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Hepatocellular carcinoma (HCC) is one of the most common tumors worldwide with high
prevalence and lethality. Due to insidious onset and lack of early symptoms, most HCC
patients are diagnosed at advanced stages without adequate methods but systemic
therapies. PIBK/AKT/mTOR signaling pathway plays a crucial role in the progression and
development of HCC. Aberrant activation of PISK/AKT/mTOR pathway is involved in
diverse biological processes, including cell proliferation, apoptosis, migration, invasion
and angiogenesis. Therefore, the development of PI3K-targeted inhibitors is of great
significance for the treatment of HCC. DHW-208 is a novel 4-aminoquinazoline derivative
pan-PI3K inhibitor. This study aimed to assess the therapeutic efficacy of DHW-208 in
HCC and investigate its underlying mechanism. DHW-208 could inhibit the proliferation,
migration, invasion and angiogenesis of HCC through the PIBK/AKT/mTOR signaling
pathway in vitro. Consistent with the in vitro results, in vivo studies demonstrated that
DHW-208 elicits an antitumor effect by inhibiting the PISK/AKT/mTOR-signaling pathway
with a high degree of safety in HCC. Therefore, DHW-208 is a candidate compound to be
developed as a small molecule PI3K inhibitor for the treatment of HCC, and our study
provides a certain theoretical basis for the treatment of HCC and the development of
PISK inhibitors.

Keywords: apoptosis, angiogenesis, proliferation, hepatocellular carcinoma, PISBK/AKT/mTOR pathway

INSTRUCTION

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in the digestive
tract (1). Chemotherapy is currently the main treatment for HCC (2, 3). However, the overall
survival of some HCC patients after chemotherapy is only prolonged by a few months due to tumor
drug resistance, metastasis and recurrence (4, 5). Therefore, curing HCC remains a challenge in the
medical community (6, 7).

Frontiers in Oncology | www.frontiersin.org

1 July 2022 | Volume 12 | Article 955729


https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhaoqingchun1967@163.com
mailto:jianly@sj-hospital.org
https://doi.org/10.3389/fonc.2022.955729
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.955729
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.955729&domain=pdf&date_stamp=2022-07-12

Wang et al.

DHW-208 Inhibits Proliferation of HCC

In the past few years, immunotherapy has made some
progress in treating cancer, and Atezolizumab/Bevacizumab is
the first and only immunotherapy with a proven benefit in HCC
(8-10). However, the treatment options for advanced HCC are
still very limited (11, 12). Sorafenib is a multikinase inhibitor
capable of facilitating apoptosis, mitigating angiogenesis and
suppressing tumor cell proliferation and remains the
representative approved systemic treatment for advanced HCC
(13, 14). The PI3K/AKT/mTOR signaling pathway plays an
important role in physiological processes and is related to cell
growth, survival and other processes (15-17). Abnormal activation
of the PI3K/AKT/mTOR signaling pathway has been found in a
number of cancers affects nearly 50% of malignant tumors,
including HCC, and mediates cancer cell proliferation, migration,
invasion, angiogenesis and other pathological processes in tumor
cells (18-20). Compared with traditional chemotherapy drugs,
molecular-targeted drugs have the advantages of clear targeting,
enhanced efficacy and low toxicity (21, 22). In recent years, the role
of targeted RTK drugs in the treatment of HCC has attracted much
attention (23, 24). In response to growth factors or cytokines, RTK
recruits PI3K to the cell membrane and mediates a cascade of
downstream reactions through direct or indirect activation of the
PI3K/AKT/mTOR pathway (25, 26). Currently, there are five FDA-
approved PI3K inhibitors and there are many PI3K inhibitors are in
clinical studies. But no PI3K inhibitors for HCC are currently on the
market (27, 28).

The PI3K/AKT/mTOR signaling pathway also regulates
multiple biological functions in HCC. One of the important
pathological mechanisms of HCC disease progression is
abnormal activation of the PI3K/AKT/mTOR signaling
pathway (15, 29). Therefore, targeting PI3K to inhibit the
PI3K/AKT/mTOR signaling pathway and its downstream
effector molecules may be critical for HCC treatment (30). The
development of targeted inhibitors of the PI3K/AKT/mTOR
signaling pathway in HCC is very important in understanding
the pathological mechanism of HCC (31-33). The sequential
phosphorylation of PI3K, AKT and mTOR mediates the
activation of a series of related molecular pathways and
participates in the regulation of various biological functions. In
apoptosis, AKT-mediated phosphorylation of proapoptotic
proteins inhibits their activation, and AKT promotes the
phosphorylation of the Bcl-2 family Bax at Ser184, which
regulates the proapoptotic effect of Bax (34, 35). In cell
metastasis, AKT can promote the transcriptional activation of
TGF-B-mediated EMT. Moreover, mTOR can act on the
transcription factor slug and inhibit its expression by binding
to the promoter of E-cadherin (36-38). Slug also promotes the
expression of MMP-9 and MMP-2 to activate EMT (39). In
angiogenesis, mTOR mediates its effects by phosphorylating 4E-
BP1 and disrupting the integrity of the complex formed by
mTOR and 4E-BP1, which is critical for inhibiting the
translation of related genes and enhances HIF-1co. translation
(40, 41). HIF-1o promotes transcriptional activation of VEGF,
which stimulates neovascularization (42). Therefore, focusing on
the PI3K/AKT/mTOR signaling pathway is crucial for the
treatment of HCC.

In recent years, 4-amino-quinazoline derivatives, which are
kinase inhibitors have attracted attention in the field of
pharmaceutical chemistry (43, 44). These 4-amino-quinazoline
derivatives have also been reported to be inhibitors of PI3Kot and
PI3KJ, suggesting that 4-amino-quinazoline derivatives are
potential targeted antitumor drugs (6, 22, 45). DHW-208, a
pan PI3K inhibitor, is a novel 4-amino-quinazoline derivative
containing hydrophilic groups and suppressed the growth of
cancer cells by inhibiting the PI3K/AKT/mTOR-signaling
pathway (Figure 1A). Further research found that DHW-208
showed excellent inhibitory effects on HCC (45) which was a
promising candidate for the treatment of HCC. This study aimed
to explore the mechanism by which DHW-208 inhibited HCC,
and lay a foundation for the development of targeted drugs for
the treatment of HCC.

METHODS AND MATERIALS

DHW-208 was synthesized by Pharmaceutical chemistry
laboratory, Shenyang Pharmaceutical University, Shenyang,
China. Sorafenib was purchased from Solebo Co., LTD
(Beijing, China). For the cellular experiments, DMSO
(dimethyl sulfoxide) was used to dissolve the pure DHW-208
powder (also the other agents), and then use DMEM (Logan, UT,
USA) without FBS to dilute the DHW-208 (also the other agents)
DMSO-solution to prepare solutions containing a series of
concentrations DHW-208. For the animal experiments, DMSO
was used to dissolve the DHW-208 powder, and then PEG400,
Tween 80 and saline (DMSO: Tween 80:PEG400:saline =
1:5:60:34) was used to dilute DHW-208 solutions by a series
of concentrations.

Cell Culture

The Hepatocellular carcinoma cell lines, Hep3B, Bel7402,
HepG2, LM3 and MHCC97H, and hepatocyte HL7702 were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). All cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and
incubated in an environment at 37°C containing 5% CO2.

