K/AKT/GSK3p/Slug =31 20nM
signaling pathway and found that when SC79 was 100 B 40nM

used in combination with HHT, the levels of p-AKT,
p-GSK-3p, and Slug were increased compared with
those in response to HHT treatment alone (Figure
7E), indicating that the AKT activator SC79 can
hinder the inhibitory effect of HHT on the levels
of p-AKT, p-GSK-3p, and Slug. This further proves pPI3K  P3K  pAKT AKT p-GSK3p GSK3p

that the inhibitory effect of HHT on the prolif-

eration, migration, and invasion of HCC cells acts Figure 6. Expression of genes in the indicated signali‘ng pathwaxs in HCC ce.:lls
. . f the PI3K/AKT/GSK-38/S after HHT treatment. A, B) Western blot of the expression of the primary proteins

via suppression of the - [3 ug involved in key signaling pathways in cells treated with HHT (0-40 nM, 48 h).

signaling pathway. **p<0.01 vs. the control group (0 nM HHT).
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Figure 7. The AKT activator SC79 reversed the inhibitory effect of HHT on HCC cells. A) HCCLM3 cells were treated with HHT and/or SC79 and then
analyzed by the colony formation assay.SC79 increased the viability of HHT-treated HCC cells. B-D) Wound-healing and Transwell assays indicated
that, following the addition of SC79, the migration and invasion abilities of HCC cells were improved. E) After the addition of SC79, the levels of p-
AKT, p-GSK-3p, and Slug were elevated in HepG2 cells. **p<0.01 vs. the control group (0 nM HHT).
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Discussion

The antitumor properties of natural metabolites and
phytochemicals from plants have been receiving increasing
attention [34]. HHT is a natural cephalotaxine alkaloid
approved by the US Food and Drug Administration and has
been used as an active antitumor agent in several kinds of
cancers (Figure 8A). HHT can also be used to increase the
sensitivity of drug-resistant cancer cells to apoptosis [35].
In this study, we determined that HHT could suppress the
growth and metastasis of HCC both in vitro and in vivo,
at least in part by inhibiting the PI3K/AKT/GSK-3p/Slug
signaling pathway.

In the present study, we found that HHT has potent
anti-proliferative effects in three different HCC cell lines
(HCCLM3, HepG2, and Huh7) in a dose-dependent manner.
More importantly, our results showed that HHT could
significantly inhibit the HCC activity at a low concentration,
while the same inhibitory effect was obtained by sorafenib in
the micromolar (uM) range. In HCC cells, HHT inhibited
colony formation, induced apoptosis, and arrested the cell
cycle. The changes in the expression of the apoptosis-related
proteins Bax and Bcl-2 and G2/M checkpoint protein Cyclin
BI1 further support these results. In vivo, xenograft tumor
volume was monitored by USI and MRI, and reductions in

Homoharringtonine

Molecular formula: C,sH;0NOo
Mollar mass:545.62

Source: Cephalotaxus harringtonia

tumor size, angiogenesis, and stiffness index were observed
in the HHT-treated group. Ki-67 expression and TUNEL
staining also confirmed that HHT could inhibit the prolifera-
tion and induce apoptosis of HCCLM3 cells in vivo.

HCC migration and invasion are pivotal steps that lead
to tumor metastasis and poor prognosis [36]. EMT has
been shown to promote the metastatic ability, cell stemness,
and metabolic alterations of HCC [37]. EMT is a complex
and reversible biological process that shifts tumors from an
epithelial-like phenotype to a mesenchymal-like phenotype,
thereby increasing invasion and migration abilities [38, 39].
Functional assays confirmed that HHT suppresses the migra-
tion and invasion of HCC cells in vitro, and the number of lung
metastases was lower in the HHT treatment group in vivo,
indicating that HHT could reduce the metastatic ability of
HCC cells. Downregulation of E-cadherin and upregulation
of N-cadherin and Vimentin lead to an increase in cellular
motility [40]. We further verified that HHT reversed EMT,
which was illustrated by increases in E-cadherin expression
and decreases in N-cadherin and Vimentin expression. In
the next step, we sought to investigate how HHT affects the
EMT phenotype. Because Snail, Slug, and Twist are pivotal
EMT regulatory factors, we evaluated their expression
patterns after HHT treatment. Slug was altered significantly
in the HHT treatment group compared to the control group,

SLUG

Cell phynotypes
proliferation apoptosis
migration invasion
EMT cell cycle

Figure 8. The chemical structure of HHT and its inhibitory mechanism of action in HCC. A) Chemical and 3D structure of HHT. B) Schematic diagram
of the HHT-induced inhibitory activity in HCC and the relevant molecular mechanism referring to the PI3K/AKT/GSK-3p/Slug signaling pathway.
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indicating that HHT may inhibit migration and invasion at
least in part by suppressing Slug-induced EMT.

To clarify the regulatory mechanisms by which HHT
affects Slug, we examined the PI3K/AKT/GSK-3p signaling
pathway, which has been reported to regulate Slug [32].
Components of the PI3K/AKT/GSK-3p signaling pathway
are highly expressed in HCC cells and are related to clinico-
pathological characteristics, including differentiation, TNM
stage, CLIP score, and lymphatic metastasis [41]. The PI3K/
AKT/GSK-3p axis participates in the proliferation, apoptosis,
migration, invasion, and EMT of HCC cells [42-45]; hence,
we assumed that HHT may inhibit Slug expression by acting
on the PI3K/AKT/GSK-3f signaling pathway. We observed
that HHT decreased PI3K, AKT, and GSK-3p activation,
which indicated that the PI3K/AKT/GSK-3B signaling
pathway may mediate the effect of HHT on Slug. Moreover,
the AKT activator SC79 partially rescued the proliferative,
migratory, and invasive suppression of HHT in HCCLM3
cells. This evidence further supports the notion that HHT
inhibits HCC proliferation and metastasis through the PI3K/
AKT/GSK-3p/Slug signaling pathway (Figure 8B).

In summary, this study indicates that HHT facilitates
apoptosis and cell cycle arrest and inhibits cell invasion and
metastasis of HCC by suppressing the PI3K/AKT/GSK-3p/
Slug signaling pathway. These findings suggest that HHT is a
potential antitumor drug for HCC and that the PI3K/AKT/
GSK-3pB/Slug signaling pathway plays an important role in
the inhibitory effect of HHT on HCC. We will continue to
explore whether there are other signaling pathways involved
in this process.
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