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Apogossypolone (ApoG2), a novel derivative of gossypol lacking of two aldehyde groups,
exhibits anti-tumor effects. However, the mechanisms by which ApoG2 regulates cervical
cancer (CC) cells remain unclear. In this study, we treated two CC cell lines (CaSki and HeLa)
with an increasing concentration of ApoG2 for 24 h. Cell Counting Kit-8 (CCK-8) assay, colony
formation assay, flow cytometry and transwell invasion assay were utilized to detect cell
proliferation, apoptosis and invasion in vitro. We first observed that ApoG2 inhibited cell
proliferation, invasion and epithelial-to-mesenchymal transition (EMT) process in CC cells,
along with upregulation of Dickkopf Wnt signaling pathway inhibitor 3 (DKK3) in a dose-
dependent manner. The immunohistochemistry confirmed the downregulation of DKK3 in
tumor tissues. Moreover, DKK3 was correlated with FIGO stage and lymph node metastasis.
Functionally, DKK3 overexpression significantly suppressed cell viability, colony formation and
invasion, but promoted apoptosis in CaSki and HeLa cells. Overexpression of DKK3
upregulated the protein levels of cleaved caspase-3 and E-cadherin, but downregulated
the protein levels of Bcl-2, N-cadherin and Vimentin. Furthermore, DKK3 knockdown
reversed the suppressive effects of ApoG2 on CaSki cell proliferation, invasion and EMT
markers, while DKK3 overexpression enhanced these effects. In addition, ApoG2 treatment
inhibited CC xenograft tumor growth and upregulated the protein levels of DKK3, cleaved
caspase-3 and E-cadherin. In conclusions, these findings suggested that ApoG2 could
effectively inhibit the growth and invasion of CC cells at least partly by activating DKK3.

Keywords: cervical cancer, apogossypolone, DKK3, apoptosis, EMT
Abbreviations: CC, cervical cancer; ApoG2, Apogossypolone; DKK3, Dickkopf homolog 3; CCK-8, Cell Counting Kit-8; EMT,
epithelial-to-mesenchymal transition; DMSO, dimethyl sulfoxide; ATCC, American Type Culture Collection; OD, optical
density; RIPA, radio immunoprecipitation assay; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis;
PVDF, polyvinylidene difluoride; PBST, phosphate buffer saline with 0.1% Tween-20; SD, standard deviation.
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INTRODUCTION

Cervical cancer (CC) is one of the most frequent and fatal
gynecological malignancies overall the world, which is
estimated to reach 460,000 annual deaths by 2040 (1, 2). The
current treatment strategies for CC mainly focus on surgical
resection, radiotherapy and chemotherapy, but they don’t always
obtain satisfactory outcomes (3–5). For those patients unsuitable
for surgery, some effective chemical drugs, including cisplatin,
paclitaxel, 5-fluorouracila and doxorubicin have been applied for
neoadjuvant chemotherapy (6). Unfortunately, drug resistance
and toxic side effects remain a major cause of tumor recurrence
(7). Thus, there is an urgent need to understand the molecular
mechanisms of CC cells and develop effective non-toxic drugs for
the prevention and treatment of CC.

Naturally occurring compounds have caused great attentions
for the prevention of various cancers (8, 9), including CC (10).
Gossypol, a yellow phenolic aldehyde, is identified as a natural
polyphenol isolated from the seed, stem and roots of the cotton
plant (Gossypium) that could provide the cotton plate with
resistance to pests (11, 12). Gossypol was initially found to
have anti-tumor effects against colon carcinoma and
melanoma in 1984 (13). Subsequently, the antiproliferative
activity of gossypol has been reported in prostate cancer (14),
diffuse large cell lymphoma (15), and head and neck squamous
cell carcinoma (16). However, the main adverse reactions of
gossypol tablets included hypokalemia, muscle weakness, loss of
appetite, nausea, vomiting and other gastrointestinal reactions,
as well as palpitations and mild changes in liver function, which
impede the suppressive efficacy of gossypol mainly due to two
aldehyde groups in the molecule’s structure of gossypol (17). In
recent years, Apogossypolone (ApoG2), a novel derivative of
gossypol lacking of two aldehyde groups, was synthesized and
identified as a small-molecule inhibitor of anti-apoptotic Bcl-2
proteins with much higher antitumor activity than gossypol (18).
For example, He et al. (19) showed that ApoG2 effectively
suppressed tumor growth of nasopharyngeal carcinoma (NPC)
xenografts in nude mice and enhanced the antitumor effect of
cisplatin on NPC cells in vitro and in vivo. ApoG2, could inhibit
the antiapoptotic function of Bcl-2, Mcl-1, and Bcl-XL and
induce apoptosis in pancreatic cancer cells (20). In addition,
ApoG2 could inhibit tumor cell invasion and migration via a
converse epithelial-to-mesenchymal transition (EMT) process in
pheochromocytoma (21). Despite the antitumor activities of
ApoG2 have been widely reported, little is known about the
effects of ApoG2 in human CC.

Dickkopf Wnt signaling pathway inhibitor 3 (DKK3), localized
on 11p15, is a potential tumor suppressor gene for the often
deleted-locus in cancerous cells (22). Emerging evidence indicates
DKK3 is downregulated in various cancer tissues, including renal
clear cell carcinoma (23), non-small cell lung cancer (24) and
uterine cervical squamous cell carcinoma (25). Functionally,
overexpression of DKK3 can decrease cell invasion,
proliferation, and colony forming ability in gallbladder cancer
cells (26), colorectal cancer (27), and lung adenocarcinoma (28).
What’s more, DKK3 belongs to a family of Wnt antagonists, and
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its downregulation and methylation have been reported in
multiple malignancies (29–31). Interestingly, a previous report
by Lee et al. (32) pointed that DKK3was downregulated in CC and
functioned as a negative regulator of beta-catenin signaling
pathway. Furthermore, Lee et al. demonstrated that the
reintroduction of DKK3 into HeLa CC cells resulted in reduced
colony formation and retarded cell growth (32). In addition,
DKK3 can inhibit Rac1-c-Jun N-terminal kinase (JNK) signaling
and critical signaling pathways involved in CC cell proliferation
and survival (33, 34). Nevertheless, whether ApoG2 regulated CC
cell functions was associated with DKK3 expression has not been
uncovered yet.