Antiproliferative Activity

Cell viability was assessed with MTT assay. Cells were seeded in
96-well plates in complete medium. After being incubated
overnight they were exposed to diverse concentrations of
DHW-208 for 24 h, 48 h and 72 h. The cells were then
analyzed using the MTT (0.5 mg/ml) assay and measured with
microplate-reader (Elx 800 Bio-Tek, USA).

Colony Formation Assay

Hep3B and Bel7402 cells (1x10° cells/well) were seeded into six-
well plates, cultured overnight, and treated with DMSO or
DHW-208 at different concentrations for 72 h. Then washed
with PBS and cultured in full growth medium for another 7 days.
The fresh medium was replaced every 3 days. After fixed with
100% methanol, the cells were stained with 0.1% crystal violet
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and quantified after being dissolved with glacial acetic acid. The
plates were then analyzed with a microplate reader.

Cell Morphology Analysis

Hep3B and Bel7402 cells were treated with DHW-208 for 48 h,
then stained with Hoechst 33342 (Beyotime, Shanghai, China).
After washed with PBS twice, the samples were photographed
under fluorescence microscope (Olympus, Japan).

Annexin FITC/PI Assay

After treated with DHW-208 for 48h, cells were fixed with 70%
ethanol overnight, and stained with Annexin-V FITC/PI for
30 min in the dark before tested by fluorescence-activated cell
sorting (FACS) (Becton-Dickinson, NJ, USA). Data was analyzed
with Flow Jo.7.6.1 (Tree Star, Ashland, OR, USA).

Transmission Electron Microscopy

Cells were collected and fixed with 3% glutaraldehyde. Then
the samples were postfixed with 1% OsO4, then dehydrated in
ascending series of ethanol, embedded, and sectioned. Stained with
uranyl acetate and lead citrate, the samples were observed under
an H-7650 transmission electron microscope (Hitachi, Japan).

Western Blot Analysis

RIPA buffers, including protease inhibitors, homogenized cells and
tumor tissues. Protein concentrations were determined by BCA
protein detection kit. The proteins were separated by SDS-PAGE
and transferred to PVDF membrane by electrophoresis.
Membranes were immunoblotted using specific primary
antibodies and then incubated the membrane with HRP-
conjugated secondary antibody. The immune response bands
were observed with the ECL assay kit. Blots were imaged by
Image Quant LAS 4000 (GE Healthcare Life Sciences, Piscataway,
NJ, USA).

Wound Healing Scratch Assay

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-mL pipette tip. The migration ability of the
cells was tested after DHW-208 treatment for 48 h. Then cells were
washed with PBS twice. The migration distance was photographed
under microscope (Olympus, Japan). Image J software was used to
determine the wound area.

Migration, Invasion and Co-Culture Assay

Cells invasion assay was measured with 24-well transwell plate
(Corning Life Sciences, MA, USA). Cells in serum-free medium
were seeded onto the upper chamber uncoated or coated with
Matrigel (Becton Dickinson, CA, USA). The lower chamber was
filled the complete medium containing 10% FBS. In the co-culture
experiment, another cell was added or not added to the lower
chamber. After 48 h, the remaining cells on the upper side of the
membrane were wiped with cotton swabs. The bottom side were
fixed with 4% paraformaldehyde. The cells were stained with 0.1%
crystal violet and counted under a microscope (Olympus, Japan).

The In Vivo Anti-Tumor Activation of
DHW-208 via a Nude Mice Model

All animal studies were obtained from Beijing Vital River
Laboratory Animal Technology in accordance with the
guidelines of the Animal Experimental Ethics Committee of
Shengjing Hospital of China Medical University and complied
with the internationally recognized Animal Research: Reporting
of In vivo Experiments guideline. Hep3B cells were cultured and
injected into the nude mice’s subcutaneous tumor position
(5x10° for each nude mice). The mice were randomized into
five groups (n = 8) that administered with 0.2 mL vehicle,
Sorafenib (10 mg/kg), and DHW-208 (10, 20, and 40 mg/kg)
by oral gavage daily for 14 days. At the end of the experiment, all
tumors and organs were removed and measured. The inhibitory
rates of DHW-208 on Hep3B cells’ subcutaneous growth was
calculated according to the tumor volumes or tumor weights.

Hematoxylin and Eosin (H&E) Staining

After the nude mice were sacrificed, an autopsy was performed,
and the main organs were removed. The samples were fixed in
10% neutral buffered formalin. Embedded in paraffin, the tumor
samples were cut into 5 wm thickness and stained with H&E.
Finally, the tumor tissues were observed under a microscope
(Olympus, Japan).

RESULTS

DHW-208 Inhibits HCC Cell Proliferation

First, the inhibitory effects of DHW-208 on the proliferation
of Hep3B, Bel7402, HepG2, LM3 and MHCC97H HCC cells
were investigated. The MTT results showed that after 72 h
of treatment with different concentrations of DHW-208, the
growth of HCC cells, especially Hep3B and Bel7402 cells, was
significantly inhibited (Table 1). The colony formation assay also
showed that DHW-208 inhibited the growth of Hep3B and
Bel7402 cells in a concentration-dependent manner (Figure 1B).
DHW-208 inhibited the growth of Hep3B and Bel7402 cells
in concentration- and time-dependent manners, respectively
(Figure 1C). The IC5, values of Hep3B cells at 24 h, 48 h
and 72 h were 313.61 + 1.48 nM, 92.85 + 3.85 nM and 60.68 +
0.85 nM, respectively. Moreover, the ICs, values of Bel7402 cells at
24 h, 48 h and 72 h were 360.20 + 4.72 nM, 177.63 + 1.13 nM and
80.31 + 1.03 nM, respectively. Next, the cytotoxicity of DHW-208
to human hepatocytes was investigated. The effects of different
concentrations of DHW-208 on the growth of normal human
hepatocytes (HL7702) at 24 h, 48 h and 72 h were analyzed. The

TABLE 1 | The proliferation inhibitory effect of DHW-208 on HCC cells at 72 h.

HCC cell lines IC50 (NM) of 72 h
Hep3B 60.68 + 0.85
Bel7402 80.31 + 1.03
MHCC97H 277.19 £ 2.95
LM3 584.15 £ 19.72
HepG2 755.79 £ 17.95
HL7702 2355.86 + 33.86
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FIGURE 1 | The proliferation inhibitory effect of DHW-208 on Hep3B, Bel7402 and HL7702 cell lines. (A) Structure of DHW-208. (B) Effect of DHW-208 on Hep3B,
Bel7402 cell proliferation as evaluated with the colony formation assay. Bar graphs of the quantitative results were shown right. (C) MTT assay of Hep3B, Bel7402
cells treated with DHW-208 for 24, 48, and 72 h. (D) MTT assay of HL7702 cells treated with DHW-208 for 24, 48, and 72 h. Each value is the mean (+ SD) from
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results showed that DHW-208 induced no significant toxicity in
HL7702 cells for 24 h, 48 h and 72 h, suggesting that DHW-208
may have relatively low cytotoxicity (Figure 1D).

DHW-208 Inhibits HCC Tumor

Growth In Vivo

To investigate the inhibitory effect of DHW-208 on HCC cell
proliferation in vivo, a BALB/C xenograft tumor model bearing
Hep3B cells was used. To evaluate the in vivo effects of DHW-208,
Sorafenib, a first-line treatment for HCC, was selected as a positive
control drug. Figure 2A shows a schematic diagram of the tumor
morphology in each experimental group after drug
administration. Figures 2B, C shows the statistical analysis of
tumor weight and tumor volume in each group. The results
showed that DHW-208 (10, 20 and 40 mg/kg) inhibited tumor
growth in nude mice compared with mice in the model group, and
the tumor weight in the high, medium and low concentration
groups was significantly lower than that in the model group.
Compared with those in the model group and DHW-208 (10, 20,
40 mg/kg) groups, the tumor inhibition rates were 19.8%, 50.1%,
and 68.3%, respectively, and the tumor inhibition rate induced by
10 mg/kg Sorafenib was 19.9%.

