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Blocking the PISK/AKT/mTOR and
MAPK/ERK Pathways
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and Biochemistry, Shenyang Pharmaceutical University, Shenyang, China, S Department of Traditional Chinese Medicine,
Shenyang Pharmaceutical University, Shenyang, China, # Key Laboratory of Structure-Based Drug Design and Discovery of
Ministry of Education, Shenyang Pharmaceutical University, Shenyang, China

Hepatocellular carcinoma (HCC) is an aggressive tumor with a poor prognosis that highly
expresses phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase
(ERK). The PIBK/AKT/mTOR and MAPK/ERK signaling pathways play a crucial role in
HCC tumor formation, cell cycle, apoptosis and survival. However, no effective targeted
therapies against these pathways is available, mainly due to the extensive and complex
negative feedback loops between them. Here we used CK-3, a dual blocker of the PI3K/
AKT/mTOR and MAPK/ERK pathways, against HCC cell lines to verify its anti-tumor
activity in vitro. CK-3 exhibited cytotoxic activity against HCC, as demonstrated with MTT
and colony formation assays. The anti-metastatic potential of CK-3 was demonstrated
with wound healing and cell invasion assays. The ability of CK-3 to block both the PI3K/
AKT/mTOR and MAPK/ERK pathways was also confirmed. CK-3 induced the apoptosis
of Hep3B cells, while Bel7402 cells died via mitotic catastrophe (MC). Oral administration
of CK-3 also inhibited the subcutaneous growth of BEL7402 cells in nude mice.
Simultaneous PIBK/AKT/mTOR and MAPK/ERK pathway inhibition with CK-3 may be
superior to single pathway monotherapies by inhibiting their feedback-regulation, and
represents a potential treatment for HCC.
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CK-3 Suppresses Hepatocellular Carcinoma

INTRODUCTION

Liver cancer is one of the leading causes of cancer-related deaths
worldwide (1-3). Hepatocellular carcinoma (HCC) accounts for
the vast majority of liver cancers, representing nearly 75% of all
primary liver tumors (4-6). The geographic regions with the
highest incidence of HCC are Asia and Africa, and nearly half of
all cases are estimated to occur in China (7-10). The most
effective treatment for liver cancer is presently surgical
resection. However, this treatment can only be performed
when the liver has sufficient intrinsic function, therefore it is
not an option for patients with cirrhosis (11-14). Understanding
the molecular mechanisms of HCC oncogenesis is therefore
critical to treating life-threatening liver cancers in patients who
are not surgical candidates (15, 16).

The PI3K/AKT/mTOR signaling pathway plays a crucial role
in tumor formation, cell cycle progression, apoptosis, and
survival (17-20). The development of targeted therapies
against these pathways has not been entirely successful, mainly
because of the extensive and complex internal and external
pathway negative feedback loops between them (21). PI3K
(phosphatidylinositol 3-kinase) is activated by a variety of
mitotic signals and catalyzes the formation of secondary lipid
messenger phosphphao-tidylinositol-3,4,5-triphosphate (22-24).
The mTOR protein kinase includes two distinct protein
complexes that collectively regulate the PI3K/AKT/mTOR
signaling pathway (25). AKT directly phosphorylates mTOR,
which in turn phosphorylates P70S6K, a downstream substrate
of mTOR that is critical to protein synthesis (26). Previous
studies hypothesized that tumor resistance to MAPK/ERK

(mitogen-activated protein kinase/extracellular signal-regulated
kinase) inhibition may be the result of a negative feedback loop
formed by the activation of AKT in response to ERK inhibition
(27-29). There is also crosstalk between the PI3K and MAPK
pathways. A negative feedback loop occurs after ERK
suppression, activating the PI3K pathway (30-32). This loop is
likely related to the mechanism by which the oncogenic Ras
protein activates the MAPK/ERK signaling cascade towards
mTOR activation (33). Hepatocellular carcinoma (HCC) is an
aggressive tumor with a poor prognosis that highly expresses
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated
protein kinase (ERK) (34, 35). Given these obstacles, the
combined inhibition of both the PI3K/AKT/mTOR and
MAPK/ERK pathways may be a potential strategy for treating
liver cancer.

In this study we investigated the anti-cancer properties of
CK-3 (Figure 1A), a dual inhibitor of the PI3K/AKT/mTOR and
MAPK/ERK pathways, on multiple HCC cell lines. CK-3 can
function as a potential treatment of HCC.

METHODS AND MATERIALS

Chemical Compounds and Reagents

CK-3 was provided by associate professor Ding Huaiwei
(Shenyang Pharmaceutical University) (Supplemental
Figure 1). Purity (99.1%) was verified with high performance
liquid chromatography. The molecular structure of CK-3 was
analyzed with proton nuclear magnetic resonance and mass
spectrometry (Supplemental Figures 2-4). The small
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FIGURE 1 | The effect of CK-3 on Hep3B and Bel7402 cell proliferation. (A) Structure of CK-3. (B) MTT assay of cells treated with CK-3 for 24, 48, and 72 h.
(C) Effect of CK-3 on cell proliferation as evaluated with the colony formation assay. Data are presented as the mean + SD of three independent experiments (n = 3).
*p < 0.05, **p < 0.001 compared with the control group.
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molecular inhibitor of PI3K/AKT pathway (LY294002) or MEK
(GSK2118436) was conserved in our lab. For the cellular
experiments, DMSO (dimethyl sulfoxide) was used to dissolve
the pure CK-3 powder (also the other agents), and then use
DMEM (Dulbecco’s modified eagle’s medium) without
FBS (Fetal Bovine Serum) to dilute the CK-3 (also the other
agents) DMSO-solution to prepare solutions containing a series
of concentrations CK-3. For the animal experiments, PEG400
and Tween 80 was used to dissolve the pure CK-3 powder,
and then use physiological saline to dilute the CK-3 PEG400-
Tween 80-solution to prepare solutions containing a series
of concentrations CK-3. These two solutions/samples were
prepared according to the methods descripted by Xie at al. (36)
and Wang et al. (36, 37).

Cell Culture

The Hepatocellular carcinoma cell lines, MHCC97-H, Hep3B,
HepG2, Bel7402 and SMMC7721, were obtained from the
American Type Culture Collection (ATCC). Cells were
cultured in Dulbecco’s Modified Eagle Medium (Logan, UT,
USA) with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA, USA) at 37°C and 5% CO, condition.

Cell Survival Examination

Cell viability was assessed with a routine MTT assay (7, 38). Cells
were seeded in 96-well plates in complete medium. After being
incubated overnight they were exposed to diverse concentrations
of CK-3 for 24 h, 48 h and 72 h. The cells were then analyzed
using the MTT (0.5 mg/ml) assay and measured with a
microplate-reader (Elx 800 Bio-Tek, USA). Cell viability was
expressed as a percentage, with comparisons between the IC5,
values of anti-tumor compound on HCC cells vs. controls.

