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Currently, sorafenib-based therapy is the standard treatment
for advanced hepatocellular carcinoma (HCC), and there is
a strong rationale for investigating its use in combination
with other agents to achieve better therapeutic effects.
Aurora-A, a member of a family of mitotic serine/threonine
kinases, is frequently overexpressed in human cancers and
therefore represents a target for therapy. Here, we investi-
gated a novel Aurora-A inhibitor, MLN8237, together with
sorafenib in HCC cells in vitro and in vivo, and elucidated
the possible molecular mechanism. Here, it was found that
MLN8237 was strongly synergistic with sorafenib in inhibi-
tion of HCC progression by altering cell growth, cell-cycle
regulation, apoptosis, migration, invasion, and angiogenesis.
Mechanism dissection suggests that the combination of
MLN8237 and sorafenib led to significant inhibition of the
activation of phospho-Akt (p-Akt) and phospho-p38
mitogen-activated protein kinase (p-p38 MAPK) and their
downstream genes including CDK4, cyclinD1, and VEGFA.
The activators of p-Akt and p-p38 MAPK signaling partially
reversed the synergistic inhibitory effects of sorafenib and
MLNS8237 on HCC progression. Subsequent in vivo studies
further confirmed the synergistic effects of sorafenib and
MLNS8237. Collectively, the newly developed sorafenib-
MLNS8237 combination may be a novel therapy to better
inhibit HCC progression.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common malig-
nancy in the world, and approximately 600,000 new cases of HCC
occur each year."” Surgical resection and liver transplantation are
first-line curative options for patients with early-stage HCC, but
most patients have advanced stage disease at diagnosis and no longer
have the option of undergoing surgical resection. Treatments for
advanced HCC include systemic chemotherapy, transarterial chemo-
embolization (TACE), and radiofrequency ablation. Although the
above measures have relieved the disease, prognosis is not yet
satisfactory.”

Sorafenib is the first multi-target, multi-kinase inhibitor that is sys-
tematically used in the treatment of advanced liver cancer and has
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been proven effective.”” Through dual mechanisms, including the
suppression of Raf kinase and the inhibition of vascular endothelial
growth factor receptor (VEGFR), sorafenib simultaneously exerts
anti-tumor cell proliferation and anti-angiogenic effects. In 2008,
a randomized clinical trial (the SHARP trial) confirmed that sorafe-
nib prolongs the overall survival of patients with advanced liver can-
cer from 7.9 to 10.7 months.® Therefore, sorafenib has become the
first-line drug in the treatment of advanced HCC. Importantly,
however, many patients do not respond to sorafenib or develop
drug resistance after several months of sorafenib treatment.” There-
fore, the identification of enhancers or synergistic agents of sorafe-
nib has become an urgent need with regard to the clinical treatment
of HCC.

The Aurora kinase family is a group of serine/threonine protein
kinases consisting of Aurora-A kinase, Aurora-B kinase, and
Aurora-C kinase.® Aurora kinases participate in a variety of mitotic
activities and maintain the integrity of the genome, thereby playing
important roles during mitosis.” Previously, we have reported that
Aurora-A is highly expressed in HCC tissues and correlates with
poor prognosis of patients.'” Importantly, we also showed that
overexpression of Aurora-A could promote multiple malignant
phenotypes of HCC cells.'"'> Meanwhile, it was testified that hyp-
oxia-inducible factor lo. and microRNA-129-3p play important
roles in regulation of Aurora-A expression at either transcriptional
or post-transcriptional level.'>'* MLN8237 (Alisertib) is an oral
small-molecule inhibitor that specifically inhibits Aurora-A kinase
and is currently undergoing clinical testing in different tumor
types.'> Aurora-A is expressed and activated only during mitosis,
and normal cells during the non-proliferative phase will not be
affected by Aurora-A inhibitors.'®'” Therefore, inhibitors of
Aurora-A likely target tumor tissues relatively specifically and
cause less damage to normal tissues. In the present report,
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Figure 1. The Effects of MLN8237, Sorafenib, and Their Combination on Proliferation of HepG2 and SMMC-7721 Cells

(A) The cytotoxicity of various concentrations of MLN8237 to HepG2 and SMMC-7721 cells. (B) The cytotoxicity of various concentrations of sorafenib to HepG2 and SMMC-
7721 cells when administered alone or in combination with an IC5 concentration of MLN8237. (C) Examination of the clonogenicity of HepG2 and SMMC-7721 cells treated
with MLN8237 alone, sorafenib alone, and their combination, as well as the results of the statistical analysis. Each experiment was performed at least three times. *p < 0.05;

*p < 0.01.