During the experiment, the mental and activity states of nude
mice were observed each day, and no abnormal conditions were
found. The body weights of nude mice were recorded every three
days, as shown in Figure 3A. No significant toxicity or body
weight change was observed in response to DHW-208 at
concentrations of 10 mg/kg, 20 mg/kg, or 40 mg/kg. Visceral
index statistics showed that there were no significant differences in
visceral indices of the heart, liver, kidney and spleen between the
DHW-208 treatment group, the model group or the positive
control group (Figure 3B). To further clarify the in vivo toxicity
of DHW-208, we examined histological changes in the heart, liver,
spleen and kidney by H&E staining. Compared with those in the

model group, no obvious inflammatory infiltration or other
histological abnormalities were observed in the liver,
myocardium, glomerulus or splenic corpuscle in the DHW-208
treatment groups (Figure 3C). The effects of DHW-208 on the
heart, liver and kidney were investigated by measuring
biochemical indices in the orbital blood of nude mice. The
results showed that there were no significant differences in CK,
ALT, AST and CRE in the experimental DHW-208 groups
compared with the model group (Figure 3D). These results
indicated that DHW-208 could effectively inhibit tumor growth
in nude mice without obvious visceral toxicity at the tested dose.

A B

cl .
%1.0 E‘ 19&% 19.9%
H g 50.1% ¥
g os L ;o 68.3%
2 x5

ol

Model 10 20 40 10
DAW SOR(mglkg)

§

- Model
= DHW (10 mgkg)

~+ DHW (20 mg/kg)
-+~ DHW (40 mg/kg)
-+ SOR (10 mg/kg)
— -
1 -
o 3

6 H
Days after treatment

Tumor volume (mm?®)
g 8

H

FIGURE 2 | DHW-208 induces a potent antitumor effect in Hep3B nude
mouse xenograft model. Hep3B was cultured and injected in to the
subcutaneous position of the nude mice. Mice were received the DHW-208
and Sorafenib via oral administration. (A) Images of resected HCC tumor
samples. (B) Average tumor weight at the end of the indicated treatment.

(C) Average tumor volumes were measured every 3 days. Data are shown as
mean + SD (n=8). *p < 0.05, **p < 0.01 vs. Model.
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DHW-208 Induces Apoptosis in HCC Cells

First, the effect of DHW-208 on Hep3B and Bel7402 cell apoptosis
was investigated. Figure 4A shows that DHW-208 treatment for
48 h significantly increased the proportion of apoptotic Hep3B
and Bel7402 cells in a concentration-dependent manner,
regardless of whether they were early or late apoptotic cells.
Then, the proapoptotic effect of DHW-208 was confirmed by
Hoechst 33342 staining. As shown in Figure 4B, after Hoechst
33342 staining, HCC cells were generally light blue. After DHW-

208 treatment for 48 h, the number of cells decreased in a
concentration-dependent manner, and the proportion of bright
blue cells increased. After apoptosis, the HCC cells underwent
nuclear fragmentation and chromatin shrinkage. Transmission
electron microscopy showed that HCC cells exhibited typical
apoptotic characteristics, including chromatin condensation and
margination at the nuclear periphery after DHW-208 treatment
for 48 h. As shown in Figure 4C, Hep3B control cells had clear
spacing and intercellular connections, but the connections were

A Con 500M. 100nM 200nM 100nM
T ] e | | e
.l L ;d,,;' A L il
C

electron microscopy (x2500 magnification, scale bar = 5 um). Red arrow, typical

control.
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FIGURE 4 | DHW-208 treatment causes cell apoptosis in HCC cells. (A) Annexin V-FITC/PI double-staining of cells treated with DHW-208 for 48h. The Annexin V-
FITC/PI double-staining was quantified and plotted down. (B) Changes in cells treated with DHW-208 for 48h visualized by Hoechst 33342 staining (x200
magnification, scale bar = 100 um). Arrows, apoptotic cells. (C) Morphologic changes in cells treated with DHW-208 were observed after 48h by transmission

apoptotic micronuclei. (D) Changes in Bcl-2 and Bax in cells treated with DHW-208

48h by western blot. Bar graphs of the quantitative results were shown down. Each value is the mean ( + SD) from triplicate samples. *p < 0.05, *p < 0.01 vs.
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not tight. Hep3B cells that were treated with DHW-208 showed
increased heterochromatin in the nucleus and had condensed into
apoptotic bodies. Similar results were observed in Bel7402 cells
(Figure 4C). Then, we further investigated the effect of DHW-208
on the BCL-2 family, which are key proteins of the endogenous
apoptosis pathway, by Western blotting (Figure 4D). The results
showed that DHW-208 increased the level of the representative
proapoptotic protein Bax and decreased the level of the
representative antiapoptotic protein Bcl-2 in a concentration-
dependent manner.

DHW-208 Inhibits Migration, Invasion in
HCC Cells

Studies have shown that the PI3K pathway is involved in the
migration, invasion and EMT of HCC cells (39, 46). The effects
of different concentrations of DHW-208 on the migration and
invasion of Hep3B and Bel7402 cells were investigated. Hep3B and
Bel7402 cells were treated with DHW-208, scratch and invasion
assays were performed, and the cells were photographed at 0 h and
48 h, respectively (Figure 5A). The results showed that compared
with those in the control group, the migration and invasion of
HCC cells in the DHW-208 treatment group were significantly
reduced, and the effects on migration and invasion were
concentration-dependent (Figures 5B, C). The results of the
scratch and invasion assays indicated that DHW-208 could
effectively inhibit the migration and invasion of HCC cells.
Next, the effects of DHW-208 on EMT-related protein
expression were investigated. As shown in Figure 5D, DHW-
208 significantly increased the expression of epithelial cell markers
(E-cadherin and Occludin) and downregulated the expression
mesenchymal cell markers (N-cadherin) in Hep3B and Bel7402

cells in a concentration-dependent manner. In addition, matrix
metalloproteinase (MMP) can degrade various protein
components in extracellular matrix, accelerate the hydrolysis of
intercellular adhesion proteins, and promote EMT of tumor cells
as the first barrier during tumor metastasis. Therefore, activation
of MMPS indirectly mediates tumor migration, invasion and
angiogenesis. DHW-208 also significantly inhibited the
expression of the tumor metastasis marker MMP9 in Hep3B
and Bel7402 cells in a concentration-dependent manner.