Colony Formation Assay

Hep3B and Bel7402 cells were seeded into 6-well plates with a
density of 1x10° cells/well and treated with CK-3 (0.1 [low
concentration], 0.3 [middle concentration] and 1 [high
concentration] UM) for 48 h. After being shifted into fresh
medium without drug treatment for 1 week, the colonies were
washed twice with phosphate-buffered saline (PBS) and fixed
with 4% paraformaldehyde (PFA) for 10 min. The colonies were
then stained with crystal violet (Beyotime, Nanjing, China) and
quantified after being dissolved with glacial acetic acid (38). The
plates were then analyzed with a microplate reader.

Wound-Healing Approach

Hep3B (3x10°/ml) and Bel7402 cells (5x10°/ml) were seeded
into 6-well plates. Confluent cells were scraped across the
diameter of the well with a 200-uL pipette tip (39). The cells
were washed twice with PBS. The migration ability of the cells
was tested after CK-3 (0.3, 1 and 3 uM) treatment for 48 h.
Wound area at 0 h and 48 h was measured with NIH Image]J
(Bethesda, MD, USA).

Cell Invasion and Migration Assay

The invasiveness (the in vitro invasion examination) of Hep3B
and Bel7402 cells after treatment with CK-3 (0.3, 1 and 3 uM)
was evaluated with a 24-well Transwell Matrigel (Corning Life
Sciences, Bedford, MA, USA). Cells were seeded into the upper
chambers of the Matrigel after being suspended in serum-free
medium. Medium containing 10% FBS was added to the lower
chambers. After 48 h, cells that penetrated into the lower
chambers were fixed with 4% paraformaldehyde (PFA) for
10 min, stained with 0.1% crystal violet solution for 30 min,
then washed twice with PBS. For the cell migration assay, the
cells were directed seeded in to the upper chambers. The wells
were quantified and the relative invasion/migration cell
numbers were calculated according to the methods by Yu
et al. (40).

In Vitro Phosphatidylinositol 3-Kinase
(PISK) Inhibition Assay

This experiment was performed by Shanghai ChemPartner Co.,
Ltd. The PI3K assay was performed with the PI3K-GloTM Class
Profiling Kit (Promega, #V1690), which measured the amount of
ADP produced during the kinase reaction. ICs, values were
compared with Prism.

Molecular Docking

The X-ray crystal structures of PI3K (PDB ID code: 3DBS) and
ERK (PDB ID code: 5K41) were obtained from the Protein Data
Bank (PDB) (http://www.wwpdb.org) and prepared with the
protein preparation wizard in Maestro (version 10.6,
Schrodinger, Cambridge, MA, USA). The active site was
defined according to the binding position of the co-crystal
ligand. Glide was used for protein-ligand docking in standard
precision (SP) after ligand preparation.

Western Blotting

Total protein samples were extracted from Hep3B and Bel7402
cells, separated with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and electrophoretically transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The membranes were then blocked with
non-fat milk (5% in TBST) at 4°C overnight, and the primary
antibody was incubated for 2 h at room temperature. After
washing three times with TBST (10 min for each time), the
membranes were incubated with horseradish peroxidase (HRP)
conjugated secondary antibodies for 2 h at room temperature.
Blots were visualized with enhanced chemiluminescence
reagents and analyzed using Image].

The following primary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA): E-cadherin, PTEN,
p-AKT (Ser473), AKT, p-mTOR, mTOR, p-p70S6K1 (Thr389),
p70S6K1, p-ERK1/2, ERK1/2, Bcl-2, and Bax. The antibody
against GAPDH was purchased from Proteintech (Rosemont,
IL, USA). Anti-rabbit IgG and anti-mouse IgG secondary
antibodies conjugated with horseradish peroxidase (HRP) were
purchased from Abcam (Cambridge, UK).
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Cell Morphology Changes

Hep3B and Bel7402 cells were treated with CK-3 for 48 h, then
stained with Hoechst 33342 (Beyotime, Shanghai, China). After
being washed twice with PBS the cells were observed and
photographed with a fluorescence microscope (Olympus,
Tokyo, Japan).

Apoptosis Analysis

After treatment with CK-3 for 48 h, Hep3B and Bel7402 cells
were collected and washed twice with PBS. The cells were then
incubated with Annexin V-FITC and PI from the Annexin V-
FITC Apoptosis Kit (BD, Pharmingen, USA) in the dark for
20 min as per the manufacturer’s instructions. The cells were
then re-suspended in binding buffer and measured with flow
cytometry analysis (FACS) (BD Biosciences, Franklin Lakes, NJ,
USA). Data was analyzed with Flow Jo.7.6.1 (Tree Star, Ashland,
OR, USA) (41, 42).

Cell Cycle Analysis

After incubation with CK-3 for 48 h, Hep3B and Bel7402
cells were collected and fixed overnight in cold 70% (v/v)
ethanol at 4°C. After being washed with PBS the cells were
stained with PI using the Cell Cycle Analysis Kit (BD) according
to the manufacturer’s instructions. The samples were then
analyzed with fluorescence-activated cell sorting (43).

The In Vivo Antitumor Activation of CK-3
via a Nude Mice Model

The usage of nude mice were permitted by the Animal Ethics
Committee, General Hospital of Northern Theater Command.
BEL7402 cells were cultured and injected into the nude mice
mice’s subcutaneous tumor position. Mice were received 10mg/kg
(high dose), 5mg/kg (middle dose) or 1mg/kg (low dose) of CK-3
via oral administration once per two days. After 10-15 times’
treatment, the tumors were collected and the tumor volumes/
tumor weights were examined (25, 44, 45). The inhibitory rates of
CK-3 on BEL-7402 cells’ subcutaneous growth was calculated
according to the tumor volumes or tumor weights. The expression
level of cell proliferation related factor Ki67; the EMT (epithelial-
mesenchymal transition) related factors N-Cadherin, E-Cadherin,
Vimentin; the pro-survival/anti-apoptosis related factors Survivin,
cIAP-1, cIAP-2, BCL-2 in the tumor tissues was examined by
qPCR (quantitative polymerase chain reaction) following the
methods descripted by Ma et al. (46) and Yang et al. (10), and
the primers were also used the sequences provided by Ma et al.
(46). The heat-map was performed according the methods
descripted by Zhou et al. and Wang et al. (29, 47).

Statistical Analysis

All data were expressed as mean + SD, and all experiments were
performed in triplicate. Differences among experimental groups
were compared using analysis of variance (ANOVA) followed by
the Student’s t-test (P < 0.05). SPSS22.0 (IBM, Armonk, NY,
USA) was used for statistical analysis and GraphPad software
(GraphPad Software, La Jolla, CA, USA) was used to present the

analyzed data. p-values < 0.05 were considered to be
statistically significant.