MLN8237 was evaluated in combination with sorafenib in two
different HCC cell models both in vitro and in vivo. The results
demonstrated that sorafenib-MLN8237 combination could exert
the synergistic inhibitory effects on HCC progression by significant
inactivation of Akt and MARK signaling. The findings suggest that
sorafenib-MLN8237 combination represents a potential therapeu-
tic strategy for the treatment of advanced HCC.

RESULTS

MLN8237 Significantly Enhances the Cytotoxic Effect of
Sorafenib in HCC Cells In Vitro

To elucidate the effect of MLN8237 on the cytotoxicity of sorafenib,
we treated HepG2 and SMMC-7721 cells with various concentra-
tions of MLN8237 (25-800 nM) for 48 hr, and the concentration-

survival curves were plotted. The results clearly showed that
MLN8237 inhibited cell growth in a concentration-dependent
manner (Figure 1A). The 5% inhibitory concentrations (ICs) of
MLN8237 were determined based on the concentration-survival
curves, and the IC5 concentrations were selected for further investi-
gation of the regulatory effect of MLN8237 on sorafenib. HepG2
and SMMC-7721 cells were then treated with various concentra-
tions of sorafenib (0.25-8 uM). The resulting concentration-survival
curves were compared with the corresponding curves obtained after
co-treatment of the cells with MLN8237 (ICs concentration) and
sorafenib. The half maximal inhibitory concentrations (ICs,) of sor-
afenib were calculated according to the fitted survival curves. The
ICso values of sorafenib in HepG2 and SMMC-7721 cells were
3.18 + 0.23 and 4.33 * 0.34 pM, respectively. Co-treatment with
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MLNB8237 significantly enhanced the cytotoxicity of sorafenib. In
the presence of MLN8237, the ICs, of sorafenib was reduced to
0.73 + 0.12 uM in HepG2 cells (combination index [CI] = 0.61,
moderate synergy) and 127 * 0.18 pM in SMMC-7721 cells
(CI = 0.60, moderate synergy; Figure 1B). Therefore, co-treatment
with MLN8237 significantly reduced the ICs, of sorafenib for
HepG2 cells (a 4.35-fold decrease) and SMMC-7721 cells (a 3.41-
fold decrease). Furthermore, long-term cell growth was examined
using clonogenic assay, and similar results were obtained. As shown
in Figure 1C, the combination of sorafenib and MLN8237 exerts a
more significant anti-proliferative effect on HepG2 and SMMC-
7721 cells.

MLN8237 Enhances the Anti-proliferative Activity of Sorafenib in
HCC Cells by Blocking Cell-Cycle Progression and Increasing
Apoptosis

To explore the effects of MLN8237 and sorafenib on the apoptosis of
tumor cells, we performed a flow cytometric analysis. The results
showed that a low dose of MLN8237 or sorafenib alone had little ef-
fect on tumor cells. Combined treatment with MLN8237 and sorafe-
nib significantly increased the apoptosis of HepG2 and SMMC-7721
cells (Figures 2A and 2B). The apoptosis-promoting effect was more
pronounced when a slightly larger dose of sorafenib was administered
in combination with MLN8237. In addition, cell-cycle analysis
revealed that MLN8237 and/or sorafenib markedly reduced the per-
centage of G1 cells and significantly delayed the G2-M phase transi-
tion in HepG2 and SMMC-7721 cells. Moreover, the administration
of MLN8237 alone or in combination with sorafenib resulted in a
significantly increased percentage of polyploid cells, which was
accompanied by a drastic reduction in the number of S-phase cells
(Figure 2C; Figures S1A and S1B). Thus, combined treatment with
MLNB8237 and sorafenib enhanced cell death through delaying the
G2-M phase transition, reducing the number of cells in the S phase,
increasing the number of cells in the sub-G1 phase, and activating
the pro-apoptotic mechanisms. Furthermore, the combined treat-
ment with MLN8237 and sorafenib significantly enhanced the expres-
sion levels of cleaved caspase-3 and cleaved caspase-9 (two common
apoptotic markers) in HepG2 cells compared with MLN8237 or sor-
afenib treatment alone. Compared with MLN8237 or sorafenib treat-
ment alone, the combined treatment with MLN8237 and sorafenib
markedly reduced the expression levels of two common cell-cycle-
specific proteins, cyclin-dependent kinase 4 (CDK4) and cyclin D1
(Figure 2D). We tested p-Aurora-A in order to verify the effect of
MLNB8237 (Figure 2D). The same results were obtained using the
SMMC-7721 cells (Figures S1A and S1B). The above results support
our notion that MLN8237 enhances the anti-tumor effect of sorafenib
through blocking cell-cycle progression and increasing apoptosis.