DHW-208 Inhibits Angiogenesis in
HCC Cells

Rapid tumor proliferation could lead to ischemia and hypoxia,
which produced pro-angiogenic factors and hypoxia-inducible
factors, and further promoted the proliferation and migration of
endothelial cells and the formation of new tumor blood vessels.
These factors aggravate the tumor deterioration. HUVECs are
human umbilical vein endothelial cells that are often used in vitro
to examine angiogenesis (47). The results showed that DHW-208
had low toxicity to HUVECs (Figure 6A). The effects of DHW-
208 on the migration and invasion of HUVECs were investigated.
Cell scratch and transwell invasion assays showed that DHW-208
could significantly inhibit the migration and invasion of HUVECs
(Figure 6B). These results suggest that DHW-208 can significantly
inhibit the metastasis of HUVECs at the tested concentrations
without obvious toxicity to vascular endothelial cells, which may
further affect the angiogenesis of HUVECs. Furthermore, we
investigated the interaction between HUVECs and Hep3B cells
by transwell coculture in vitro, which simulates the interaction
between tumor cells and endothelial cells during angiogenesis and
examines the role of the tumor microenvironment. The

DHW-208 (1000M) DHW-208 (100nM;
Oh 12h 24h 48h 72h Oh 12h2¢h 48h 72h

o -
Occudn [ omeme] [
wupe [

pan [ —— [SSS——— 0.

Hepas Bel7402

=] o

— | 7ek0a

Hep3B Boi7402

Relstve expression of  -sctin

Relatv exprension of  -actin

CHRER “HRER SR TRREE

FIGURE 5 | Effects of DHW-208 on HCC cells migration, invasion and EMT. (A) The effect of DHW-208 on cell migration of Hep3B and Bel7402 cells was
measured by wound healing assay (x100 magnification). The migration rates were calculated by the formula shown right. (B) Transwell assay was performed to
assess the migration of Hep3B and Bel7402 cells (x200 magnification). Bar graphs showed the quantitative results of the migration (down). (C) Transwell assay was
performed to assess the invasion of Hep3B and Bel7402 cells (x200 magnification). Bar graphs showed the quantitative results of the invasion (down). (D) Western
blot for the levels of EMT-related proteins (E-cadherin, N-cadherin, Occludin and MMP9) in Hep3B and Bel7402 cells treated with DHW-208 (100nM) for 0-72 h. Bar
graphs of the quantitative results were shown down. Each value is the mean ( + SD) from triplicate samples. *p < 0.05, **p < 0.01 vs. control.
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FIGURE 6 | The effect of DHW-208 on cell migration, invasion and angiogenesis in HUVECs. (A) The effect of DHW-208 on cell survival in HUVECs by MTT assay.
(B) The effect of DHW-208 on cell migration and invasion in HUVECs (x100 magnification). Bar graphs showed the quantitative results of the migration and invasion
(right). (C) The role of DHW-208 in cell interaction between Hep3B cells and HUVECs by cell co-culture assay (x200 magnification). Bar graphs showed the
quantitative results of the migration and invasion (down). (D) DHW-208 treatment for 48h observably reduced the expression level of proangiogenic proteins (VEGFA
and HIF-10) and PI3K pathway-related proteins (p-AKTser473 and p-mTOR). Bar graphs of the quantitative results were shown right. Each value is the mean (+ SD)

from triplicate samples. *p < 0.05, **p < 0.01 vs. control.

interaction between HUVECs and Hep3B cells was investigated by
transwell assays. The results showed that HUVECs and Hep3B
cells could interact with each other to mutually promote invasion,
and DHW-208 could significantly inhibit the increase in invasion.
These results showed that HUVECs and Hep3B cells could
promote mutual invasion, while DHW-208 could significantly
inhibit the increase in invasion (Figure 6C).

To further verify the antiangiogenic mechanism of DHW -208,
we investigated whether DHW-208 could inhibit the PI3K
signaling pathway in HUVECs. The Western blot results
suggested that the protein expression levels of p-AKT (Ser473)
and p-mTOR were decreased, while the levels of AKT and mTOR
were not affected. DHW-208 also significantly inhibited the
expression of the angiogenic factors VEGFA and HIF-la
(Figure 6D). These results suggest that DHW-208 can exert an
antiangiogenic effect through the PI3K pathway.

DISCUSSION

The PI3K/AKT/mTOR signaling pathway is involved in a variety
of pathological mechanisms, including proliferation, apoptosis,
metastasis, invasion, and angiogenesis (40, 48). Deregulation of the
PI3K/Akt/mTOR pathway leading to activation is common in
HCC and is hence the subject of intense investigation and the
focus of current therapeutics. Because this pathway is important in
the pathological mechanism of HCC, the development of small
molecule inhibitors targeting PI3K has attracted much attention
(49-51). Currently many PI3K inhibitors as anti-tumor drugs

have been developed, but only five PI3K inhibitors were approved
by FDA. And there are still no marketed PI3K inhibitors for HCC.
Based on the current research progress of PI3K inhibitors, the
anti-hepatocellular carcinoma activity of the novel 4-amino-
quinazoline derivative DHW-208 was explored in our study.
DHW-208 inhibited the proliferation of HCC both in vitro and
in vivo, and the mechanism was further studied. This study
provides ideas and a theoretical basis for the development of
PI3K inhibitors for the treatment of HCC.

HCC is characterized by abnormal cell proliferation caused by
abnormal regulatory signals and proteins (52). Apoptosis is one of
the main modes of cell death and is characterized by a series of
changes in cell morphology and related regulatory enzymes (53).
The Bcl-2 family is a key regulator of endogenous apoptosis, which
is the main mechanism of apoptosis (54). Apoptosis can be
triggered when the regulation of proapoptotic proteins exceeds
that of antiapoptotic proteins (55). Studies have shown that this
process is one of the earliest events in the apoptosis cascade and
occurs before the changes in the nucleus (chromatin
concentration, DNA fragmentation), and once this change
occurs, cell apoptosis is irreversible (56). The PI3K/AKT/mTOR
signaling pathway plays an important role in apoptosis (57). We
found that DHW-208 could significantly inhibit the proliferation
of Hep3B and Bel7402 HCC cells and promote HCC cell apoptosis
by inducing the endogenous apoptosis pathway.

The abnormal activation of the PI3K pathway is also closely
related to migration and invasion in HCC. EMT enhances the
migration and invasion of HCC cells (58, 59). After EMT, HCC
cells lose their epithelial-like morphology, downregulate epithelial
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marker expression, and reduce intercellular adhesion (60, 61).
Then, HCC cells acquire mesenchymal cell morphology and
upregulate the expression of mesenchymal markers, making
them more prone to migration and invasion (61, 62).
Angiogenesis occurs frequently in tumors. When the tumor
proliferates rapidly, ischemia and hypoxia occur, and angiogenic
factors and hypoxia-inducible factors are produced to promote the
proliferation and migration of endothelial cells, resulting in the
formation of new tumor blood vessels and exacerbating tumor
deterioration (63, 64). Therefore, inhibiting endothelial cell
migration, invasion and angiogenesis is crucial in controlling
tumor progression.

Antiangiogenic drugs can effectively inhibit the growth,
diftusion and metastasis of the primary tumor. We investigated
the inhibitory effect of DHW-208 on the metastasis of HCC cells
and found that DHW-208 could significantly inhibit migration
and invasion in Hep3B and Bel7402 cells. DHW-208 eftectively
inhibited the migration and invasion of HUVECs, as shown by the
cell scratch assay and transwell invasion assay. Fast-growing
malignant tumor cells require adequate nutrient and oxygen
transport, so more blood vessels are needed to promote cell
overproliferation. However, due to vascular leakage, tumor cells
can easily invade new blood vessels and form distant metastases
without having to go through a complex process (14, 65).
Therefore, it is necessary to investigate the interaction between
tumor cells and endothelial cells for angiogenesis. In vitro
transwell coculture experiments with HUVECs and Hep3B cells
verified that DHW-208 could significantly inhibit the interaction
between HUVECs and Hep3B cells. The formation of blood
vessels is the result of the coordination between angiogenic
factors and angiogenic inhibitors (66). These factors are in
dynamic balance under normal condition, but once the balance
is broken, excessive angiogenesis will occur (67, 68).