RESULTS

CK-3 Has a Cytotoxic Effect Against
Various HCC Cell Lines

The MTT assay showed that CK-3 had a cytotoxic effect against
HCC cell lines, especially Hep3B and Bel7402 cells (Table 1).
Testing different concentrations of CK-3 for 24 h, 48 h and 72h
(Figure 1B) demonstrated that the effect of CK-3 on cell
proliferation was time- and dose-dependent. Moreover, the
colony formation assay indicated that CK-3 can reduce the
proliferation of Hep3B and Bel7402 cells (Figure 1C).

CK-3 Inhibits the Migration and Invasion of
HCC Cell Lines

We evaluated the migration capabilities of HCC cell lines after
CK-3 treatment using a wound healing assay. The number of
cells that migrated into a wounded region after treatment with
CK-3 for 48 h were counted and compared with controls
(Figure 2A). A Transwell invasion assay or transwell migration
assay was then used to confirm the in vitro invasiveness/
migration of these cells. As shown in Figure 2B, CK-3 notably
decreased the number of cells that invaded or migrated to the
bottom of the membrane. The level of E-cadherin was increased
in Hep3B and Bel7402 cells after treatment with CK-3 for 48 h
(Supplemental Figure 5). The dose dependency was also noted
by CK-3’s effect (Figure 2 and Supplemental Figure 5).

CK-3 Suppresses HCC Cell Lines by
Down-Regulating Both the PISK/AKT/
mTOR and MAPK/ERK Signaling Pathways
To investigate whether CK-3 inhibited Hep3B and Bel7402 cell
proliferation by regulating PI3K, we examined the ability of

TABLE 1 | The antiproliferative activity of CK-3 on HCC cell lines (mean + SD, n=3).

Cell line ICs0 (LM)
HepG2 4.670 + 4.316
SMMC7721 5.210 + 3.886
MHCC97-H 3.053 + 0.659
Bel7402 1.556 + 0.606
Hep3B 1.358 + 0.309
TABLE 2 | PI3 Kinase-activity profile of CK-3.

Kinase I1C5o (LM)
PI3Ka 6.709
PISKB >10
PIBKS 4.671
PIBKy >10
ERK 5.667
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the level of p-ERK and EKK proteins as shown with western blotting.
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FIGURE 4 | The molecular docking of CK-3 with PI3K or ERK. (A, C) A two-dimensional interaction diagram of CK-3 on the catalytic cavity of PI3K (PDB code:
3DBS) and ERK (PDB code: 5K4l). (B, D) A three-dimensional interaction diagram of CK-3 on the catalytic cavity of PI3K and ERK. The crystal structures of proteins
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(Supplemental Figure 6). The specificity of CK-3 on HCC cells
were confirmed by using the LY294002 or GSK2118436 in HCC
cells (Figures 3B, C).

The interaction between proteins and CK-3 was explored
with molecular docking technology. As shown in Figures 4A, B,
the pyridine ring of CK-3 penetrated into the active site of
PI3Ky and formed a major hydrogen bond with Lys883.
Moreover, Lys833 and Val882 also formed hydrogen bonds
with the oxygen atom on the sulfonyl group and the oxygen
atom on the sidechain. Furthermore, the optimal conformation
of CK-3 was well matched to the ERK2 protein active cavity
(Figures 4C, D). The oxygen atom of the amide on the sidechain
and the nitrogen atom on the pyridine ring formed hydrogen
bonds with Lys114 and Ser41 as hydrogen acceptors. Met108 and
Lys151 also interacted with the nitrogen atom on the imidazole
ring and the oxygen atom on the sulfonyl group with
hydrogen bonds.

CK-3 Effects on Apoptosis and Cell Cycle
Arrest in HCC Cell Lines

Apoptotic cells were detected with the Hoechst 33342 and
Annexin V-FITC/PI staining assays. Compared with the
control group, the nuclear DNA in cells that received a high-
dose of CK-3 exhibited more condensed and fragmented staining
(Figure 5A). To verify these results the level of apoptosis-
associated proteins was evaluated with western blotting. As
shown in Figure 5B, the expression of Bax was significantly
up-regulated after CK-3 treatment, while the level of Bcl-2 was
markedly down-regulated. Hep3B and Bel7402 cells had a high
degree of apoptosis-like death, as shown with the Annexin V-
FITC/PI staining assay (Figure 5C).

Cell cycle distribution analysis indicated that CK-3 induced
Hep3B cell cycle arrest in the G,/M phase. The proportion of
polyploid Bel7402 cells strongly increased after CK-3 treatment
for 48 h (Figure 5D), suggesting that CK-3 caused cell cycle
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each phase of the cell cycle is shown in the histogram. Data are presented as mean + SD of three independent experiments (n = 3). *p < 0.05, “*p < 0.01, compared

arrest during mitosis, which was different from that of
Hep3B cells.

The In Vivo Antitumor Effect of CK-3 on
BEL7402 Cells

The above results were obtained from the cultured HCC cells. To
further examine the antitumor effect of CK-3, the BEL-7402 was
cultured and injected into nude mice to form subcutaneous
tumor tissues. As shown in Figure 6, BEL-7402 cells could
form subcutaneous tumor tissues in nude mice. Oral
administration of 10mg/kg CK-3 (high dose of CK-3) or
10mg/kg CK-3 (middle dose of CK-3) but not 1mg/kg CK-3
(low dose of CK-3) could inhibited the subcutaneous growth of
BEL-7402 cells in nude mice (Figures 6A, C-F). Oral
administration of CK-3 also inhibited the expression of Ki67,
N-cadherin, Viemntin, Survivin, cIAP-1, cIAP-2 or BCL-2 and
enhanced the expression of E-cadherin in tumor tissues formed
by BEL7402 cells in a dose-dependent manner (Figure 6B).

DISCUSSION

The PI3K/AKT/mTOR and MAPK/ERK pathways play a
dominant role in HCC proliferation, migration, reproduction
and apoptosis (48-50). Our in vitro experiments confirmed that
CK-3 inhibited the proliferation (Figure 1), migration and
invasion (Figure 2) of HCC cells by inhibiting these two
pathways. Our results showed that the activity of PI3Ko and
PI3K3 was selectively reduced by CK-3 and we observed that
CK-3 could simultaneously block the PI3K/AKT/mTOR and
MAPK/ERK pathways. Therefore, modulation of PI3K is just one
aspect of CK-3 function and it is valuable to continue to optimize
the structure of CK-3. As there is a crosstalk between the PI3K
and MAPK pathways ERK inhibitors may activate AKT through
a negative feedback loop, thereby activating the PI3K pathway
(47, 51, 52). We therefore believe that AKT feedback activation
can be stabilized via ERK inhibition. Combination PI3K and
ERK inhibition therefore seems to be a good strategy for
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overcoming the limitations of monotherapy, thereby best
preventing AKT activation. Furthermore, a molecular
modeling study showed that CK-3 can occupy the active
binding sites of PI3K and ERK and form various interactions
with the residues on the active site (Figure 3). These hydrogen
bonds played a crucial role in the conformational stability of CK-
3 and also increased the affinity of the compound to these
proteins (53, 54).