Hence, this study aimed to investigate the effects and
mechanisms of ApoG2 on the CC in vitro and in vivo. We first
analyzed the effects of ApoG2 (2.5, 5, 10 and 20 µmol/L) on cell
viability, colony formation, apoptosis, invasion ability and EMT
markers in CC cells. Moreover, we further explored whether
ApoG2 induced these effects were correlated with DKK3
regulation in vitro. Furthermore, the antitumor activity of
ApoG2 was also evaluated in CC tumor growth in nude mice.
MATERIALS AND METHODS

Cell Culture and Treatment
Two CC cell lines, including CaSki and HeLa were obtained from
American Type Culture Collection (ATCC, Rockville, MD, USA)
and cultured in DMEM containing 10% FBS (Thermo Fisher
Scientific, Waltham, MA, USA), streptomycin (100 mg/mL) and
penicillin (100 IU/mL) in an incubator with 5% CO2 at 37°C.
CaSki and HeLa were in cultures were respectively incubated
with 0 (0.1% DMSO), 2.5, 5, 10 and 20 µmol/L ApoG2 (ApexBio
Technology, Boston, MA) with culture medium for
indicated times.

Cell Transfection
The full-length cDNA encoding human DKK3 was amplified
with primers (forward: 5′-ATCCGGGTTCGGTTGCTC-3′;
reverse: 5′-GCAGCTTCTTCTGCCTCCAT-3′) and obtained
PCR products were ligated into the pcDNA3.1 vector
(Invitrogen, Carlsbad, CA, USA) to create the plasmid
pcDNA3.1-DKK3. Meanwhile, small interring RNA targeting
DKK3 (si-DKK3: 5′- GGAGGACACGCAGCACAAATT-3′)
and negative control (si-NC: 5′-GGCCGAAGTCGAAGAC
CATAA-3′) were synthesized by GenePharma (Shanghai,
China). After reached 80% confluence, CaSki and HeLa cells
were transfected with pcDNA3.1-DKK3 or pcDNA3.1 vector for
48 h. In the rescue experiments, CaSki cells were transfected with
si-DKK3 or pcDNA3.1-DKK3 for 48 h, followed by 20 µmol/L of
ApoG2 treatment. Transfection of all plasmids and
oligonucleotides were performed by Lipofectamine 3000
reagent (Invitrogen, USA).

CCK-8 Assay
Cell viability was determined by performing Cell Counting kit-8
(CCK-8) assay. In brief, CaSki and HeLa cells from different
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groups at a density of 5,000 cells per well were seeded in 96-well
plates and cultured overnight. At 24, 48, and 72 h, 10 mL CCK-8
solution (Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) was added into cells in each well. After incubation for
another 2 h at 37°C, the optical density (OD) values of each well
were measured at 450 nm using a microplate reader. All cell
viability assays were replicated in triplicate.

Colony Formation Assay
CaSki and HeLa cells from different groups were trypsinized and
inoculated into six-well plates at a density of 300 cells per well in
2 mL media for colony formation assay. After cultured for two
weeks, cells were fixed with 4% paraformaldehyde at 37°C with
5% CO2 and then stained with 0.1% crystal violet for 15 min at
room temperature. The colonies containing a minimum number
of 50 cells per colony were photographed and counted under
a microscope.

Detection of Apoptosis by Flow Cytometry
The apoptotic rate of CC cells was detected using flow cytometry
with Annexin V-FITC/PI double staining (BD Biosciences, San Jose,
CA, USA). Briefly, CaSki and HeLa cells from different groups were
trypsinized, washed twice in cold PBS and resuspended in a binding
buffer. Subsequently, cells were stained with 5 mL FITC-labeled
Annexin V (1 mg/mL) and 5 mL propidium iodide (PI; 50 µg/mL)
for 20 min. The apoptotic rate was determined by FACScan flow
cytometry using the Cell Quest program (BD Biosciences).

Transwell Invasion Assay
Matrigel invasion assay was performed in CC cells using
transwell chambers (8 mm pore size; Millipore Corporation,
Billerica, MA, USA). Before inoculation of CC cells, 60 mL
FBS-free media diluted Matrigel (BD Biosciences) was covered
in polycarbonate membrane of the upper chamber and placed in
24-well plates, which was incubated at 4°C for 10 min and further
kept at 37°C for 1 h until gel was formed. Next, 200 mL CaSki and
HeLa cell suspension in FBS-free media containing 5 × 104 cells
were seeded into the upper chamber. At the same time, the lower
chamber was added with 500 mL media containing 15% FBS as a
chemoattractant. After 24 h incubation with 5% CO2 at 37°C,
invasive cells on the lower chamber were fixed with 4%
paraformaldehyde for 30 min, washed thrice with tri-distilled
water and stained with 0.1% crystal violet for 30 min.
Subsequently, invasive cells were photographed using
microscope (×100) and counted using Image‐pro Plus 6.0
(Media Cybernetics, Rockville, MD, USA).

Clinical Samples
Total 51 cases of tumor tissues and matched adjacent non-
cancerous tissues with clinical features were collected from CC
patients at the department of Obstetrics and Gynecology of Qilu
Hospital of Shandong University (Shandong, China) between
January 2015 and December 2020. All patients did not receive
any preoperative anti-tumor therapies, including radiotherapy,
chemotherapy or immunotherapy and written informed consent
was signed by each patient before tissue collection. This study was
performed in accordance with Helsinki Declaration and approved
Frontiers in Oncology | www.frontiersin.org 3
by the Medical Ethics Committee of Qilu Hospital of Shandong
University (Approval No. KYLL-2017-560; 2017.1.15;
Shandong, China).

Immunohistochemistry Assay
For immunohistochemical staining, tissue samples were
routinely dehydrated and embedded in paraffin. Paraffin-
embedded tissues were cut into 4-mm thickness sections and
dewaxed with xylene for 5 min which was repeated three times.
Following rehydration in graded alcohol, the sections were
treated with heat-activated antigen retrieval for 15 min,
followed by blocking of endogenous peroxidase in 3%
hydrogen peroxide and methanol for 15 min at room
temperature. Afterwards, the sections were incubated with
primary antibody against DKK3 (1: 500, Abcam, Cambridge,
MA, USA) at 4°C overnight, rinsed thrice with PBS for 5 min,
and then incubated with streptavidin-horseradish peroxidase
(HRP)-conjugated secondary antibody at room temperature for
1 h. Finally, the sections were visualized with 3,3-
diaminobenzadine for 10 min, and counterstained with
hematoxylin. Immunoreactivity was independently assessed
by two board-certified pathologists in a blinded manner as
previously described (35). In brief, the immunoreactivity score
was calculated by multiplying the staining positivity on a scale
of 0-3 (0, no staining; 1, weak; 2, moderate; 3, strong staining)
and staining proportion (1, <10%; 2, 10%–24%; 3, 25%–49%;
and 4, ≥50%). Immunoreactivity was then classified as weak
staining (-+), moderate staining (+) and strong staining (++)
with the score scaling 0-2, 2-4 and over 4, respectively.
Moreover, all CC tissues were categorized into high DKK3
(score ≥ 4) and low DKK3 (score < 4) groups.