The upregulation of angiogenic factors can activate endothelial
tyrosine kinases and downstream cascades via PI3K, mediating
tumor angiogenesis (30). In the absence of a stable vascular system
to provide adequate oxygen for growing tumors, the rapid
proliferation of cancer cells leads to tumor hypoxia. Tumor
hypoxia can increase the expression of HIF-1a, VEGF and other
angiogenic factors. VEGFA is an angiogenic progenitor, and HIF-
lovis an upstream factor of VEGFA and a key effector in the tumor
microenvironment, both of which regulate angiogenesis (69, 70).
PI3K signaling pathway plays a key role in tumor angiogenesis by
regulating the expression of HIF-1o. and VEGEF. Activation of the
PI3K/AKT/mTOR pathway in tumor cells can also increase VEGF
secretion, both by hypoxia-inducible factor 1 dependent and
independent mechanisms (11). Numerous inhibitors targeting
the PI3K/AKT/mTOR pathway have been developed, and these
agents have been shown to decrease VEGF secretion and
angiogenesis (70). Hence, the PI3K pathway plays an important

REFERENCES

1. Nhlane R, Kreuels B, Mallewa ], Chetcuti K, Gordon MA, Stockdale AJ. Late
Presentation of Hepatocellular Carcinoma Highlights the Need for a Public
Health Programme to Eliminate Hepatitis B. Lancet (2021) 398(10318):2288.
doi: 10.1016/S0140-6736(21)02138-3

role in regulating angiogenesis in cancers. DHW-208 significantly
inhibited the expression of p-AKT (Ser473) and mTOR, as well as
the angiogenic factors VEGFA and HIF-1a, in HUVECs. These
findings suggest that DHW-208 can play an antiangiogenic role
through the PI3K pathway.

In conclusion, as a pan-PI3K inhibitor, DHW-208 can inhibit
the proliferation, migration, invasion and angiogenesis of HCC by
inhibiting the activation of PI3K/AKT/mTOR signaling pathway,
exhibiting robust anti-HCC activity both in vivo and in vitro.
DHW-208 is expected to be a potential selective small molecule
PI3K inhibitor for the treatment of HCC, with certain potential for
further development.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The animal study was reviewed and approved by The Animal
Experimental Ethics Committee of Shengjing Hospital of China
Medical University.

AUTHOR CONTRIBUTIONS

QZ, 1], and SW conceived the main ideas and wrote the paper.
YW supervised the study. SW, ML, and YW developed major
methodologies, databases, reagents, and primary experiments.
All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported by Postdoctoral Workstation of
China Medical University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/
full#supplementary-material

2. Sun EJ, Wankell M, Palamuthusingam P, McFarlane C, Hebbard L. Targeting
the PI3K/Akt/mTOR Pathway in Hepatocellular Carcinoma. Biomedicines
(2021) 9(11):1639. doi: 10.3390/biomedicines9111639

3. Chen X, Lu Y, Shi X, Han G, Zhang L, Ni C, et al. Epidemiological and
Clinical Characteristics of Five Rare Pathological Subtypes of Hepatocellular
Carcinoma. Front Oncol (2022) 12:864106. doi: 10.3389/fonc.2022.864106

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 955729


https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.955729/full#supplementary-material
https://doi.org/10.1016/S0140-6736(21)02138-3
https://doi.org/10.3390/biomedicines9111639
https://doi.org/10.3389/fonc.2022.864106
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

DHW-208 Inhibits Proliferation of HCC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Chen Z, Zhou ZY, He CC, Zhang JL, Wang ], Xiao ZY. Down-Regulation of

LncRNA NR027113 Inhibits Cell Proliferation and Metastasis via PTEN/
PI3K/AKT Signaling Pathway in Hepatocellular Carcinoma. Eur Rev Med
Pharmacol Sci (2018) 22(21):7222-32. doi: 10.26355/eurrev_201811_16256

. 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

. Wang T, Qi D, Hu X, Li N, Zhang X, Liu H, et al. A Novel Evodiamine Amino

Derivative as a PI3K/AKT Signaling Pathway Modulator That Induces
Apoptosis in Small Cell Lung Cancer Cells. Eur | Pharmacol (2021)
906:174215. doi: 10.1016/j.ejphar.2021.174215

. Hui F, Xu C, Xu X, Chen J, Geng H, Yang C, et al. What Is the Most Suitable

Agent Combined With Apatinib for Transarterial Chemoembolization
Treatment in Advanced Hepatocellular Carcinoma Patients? A Systematic
Review and Network Meta-Analysis. Front Oncol (2022) 12:887332.
doi: 10.3389/fonc.2022.887332

. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ] Clin
(2021) 71(3):209-49. doi: 10.3322/caac.21660

. Donisi C, Puzzoni M, Ziranu P, Lai E, Mariani S, Saba G, et al. Immune

Checkpoint Inhibitors in the Treatment of HCC. Front Oncol (2020)
10:601240. doi: 10.3389/fonc.2020.601240

Giraud ], Chalopin D, Blanc JF, Saleh M. Hepatocellular Carcinoma Immune
Landscape and the Potential of Immunotherapies. Front Immunol (2021)
12:655697. doi: 10.3389/fimmu.2021.655697

Yang H, Zhang MZ, Sun HW, Chai YT, Li X, Jiang Q, et al. A
Novel Microcrystalline BAY-876 Formulation Achieves Long-Acting
Antitumor Activity Against Aerobic Glycolysis and Proliferation of
Hepatocellular Carcinoma. Front Oncol (2021) 11:783194. doi: 10.3389/
fonc.2021.783194

Shao Z, Li Y, Dai W, Jia H, Zhang Y, Jiang Q, et al. ETS-1 Induces Sorafenib-
Resistance in Hepatocellular Carcinoma Cells via Regulating Transcription
Factor Activity of PXR. Pharmacol Res (2018) 135:188-200. doi: 10.1016/
j.phrs.2018.08.003

Liu YY, Ding CZ, Chen JL, Wang ZS, Yang B, Wu XM. A Novel Small
Molecular Inhibitor of DNMT1 Enhances the Antitumor Effect of
Radiofrequency Ablation in Lung Squamous Cell Carcinoma Cells. Front
Pharmacol (2022) 13:863339. doi: 10.3389/fphar.2022.863339

Zou XZ, Hao JF, Zhou XH. Inhibition of SREBP-1 Activation by a Novel
Small-Molecule Inhibitor Enhances the Sensitivity of Hepatocellular
Carcinoma Tissue to Radiofrequency Ablation. Front Oncol (2021)
11:796152. doi: 10.3389/fonc.2021.796152

Lin Z, Li S, Guo P, Wang L, Zheng L, Yan Z, et al. Columbamine Suppresses
Hepatocellular Carcinoma Cells Through Down-Regulation of PI3K/AKT,
P38 and ERK1/2 MAPK Signaling Pathways. Life Sci (2019) 218:197-204.
doi: 10.1016/;.1fs.2018.12.038

Sundarraj K, Raghunath A, Panneerselvam L, Perumal E. Fisetin Inhibits
Autophagy in HepG2 Cells via PI3K/Akt/mTOR and AMPK Pathway. Nutr
Cancer (2021) 73(11-12):2502-14. doi: 10.1080/01635581.2020.1836241
Dong C, Wu J, Chen Y, Nie J, Chen C. Activation of PI3K/AKT/mTOR
Pathway Causes Drug Resistance in Breast Cancer. Front Pharmacol (2021)
12:628690. doi: 10.3389/fphar.2021.628690