It is well known that AKT plays an important role in the PI3K
signaling pathway, which promotes the activation of a number of
downstream pathways that participate in tumorigenesis (55-57).
Weller (58) demonstrated that of the steps in the PI3K/AKT/
mTOR cascade, mTOR and its two downstream factors 4EBP1
and P70S6K were directly activated by AKT. 4EBP1 plays a key
role in cell proliferation, and P70S6K is important for mitogen
integration and nutrient signaling to control cell proliferation
and size (59). PTEN is an important tumor suppressor that
inhibits the PI3K/AKT signaling pathway and antagonizes cell
proliferation, differentiation, apoptosis, and cell cycle processes
(Figure 3) (60, 61).

We demonstrated that CK-3 caused G2/M phase cell cycle
arrest in Hep3B cells, and induced the apoptosis of these cells by
regulating Bax and Bcl-2 protein expression. In contrast, CK-3
caused cell cycle arrest during the mitosis phase in Bel7402 cells,
which also caused an apoptosis-like death (Figure 4). The
major mode of programmed cell death is apoptosis, a highly
regulated ordered cell destruction meant to remove damaged or
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FIGURE 6 | The in vivo antitumor activation of CK-3. BEL-7402 was cultured and injected in to the subcutaneous position of the nude mice. Mice were received the
CK-3 via oral administration. The results were shown as the images of tumor tissues (A), the heat-map indicated the inhibitory rates of CK-3 on proliferation, pro-
survival, anti-apoptosis or EMT related factors (B), tumor volumes (C), inhibitory rates of CK-3 according to tumor volumes on Bel-7402 (D), tumor weights (E),
inhibitory rates of CK-3 according to tumor weights on Bel-7402 (F). *P < 0.05.

redundant cells. Controlling apoptosis is an important focus
of cancer treatment (62-64). Apoptosis can occur through
two signaling pathways: an “external” pathway mediated by
death receptors and an “internal” pathway mediated by
mitochondria. Both involve mitochondria and Bcl-2 family
proteins (65). Our results confirmed that CK-3 significantly
down-regulated the expression of Bcl-2 and up-regulated the
level of Bax, which might also be regulated by the intrinsic
apoptosis pathway.

Unlike apoptosis and necrosis, MC is a novel anti-tumor
process that is caused by a unique nuclear alteration. MC is
considered p53-independent cell death and has the morphologic
features of both apoptosis and necrosis. In our study CK-3
enlarged the volume of Bel7402 cells and increased the number
of multi-nucleated cells, both of which were clearly observed by
the Hoechst 33342 and Annexin V-FITC/PI double-staining
assays. The formation of multinucleated cells is a typical
morphological feature of MC (66). That CK-3 induced this
unique form of cell death suggests that it may be useful in the
setting of apoptosis resistance.

In conclusion, our results indicate that CK-3 blocks the PI3K/
AKT/mTOR and MAPK/ERK signaling pathways and exerts an
anti-tumor effect on Hep3B and Bel7402 cells. These findings
confirm that dual targeting the PI3K/AKT/mTOR and MAPK/
ERK pathways is a promising strategy for the treatment of HCC.
Although CK-3 may become a candidate therapy against HCC in
the future, further translational research is required.

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 717626


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

CK-3 Suppresses Hepatocellular Carcinoma

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The presence work did not contain the patients-related materials
and the usage of human related materials were permitted by the
Ethics Committee of Northern Theater General Hospital. The
animal experiments were permitted by the Animal Ethics
Committee of Northern Theater General Hospital.

AUTHOR CONTRIBUTIONS

Q-cZ, H-wD, and QW conceived the main ideas and wrote the
paper. X-wJ, SW, and X-cQ supervised the study. QW, T-yL and
B-cH developed major methodologies, databases, reagents, and
primary experiments. XL, Y-tW, and X-tS analyzed different
aspects of the results. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by Liaoning Natural Fund
Guidance Plan (Number: 2019-ZD-0446).

REFERENCES

1. Sayiner M, Golabi P, Younossi ZM. Disease Burden of Hepatocellular
Carcinoma: A Global Perspective. Dig Dis Sci (2019) 64(4):910-7.
doi: 10.1007/s10620-019-05537-2

2. Hartke J, Johnson M, Ghabril M. The Diagnosis and Treatment of
Hepatocellular Carcinoma. Semin Diagn Pathol (2017) 34(2):153-9.
doi: 10.1053/j.semdp.2016.12.011

3. Du Y, Shi X, Ma W, Wen P, Yu P, Wang X, et al. Phthalates Promote the
Invasion of Hepatocellular Carcinoma Cells by Enhancing the Interaction
Between Pregnane X Receptor and E26 Transformation Specific Sequence 1.
Pharmacol Res (2021) 169:105648. doi: 10.1016/j.phrs.2021.105648

4. Forner A, Llovet JM, Bruix J. Hepatocellular Carcinoma. Lancet (2012) 379
(9822):1245-55. doi: 10.1016/s0140-6736(11)61347-0

5. Feng F, Jiang Q, Jia H, Sun H, Chai Y, Li X, et al. Which Is the Best
Combination of TACE and Sorafenib for Advanced Hepatocellular
Carcinoma Treatment? A Systematic Review and Network Meta-Analysis.
Pharmacol Res (2018) 135:89-101. doi: 10.1016/j.phrs.2018.06.021

6. Li B, Feng F, Jia H, Jiang Q, Cao S, Wei L, et al. Rhamnetin Decelerates the
Elimination and Enhances the Antitumor Effect of the Molecular-Targeting
Agent Sorafenib in Hepatocellular Carcinoma Cells via the miR-148a/PXR
Axis. Food Funct (2021) 12(6):2404-17. doi: 10.1039/d0f002270e

7. Zhang Y, Li D, Jiang Q, Cao S, Sun H, Chai Y, et al. Novel ADAM-17
Inhibitor ZLDI-8 Enhances the In Vitro and In Vivo Chemotherapeutic
Effects of Sorafenib on Hepatocellular Carcinoma Cells. Cell Death Dis (2018)
9(7):743. doi: 10.1038/s41419-018-0804-6

8. Wallace MC, Preen D, Jeffrey GP, Adams LA. The Evolving Epidemiology of
Hepatocellular Carcinoma: A Global Perspective. Expert Rev Gastroenterol
Hepatol (2015) 9(6):765-79. doi: 10.1586/17474124.2015.1028363

9. Yin F, Feng F, Wang L, Wang X, Li Z, Cao Y. SREBP-1 Inhibitor Betulin
Enhances the Antitumor Effect of Sorafenib on Hepatocellular Carcinoma via

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
717626/full#supplementary-material

Supplementary Figure 1 | The synthetic route of CK-3.
Supplementary Figure 2 | The HPLC fingerprint of CK-3 in the presence work.