Xenograft Tumor Assay
Five-week-old female BALB/c nude mice weighing 18-22 g were
purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China) and housed in pathogen-free and
temperature-controlled conditions under a 12 h light/dark
illumination cycle. The human CaSki cells were trypsinized,
centrifuged for 4 min at 1,000 rpm, and adjusted to 3 × 107 cell/
mL with serum-free culture medium. A total of 500 mL cell
suspension was inoculated subcutaneously into the back region of
nude mice (3 × 106 cells/mouse). When the tumor size reached ~4
mm in diameter, all mice were randomly divided into control (9%
DMSO) and ApoG2-treatment (ApoG2 was suspended in 9%
DMSO) groups with five mice each group. All pharmacologic
agents were administered at a dose of 100 mg/kg by
intraperitoneal injection every other day for 24 days. The
antitumor activity of ApoG2 was assessed by the calculation of
tumor volume based on the formula: tumor volume (mm3) = (L ×
W2)/2, where L and W represent the tumor length and width,
respectively. At 24 days post-injection, mice were euthanized and
tumors were dissected and weighed. All tissue samples were
harvested for western blot analysis. All animal procedures were
performed in accordance with institutional protocols approved by
the Institutional Animal Care and Use Committee of Key
Laboratory of Gynecologic Oncology of Shandong Province
(Approval No. KGO-2018-241; 2018, 3.15; Shandong, China).
July 2022 | Volume 12 | Article 948023
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Western Blot Analysis
Extraction of protein sample was performed with radio
immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Jiangsu,
China). After analyzing protein concentration by a BCA protein
assay kit (Beyotime, China), equal amount of protein (30 mg) was
separated by 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto
polyvinylidene difluoride (PVDF; Millipore, USA) membranes.
The PVDF membranes were blocked with phosphate buffer saline
with 0.1% Tween-20 (PBST) for 2 h and then incubated with
primary antibodies against DKK3 (ab126080), Bcl-2 (ab59348),
Cleaved caspase-3 (ab2302), E-cadherin (ab238099), N-cadherin
(ab76059), Vimentin (ab137321) and GAPDH (ab37168) (all from
Abcam, Cambridge, MA, USA) overnight at 4°C. Following rinsed
with PBST thrice, the membranes were incubated with a
horseradish peroxidase-conjugated anti-IgG (SC-2054, Santa
Cruz) as the secondary antibody, followed by visualization of
protein bands by ECL chemiluminescent reagent (Pierce
Biotechnology, Rockford, USA).

Statistical Analysis
All statistical analysis was performed using GraphPad Prism 6.0
(GraphPad, CA, USA). Data obtained from three independent
experiments were expressed as mean ± standard deviation (SD).
Comparison between two groups was analyzed using the
student’s t-test and comparison among multiple groups was
analyzed using one-way analysis of variance, followed by
Dunnett’s test. The Chi-squared test was used to evaluate the
correlation of DKK3 expression and clinicopathological
parameters. The p-value of less than 0.05 was considered to be
statistically significant.
RESULTS

ApoG2 Inhibited Cell Proliferation, Invasion
and EMT Process in CC Cells, Along With
Upregulation of DKK3 in a Dose-
Dependent Manner
To investigate the effects of ApoG2 on CC cells, two CC cell lines
(CaSki andHeLa) were treated with different dosages of ApoG2 (0,
2.5, 5, 10 and 20 µmol/L). The results from CCK-8 assay showed
that ApoG2 significantly decreased the viability of human CaSki
(Figure 1A) and HeLa (Figure 1B) cells in a dose-dependent
manner. Similarly, the number of colonies was remarkedly
reduced with the increased concentration of ApoG2 treatment
in CaSki and HeLa cells (Figure 1C). Consistent with the cell
proliferation trend, flow cytometry analysis demonstrated that
ApoG2 significantly promoted the apoptotic rate of CaSki and
HeLa cells in a dose-dependent manner (Figure 1D). In addition,
transwell invasion assay indicated that the number of invasive cells
was markedly decreased from control group (0 µmol/L ApoG2) to
increased concentration of ApoG2 treatment in CaSki and HeLa
cells (Figure 1E). Furthermore, the results from western blot
analysis further confirmed that ApoG2 upregulated the
expression of DKK3 in a dose-dependent manner, implying
Frontiers in Oncology | www.frontiersin.org 4
DKK3 might play an important role in CC cell behaviors. In
line with the effects of ApoG2 on cell apoptosis and invasion,
ApoG2 obviously upregulated the protein levels of caspase-3 and
E-cadherin, while downregulated the protein levels of Bcl-2, N-
cadherin and Vimentin in a dose-dependent manner in both
CaSki (Figure 2A) and HeLa (Figure 2B) cells.

The Expression of DKK3 Was
Downregulated in CC Tissues
Next, we analyzed the protein expression of DKK3 in CC in
collected 51 paired tumor and adjacent tissues by performing
immunohistochemical staining. Representative photomicrographs
of different DKK3 protein staining degrees were depicted in
Figure 3A. Statistical analysis further indicated increased weaker
staining of DKK3 protein in paraffin-embedded tumor tissues, in
comparison with that in adjacent tissues (Figure 3B). By contrast,
we observed significantly decreased moderate and strong staining
of DKK3 protein in tumor tissues compared with adjacent tissues.
According to immunoreactivity score, all the CC patients were
divided into high (n = 19) and low (n = 32) DKK3 expression
groups. The results from Chi-squared test (Table 1) showed that
the expression level of DKK3 was significantly associated with
FIGO stage (p = 0.011) and lymph node metastasis (p = 0.014).

Overexpression of DKK3 Suppressed Cell
Proliferation, Invasion and EMT Process in
CC Cells
To confirm the functional role of DKK3 in CC in vitro, we
performed gain-of-function assays in CaSki and HeLa cells.
Firstly, transfection of CaSki and HeLa cells with pcDNA3.1-
DKK3 resulted in a significant decrease in cell viability, compared
with pcDNA3.1 transfection (Figure 4A). The results from colony
formation assay consistently indicated that the number of colonies
was obviously reduced in pcDNA3.1-DKK3 group, compared with
pcDNA3.1 group in CaSki and HeLa cells (Figure 4B). Moreover,
a significantly increased apoptotic rate was observed in CaSki and
HeLa cells after DKK3 overexpression (Figure 4C). Transwell
assay demonstrated that overexpression of DKK3 remarkedly
suppressed cell invasive ability of CaSki and HeLa cells
(Figure 4D). After confirmed the upregulation of DKK3, we
further manifested that anti-apoptotic Bcl-2 was downregulated
and pro-apoptotic caspase-3 was upregulated in CaSki and HeLa
cells following pcDNA3.1-DKK3 transfection (Figure 4E). The
suppressive effects of DKK3 overexpression on EMT process was
also confirmed, as reflected by increased E-cadherin expression
and decreased protein levels of N-cadherin/Vimentin in CaSki and
HeLa cells (Figure 4E).