Yue D, Sun X. Idelalisib Promotes Bim-Dependent Apoptosis Through AKT/
FoxO3a in Hepatocellular Carcinoma. Cell Death Dis (2018) 9(10):935.
doi: 10.1038/s41419-018-0960-8

Zhang H, Zhen ], Zhang R, Wanyan Y, Liu K, Yuan X, et al. Cathelicidin
Hcap18/LL-37 Promotes Cell Proliferation and Suppresses Antitumor
Activity of 1,25(0OH)2D3 in Hepatocellular Carcinoma. Cell Death
Discovery (2022) 8(1):27. doi: 10.1038/s41420-022-00816-w

Zhu L, Yang X, Feng ], Mao J, Zhang Q, He M, et al. CYP2E1 Plays a Suppressive
Role in Hepatocellular Carcinoma by Regulating Wnt/Dvl2/beta-Catenin
Signaling. J Transl Med (2022) 20(1):194. doi: 10.1186/s12967-022-03396-6
Wang Z, Liu L, Dai H, Si X, Zhang L, Li E, et al. Design, Synthesis and
Biological Evaluation of Novel 2,4-Disubstituted Quinazoline Derivatives
Targeting H1975 Cells via EGFR-PI3K Signaling Pathway. Bioorg Med
Chem (2021) 43:116265. doi: 10.1016/j.bmc.2021.116265

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wu Q, Liu TY, Hu BC, Li X, Wu YT, Sun XT, et al. CK-3, A Novel
Methsulfonyl Pyridine Derivative, Suppresses Hepatocellular Carcinoma
Proliferation and Invasion by Blocking the PI3K/AKT/mTOR and MAPK/
ERK Pathways. Front Oncol (2021) 11:717626. doi: 10.3389/fonc.2021.717626
Dai K, Liu C, Guan G, Cai J, Wu L. Identification of Immune Infiltration-
Related Genes as Prognostic Indicators for Hepatocellular Carcinoma. BMC
Cancer (2022) 22(1):496. doi: 10.1186/s12885-022-09587-0

ElZahabi HSA, Nafie MS, Osman D, Elghazawy NH, Soliman DH, El-Helby
AAH, et al. Design, Synthesis and Evaluation of New Quinazolin-4-One
Derivatives as Apoptotic Enhancers and Autophagy Inhibitors With Potent
Antitumor Activity. Eur | Med Chem (2021) 222:113609. doi: 10.1016/
j.ejmech.2021.113609

Yang H, Li Q, Su M, Luo F, Liu Y, Wang D, et al. Design, Synthesis, and
Biological Evaluation of Novel 6-(Pyridin-3-Yl) Quinazolin-4(3H)-One
Derivatives as Potential Anticancer Agents via PI3K Inhibition. Bioorg Med
Chem (2021) 46:116346. doi: 10.1016/j.bmc.2021.116346

Roskoski R Jr. 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 R Jr. Properties of FDA-Approved Small Molecule Protein Kinase
Inhibitors. Pharmacol Res (2019) 144:19-50. doi: 10.1016/j.phrs.2019.03.006
Roskoski R Jr. Properties of FDA-Approved Small Molecule Protein Kinase
Inhibitors: A 2022 Update. Pharmacol Res (2022) 175:106037. doi: 10.1016/
j.phrs.2021.106037

Kim K, Lee J, Seong J. Skull Base Metastasis From Hepatocellular Carcinoma:
Clinical Presentation and Efficacy of Radiotherapy. ] Hepatocell Carcinoma
(2022) 9:357-66. doi: 10.2147/JHC.S361045

Liu J, Liu Y, Zhang J, Liu D, Bao Y, Chen T, et al. Indole Hydrazide Compound
7ZJQ-24 Inhibits Angiogenesis and Induces Apoptosis Cell Death Through
Abrogation of AKT/mTOR Pathway in Hepatocellular Carcinoma. Cell Death
Dis (2020) 11(10):926. doi: 10.1038/s41419-020-03108-2

Ma H, Li X, Che J, Fan H, Liu Q, Xia H. The Inhibitory Effect of Periplaneta
Americana L. @ on Hepatocellular Carcinoma: Explore the Anti-
Hepatocellular Carcinoma Active Site and its Mechanism of Action.
] Ethnopharmaco (2022) 291:114884. doi: 10.1016/j.jep.2021.114884

Ma XL, Shen MN, Hu B, Wang BL, Yang WJ, Lv LH, et al. CD73 Promotes
Hepatocellular Carcinoma Progression and Metastasis via Activating PI3K/
AKT Signaling by Inducing Rapl-Mediated Membrane Localization of
P110beta and Predicts Poor Prognosis. ] Hematol Oncol (2019) 12(1):37.
doi: 10.1186/s13045-019-0724-7

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

Wang Y, Miao X, Jiang Y, Wu Z, Zhu X, Liu H, et al. The Synergistic Antitumor
Effect of IL-6 Neutralization With NVP-BEZ235 in Hepatocellular Carcinoma.
Cell Death Dis (2022) 13(2):146. doi: 10.1038/s41419-022-04583-5

Xia H, Dai X, Yu H, Zhou S, Fan Z, Wei G, et al. EGFR-PI3K-PDK1 Pathway
Regulates YAP Signaling in Hepatocellular Carcinoma: The Mechanism and
its Implications in Targeted Therapy. Cell Death Dis (2018) 9(3):269.
doi: 10.1038/541419-018-0302-x

Chen L, Qing J, Xiao Y, Huang X, Chi Y, Chen Z. TIM-1 Promotes
Proliferation and Metastasis, and Inhibits Apoptosis, in Cervical Cancer
Through the PI3K/AKT/p53 Pathway. BMC Cancer (2022) 22(1):370.
doi: 10.1186/s12885-022-09386-7

Deng S, Zhang L, Li ], Jin Y, Wang J. Activation of the PI3K-AKT Signaling
Pathway by SPARC Contributes to the Malignant Phenotype of
Cholangiocarcinoma Cells. Tissue Cell (2022) 76:101756. doi: 10.1016/
j.tice.2022.101756

Ferraresi A, Esposito A, Girone C, Vallino L, Salwa A, Ghezzi I, et al.
Resveratrol Contrasts LPA-Induced Ovarian Cancer Cell Migration and
Platinum Resistance by Rescuing Hedgehog-Mediated Autophagy. Cells
(2021) 10(11):3213. doi: 10.3390/cells10113213

Hou R, Liu X, Yang H, Deng S, Cheng C, Liu J, et al. Chemically Synthesized
Cinobufagin Suppresses Nasopharyngeal Carcinoma Metastasis by Inducing
ENKUR to Stabilize P53 Expression. Cancer Lett (2022) 531:57-70.
doi: 10.1016/j.canlet.2022.01.025