Supplementary Figure 3 | HR-MS spectrum of compound CK-3 in the
presence work.

Supplementary Figure 4 | 1H-NMR spectrum of compound CK-3 in the
presence work.

Supplementary Figure 5 | CK-3 enhanced the expression of E-Cadherin in HCC
cells E-cadherin expression of HCC cell lines after treatment with CK-3 was
evaluated with a western blot. All blotted proteins were normalized to GAPDH. Data
are presented as the mean + SD of three independent experiments (n = 3).

*P < 0.05.

Supplementary Figure 6 | CK-3 suppressed the PIBK/AKT/mTOR pathways in
Hep3B and Bel7402 cells. Effects of CK-3 on p-ERK and ERK expression were
evaluated. The bar graphs show the relative levels of PTEN, p-AKT, AKT, p-mTOR,
mTOR, p-p70S6K, p70S6K, p-ERK, and ERK. All blotted proteins were normalized
to GAPDH.

Supplementary Figure 7 | CK-3 suppressed the MAPK/ERK pathways in
Hep3B and Bel7402 cells. Effects of CK-3 on p-ERK and ERK expression were
evaluated. The bar graphs show the relative levels of PTEN, p-AKT, AKT, p-mTOR,
mTOR, p-p70S6K, p70S6K, p-ERK, and ERK. All blotted proteins were normalized
to GAPD.

Restricting Cellular Glycolytic Activity. Cell Death Dis (2019) 10(9):672.
doi: 10.1038/s41419-019-1884-7

10. Yang H, Ren L, Wang Y, Bi X, Li X, Wen M, et al. FBI-1 Enhanced the
Resistance of Triple-Negative Breast Cancer Cells to Chemotherapeutic
Agents via the miR-30c/PXR Axis. Cell Death Dis (2020) 11(10):851.
doi: 10.1038/s41419-020-03053-0

11. Ma KW, Cheung TT. Surgical Resection of Localized Hepatocellular
Carcinoma: Patient Selection and Special Consideration. J Hepatocell
Carcinoma (2017) 4:1-9. doi: 10.2147/JHC.S96085

12. Ang SF, Ng ES, Li H, Ong YH, Choo SP, Ngeow J, et al. The Singapore Liver
Cancer Recurrence (SLICER) Score for Relapse Prediction in Patients With
Surgically Resected Hepatocellular Carcinoma. PloS One (2015) 10(4):
€0118658. doi: 10.1371/journal.pone.0118658

13. Kudo M. Signaling Pathway and Molecular-Targeted Therapy for
Hepatocellular Carcinoma. Dig Dis (2011) 29(3):289-302. doi: 10.1159/
000327562

14. Jia H, Liu M, Wang X, Jiang Q, Wang S, Santhanam RK, et al. Cimigenoside
Functions as a Novel Gamma-Secretase Inhibitor and Inhibits the
Proliferation or Metastasis of Human Breast Cancer Cells by Gamma-
Secretase/Notch Axis. Pharmacol Res (2021) 169:105686. doi: 10.1016/
j.phrs.2021.105686

15. Yang B, Wang C, Xie H, Wang Y, Huang J, Rong Y, et al. MicroRNA-3163
Targets ADAM-17 and Enhances the Sensitivity of Hepatocellular Carcinoma
Cells to Molecular Targeted Agents. Cell Death Dis (2019) 10(10):784.
doi: 10.1038/s41419-019-2023-1

16. Zheng S,NiJ,LiY, Lu M, Yao Y, Guo H, et al. 2-Methoxyestradiol Synergizes
With Erlotinib to Suppress Hepatocellular Carcinoma by Disrupting the
PLAGL2-EGFR-HIF-1/2alpha Signaling Loop. Pharmacol Res (2021)
169:105685. doi: 10.1016/j.phrs.2021.105685

17. Xie G, Wang Z, Chen Y, Zhang S, Feng L, Meng F, et al. Dual Blocking of PI3K
and mTOR Signaling by NVP-BEZ235 Inhibits Proliferation in Cervical

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 717626


https://www.frontiersin.org/articles/10.3389/fonc.2021.717626/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.717626/full#supplementary-material
https://doi.org/10.1007/s10620-019-05537-2
https://doi.org/10.1053/j.semdp.2016.12.011
https://doi.org/10.1016/j.phrs.2021.105648
https://doi.org/10.1016/s0140-6736(11)61347-0
https://doi.org/10.1016/j.phrs.2018.06.021
https://doi.org/10.1039/d0fo02270e
https://doi.org/10.1038/s41419-018-0804-6
https://doi.org/10.1586/17474124.2015.1028363
https://doi.org/10.1038/s41419-019-1884-7
https://doi.org/10.1038/s41419-020-03053-0
https://doi.org/10.2147/JHC.S96085
https://doi.org/10.1371/journal.pone.0118658
https://doi.org/10.1159/000327562
https://doi.org/10.1159/000327562
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1038/s41419-019-2023-1
https://doi.org/10.1016/j.phrs.2021.105685
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

CK-3 Suppresses Hepatocellular Carcinoma

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Carcinoma Cells and Enhances Therapeutic Response. Cancer Lett (2017)
388:12-20. doi: 10.1016/j.canlet.2016.11.024

Bohnacker T, Prota AE, Beaufils F, Burke JE, Melone A, Inglis AJ, et al.
Deconvolution of Buparlisib's Mechanism of Action Defines Specific PI3K
and Tubulin Inhibitors for Therapeutic Intervention. Nat Commun (2017)
8:14683. doi: 10.1038/ncomms14683

Feng T, Liu ], Lu Y, Zheng L, Zhao W, Liu F, et al. Growth Factor Progranulin
Promotes Tumorigenesis of Cervical Cancer via PI3K/Akt/mTOR Signaling
Pathway. Oncotarget (2015) 7:58381-95. doi: 10.18632/oncotarget.11126
Zhang D, An X, Li Q, Man X, Chu M, Li H, et al. Thioguanine Induces
Apoptosis in Triple-Negative Breast Cancer by Regulating PI3K-AKT
Pathway. Front Oncol (2020) 10:524922. doi: 10.3389/fonc.2020.524922
Georgescu MM. PTEN Tumor Suppressor Network in PI3K-Akt Pathway
Control. Genes Cancer (2010) 1(12):1170-7. doi: 10.1177/1947601911407325
Roskoski RJr. Properties of FDA-Approved Small Molecule Protein Kinase
Inhibitors: A 2020 Update. Pharmacol Res (2020) 152:104609. doi: 10.1016/
j.phrs.2019.104609