ApoG2 Suppressed CC Cell Proliferation,
Invasion and EMT Process by
Upregulating DKK3
Subsequently, we further explored that whether the suppressive
effects of ApoG2 in CC cells were correlated with upregulation of
DKK3 expression. At first, CaSki cells were transfected with
pcDNA3.1-DKK3, si-DKK3 or NC, followed by treatment with
20 µmol/L ApoG2. Through CCK-8 assay (Figure 5A) and colony
July 2022 | Volume 12 | Article 948023
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formation assay (Figure 5B), we observed that the inhibitory
activity of ApoG2 on cell viability and colony formation was
reversed by DKK3 knockdown, but significantly enhanced by
DKK3 overexpression in CaSki cells. Flow cytometry
demonstrated that elevated apoptotic rate of CaSki cells induced
by ApoG2 treatment was attenuated after DKK3 knockdown, while
further increased after DKK3 overexpression (Figures 5C, D).
Additionally, knockdown of DKK3 promoted the cell invasion
ability in ApoG2-treated CaSki cells, which was reversed after
DKK3 overexpression (Figures 5E, F). At molecular level, the
protein levels of DKK3, Bcl-2, caspase-2, E-cadherin, N-cadherin
and Vimentin in ApoG2-treated CaSki cells were evidently
abolished after DKK3 knockdown, but promoted by DKK3
overexpression (Figure 5G). Taken together, these data suggested
Frontiers in Oncology | www.frontiersin.org 5
that ApoG2 exhibited the anti-tumor activity in vitro may through
upregulating DKK3 expression.

ApoG2 Suppressed Tumor Growth in
CaSki Xenograft in the BALB/c Nude Mice
Having investigating the effect of ApoG2 on CC cell proliferation
in vitro, we next studied the effect of ApoG2 on tumorigenesis in
a nude mouse model. The in vivo study of subcutaneously
inoculated CaSki cells in BALB/c-nu mice showed that ApoG2
treatment could slow down mice tumor growth compared with
control group (Figure 6A). After quantification analysis, we
found that the tumor volume (Figure 6B) and weight
(Figure 6C) in ApoG2 group were significantly decreased,
compared with those in control group. Subsequently, western
A B

D

E

C

FIGURE 1 | Effects of ApoG2 treatment on CC cell proliferation, apoptosis and invasion. CaSki and HeLa cells were treated with 0 (0.1% DMSO), 2.5, 5, 10 and 20
µmol/L ApoG2 for 24 h, respectively. (A, B) CCK-8 assay was used to analyze cell viability in treated CaSki and HeLa cells. (C) Representative photographs and
quantitative analyses of plate colony formation of treated CaSki and HeLa cells. Scale bar, 50 mm; (D) The apoptotic rate of treated CaSki and HeLa cells was
measured by flow cytometry. (E) Treated CaSki and HeLa cells that invaded through the microporous membrane were shown in photographs (left panel) and the
numbers of invasive cells were shown in a histogram (right panel). Scale bar, 100 mm; Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,
compared with 0 µmol/L ApoG2; ApoG2, apogossypolone; CC, cervical cancer.
July 2022 | Volume 12 | Article 948023
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blot analysis was performed to examine related protein markers.
As shown in Figure 6D, the upregulation of DKK3, cleaved
caspase-3 and E-cadherin was confirmed in CaSki xenograft-
bearing nude mice treated with ApoG2, when compared with
those treated with controls. Based on these results, the ApoG2
treatment was demonstrated to suppress tumor growth in
CC xenografts.
Frontiers in Oncology | www.frontiersin.org 6
DISCUSSION

In the present study, we chose ApoG2, the most potent derivative
of gossypol with high affinity against anti-apoptotic Bcl-2 family
members (pan-Bcl-2 inhibitor), including Bcl-2, Bcl-XL and
Mcl-1 in tumor-targeted treatment (36). Data presented in
Figure 1 revealed that ApoG2 could effectively inhibit cell
A B

FIGURE 2 | Effects of ApoG2 treatment on DKK3 expression and protein markers of apoptosis and EMT process in CC cells. CaSki and HeLa cells were treated
with 0 (0.1% DMSO), 2.5, 5, 10 and 20 µmol/L ApoG2 for 24 h, respectively. Western blot analysis was performed to detect the protein levels of DKK3, Bcl-2,
cleaved caspase-3, E-cadherin, N-cadherin and Vimentin in treated CaSki (A) and HeLa (B) cells. Data are expressed as means ± SD. *p < 0.05, **p < 0.01,
***p < 0.001, compared with 0 µmol/L ApoG2; ApoG2, apogossypolone; CC, cervical cancer.
A B

FIGURE 3 | Expression of DKK3 in CC tissues. (A) Representative immunostaining of DKK expression in adjacent and CC samples (-+, weak staining, + moderate
staining, ++ strong staining). (B) Summary of DKK3 expression in adjacent and CC samples. Blue represents ++ strong staining; Red represents -+, weak staining;
Green represents + moderate staining; Magnification, ×250; scale bar, 100 mm; Magnification, ×100; scale bar, 200 mm.
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A B

D

E

C

FIGURE 4 | Effects of DKK3 overexpression on cell proliferation, apoptosis and EMT process in CC cells. CaSki and HeLa cells were transfected with pcDNA3.1-
DKK3 or pcDNA3.1 for 48 h. (A) CCK-8 assay was used to analyze cell viability in transfected CaSki and HeLa cells. (B) Representative photographs and
quantitative analyses of plate colony formation of transfected CaSki and HeLa cells. Scale bar, 50 mm; (C) The apoptotic rate of transfected CaSki and HeLa cells
was measured by flow cytometry. (D) Cell invasion was assessed by transwell assay in transfected CaSki and HeLa cells and the numbers of invasive cells were
shown in a histogram. Scale bar, 100 mm; (E) Western blot analysis was performed to detect the protein levels of DKK3, Bcl-2, cleaved caspase-3, E-cadherin,
N-cadherin and Vimentin in transfected CaSki and HeLa cells. Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with pcDNA3.1.
TABLE 1 | Association between DKK3 expression and clinicopathological characteristics of cervical cancer patients.