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 955729


https://doi.org/10.26355/eurrev_201811_16256
https://doi.org/10.1039/d0fo02270e
https://doi.org/10.1016/j.ejphar.2021.174215
https://doi.org/10.3389/fonc.2022.887332
https://doi.org/10.3322/caac.21660
https://doi.org/10.3389/fonc.2020.601240
https://doi.org/10.3389/fimmu.2021.655697
https://doi.org/10.3389/fonc.2021.783194
https://doi.org/10.3389/fonc.2021.783194
https://doi.org/10.1016/j.phrs.2018.08.003
https://doi.org/10.1016/j.phrs.2018.08.003
https://doi.org/10.3389/fphar.2022.863339
https://doi.org/10.3389/fonc.2021.796152
https://doi.org/10.1016/j.lfs.2018.12.038
https://doi.org/10.1080/01635581.2020.1836241
https://doi.org/10.3389/fphar.2021.628690
https://doi.org/10.1038/s41419-018-0960-8
https://doi.org/10.1038/s41420-022-00816-w
https://doi.org/10.1186/s12967-022-03396-6
https://doi.org/10.1016/j.bmc.2021.116265
https://doi.org/10.3389/fonc.2021.717626
https://doi.org/10.1186/s12885-022-09587-0
https://doi.org/10.1016/j.ejmech.2021.113609
https://doi.org/10.1016/j.ejmech.2021.113609
https://doi.org/10.1016/j.bmc.2021.116346
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.2021.106037
https://doi.org/10.1016/j.phrs.2021.106037
https://doi.org/10.2147/JHC.S361045
https://doi.org/10.1038/s41419-020-03108-2
https://doi.org/10.1016/j.jep.2021.114884
https://doi.org/10.1186/s13045-019-0724-7
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1038/s41419-022-04583-5
https://doi.org/10.1038/s41419-018-0302-x
https://doi.org/10.1186/s12885-022-09386-7
https://doi.org/10.1016/j.tice.2022.101756
https://doi.org/10.1016/j.tice.2022.101756
https://doi.org/10.3390/cells10113213
https://doi.org/10.1016/j.canlet.2022.01.025
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

DHW-208 Inhibits Proliferation of HCC

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Qu J, Li J, Zhang Y, He R, Liu X, Gong K, et al. AKR1B10 Promotes Breast
Cancer Cell Proliferation and Migration via the PI3K/AKT/NF-kappaB
Signaling Pathway. Cell Biosci (2021) 11(1):163. doi: 10.1186/s13578-021-
00677-3

Shi E, Ye XN, Xie LY. miRNA-26b Suppresses the TGF-Beta2-Induced
Progression of HLE-B3 Cells via the PI3K/Akt Pathway. Int ] Ophthalmol
(2021) 14(9):1350-8. doi: 10.18240/ij0.2021.09.09

Chen X, Tian F, Lun P, Feng Y. Curcumin Inhibits HGF-Induced EMT by
Regulating C-MET-Dependent PI3K/Akt/mTOR Signaling Pathways in
Meningioma. Evid Based Complement Alternat Med (2021) 2021:5574555.
doi: 10.1155/2021/5574555

Qin X, Liu M, Wu Y, Wang S, Lian S, Jia H, et al. Dual Blocking of PI3K and
mTOR Signaling by DHW-221, A Novel Benzimidazole Derivative, Exerts
Antitumor Activity in Human non-Small Cell Lung Cancer. Clin Transl Med
(2021) 11(9):e514. doi: 10.1002/ctm2.514

Qin X, Liu M, Xu C, Xing B, Xu X, Wu Y, et al. ZDQ-0620, A Novel
Phosphatidylinositol 3-Kinase Inhibitor, Inhibits Colorectal Carcinoma Cell
Proliferation and Suppresses Angiogenesis by Attenuating PI3K/AKT/mTOR
Pathway. Front Oncol (2022) 12:848952. doi: 10.3389/fonc.2022.848952
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

Gong LY, Tu T, Zhu J, Hu AP, Song JW, Huang JQ, et al. Golgi
Phosphoprotein 3 Induces Autophagy and Epithelial-Mesenchymal
Transition to Promote Metastasis in Colon Cancer. Cell Death Discovery
(2022) 8(1):76. doi: 10.1038/s41420-022-00864-2

Yang YC, Chen PN, Wang SY, Liao CY, Lin YY, Sun SR, et al. The Differential
Roles of Slit2-Exon 15 Splicing Variants in Angiogenesis and HUVEC
Permeability. Angiogenesis (2015) 18(3):301-12. doi: 10.1007/s10456-015-
9467-4

Ma DB, Liu XY, Jia H, Zhang Y, Jiang Q, Sun H, et al. A Novel Small-Molecule
Inhibitor of SREBP-1 Based on Natural Product Monomers Upregulates the
Sensitivity of Lung Squamous Cell Carcinoma Cells to Antitumor Drugs.
Front Pharmacol (2022) 13:895744. doi: 10.3389/fphar.2022.895744

Chen D, Lin X, Zhang C, Liu Z, Chen Z, Li Z, et al. Dual PI3K/mTOR
Inhibitor BEZ235 as a Promising Therapeutic Strategy Against Paclitaxel-
Resistant Gastric Cancer via Targeting PI3K/Akt/mTOR Pathway. Cell Death
Dis (2018) 9(2):123. doi: 10.1038/s41419-017-0132-2

Choi JH, Kim KH, Roh KH, Jung H, Lee A, Lee JY, et al. A PI3K P110alpha-
Selective Inhibitor Enhances the Efficacy of Anti-HER2/neu Antibody
Therapy Against Breast Cancer in Mice. Oncoimmunology (2018) 7(5):
€1421890. doi: 10.1080/2162402X.2017.1421890

WuN, Zhu Y, Xu X, Zhu Y, Song Y, Pang L, et al. The Anti-Tumor Effects of
Dual PI3K/mTOR Inhibitor BEZ235 and Histone Deacetylase Inhibitor
Trichostatin A on Inducing Autophagy in Esophageal Squamous Cell
Carcinoma. ] Cancer (2018) 9(6):987-97. doi: 10.7150/jca.22861

Jiang S, Wang Q, Feng M, Li ], Guan Z, An D, et al. C2-Ceramide Enhances
Sorafenib-Induced Caspase-Dependent Apoptosis via PI3K/AKT/mTOR and
Erk Signaling Pathways in HCC Cells. Appl Microbiol Biotechnol (2017) 101
(4):1535-46. doi: 10.1007/500253-016-7930-9

Wei W, Fan XM, Jia SH, Zhang XP, Zhang Z, Zhang X]J, et al. Sea
Cucumber Intestinal Peptide Induces the Apoptosis of MCF-7 Cells by
Inhibiting PI3K/AKT Pathway. Front Nutr (2021) 8:763692. doi: 10.3389/
fnut.2021.763692

Zhang D, Wang X, Wang X, Wang Z, Ma S, Zhang C, et al. CPNE3 Regulates
the Cell Proliferation and Apoptosis in Human Glioblastoma via the
Activation of PI3K/AKT Signaling Pathway. J Cancer (2021) 12(24):7277-
86. doi: 10.7150/jca.60049

Yuan G, Lian Z, Liu Q, Lin X, Xie D, Song F, et al. Phosphatidyl Inositol 3-
Kinase (PI3K)-mTOR Inhibitor PKI-402 Inhibits Breast Cancer Induced
Osteolysis. Cancer Lett (2019) 443:135-44. doi: 10.1016/j.canlet.2018.11.038
Kalaany NY, Sabatini DM. Tumours With PI3K Activation are Resistant to
Dietary Restriction. Nature (2009) 458(7239):725-31. doi: 10.1038/
nature07782

Liu L, Yan M, Yang R, Qin X, Chen L, Li L, et al. Adiponectin Attenuates
Lipopolysaccharide-Induced Apoptosis by Regulating the Cx43/PI3K/AKT
Pathway. Front Pharmacol (2021) 12:644225. doi: 10.3389/fphar.2021.644225