Roskoski RJr. Properties of FDA-Approved Small Molecule Protein Kinase
Inhibitors. Pharmacol Res (2019) 144:19-50. doi: 10.1016/j.phrs.2019.03.006
Roskoski RJr. Properties of FDA-Approved Small Molecule
Phosphatidylinositol 3-Kinase Inhibitors Prescribed for the Treatment of
Malignancies. Pharmacol Res (2021) 168:105579. doi: 10.1016/j.phrs.
2021.105579

Wang S, Zhang Y, Ren T, Wu Q, Lu H, Qin X, et al. A Novel 4-
Aminoquinazoline Derivative, DHW-208, Suppresses the Growth of
Human Breast Cancer Cells by Targeting the PI3K/AKT/mTOR Pathway.
Cell Death Dis (2020) 11(6):491. doi: 10.1038/s41419-020-2690-y

Calleja V, Alcor D, Laguerre M, Park J, Vojnovic B, Hemmings BA, et al.
Intramolecular and Intermolecular Interactions of Protein Kinase B Define its
Activation In Vivo. PloS Biol (2007) 5(4):e95. doi: 10.1371/journal.
pbio.0050095

Toulany M, Minjgee M, Saki M, Holler M, Meier F, Eicheler W, et al. ERK2-
Dependent Reactivation of Akt Mediates the Limited Response of Tumor
Cells With Constitutive K-RAS Activity to PI3K Inhibition. Cancer Biol Ther
(2014) 15(3):317-28. doi: 10.4161/cbt.27311

Ayub A, Yip WK, Seow HF. Dual Treatments Targeting IGF-1r, PI3K,
mTORC or MEK Synergize to Inhibit Cell Growth, Induce Apoptosis, and
Arrest Cell Cycle at G1 Phase in MDA-MB-231 Cell Line. BioMed
Pharmacother (2015) 75:40-50. doi: 10.1016/j.biopha.2015.08.031

Zhou W, Gao Y, Tong Y, Wu Q, Zhou Y, Li Y. Anlotinib Enhances the
Antitumor Activity of Radiofrequency Ablation on Lung Squamous Cell
Carcinoma. Pharmacol Res (2021) 164:105392. doi: 10.1016/j.phrs.
2020.105392

Lee KC, Chen YL, Lin PY, Chuang WL. Ursolic Acid-Induced Apoptosis via
Regulation of the PI3K/Akt and MAPK Signaling Pathways in Huh-7 Cells.
Molecules (2018) 23(8):1-13. doi: 10.3390/molecules23082016

Hoeflich KP, O'Brien C, Boyd Z, Cavet G, Guerrero S, Jung K, et al. In Vivo
Antitumor Activity of MEK and Phosphatidylinositol 3-Kinase Inhibitors in
Basal-Like Breast Cancer Models. Clin Cancer Res (2009) 15(14):4649-64.
doi: 10.1158/1078-0432.CCR-09-0317

Mirzoeva OK, Das D, Heiser LM, Bhattacharya S, Siwak D, Gendelman R,
et al. Basal Subtype and MAPK/ERK Kinase (MEK)-Phosphoinositide 3-
Kinase Feedback Signaling Determine Susceptibility of Breast Cancer Cells to
MEK Inhibition. Cancer Res (2009) 69(2):565-72. doi: 10.1158/0008-
5472.CAN-08-3389

Rodrik-Outmezguine VS, Chandarlapaty S, Pagano NC, Poulikakos PI,
Scaltriti M, Moskatel E, et al. mTOR Kinase Inhibition Causes Feedback-
Dependent Biphasic Regulation of AKT Signaling. Cancer Discov (2011) 1
(3):248-59. doi: 10.1158/2159-8290.CD-11-0085

Rahmani F, Ziaeemehr A, Shahidsales S, Gharib M, Khazaei M, Ferns GA,
et al. Role of Regulatory miRNAs of the PI3K/AKT/mTOR Signaling in the
Pathogenesis of Hepatocellular Carcinoma. J Cell Physiol (2020) 235(5):4146—
52. doi: 10.1002/jcp.29333

Akula SM, Abrams SL, Steelman LS, Emma MR, Augello G, Cusimano A, et al.
RAS/RAF/MEK/ERK, PI3K/PTEN/AKT/mTORCI and TP53 Pathways and
Regulatory miRs as Therapeutic Targets in Hepatocellular Carcinoma. Expert
Opin Ther Targets (2019) 23(11):915-29. doi: 10.1080/14728222.2019.
1685501

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Xie H, Tian S, Yu H, Yang X, Liu J, Wang H, et al. A New Apatinib
Microcrystal Formulation Enhances the Effect of Radiofrequency Ablation
Treatment on Hepatocellular Carcinoma. Onco Targets Ther (2018) 11:3257—
65. doi: 10.2147/OTT.S165000

Wang Y, Tang Z. A Novel Long-Sustaining System of Apatinib for Long-Term
Inhibition of the Proliferation of Hepatocellular Carcinoma Cells. Onco
Targets Ther (2018) 11:8529-41. doi: 10.2147/OTT.S188209

Li DD, Zhao CH, Ding HW, Wu Q, Ren TS, Wang J, et al. A Novel Inhibitor
of ADAM17 Sensitizes Colorectal Cancer Cells to 5-Fluorouracil by Reversing
Notch and Epithelial-Mesenchymal Transition In Vitro and In Vivo. Cell
Prolif (2018) 51(5):¢12480. doi: 10.1111/cpr.12480

An L, Li DD, Chu HX, Zhang Q, Wang CL, Fan YH, et al. Terfenadine
Combined With Epirubicin Impedes the Chemo-Resistant Human non-Small
Cell Lung Cancer Both In Vitro and In Vivo Through EMT and Notch
Reversal. Pharmacol Res (2017) 124:105-15. doi: 10.1016/j.phrs.2017.07.021
Yu C, Wang Y, Liu T, Sha K, Song Z, Zhao M, et al. The microRNA miR-3174
Suppresses the Expression of ADAMI15 and Inhibits the Proliferation of
Patient-Derived Bladder Cancer Cells. Onco Targets Ther (2020) 13:4157-68.
doi: 10.2147/0TT.S246710

Jia H, Liu M, Wang X, Jiang Q, Wang S, Santhanam RK, et al. Cimigenoside
Functions as a Novel y-Secretase Inhibitor and Inhibits the Proliferation or
Metastasis of Human Breast Cancer Cells by y-Secretase/Notch Axis.
Pharmacol Res (2021) 169:105686. doi: 10.1016/j.phrs.2021.105686