Characteristics Cases (n = 51) Expression of DKK3 p-value

Low (n = 32) High (n = 19) (chi-square test)

Age 0.581
< 45 years 18 11 8
≥ 45 years 33 21 11
Tumor size 0.306
< 4 cm 34 23 11
≥ 4 cm 17 9 8
FIGO stage 0.011*
I 38 20 18
II-III 13 12 1
Histologic type 0.250
Adenocarcinoma 19 10 9
Squamous cell carcinoma 32 22 10
Lymph node metastasis 0.014*
Negative 29 14 15
Positive 22 18 4
Lymphatic vascular infiltration 0.611
Negative 37 24 13
Positive 14 8 6
Differentiation 0.232
Well/moderate 27 19 8
Poor 24 13 11
Frontiers in Oncology | www.frontiersin.org
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FIGO, international federation of gynecology and obstetrics; DKK3, Dickkopf homolog 3.
*p < 0.05.
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viability, colony formation and invasion, but promote apoptotic
rate of CaSki and HeLa cells in a dose-dependent manner.
Moreover, ApoG2 treatment caused a significant decrease in
Bcl-2 expression and a remarkable increase in cleaved caspase-3
expression in a dose-dependent manner. As our best knowledge,
ApoG2 is more stable and less toxicity than its parental
compound gossypol, which was previously confirmed by
Kitada et al. (37) who demonstrated that treatment with
gossypol caused a great deal of hepatotoxicity and
gastrointestinal toxicity to the animals compared to treatment
with vehicle control or ApoG2. A recent report by Zhang et al.
(20) indicated that ApoG2 was significantly more tolerable than
gossypol in rats and mice. Similar to our data, ApoG2 could
effectively inhibit proliferation of NPC cells that expressed anti-
apoptotic Bcl-2 family proteins at a high level (19). The report by
Zheng et al. (38) further supported the suppressive role of
ApoG2 on the growth of human NPC cells by inducing
apoptosis and autophagy. ApoG2 could induce apoptosis
through up-regulation of Bax and down-regulation of Bcl-2,
increasing reactive oxygen species (ROS) levels, inducing
cytochrome C release and cleaving caspase proteins (39). In
addition, ApoG2 inhibits the growth and proliferation of gastric
Frontiers in Oncology | www.frontiersin.org 8
cancer cells by down-regulating of Bcl-2 protein expression, up-
regulating of Bax and activating of caspase-3 (40). Based on these
evidences, we thus concluded that ApoG2 could trigger
mitochondrial-dependent CC cell apoptosis.

In addition to apoptosis indued by ApoG2, our data showed
that ApoG2 could effectively suppressed the invasion ability of
CaSki and HeLa cells, along with impaired EMT process
(increased E-cadherin and decreased N-cadherin/vimentin) in
a dose-dependent manner. During embryonic development,
epithelial-to-mesenchymal transition (EMT) is a normal
process but is abnormally reactivated during tumor
progression, causing tumor acquires motility properties (41).
Tumor migration and invasion is positively correlated with the
development of EMT process, as reflected by the loss of epithelial
markers (E-cadherin and b-catenin) on the membrane and the
acquisition of mesenchymal markers (vimentin, Twist and Snail)
(42). In line with our data, Lin et al. (21) demonstrated that
ApoG2 inhibited cell mobilities via promotion of E-cadherin and
b-catenin translocation from cytoplasm to membrane dependent
on the downregulation of the PI3K/AKT pathway in malignant
pheochromocytoma. These findings suggested that ApoG2 may
have a therapeutic potential as a new class of anti-CC agents.
A B
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FIGURE 5 | ApoG2 suppressed CC cell proliferation, invasion and EMT process by upregulating DKK3. CaSki cells were transfected with pcDNA3.1-DKK3,
si-DKK3 or NC, followed by treatment with 20 µmol/L ApoG2. (A) CCK-8 assay was used to analyze cell viability in transfected CaSki cells. (B) Representative
photographs and quantitative analyses of plate colony formation of transfected CaSki cells. Scale bar, 50 mm; (C, D) The apoptotic rate of transfected CaSki cells
was measured by flow cytometry. (E, F) Cell invasion was assessed by transwell assay in transfected CaSki cells and the numbers of invasive cells were shown in a
histogram. Scale bar, 100 mm; (G) Western blot analysis was performed to detect the protein levels of DKK3, Bcl-2, cleaved caspase-3, E-cadherin, N-cadherin and
Vimentin in transfected CaSki cells. Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with ApoG2 + NC.
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The data from western blot analysis additionally pointed that
DKK3 expression was downregulated in CaSki and HeLa cells
after ApoG2 treatment in a dose-dependent manner.
Furthermore, we further confirmed the decreased DKK3
expression in CC tissues using related clinical samples, which
was significantly associated with FIGO stage (p = 0.011) and
lymph node metastasis (p = 0.014). In fact, DKK3 acts as a tumor
suppressor by inhibiting tumor cell proliferation, migration and
invasion, and promoting apoptosis in gallbladder cancer cells
(26), colorectal cancer (27), and lung adenocarcinoma (28).
Here, we performed gain-of-function assay to show that DKK3
overexpression significantly inhibited cell viability, colony
formation and invasion, but promoted apoptotic rate in CaSki
and HeLa cells. Consistently, the role of DKK3 on CC has been
previously reported through the following articles: Ryu et al. (25)
pointed that decreased DKK3 expression was associated with
advanced International Federation of Gynecology and Obstetrics
clinical stages, which was predictive of lower disease-free survival
in patients with cervical squamous cell carcinoma. Lee et al. (32)
showed that DKK3 is a negative regulator of beta-catenin and its
downregulation contributes to an activation of the beta-catenin
signaling pathway in CC. Luo et al. (43) additionally manifested
that DKK3 as the direct downstream regulator was involved in
the promotive effects of miR-93a in CC cell viability and
invasion. Most importantly, our data further confirmed that
ApoG2 suppressed CC cell proliferation, invasion and EMT
process, as well as tumor growth by upregulating DKK3.
Combined with the similar suppressive effects of ApoG2 and
DKK3 on CC, we thus not hard to conclude that DKK3 might be
a downstream regulator participated in ApoG2 exerting its
tumor suppressive effects in CC in vitro and in vivo. However,
the exactly molecular mechanism underlying ApoG2 regulating
DKK3 in CC still needed to be further explored.
Frontiers in Oncology | www.frontiersin.org 9
Of course, there were some limitations in our study as follows:
1) Lacking of high sequencing analysis to figure out the
promising mechanism after administration with ApoG2 and
the target genes about the protective effects during the poor
progression of CC; 2) Lacking of relevant technologies of
Genome Editing and Luciferase to make the explanation about
the detailed mechanism is modulating DKK3; 3) Lacking of
rescue experiments on HeLa cells in vitro.