MLN8237 Enhances the Anti-metastatic Activity of Sorafenib in
HCC Cells by Inhibiting Migration, Invasion, and Angiogenesis
Although previous studies have shown that both MLN8237 and sor-
afenib inhibit tumor cell invasion and metastasis,'®'” whether their
combination could induce the synergistic anti-metastatic activity in
HCC cells is unknown. The scratch wound healing and transwell as-
says of the present study revealed that the migratory and invasive ca-
pabilities of HepG2 cells were significantly reduced after treatment
with the combination of MLN8237 and sorafenib compared with
the treatment with MLN8237 or sorafenib alone (Figures 3A and
3C). Similar results were obtained using another cell line, SMMC-
7721 (Figures 3B and 3D). The co-administration of MLN8237 and
sorafenib significantly increased the expression level of E-cadherin
and decreased the expression level of N-cadherin in HepG2 cells
compared with the treatment with MLN8237 or sorafenib alone (Fig-
ure S2). E-cadherin and N-cadherin are a pair of epithelial-mesen-
chymal transition (EMT)-related markers. These results further
indicated that the combined action of MLN8237 and sorafenib in-
hibits the invasion and metastasis of HCC cells. To examine the
angiogenic ability of HCC following MLN8237 and/or sorafenib
treatment, human umbilical vein endothelial cells (HUVECs) were
cultivated in the presence of the culture supernatants collected from
the HepG2 and SMMC-7721 cells that had been treated with the
drugs for 24 hr. Compared with MLN8237 or sorafenib alone, the
co-administration of MLN8237 and sorafenib significantly inhibited
HUVEC tube formation (Figure 3E). Western blot analysis of
vascular endothelial growth factor A (VEGFA, a member of the
vascular endothelial growth factor family) showed that the combined
action of MLN8237 and sorafenib significantly reduced the expres-
sion level of VEGFA (Figure S2). The above results demonstrate
that MLN8237 enhances the anti-metastatic effect of sorafenib in
HCC cells by inhibiting migration, invasion, and angiogenesis.

Sorafenib-MLN8237 Combination Synergistically Inactivates Akt
and MAPK Signaling in HCC Cells

Subsequently, we explored the potential molecular mechanisms
through which the combination of MLN8237 and sorafenib induced
the synergistical anti-tumor activity of HCC cells. The present study
first determined the effects of sorafenib and/or MLN8237 on the
expression of p-Akt and phospho-p38 mitogen-activated protein ki-
nase (p-p38 MAPK) proteins in HepG2 cells. Virtually no decrease
was observed in p-Akt and p-p38 MAPK levels after the treatment
of HepG2 cells with sorafenib alone. In contrast, MLN8237 inhibited
the expression of p-Akt and p-p38 MAPK proteins (Figure 4A).
Importantly, the combination of sorafenib and MLN8237 signifi-
cantly inhibited the expression of p-Akt and p-p38 MAPK proteins
in HepG2 cells. Similar results were obtained in SMMC-7721 cells

Figure 2. The Effects of MLN8237, Sorafenib, and Their Combination on Apoptosis and Cell Cycles of HepG2 and SMMC-7721 Cells

(A) HepG2 and SMMC-7721 cells were treated with sorafenib (2.5 and 5 uM), MLN8237 (0.3 uM), or both for 48 hr. Subsequently, flow cytometric analysis was conducted to
monitor apoptosis. (B) Statistical analysis of the apoptosis results obtained from three independent flow cytometry assays. (C) HepG2 and SMMC-7721 cells were treated
with sorafenib, MLN8237, or both for 48 hr. Flow cytometric analysis was then conducted to examine the cell cycle. (D) HepG2 cells were treated with sorafenib, MLN8237, or
both for 48 hr. Western blotting was then performed to monitor the expression of p-Aurora, cleaved caspase-3, cleaved caspase-9, CDK4, and cyclin D1. Each experiment

was performed at least three times. *p < 0.05; “*p < 0.01.
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Figure 3. The Effects of MLN8237, Sorafenib, and Their Combination on Invasion, Migration, and Angiogenesis of HepG2 and SMMC-7721 Cells

(A) HepG2 and SMMC-7721 cells were treated with sorafenib, MLN8237, or both for 48 hr. A scratch wound healing assay was then conducted to examine the invasive and
metastatic capabilities of the cells. The results (from three independent experiments) were subjected to statistical analysis and are summarized in (C). (B) HepG2 and SMMC-
7721 cells were treated with sorafenib, MLN8237, or both of the drugs for 48 hr. A transwell assay was then conducted to examine the invasive and metastatic capabilities of
the cells. (D) Statistical results of the transwell assay (three independent experiments). (E) HepG2 and SMMC-7721 cells were treated with sorafenib, MLN8237, or both for
24 hr. Culture supernatants were collected and used in HUVEC tube formation assay. After culture of HUVECs in the presence of the supernatants for 48 hr, the number of
tubules was counted. The results of the tube formation assay were statistically analyzed. Each experiment was performed at least three times. *p < 0.05; *p < 0.01.