Jia H, Wang X, Liu W, Qin X, Hu B, Ma Q, et al. Cimicifuga Dahurica Extract
Inhibits the Proliferation, Migration and Invasion of Breast Cancer Cells
MDA-MB-231 and MCF-7 In Vitro and In Vivo. ] Ethnopharmacol (2021)
277:114057. doi: 10.1016/j.jep.2021.114057

Zhao |, Bai Z, Feng F, Song E, Du F, Zhao J, et al. Cross-Talk Between EPAS-1/
HIF-20. and PXR Signaling Pathway Regulates Multi-Drug Resistance of
Stomach Cancer Cell. Int ] Biochem Cell Biol (2016) 72:73-88. doi: 10.1016/
j.biocel.2016.01.006

Lu HY, Chu HX, Tan YX, Qin XC, Liu MY, Li JD, et al. Novel ADAM-17
Inhibitor ZLDI-8 Inhibits the Metastasis of Hepatocellular Carcinoma by
Reversing Epithelial-Mesenchymal Transition In Vitro and In Vivo. Life Sci
(2020) 244:117343. doi: 10.1016/j.1fs.2020.117343

Lu HY, Zu YX, Jiang XW, Sun XT, Liu TY, Li RL, et al. Novel ADAM-17
Inhibitor ZLDI-8 Inhibits the Proliferation and Metastasis of Chemo-
Resistant non-Small-Cell Lung Cancer by Reversing Notch and Epithelial
Mesenchymal Transition In Vitro and In Vivo. Pharmacol Res (2019)
148:104406. doi: 10.1016/j.phrs.2019.104406

Ma Y, Chai N, Jiang Q, Chang Z, Chai Y, Li X, et al. DNA Methyltransferase
Mediates the Hypermethylation of the microRNA 34a Promoter and
Enhances the Resistance of Patient-Derived Pancreatic Cancer Cells to
Molecular Targeting Agents. Pharmacol Res (2020) 160:105071.
doi: 10.1016/j.phrs.2020.105071

Wang C, Ding S, Sun B, Shen L, Xiao L, Han Z, et al. Hsa-miR-4271
Downregulates the Expression of Constitutive Androstane Receptor and
Enhances In Vivo the Sensitivity of Non-Small Cell Lung Cancer to
Gefitinib. Pharmacol Res (2020) 161:105110. doi: 10.1016/j.phrs.2020.105110
Kim SJ, Jung KH, Son MK, Park JH, Yan HH, Fang Z, et al. Tumor Vessel
Normalization by the PI3K Inhibitor HS-173 Enhances Drug Delivery. Cancer
Lett (2017) 403:339-53. doi: 10.1016/j.canlet.2017.06.035

Feng YQ, Gu SX, Chen YS, Gao XD, Ren YX, Chen JC, et al. Virtual Screening
and Optimization of Novel mTOR Inhibitors for Radiosensitization of
Hepatocellular Carcinoma. Drug Des Devel Ther (2020) 14:1779-98.
doi: 10.2147/DDDT.S249156

Feng YQ, Li BA, Feng F, Chen YS, Ren YX, Zhang H, et al. Novel mTOR
Inhibitor Enhances the Sensitivity of Hepatocellular Carcinoma Cells to
Molecular Targeting Agents. Onco Targets Ther (2020) 13:7165-76.
doi: 10.2147/0TT.S244474

Fruman DA, Rommel C. PI3K and Cancer: Lessons, Challenges and
Opportunities. Nat Rev Drug Discov (2014) 13(2):140-56. doi: 10.1038/
nrd4204

LiJ, Wang T, Liu P, Yang F, Wang X, Zheng W, et al. Hesperetin Ameliorates
Hepatic Oxidative Stress and Inflammation Via the PI3K/AKT-Nrf2-ARE
Pathway in Oleic Acid-Induced HepG2 Cells and a Rat Model of High-Fat
Diet-Induced NAFLD. Food Funct (2021) 12(9):3898-918. doi: 10.1039/
d0f002736g

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 717626


https://doi.org/10.1016/j.canlet.2016.11.024
https://doi.org/10.1038/ncomms14683
https://doi.org/10.18632/oncotarget.11126
https://doi.org/10.3389/fonc.2020.524922
https://doi.org/10.1177/1947601911407325
https://doi.org/10.1016/j.phrs.2019.104609
https://doi.org/10.1016/j.phrs.2019.104609
https://doi.org/10.1016/j.phrs.2019.03.006
https://doi.org/10.1016/j.phrs.2021.105579
https://doi.org/10.1016/j.phrs.2021.105579
https://doi.org/10.1038/s41419-020-2690-y
https://doi.org/10.1371/journal.pbio.0050095
https://doi.org/10.1371/journal.pbio.0050095
https://doi.org/10.4161/cbt.27311
https://doi.org/10.1016/j.biopha.2015.08.031
https://doi.org/10.1016/j.phrs.2020.105392
https://doi.org/10.1016/j.phrs.2020.105392
https://doi.org/10.3390/molecules23082016
https://doi.org/10.1158/1078-0432.CCR-09-0317
https://doi.org/10.1158/0008-5472.CAN-08-3389
https://doi.org/10.1158/0008-5472.CAN-08-3389
https://doi.org/10.1158/2159-8290.CD-11-0085
https://doi.org/10.1002/jcp.29333
https://doi.org/10.1080/14728222.2019.1685501
https://doi.org/10.1080/14728222.2019.1685501
https://doi.org/10.2147/OTT.S165000
https://doi.org/10.2147/OTT.S188209
https://doi.org/10.1111/cpr.12480
https://doi.org/10.1016/j.phrs.2017.07.021
https://doi.org/10.2147/OTT.S246710
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1016/j.jep.2021.114057
https://doi.org/10.1016/j.biocel.2016.01.006
https://doi.org/10.1016/j.biocel.2016.01.006
https://doi.org/10.1016/j.lfs.2020.117343
https://doi.org/10.1016/j.phrs.2019.104406
https://doi.org/10.1016/j.phrs.2020.105071
https://doi.org/10.1016/j.phrs.2020.105110
https://doi.org/10.1016/j.canlet.2017.06.035
https://doi.org/10.2147/DDDT.S249156
https://doi.org/10.2147/OTT.S244474
https://doi.org/10.1038/nrd4204
https://doi.org/10.1038/nrd4204
https://doi.org/10.1039/d0fo02736g
https://doi.org/10.1039/d0fo02736g
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

CK-3 Suppresses Hepatocellular Carcinoma

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang M, Li W, Wang Y, Song Y, Wang J, Cheng M. In Silico Insight Into
Voltage-Gated Sodium Channel 1.7 Inhibition for Anti-Pain Drug Discovery.
] Mol Graph Model (2018) 84:18-28. doi: 10.1016/j.,jmgm.2018.05.006
Wang M, Wang Y, Kong D, Jiang H, Wang J, Cheng M. In Silico Exploration
of Aryl Sulfonamide Analogs as Voltage-Gated Sodium Channel 1.7 Inhibitors
by Using 3D-QSAR, Molecular Docking Study, and Molecular Dynamics
Simulations. Comput Biol Chem (2018) 77:214-25. doi: 10.1016/
j.compbiolchem.2018.10.009