Collectively, the present study demonstrated that ApoG2
exerted significantly suppressive effects on CC cell proliferation,
invasion and EMT process in vitro and in vivo. What’s more, we
identified that DKK3 might be a downstream effector of ApoG2
exerting tumor suppressive effects in CC. Even though future
studies need to elucidate DKK3 or partner and the associated
signaling pathway, our data to some degree represents a viable
drug candidate for the development of novel anti-cancer therapies.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Qilu Hospital of Shandong University (Approval No.
KYLL-2017-560; 2017.1.15; Shandong, China). The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by The Institutional Animal Care and Use Committee
A B

D

C

FIGURE 6 | ApoG2 inhibited tumor growth in vivo. (A) Image showing human CaSki tumor xenografts removed from the BALB/c nude mice (n = 5 each group).
(B) Tumor volume growth curves and (C) tumor weights for ApoG2 treatment and control groups. (D) The protein levels of DKK3, cleaved caspase-3 and E-
cadherin in ApoG2-treated CaSki xenografts and control groups. Data are expressed as means ± SD. **p < 0.01, ***p < 0.001, compared with control.
July 2022 | Volume 12 | Article 948023

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


Li et al. The Role of ApoG2 in Cervical Cancer
of Key Laboratory of Gynecologic Oncology of Shandong Province
(Approval No. KGO-2018-241; 2018, 3.15; Shandong, China).
AUTHOR CONTRIBUTIONS

YZ conceived the present study. YL made substantial
contributions to conception and design. YL and JQ designed,
performed and interpreted the experimental data. LL and YS
analyzed the data. YL and JZ drafted the initial manuscript. JZ
and SH confirm the authenticity of all the raw data. All authors
have read and approved the final manuscript.
Frontiers in Oncology | www.frontiersin.org 10
FUNDING

This work was supported by The Key Research Project of
Shandong Province (2017CXGC1210) and Jinan City “20 New
Universities” independent innovation group (2021GXRC027).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.948023/
full#supplementary-material
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA Cancer J Clin
(2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Simms KT, Steinberg J, Caruana M, Smith MA, Lew JB, Soerjomataram I,
et al. Impact of Scaled Up Human Papillomavirus Vaccination and Cervical
Screening and the Potential for Global Elimination of Cervical Cancer in 181
Countries, 2020-99: A Modelling Study. Lancet Oncol (2019) 20(3):394–407.
doi: 10.1016/S1470-2045(18)30836-2

3. Gennari P, Gerken M, Meszaros J, Klinkhammer-Schalke M, Ortmann O,
Eggemann H, et al. Minimal-Invasive or Open Approach for Surgery of Early
Cervical Cancer: The Treatment Center Matters. Arch Gynecol Obstet (2021)
304(2):503–10. doi: 10.1007/s00404-020-05947-y

4. Kumar L, Harish P, Malik PS, Khurana S. Chemotherapy and Targeted
Therapy in the Management of Cervical Cancer. Curr Probl Cancer (2018) 42
(2):120–8. doi: 10.1016/j.currproblcancer.2018.01.016

5. Zhao Y, Moran MS, Yang Q, Liu Q, Yuan C, Hong S, et al. Metadherin
Regulates Radioresistance in Cervical Cancer Cells. Oncol Rep (2012) 27
(5):1520–6. doi: 10.3892/or.2012.1692

6. Rosen VM, Guerra I, McCormack M, Nogueira-Rodrigues A, Sasse A, Munk
VC, et al. Systematic Review and Network Meta-Analysis of Bevacizumab
Plus First-Line Topotecan-Paclitaxel or Cisplatin-Paclitaxel Versus Non-
Bevacizumab-Containing Therapies in Persistent, Recurrent, or Metastatic
Cervical Cancer. Int J Gynecol Cancer (2017) 27(6):1237–46. doi: 10.1097/
IGC.0000000000001000

7. Fu ZZ, Li K, Peng Y, Zheng Y, Cao LY, Zhang YJ, et al. Efficacy and Toxicity of
Different Concurrent Chemoradiotherapy Regimens in the Treatment of
Advanced Cervical Cancer: A Network Meta-Analysis. Med (Baltimore)
(2017) 96(2):e5853. doi: 10.1097/MD.0000000000005853

8. Hafeez BB,Mustafa A, Fischer JW, Singh A, ZhongW, ShekhaniMO, et al. Alpha-
Mangostin: A Dietary Antioxidant Derived From the Pericarp of Garcinia
Mangostana L. Inhibits Pancreatic Tumor Growth in Xenograft Mouse Model.
Antioxid Redox Signal (2014) 21(5):682–99. doi: 10.1089/ars.2013.5212

9. Hafeez BB, Fischer JW, Singh A, Zhong W, Mustafa A, Meske L, et al.
Plumbagin Inhibits Prostate Carcinogenesis in Intact and Castrated PTEN
Knockout Mice via Targeting PKCepsilon, Stat3, and Epithelial-To-
Mesenchymal Transition Markers. Cancer Prev Res (Phila) (2015) 8(5):375–
86. doi: 10.1158/1940-6207.CAPR-14-0231

10. Roy S, Barik S, Banerjee S, Bhuniya A, Pal S, Basu P, et al. Neem Leaf
Glycoprotein Overcomes Indoleamine 2,3 Dioxygenase Mediated Tolerance
in Dendritic Cells by Attenuating Hyperactive Regulatory T Cells in Cervical
Cancer Stage IIIB Patients. Hum Immunol (2013) 74(8):1015–23.
doi: 10.1016/j.humimm.2013.04.022

11. Kitada S, Leone M, Sareth S, Zhai D, Reed JC, Pellecchia M. Discovery,
Characterization, and Structure-Activity Relationships Studies of
Proapoptotic Polyphenols Targeting B-Cell Lymphocyte/Leukemia-2
Proteins. J Med Chem (2003) 46(20):4259–64. doi: 10.1021/jm030190z

12. Zhang WJ, Xu ZR, Zhao SH, Jiang JF, Wang YB and Yan XH. Optimization of
Process Parameters for Reduction of Gossypol Levels in Cottonseed Meal by
Candida Tropicalis ZD-3 During Solid Substrate Fermentation. Toxicon.
(2006) 48(2):221–6. doi: 10.1016/j.toxicon.2006.05.003
13. Tuszynski GP, Cossu G. Differential Cytotoxic Effect of Gossypol on Human
Melanoma, Colon Carcinoma, and Other Tissue Culture Cell Lines. Cancer
Res (1984) 44(2):768–71. doi: 10.1016/S0024-3205(00)00857-2

14. Xu L, Yang D, Wang S, Tang W, Liu M, Davis M, et al. (-)-Gossypol Enhances
Response to Radiation Therapy and Results in Tumor Regression of Human
Prostate Cancer. Mol Cancer Ther (2005) 4(2):197–205. doi: 10.1158/1535-
7163.197.4.2

15. Mohammad RM, Wang S, Aboukameel A, Chen B, Wu X, Chen J, et al.
Preclinical Studies of a Nonpeptidic Small-Molecule Inhibitor of Bcl-2 and
Bcl-X(L) [(-)-Gossypol] Against Diffuse Large Cell Lymphoma. Mol Cancer
Ther (2005) 4(1):13–21. doi: 10.1158/1535-7163.13.4.1