(Figure 4B). Immunofluorescence analysis of the expression of p-Akt ~ above results suggest that MLN8237 synergistically enhances the

and p-p38 MAPK proteins yielded results consistent with the results  anti-tumor effect of sorafenib by inhibiting the p-AKT and p-p38
of western blotting (Figured 4C and 4D; Figures S3A and S3B). The =~ MAPK signaling in HCC cells.

180  Molecular Therapy: Nucleic Acids Vol. 13 December 2018



www.moleculartherapy.org

Sorafenib = + = +

MLN8237 = - + +

p-Akt(S473)

total Akt — "

p-p38 MAPK
(Thr180/Tyr182)

total p38 MAPK

GAPDH

c HepG2
p-Akt(S473)

Merge

MLNS8237 Sorafenib Control

Sorafenib
MLN8237

B SMMC-7721
Sorafenib - + - +
MLN8237 - - + +
p-Akt(S473) e

total Akt

p-p38 MAPK
(Thr180/Tyr182)

total p38 MAPK

Rl IR p—

GAPDH
o HepG2
p-p38-MAPK
DAPL  rhri80/Tyris2) — Meree

MLNS8237 Sorafenib Control

Sorafenib
MLN8237

Figure 4. MLN8237 Inhibits Activities of p-Akt and p-p38 MAPK in HepG2 and SMMC-7721 Cells
(A and B) HepG2 (A) and SMMC-7721 (B) cells were treated with sorafenib, MLN8237, or both for 48 hr. Western blotting was then conducted to monitor the expression of
p-Akt, total Akt, p-p38 MAPK, and total p38-MAPK in the cells. (C and D) HepG2 cells treated with sorafenib, MLN8237, or both for 48 hr. Immunofluorescence to determine

the expression of p-Akt (C) and p-p38 MAPK (D) in HepG2 cell.

Activators of the p-Akt and p-p38 MAPK Signaling Interrupt the
Synergistic Effect of MLN8237-Sorafenib Combination on HCC
Cells

To further confirm that MLN8237 synergistically enhances the anti-
tumor effect of sorafenib by inactivation of p-Akt and p-p38 MAPK
signaling, we conducted blocking experiments using the activator of
the p-Akt signaling pathway (SC79) and the activator of the p-p38
MAPK signaling pathway (dehydrocorydaline [DHC]).*** First,
the present study examined the effect of the activators SC79 and
DHC. The expression of p-Akt protein increased in HepG2 cells as
the duration of SC79 treatment and the concentration of SC79
increased. Similarly, DHC affected the expression of p-p38 MAPK
protein in HepG2 cells in time- and concentration-dependent man-
ners (Figure S4). As shown in Figure 5A, the treatment of HepG2 cells
with a combination of sorafenib and MLN8237 markedly reduced the
expression of p-Akt protein. In addition, the expression levels of the

apoptotic marker proteins (cleaved caspase-3 and cleaved caspase-9)
were significantly elevated, the expression levels of the cell-cycle pro-
teins (CDK4 and cyclin D1) were markedly decreased, and the expres-
sion levels of VEGFA and the invasion and metastasis-related protein
(N-cadherin) were also significantly reduced, whereas the expression
of E-cadherin protein was increased. However, the administration of
an increased amount of the activator of SC79 significantly reversed
the above changes. The results demonstrated that the biological ef-
fects of the combination of sorafenib and MLN8237 on HCC are
achieved through the inhibition of Akt phosphorylation. The same
experiments were conducted using DHC, and similar results were ob-
tained (Figure 5B). As expected, the simultaneous administration of
SC79 or DHC with sorafenib and MLN8237 significantly reversed
the effects of sorafenib-MLN8237 combination on malignant pheno-
types of HCC cells (Figures 5C-5H; Figures S5A-S5F). The same re-
sults were obtained using the SMMC-7721 cells (Figures S6A-S6H).
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Figure 5. Activators of p-Akt and p-p38 MAPK Partially Reverse the Synergistic Effects of MLN8237-Sorafenib Combination in HCC Cells

(A) HepG2 cells were treated with sorafenib alone or with the combination of sorafenib and MLN8237 in the presence or absence of the p-Akt activator SC79 (3 uM/24 hr).
Western blotting was then performed to analyze and monitor the expression of p-Aurora, cleaved caspase-3, cleaved caspase-9, CDK4, cyclin D1, VEGFA, E-cadherin,
N-cadherin, p-Akt, and total Akt in the cells. (B) HepG2 cells were treated with sorafenib alone or with the combination of sorafenib and MLN8237 in the presence or absence
of the p-p38 MAPK activator DHC (3 pM/24 hr). Western blotting was then performed to analyze and monitor the expression of p-Aurora, cleaved caspase-3, cleaved
caspase-9, CDK4, cyclin D1, VEGFA, E-cadherin, N-cadherin, p-p38 MAPK, and total p38 MAPK in the cells. (C) HepG2 cells were treated with sorafenib alone or with the

(legend continued on next page)

182 Molecular Therapy: Nucleic Acids Vol. 13 December 2018



www.moleculartherapy.org

The above results further demonstrate that MLN8237 synergistically
enhances the anti-tumor effects of sorafenib by inhibiting p-Akt and
p-p38 MAPK signaling.