Yao Z, Gao G, Yang J, Long Y, Wang Z, Hu W, et al. Prognostic Role of the
Activated P-AKT Molecule in Various Hematologic Malignancies and Solid
Tumors: A Meta-Analysis. Front Oncol (2020) 10:588200. doi: 10.3389/
fonc.2020.588200

Chen J, Wang F, Xu H, Xu L, Chen D, Wang J, et al. Long Non-Coding RNA
SNHGI Regulates the Wnt/beta-Catenin and PI3K/AKT/mTOR Signaling
Pathways Via EZH2 to Affect the Proliferation, Apoptosis, and Autophagy of
Prostate Cancer Cell. Front Oncol (2020) 10:552907. doi: 10.3389/
fonc.2020.552907

Ma L, Zhang B, Liu ], Qiao C, Liu Y, Li §, et al. Isoorientin Exerts a Protective
Effect Against 6-OHDA-Induced Neurotoxicity by Activating the AMPK/
AKT/Nrf2 Signalling Pathway. Food Funct (2020) 11(12):10774-85.
doi: 10.1039/d0f002165b

Welker ME, Kulik G. Recent Syntheses of PI3K/Akt/mTOR Signaling
Pathway Inhibitors. Bioorg Med Chem (2013) 21(14):4063-91. doi: 10.1016/
j.bmc.2013.04.083

Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca BD, Petroulakis E,
et al. mMTORC1-Mediated Cell Proliferation, But Not Cell Growth, Controlled
by the 4E-BPs. Science (2010) 328(5982):1172-6. doi: 10.1126/science.1187532
Chen Y, Feng F, Gao X, Wang C, Sun H, Zhang C, et al. MiRNA153 Reduces
Effects of Chemotherapeutic Agents or Small Molecular Kinase Inhibitor in
HCC Cells. Curr Cancer Drug Targets (2015) 15(3):176-87. doi: 10.2174/
1568009615666150225122635

TangJY, Li DY, He L, Qiu XS, Wang EH, Wu GP. HPV 16 E6/E7 Promote the
Glucose Uptake of GLUT1 in Lung Cancer Through Downregulation of
TXNIP Due to Inhibition of PTEN Phosphorylation. Front Oncol (2020)
10:559543. doi: 10.3389/fonc.2020.559543

Han B, Jiang P, Li Z, Yu Y, Huang T, Ye X, et al. Coptisine-Induced Apoptosis
in Human Colon Cancer Cells (HCT-116) Is Mediated by PI3K/Akt and

Mitochondrial-Associated Apoptotic Pathway. Phytomedicine (2018) 48:152—
60. doi: 10.1016/j.phymed.2017.12.027

Obaroakpo JU, Nan W, Hao L, Liu L, Zhang S, Lu J, et al. The Hyperglycemic
Regulatory Effect of Sprouted Quinoa Yoghurt in High-Fat-Diet and
Streptozotocin-Induced Type 2 Diabetic Mice Via Glucose and Lipid
Homeostasis. Food Funct (2020) 11(9):8354-68. doi: 10.1039/d0fo01575j
Zhao L, Wang L, Jia X, Hu X, Pang P, Zhao S, et al. The Coexistence of Genetic
Mutations in Thyroid Carcinoma Predicts Histopathological Factors
Associated With a Poor Prognosis: A Systematic Review and Network
Meta-Analysis. Front Oncol (2020) 10:540238. doi: 10.3389/fonc.2020.540238
Czabotar PE, Lessene G, Strasser A, Adams JM. Control of Apoptosis by the
BCL-2 Protein Family: Implications for Physiology and Therapy. Nat Rev Mol
Cell Biol (2014) 15(1):49-63. doi: 10.1038/nrm3722

Castedo M, Perfettini JL, Roumier T, Valent A, Raslova H, Yakushijin K, et al.
Mitotic Catastrophe Constitutes a Special Case of Apoptosis Whose
Suppression Entails Aneuploidy. Oncogene (2004) 23(25):4362-70.
doi: 10.1038/sj.0nc.1207572

63.

64.

65.

66.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wu, Liu, Hu, Li, Wu, Sun, Jiang, Wang, Qin, Ding and Zhao. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 717626


https://doi.org/10.1016/j.jmgm.2018.05.006
https://doi.org/10.1016/j.compbiolchem.2018.10.009
https://doi.org/10.1016/j.compbiolchem.2018.10.009
https://doi.org/10.3389/fonc.2020.588200
https://doi.org/10.3389/fonc.2020.588200
https://doi.org/10.3389/fonc.2020.552907
https://doi.org/10.3389/fonc.2020.552907
https://doi.org/10.1039/d0fo02165b
https://doi.org/10.1016/j.bmc.2013.04.083
https://doi.org/10.1016/j.bmc.2013.04.083
https://doi.org/10.1126/science.1187532
https://doi.org/10.2174/1568009615666150225122635
https://doi.org/10.2174/1568009615666150225122635
https://doi.org/10.3389/fonc.2020.559543
https://doi.org/10.1016/j.phymed.2017.12.027
https://doi.org/10.1039/d0fo01575j
https://doi.org/10.3389/fonc.2020.540238
https://doi.org/10.1038/nrm3722
https://doi.org/10.1038/sj.onc.1207572
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	CK-3, A Novel Methsulfonyl Pyridine Derivative, Suppresses Hepatocellular Carcinoma Proliferation and Invasion by Blocking the PI3K/AKT/mTOR and MAPK/ERK Pathways
	Introduction
	Methods and Materials
	Chemical Compounds and Reagents
	Cell Culture
	Cell Survival Examination
	Colony Formation Assay
	Wound-Healing Approach
	Cell Invasion and Migration Assay
	In Vitro Phosphatidylinositol 3-Kinase (PI3K) Inhibition Assay
	Molecular Docking
	Western Blotting
	Cell Morphology Changes
	Apoptosis Analysis
	Cell Cycle Analysis
	The In Vivo Antitumor Activation of CK-3 via a Nude Mice Model
	Statistical Analysis

	Results
	CK-3 Has a Cytotoxic Effect Against Various HCC Cell Lines
	CK-3 Inhibits the Migration and Invasion of HCC Cell Lines
	CK-3 Suppresses HCC Cell Lines by Down-Regulating Both the PI3K/AKT/mTOR and MAPK/ERK Signaling Pathways
	CK-3 Effects on Apoptosis and Cell Cycle Arrest in HCC Cell Lines
	The In Vivo Antitumor Effect of CK-3 on BEL7402 Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