16. Oliver CL, Bauer JA, Wolter KG, Ubell ML, Narayan A, O'Connell KM, et al.
In Vitro Effects of the BH3 Mimetic, (-)-Gossypol, on Head and Neck
Squamous Cell Carcinoma Cells. Clin Cancer Res (2004) 10(22):7757–63.
doi: 10.1158/1078-0432.CCR-04-0551

17. He X, Wu C, Cui Y, Zhu H, Gao Z, Li B, et al. The Aldehyde Group of
Gossypol Induces Mitochondrial Apoptosis via ROS-SIRT1-P53-PUMA
Pathway in Male Germline Stem Cell. Oncotarget. (2017) 8(59):100128–40.
doi: 10.18632/oncotarget.22044

18. Arnold AA, Aboukameel A, Chen J, Yang D,Wang S, Al-Katib A, et al. Preclinical
Studies of Apogossypolone: A New Nonpeptidic Pan Small-Molecule Inhibitor of
Bcl-2, Bcl-XL and Mcl-1 Proteins in Follicular Small Cleaved Cell Lymphoma
Model. Mol Cancer (2008) 7:20. doi: 10.1186/1476-4598-7-20

19. Hu ZY, Zhu XF, Zhong ZD, Sun J, Wang J, Yang D, et al. ApoG2, a Novel
Inhibitor of Antiapoptotic Bcl-2 Family Proteins, Induces Apoptosis and
Suppresses Tumor Growth in Nasopharyngeal Carcinoma Xenografts. Int J
Cancer (2008) 123(10):2418–29. doi: 10.1002/ijc.23752

20. Banerjee S, Choi M, Aboukameel A, Wang Z, Mohammad M, Chen J, et al.
Preclinical Studies of Apogossypolone, a Novel Pan Inhibitor of Bcl-2 and
Mcl-1, Synergistically Potentiates Cytotoxic Effect of Gemcitabine in
Pancreatic Cancer Cells. Pancreas (2010) 39(3):323–31. doi: 10.1097/
MPA.0b013e3181bb95e7

21. Lin D, Wang X, Li X, Meng L and Zhu Y. Apogossypolone Acts as a Metastasis
Inhibitor via Up-Regulation of E-Cadherin Dependent on the GSK-3/AKT
Complex. Am J Trans Res (2019) 11(1):218–32.

22. Tsuji T, Nozaki I, Miyazaki M, Sakaguchi M, Pu H, Hamazaki Y, et al.
Antiproliferative Activity of REIC/Dkk-3 and its Significant Down-Regulation
in non-Small-Cell Lung Carcinomas. Biochem Biophys Res Commun (2001)
289(1):257–63. doi: 10.1006/bbrc.2001.5972

23. Kurose K, Sakaguchi M, Nasu Y, Ebara S, Kaku H, Kariyama R, et al.
Decreased Expression of REIC/Dkk-3 in Human Renal Clear Cell Carcinoma. J
Urol (2004) 171(3):1314–8. doi: 10.1097/01.ju.0000101047.64379.d4

24. Nozaki I, Tsuji T, Iijima O, Ohmura Y, Andou A, Miyazaki M, et al. Reduced
Expression of REIC/Dkk-3 Gene in non-Small Cell Lung Cancer. Int J Oncol
(2001) 19(1):117–21. doi: 10.3892/ijo.19.1.117

25. Ryu SW, Kim JH, Kim MK, Lee YJ, Park JS, Park HM, et al. Reduced
Expression of DKK3 is Associated With Adverse Clinical Outcomes of
Uterine Cervical Squamous Cell Carcinoma. Int J Gynecol Cancer (2013) 23
(1):134–40. doi: 10.1097/IGC.0b013e3182754feb

26. Gondkar K, Patel K, Patil Okaly GV, Nair B, Pandey A, Gowda H, et al.
Dickkopf Homolog 3 (DKK3) Acts as a Potential Tumor Suppressor in
Gallbladder Cancer. Front Oncol (2019) 9:1121. doi: 10.3389/fonc.2019.01121
July 2022 | Volume 12 | Article 948023

https://www.frontiersin.org/articles/10.3389/fonc.2022.948023/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.948023/full#supplementary-material
https://doi.org/10.3322/caac.21590
https://doi.org/10.1016/S1470-2045(18)30836-2
https://doi.org/10.1007/s00404-020-05947-y
https://doi.org/10.1016/j.currproblcancer.2018.01.016
https://doi.org/10.3892/or.2012.1692
https://doi.org/10.1097/IGC.0000000000001000
https://doi.org/10.1097/IGC.0000000000001000
https://doi.org/10.1097/MD.0000000000005853
https://doi.org/10.1089/ars.2013.5212
https://doi.org/10.1158/1940-6207.CAPR-14-0231
https://doi.org/10.1016/j.humimm.2013.04.022
https://doi.org/10.1021/jm030190z
https://doi.org/10.1016/j.toxicon.2006.05.003
https://doi.org/10.1016/S0024-3205(00)00857-2
https://doi.org/10.1158/1535-7163.197.4.2
https://doi.org/10.1158/1535-7163.197.4.2
https://doi.org/10.1158/1535-7163.13.4.1
https://doi.org/10.1158/1078-0432.CCR-04-0551
https://doi.org/10.18632/oncotarget.22044
https://doi.org/10.1186/1476-4598-7-20
https://doi.org/10.1002/ijc.23752
https://doi.org/10.1097/MPA.0b013e3181bb95e7
https://doi.org/10.1097/MPA.0b013e3181bb95e7
https://doi.org/10.1006/bbrc.2001.5972
https://doi.org/10.1097/01.ju.0000101047.64379.d4
https://doi.org/10.3892/ijo.19.1.117
https://doi.org/10.1097/IGC.0b013e3182754feb
https://doi.org/10.3389/fonc.2019.01121
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. The Role of ApoG2 in Cervical Cancer
27. Zhao S, Hao CL, Zhao EH, Jiang HM, Zheng HC. The Suppressing Effects of
Dkk3 Expression on Aggressiveness and Tumorigenesis of Colorectal Cancer.
Front Oncol (2020) 10:600322. doi: 10.3389/fonc.2020.600322

28. Wang Z, Ma LJ, Kang Y, Li X, Zhang XJ. Dickkopf-3 (Dkk3) Induces
Apoptosis in Cisplatin-Resistant Lung Adenocarcinoma Cells via the
Wnt/b-Catenin Pathway. Oncol Rep (2015) 33(3):1097–106. doi:
10.3892/or.2014.3704

29. Zhou S, Zhu Y, Mashrah M, Zhang X, He Z, Yao Z, et al. Expression Pattern of
DKK3, Dickkopf WNT Signaling Pathway Inhibitor 3, in the Malignant
Progression of Oral Submucous Fibrosis. Oncol Rep (2017) 37(2):979–85.
doi: 10.3892/or.2016.5307