MLN8237 Significantly Enhances the Anti-proliferative and Pro-
apoptotic Activities of Sorafenib in HCC Cells In Vivo

Xenograft tumors were generated by implanting HepG2 cells subcu-
taneously into mice. Starting on the 7th day after the inoculation of
HepG2 cells, the mice were injected with the control medication,
MLNB8237, sorafenib, or MLN8237-sorafenib combination. The injec-
tions were administered every 3 days for 4 consecutive weeks. The
volumes of the subcutaneous tumors were measured every 5 days,
and the growth curves of the tumors were established. The growth
of the xenograft tumors was inhibited by both the sorafenib and
MLN8237 treatments. Interestingly, the tumor volume was signifi-
cantly smaller in the group treated with the combination of sorafenib
and MLN8237 compared with the groups treated with only one of the
drugs (Figures 6A-6C). Also, drug treatments prevented the loss of
body weight in nude mice (Figure 6D). Immunohistochemical anal-
ysis of the xenograft tumors showed that the combined treatment
significantly inhibited the expression of p-Akt and p-p38 MAPK,
and markedly reduced the level of ki-67 (a proliferating cell-associ-
ated nuclear antigen). The results of the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay showed that com-
bined treatment with MLN8237 and sorafenib significantly enhances
tumor apoptosis in mice (Figure 6E).

MLN8237 Significantly Enhances Anti-metastatic and Anti-
angiogenetic Activities of Sorafenib in HCC Cells In Vivo
Xenograft tumors were generated by implanting HepG2 cells into
mice via the tail vein. Starting on the 14th day after the inoculation
of HepG2 cells, the mice were injected with the control medication,
MLN8237, sorafenib, or MLN8237-sorafenib combination. The in-
jections were administered every 3 days for 8 consecutive weeks.
Subsequently, we executed the mice and collected their livers and
lungs. The number of metastatic nodules in the livers was counted
(Figures 7A and 7C). The lungs were subjected to H&E staining,
and the number of metastatic nodules in the lungs was analyzed
(Figures 7B and 7D). The number of metastases had clearly
decreased in the single-medication group compared with the blank
control group. Moreover, the number of metastases was markedly
reduced in the combined medication group compared with the sin-
gle-medication groups. An examination of the alpha-fetoprotein
(AFP) level in mouse serum revealed that a significant difference ex-
isted between the combined medication group and the single-medi-
cation groups (Figure 7E). In contrast, no significant between-group
difference was found in the levels of alanine aminotransferase,
aspartate aminotransferase, creatinine, or blood urea nitrogen, indi-
cating that the combination of MLN8237 and sorafenib had no sig-

nificant hepatorenal toxicity (Figures 7F and 7G). The above results
demonstrated that the combined treatment of MLN8237 and sora-
fenib inhibited the invasion and metastasis of HCC more effectively
in mice than the single-drug treatment. HepG2 cells were treated
with MLNS8237 alone, sorafenib alone, or the combination of
MLN8237 and sorafenib for 24 hr. The culture supernatants of
the treated HepG2 cells were collected. Chicken embryos were
exposed to the supernatants, and the number of angiogenic blood
vessels in the chick embryo chorioallantoic membrane was deter-
mined. As shown in Figure 7H, the combined treatment with
MLN8237 and sorafenib significantly reduced the number of angio-
genic blood vessels in the embryo chorioallantoic membrane.