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dian MJ, Li J, Zhang XL, Li ZJ, Zhou Y, Zhou W, et al. MST4 negatively
regulates the EMT, Invasion and Metastasis of HCC Cells by Inactivating
PI3K/AKT/Snaill Axis. ] Cancer (2021) 12(15):4463-77. doi: 10.7150/
jca.60008

Liu T, Wu X, Li Y, Lu W, Zheng F, Zhang C, et al. RBFOX3 Regulates the
Chemosensitivity of Cancer Cells to 5-Fluorouracil via the PI3K/AKT, EMT
and Cytochrome-C/Caspase Pathways. Cell Physiol Biochem (2018) 46
(4):1365-80. doi: 10.1159/000489153

Li X, Zhang ZS, Zhang XH, Yang SN, Liu D, Diao CR, et al. Cyanidin Inhibits
EMT Induced by Oxaliplatin via Targeting the PDK1-PI3K/Akt Signaling
Pathway. Food Funct (2019) 10(2):592-601. doi: 10.1039/c8f0o01611a

Zhang PF, Li KS, Shen YH, Gao PT, Dong ZR, Cai JB, et al. Galectin-1 Induces
Hepatocellular Carcinoma EMT and Sorafenib Resistance by Activating FAK/
PI3K/AKT Signaling. Cell Death Dis (2016) 7:e2201. doi: 10.1038/
cddis.2015.324

Yue CH, Chen CH, Lee WT, Su TF, Pan YR, Chen YP, et al.
Cetyltrimethylammonium Bromide Disrupts the Mesenchymal
Characteristics of HA22T/VGH Cells Via Inactivation of C-Met/PI3K/Akt/
mTOR Pathway. Anticancer Res (2020) 40(8):4513-22. doi: 10.21873/
anticanres.14456

Xia H, Ooi LL, Hui KM. MicroRNA-216a/217-Induced Epithelial-
Mesenchymal Transition Targets PTEN and SMAD7 to Promote Drug
Resistance and Recurrence of Liver Cancer. Hepatology (2013) 58(2):629-
41. doi: 10.1002/hep.26369

Wen W, Ding J, Sun W, Fu J, Chen Y, Wu K, et al. Cyclin G1-Mediated
Epithelial-Mesenchymal Transition via Phosphoinositide 3-Kinase/Akt
Signaling Facilitates Liver Cancer Progression. Hepatology (2012) 55
(6):1787-98. doi: 10.1002/hep.25596

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

Wang FZ, Peng J, Yang NN, Chuang Y, Zhao YL, Liu QQ, et al. PF-04691502
Triggers Cell Cycle Arrest, Apoptosis and Inhibits the Angiogenesis in
Hepatocellular Carcinoma Cells. Toxicol Lett (2013) 220(2):150-6.
doi: 10.1016/j.toxlet.2013.04.018

FuJ, ChenY, Cao ], Luo T, Qian YW, Yang W, et al. P28gank Overexpression
Accelerates Hepatocellular Carcinoma Invasiveness and Metastasis via
Phosphoinositol 3-Kinase/ AKT/hypoxia-Inducible Factor-lalpha Pathways.
Hepatology (2011) 53(1):181-92. doi: 10.1002/hep.24015

Khemlina G, Ikeda S, Kurzrock R. The Biology of Hepatocellular Carcinoma:
Implications for Genomic and Immune Therapies. Mol Cancer (2017) 16
(1):149. doi: 10.1186/s12943-017-0712-x

Zhuang PY, Wang JD, Tang ZH, Zhou XP, Quan ZW, Liu YB, et al. Higher
Proliferation of Peritumoral Endothelial Cells to IL-6/sIL-6R Than Tumoral
Endothelial Cells in Hepatocellular Carcinoma. BMC Cancer (2015) 15:830.
doi: 10.1186/512885-015-1763-2

Li S, Qi Y, Huang Y, Guo Y, Huang T, Jia L. Exosome-Derived SNHG16
Sponging miR-4500 Activates HUVEC Angiogenesis by Targeting GALNT1
via PI3K/Akt/mTOR Pathway in Hepatocellular Carcinoma. ] Physiol
Biochem (2021) 77(4):667-82. doi: 10.1007/s13105-021-00833-w

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 © 2022 Wang, Wu, Liu, Zhao and Jian. 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 2022 | Volume 12 | Article 955729


https://doi.org/10.1186/s13578-021-00677-3
https://doi.org/10.1186/s13578-021-00677-3
https://doi.org/10.18240/ijo.2021.09.09
https://doi.org/10.1155/2021/5574555
https://doi.org/10.1002/ctm2.514
https://doi.org/10.3389/fonc.2022.848952
https://doi.org/10.1038/s41419-020-2690-y
https://doi.org/10.1038/s41420-022-00864-2
https://doi.org/10.1007/s10456-015-9467-4
https://doi.org/10.1007/s10456-015-9467-4
https://doi.org/10.3389/fphar.2022.895744
https://doi.org/10.1038/s41419-017-0132-2
https://doi.org/10.1080/2162402X.2017.1421890
https://doi.org/10.7150/jca.22861
https://doi.org/10.1007/s00253-016-7930-9
https://doi.org/10.3389/fnut.2021.763692
https://doi.org/10.3389/fnut.2021.763692
https://doi.org/10.7150/jca.60049
https://doi.org/10.1016/j.canlet.2018.11.038
https://doi.org/10.1038/nature07782
https://doi.org/10.1038/nature07782
https://doi.org/10.3389/fphar.2021.644225
https://doi.org/10.7150/jca.60008
https://doi.org/10.7150/jca.60008
https://doi.org/10.1159/000489153
https://doi.org/10.1039/c8fo01611a
https://doi.org/10.1038/cddis.2015.324
https://doi.org/10.1038/cddis.2015.324
https://doi.org/10.21873/anticanres.14456
https://doi.org/10.21873/anticanres.14456
https://doi.org/10.1002/hep.26369
https://doi.org/10.1002/hep.25596
https://doi.org/10.1038/s41419-019-1884-7
https://doi.org/10.1016/j.toxlet.2013.04.018
https://doi.org/10.1002/hep.24015
https://doi.org/10.1186/s12943-017-0712-x
https://doi.org/10.1186/s12885-015-1763-2
https://doi.org/10.1007/s13105-021-00833-w
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	DHW-208, A Novel Phosphatidylinositol 3-Kinase (PI3K) Inhibitor, Has Anti-Hepatocellular Carcinoma Activity Through Promoting Apoptosis and Inhibiting Angiogenesis
	Instruction
	Methods and Materials
	Cell Culture
	Antiproliferative Activity
	Colony Formation Assay
	Cell Morphology Analysis
	Annexin FITC/PI Assay
	Transmission Electron Microscopy
	Western Blot Analysis
	Wound Healing Scratch Assay
	Migration, Invasion and Co-Culture Assay
	The In Vivo Anti-Tumor Activation of DHW-208 via a Nude Mice Model
	Hematoxylin and Eosin (H&amp;E) Staining

	Results
	DHW-208 Inhibits HCC Cell Proliferation
	DHW-208 Inhibits HCC Tumor Growth In Vivo
	DHW-208 Induces Apoptosis in HCC Cells
	DHW-208 Inhibits Migration, Invasion in HCC Cells
	DHW-208 Inhibits Angiogenesis in HCC 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 false
  /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 false
  /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 false
  /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