30. Gondkar K, Sathe G, Joshi N, Nair B, Pandey A, Kumar P. Integrated
Proteomic and Phosphoproteomics Analysis of DKK3 Signaling Reveals
Activated Kinase in the Most Aggressive Gallbladder Cancer. Cells. (2021)
10(3). doi: 10.3390/cells10030511

31. Khan Z, Arafah M, Shaik JP, Mahale A, Alanazi MS. High-Frequency
Deregulated Expression of Wnt Signaling Pathway Members in Breast
Carcinomas. Onco Targets Ther (2018) 11:323–35. doi: 10.2147/OTT.S154395

32. Lee EJ, Jo M, Rho SB, Park K, Yoo YN, Park J, et al. Dkk3, Downregulated in
Cervical Cancer, Functions as a Negative Regulator of Beta-Catenin. Int J
Cancer (2009) 124(2):287–97. doi: 10.1002/ijc.23913

33. Morgan EL, Macdonald A. Autocrine STAT3 Activation in HPV Positive
Cervical Cancer Through a Virus-Driven Rac1-Nfkb-IL-6 Signalling Axis.
PLoS Pathog (2019) 15(6):e1007835. doi: 10.1371/journal.ppat.1007835

34. Morgan EL, Scarth JA, Patterson MR, Wasson CW, Hemingway GC, Barba-
Moreno D, et al. E6-Mediated Activation of JNK Drives EGFR Signalling to
Promote Proliferation and Viral Oncoprotein Expression in Cervical Cancer.
Cell Death Differ (2021) 28(5):1669–87. doi: 10.1038/s41418-020-00693-9

35. Jiang L, Liu JY, Shi Y, Tang B, He T, Liu JJ, et al. MTMR2 Promotes Invasion
and Metastasis of Gastric Cancer via Inactivating Ifng/STAT1 Signaling. J Exp
Clin Cancer Res (2019). doi: 10.1186/s13046-019-1186-z

36. Sun Y, Wu J, Aboukameel A, Banerjee S, Arnold AA, Chen J, et al.
Apogossypolone, a Nonpeptidic Small Molecule Inhibitor Targeting Bcl-2
Family Proteins, Effectively Inhibits Growth of Diffuse Large Cell Lymphoma
Cells In Vitro and In Vivo. Cancer Biol Ther (2008) 7(9):1418–26. doi: 10.4161/
cbt.7.9.6430

37. Kitada S, Kress CL, Krajewska M, Jia L, Pellecchia M, Reed JC. Bcl-2
Antagonist Apogossypol (NSC736630) Displays Single-Agent Activity in
Bcl-2-Transgenic Mice and has Superior Efficacy With Less Toxicity
Frontiers in Oncology | www.frontiersin.org 11
Compared With Gossypol (NSC19048). Blood. (2008) 111(6):3211–9.
doi: 10.1182/blood-2007-09-113647

38. Zheng R, Chen K, Zhang Y, Huang J, Shi F, Wu G, et al. Apogossypolone
Induces Apoptosis and Autophagy in Nasopharyngeal Carcinoma Cells in an
In Vitro and In Vivo Study. Oncol Lett (2017) 14(1):751–7. doi: 10.3892/
ol.2017.6176

39. Lin D, Li X, Xu L, Lian J, Xu Y, Meng L, et al. Apogossypolone (ApoG2) Induces
ROS-Dependent Apoptosis and Reduces Invasiveness of PC12 Cells In Vitro and
In Vivo. Am J Transl Res (2017) 9(9):3990–4002. doi: 10.1039/C7CC05832B

40. Xin J, Zhan YH, Xia LM, Zhu HW, Nie YZ, Liang JM, et al. ApoG2 as the Most
Potent Gossypol Derivatives Inhibits Cell Growth and Induces Apoptosis on
Gastric Cancer Cells. BioMed Pharmacother (2013) 67(1):88–95. doi: 10.1016/
j.biopha.2012.10.016

41. Yilmaz M, Christofori G. EMT, the Cytoskeleton, and Cancer Cell Invasion.
Cancer Metastasis Rev (2009) 28(1-2):15–33. doi: 10.1007/s10555-008-9169-0

42. Chrisostomi G, Achilleas D, Theocharis N, et al. Roles of Matrix
Metalloproteinases in Cancer Progression and Their Pharmacological Targeting.
FEBS J (2011) 278(1):16–27. doi: 10.1111/j.1742-4658.2010.07919.x

43. Luo S, Li N, Yu S, Chen L, Liu C, Rong J. MicroRNA-92a Promotes Cell
Viability and Invasion in Cervical Cancer via Directly Targeting Dickkopf-
Related Protein 3. Exp Ther Med (2017) 14(2):1227–34. doi: 10.3892/
etm.2017.4586

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 Li, Qu, Liu, Sun, Zhang, Han and Zhang. 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.
July 2022 | Volume 12 | Article 948023

https://doi.org/10.3389/fonc.2020.600322
https://doi.org/10.3892/or.2014.3704
https://doi.org/10.3892/or.2016.5307
https://doi.org/10.3390/cells10030511
https://doi.org/10.2147/OTT.S154395
https://doi.org/10.1002/ijc.23913
https://doi.org/10.1371/journal.ppat.1007835
https://doi.org/10.1038/s41418-020-00693-9
https://doi.org/10.1186/s13046-019-1186-z
https://doi.org/10.4161/cbt.7.9.6430
https://doi.org/10.4161/cbt.7.9.6430
https://doi.org/10.1182/blood-2007-09-113647
https://doi.org/10.3892/ol.2017.6176
https://doi.org/10.3892/ol.2017.6176
https://doi.org/10.1039/C7CC05832B
https://doi.org/10.1016/j.biopha.2012.10.016
https://doi.org/10.1016/j.biopha.2012.10.016
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.3892/etm.2017.4586
https://doi.org/10.3892/etm.2017.4586
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

	Apogossypolone Inhibits Cell Proliferation and Epithelial-Mesenchymal Transition in Cervical Cancer via Activating DKK3
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Cell Transfection
	CCK-8 Assay
	Colony Formation Assay
	Detection of Apoptosis by Flow Cytometry
	Transwell Invasion Assay
	Clinical Samples
	Immunohistochemistry Assay
	Xenograft Tumor Assay
	Western Blot Analysis
	Statistical Analysis

	Results
	ApoG2 Inhibited Cell Proliferation, Invasion and EMT Process in CC Cells, Along With Upregulation of DKK3 in a Dose-Dependent Manner
	The Expression of DKK3 Was Downregulated in CC Tissues
	Overexpression of DKK3 Suppressed Cell Proliferation, Invasion and EMT Process in CC Cells
	ApoG2 Suppressed CC Cell Proliferation, Invasion and EMT Process by Upregulating DKK3
	ApoG2 Suppressed Tumor Growth in CaSki Xenograft in the BALB/c Nude Mice

	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