DISCUSSION

Worldwide, the mortality rate of HCC ranks third among all tumor
types. The development and progression of HCC is closely related
to abnormalities in various signaling pathways.”* The Akt signaling
pathway is an important intracellular signal transduction pathway.
Studies have shown that the Akt signaling pathway is usually dysregu-
lated in human tumor cells. Therefore, this pathway has generated
novel ideas for the targeted treatment of tumors and the prevention
of tumor metastasis.”>*® The Akt inhibitors GSK2110183 and
MK2206 exhibit positive therapeutic effects on liver cancer and
lung cancer.””® The p38-MAPK pathway is another important intra-
cellular signal transduction pathway that is abnormally activated in
many tumors.””** The p38-MAPK inhibitor $B203580 also displays
a potent anti-tumor effect in a variety of tumors.”' > Our previous
study showed that the Aurora-A inhibitor MLN8237 significantly
suppresses the activation of the Akt and p38 MAPK signaling
pathways by inhibiting Aurora-A, thereby affecting a variety of the
biological behaviors of HCC cells.'” Sorafenib is a multi-target kinase
inhibitor that has been approved by the US FDA for use as a standard
therapeutic drug for advanced HCC. Previous studies have found that
sorafenib inhibits the growth and proliferation of HCC cells by down-
regulating the Akt signaling pathway. However, sorafenib exhibits a
limited inhibitory effect on the phosphorylation of Akt, the mamma-
lian target of rapamycin (mTOR), and other key enzymes in the Akt
signaling pathway when acting alone.”* According to Dong’s study,
the use of Akt inhibitor MK2206 can enhance the therapeutic effect
of sorafenib by inhibiting EMT and multi-drug resistance (MDR).*
As proved by Roth’s experiment, another Akt inhibitor, ARQ092,
can inhibit Akt signaling pathway in a cirrhotic rat model so as to
strengthen the effect of sorafenib on HCC.”® The results of the study
carried out by Mao et al.”” showed that silibinin can trigger the
expression changes of downstream McI-1 and Bcl-2 genes through in-
hibiting the phosphorylation of Akt and STAT3, and then strengthen
the effect of sorafenib. All these results have confirmed the impor-
tance of targeted Akt in HCC. At present, few studies have examined
the effects of sorafenib on the p38-MAPK signaling pathway in HCC.

combination of sorafenib and MLN8237 in the presence or absence of the p-Akt activator SC79 and the p-p38 MAPK activator DHC. A clonogenic assay was then con-
ducted to examine the proliferative capability of the cells. (D) Apoptosis monitored via flow cytometry. (E) Cell cycle monitored via flow cytometry. (F) Examination of the
invasive and metastatic capabilities of the cells via a scratch wound healing assay. (G) Examination of the invasive and metastatic capabilities of the cells via a transwell assay.
(H) Examination of the angiogenic ability of HUVECs via a tube formation assay. Each experiment was performed at least three times. *p < 0.05; **p < 0.01.
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Figure 6. The In Vivo Effects of MLN8237, Sorafenib,
and Their Combination on HCC Cell Proliferation
and Apoptosis

(A) Images of subcutaneous xenograft tumors. (B) The
growth curves of the subcutaneous xenograft tumors. (C)
The final weights of the subcutaneous xenograft tumors.
(D) Changes in mouse body weights during the formation
of subcutaneous xenograft tumors. (E) Representative
images of H&E staining, immunohistochemical staining
(for Ki67, p-Akt, and p-p38 MAPK), and TUNEL staining.
Each experiment was performed at least three times.
*p < 0.05; *p < 0.01.

and cell cycle, as well as their invasion, metas-
tasis, and angiogenesis. The study conducted
by Wilson et al.’® showed that the inhibition
of p-Akt in people with HCC suppresses prolif-
eration, increases apoptosis, and induces cell-
cycle arrest. According to the scientific reports
published by Tan et al.”” and Li et al,,*’ p-Akt
participates in the invasion and metastasis-
related processes of HCC by regulating matrix
metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9). Li and his col-
leagues*' have confirmed that the Akt-mTOR-
p70S6K pathway participates in the angiogen-
esis of liver cancer. It has been reported that
the p-p38 MAPK pathway is involved in a vari-
ety of HCC processes, including proliferation,
apoptosis, cell cycle, invasion, metastasis, and
angiogenesis.”*** MLN8237 is a small-
molecule inhibitor that specifically inhibits
Aurora-A kinase. Phase I and II clinical trials
have revealed that MLN8237 displays a satisfac-
tory therapeutic effect and a positive safety pro-
file.*>*® A phase III clinical trial is currently in
progress. The present study showed that
MLNB8237 enhances the anti-tumor activities

In addition, epidemiological cohort studies showed that sorafenib
prolongs the survival of patients with HCC by only approximately
3 months while causing a variety of adverse reactions.” Therefore,
the identification of enhancers or synergistic agents of sorafenib has
become a need for clinical practice.

The present study examined the effects of the combination of
MLN8237 and sorafenib on HCC cell proliferation, apoptosis, cell cy-
cle, invasion, metastasis, and angiogenesis both in vitro and in vivo.
The results clearly demonstrated that MLN8237 significantly en-
hances the anti-tumor effects of sorafenib. In addition, the present
study confirmed that MLN8237 exerted its anti-tumor effects by in-
hibiting the activation of p-Akt and p-p38 MAPK. The main features
of malignant tumors are their abnormal cell proliferation, apoptosis,
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of sorafenib through the inhibitory regulation

of the downstream targets p-Akt and p-p38
MAPK. Importantly, the combined administration of the two drugs
does not induce significant hepatorenal toxicity in animals, indicating
that the combination therapy consisting of MLN8237 and sorafenib is
safe. As the small-molecule drug is in the experimental stage,
exploring the potential drug value of MLN8237 and discovering
appropriate drug combinations and corresponding indications are
the hotspots of current research. The synergistic use of MLN8237
and sorafenib will allow patients with HCC to receive the targeted
therapy directing at multiple different tumor-specific signaling path-
ways, so as to improve the patient’s drug resistance and prolong
survival.

In conclusion, we demonstrated that MLN8237-sorafenib combina-
tion synergistically inhibits the activation of p-Akt and p-p38
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Figure 7. The Effects of MLN8237, Sorafenib, and Their Combination on HCC Cell Metastasis and Angiogenesis In Vivo

A mouse model of HCC was established via tail vein injection. The model mice was injected with the control medication, MLN8237, sorafenib, or their combination. (A)
Representative images of the livers collected from the model mice. (B) Representative images of lung metastases in the model mice. (C) Statistical results of the liver nodules
larger than 1 mm in the model mice harboring liver metastases. (D) Statistical results of the number of metastatic nodules (which were counted under a microscope) in the
lungs of the model mice. (E) Examination of serum AFP level via ELISA. (F) Assessment of the hepatotoxicity of the drugs by analyzing the aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) levels. (G) Assessment of renal toxicity by examining creatinine (Cr) and blood urea nitrogen (BUN) levels. (H) Examination of in vivo
angiogenic capability using a chick embryo chorioallantoic membrane assay. Each experiment was performed at least three times. *p < 0.05; **p < 0.01.
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MAPK in HCC, thereby affecting a variety of the biological behaviors
of HCC. Combined treatment with MLN8237 and sorafenib achieved
a superior therapeutic effect compared with MLN8237 or sorafenib
alone. The data presented in the current study strongly suggest that
MLNB8237 has great potential to treat HCC when used as a synergistic
agent of sorafenib.

MATERIALS AND METHODS

Cell Lines

The cell lines HepG2 and SMMC-7721 were cultured in DMEM
(GIBCO-BRL) supplemented with 10% fetal bovine serum (FBS),
streptomycin (100 pg/mL), and penicillin (100 U/mL). All cells
were fostered at 37°C in an atmosphere containing 5% CO,. All of
the cell lines were obtained from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China), where they were characterized by
mycoplasma detection, DNA fingerprinting, isozyme detection, and
cell vitality detection.

Cell Viability

Cell viability was assessed via 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-trtrazolium bromide (MTT) assay. 5.0 x 10> cells/well were
seeded in a 96-well flat-bottomed plate for 24 hr, then exposed to
varying concentrations of either sorafenib or MLN8237 and cultured
in normal medium. After 72 hr, the MTT solution (5 mg/mL, 20 pL)
was added to each well. Following incubation for 4 hr, the media were
removed and 100 pL of DMSO was added to each well. The relative
number of surviving cells was assessed by measuring the optical
density (OD) of cell lysates at 560 nm. All assays were performed
in triplicate.

Colony Formation Assay

Clonogenic cells were seeded at a density of 500 cells per well in six-
well plates and incubated for 12 days. Cells were subsequently stained
with 0.5% crystal violet. The clone formation rate was determined. In-
dependent experiments were conducted in triplicate.

Flow Cytometric Analysis of Apoptosis and Cell Cycle

Flow cytometric analyses of apoptosis and cell cycle were performed
with Annexin V-FITC Apoptosis Detection Kits and propidium io-
dide (PI)/RNase staining buffer (BD Biosciences, USA), respectively,
according to the manufacturer’s instructions.

Western Blot Assay

Cell proteins were prepared using cell lysis buffer. Equal amounts of
protein (50 mg) were separated by 10% SDS-PAGE and then trans-
ferred to nitrocellulose membranes (Merck Millipore) by electro-
blotting. The membranes were blocked with 5% nonfat dry milk
in TBST for 1 hr and then incubated with primary antibodies
[anti-Aurora-A, ab13824; anti-p-Aurora-A, ab83968; anti-c-cas-
pase3, ab2302; anti-c-caspase9, ab2324; anti-CDK4, abl37675;
anti-cyclin D1, ab226977; anti-E-cadherin, ab15148; anti-N-cad-
herin, ab8203; anti-VEGFA, abl316; anti-total Akt, ab8805;
anti-p-Akt (S473), ab8932; anti-total p38-MAPK, ab27986; anti-p-
p38-MAPK (Thr180/Tyr182), ab38238; and anti-GAPDH, ab8245]
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(Abcam) overnight at 4°C before subsequent incubation with the
second antibody (Cell Signaling Technology) for 1 hr at 37°C. Pro-
tein binds were visualized using enhanced chemiluminescence
reagent (Pierce).

Cell Migration

Cell migration was measured by transwell chamber (8-pm pore size;
Corning). 48 hr after transfection, cells in serum-free media were
placed into the upper chamber. Media containing 10% bovine calf
serum was added into the lower chamber. Following 48-hr incuba-
tion, cells remaining in upper membrane were wiped off, while cells
that migrated were fixed in methanol, stained with 0.1% crystal violet,
and counted under a microscope. Three independent experiments
were carried out.

Wound Healing Assay

The wound healing assay was performed to assess cell migration abil-
ity. After 24-hr starvation in serum-free medium, an artificial wound
was linearly scraped on the confluent cell monolayer using a standard
P-200 pipette tip. Cells that had detached from the bottom of the wells
were gently aspirated. Then cells migrated into the scratch area as sin-
gle cells from the confluent sides. The width of the scratch gap was
monitored under an inverted microscope and photographed at
0 and 48 hr. The difference between the original width of the wound
and the width after cell migration was quantified. Three replicates of
each condition were used.

Immunofluorescence

Cells seeded on glass coverslips in six-well plates were fixed in 4%
formaldehyde solution and permeabilized with 0.5% Triton X-100/
PBS. Cells were blocked with 5% BSA-PBS for 1 hr at room temper-
ature and incubated with primary antibody at 4°C overnight, followed
by incubation with fluorescent dye-conjugated secondary antibody
(Invitrogen) for 1 hr, and then stained with DAPI. Finally, images
were taken under an inverted fluorescence microscope.

TUNEL Assay

Apoptosis in transplanted tumor tissues was detected using the
TUNEL assay and performed according to the guidelines recommen-
ded by the TUNEL assay kit (KeyGen, Nanjing, China).

Mice Xenograft Models and Immunohistochemistry Assay

All animal experiments strictly followed the guidelines of the Institu-
tional Review Board of Jinling Hospital. Approximately 5.0 x 10°
HepG2 cells were suspended in 100 pL of PBS and injected subcuta-
neously into the right side of the posterior flank of female BALB/c
athymic nude mice (Department of Comparative Medicine, Jinling
Hospital, Nan Jing, China) at 5-6 weeks of age. Tumor volumes
were examined every other day and were calculated using the equa-
tion: V.= A x B%/2 (mm?®), where A is the largest diameter and B is
the perpendicular diameter. When the average tumor size reached
approximately 50 mm?>, MLN8237, sorafenib, or the combination of
MLN8237 and sorafenib was administered via intraperitoneal injec-
tion at one dose of 30 mg/kg every 3 days for 4 consecutive weeks.
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After 4 weeks, all mice were killed, and necropsies were performed.
The primary tumors were excised and analyzed by H&E staining, im-
munostaining of ki67, p-Akt (S473), and p-p38-MAPK (Thr180/
Tyr182), and TUNEL staining.

In Vivo Tumor Metastasis Assay

All animal experiments strictly followed the guidelines of the Institu-
tional Review Board of Jinling Hospital. For in vivo metastasis study,
HepG2 cells were suspended in 20 pL of PBS and injected into the tail
vein of female BALB/C athymic nude mice at 4-6 weeks of age. At the
end of 2 weeks of cell injection, three mice were randomly chosen and
killed to ensure the development of HCC, as confirmed by patholog-
ical analysis. Mice were then administered via intraperitoneal
injection at a dose of 30 mg/kg sorafenib, 30 mg/kg MLN8237, a com-
bination of both substances, or vehicle every 3 days for 8 consecutive
weeks. Vehicle-injected normal mice were used as controls. After
8 weeks of drug treatment, mice were sacrificed for analysis (n = 5).
Malignant liver and lung nodules > 1 mm in diameter were counted
by two independent investigators. Liver tissues and serum samples
were collected for later analysis.

CAM Assay

The fertilized chicken eggs were placed in an incubator upon embryo-
genesis and maintained under constant humidity at 37°C. On day 8, a
square window was opened in the shell after removing 2-3 mL of
albumen to detach the chick chorioallantoic membrane (CAM)
from the shell. Substances treated with the compounds being tested
were added to the detached CAM that contained HepG2 cell-condi-
tioned media from the groups indicated in the experiment for the
capillary-like tubular formation assay. The window was sealed with
parafilm and incubated for an additional 24 hr. After the second in-
cubation, the CAM arteriosus branches in each treatment group
were photographed. The assay was performed three times to ensure
reproducibility.

Statistical Analysis

All statistical analysis was conducted using SPSS 17.0 statistical soft-
ware, and the experimental data were presented as mean + SD. Two
group comparisons were performed with a Student’s t test. Multiple
group comparisons were analyzed with one-way ANOVA. All tests
performed were two-sided.
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