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Abstract: Malignant pheochromocytoma is exactly diagnosed only upon the occurrence of metastatic foci. At that 
point, however, patients are less likely to experience many benefits from traditional chemotherapy. Therefore, a 
strategy worthy of consideration is inhibition or delay of metastasis with drugs. Recently, numerous studies have 
indicated that epithelial-to-mesenchymal transition (EMT) is involved in malignant pheochromocytoma, where there 
is over-expression of metastatic promoting genes and low expression of metastatic suppressor genes. In previous 
research, we confirmed that apogossypolone (ApoG2) could effectively inhibit tumor movement capabilities, but po-
tential mechanisms for the inhibition were unknown. Here, we initially corroborated that ApoG2 could induce GSK-
3/AKT complex formation to down-regulate phosphorylation of the PI3K/AKT pathway. Subsequently, ApoG2 inhib-
ited cell mobilities via promotion of E-cadherin and β-catenin translocation from cytoplasm to membrane dependent 
on down-regulate of the PI3K/AKT pathway. Unexpectedly, ApoG2 seemed to promote tumor progression, instead 
of suppression when there were circulating tumor cells in vivo. Our results indicated that ApoG2 might be an effec-
tive target agent early in the disease rather than at the advanced stage where there are a majority of circulating 
tumor cells. Those cells rely on the mesenchymal-epithelial transition (MET) process to anchor to distant new sites. 
Hence, the so-called anti-tumor drugs with inhibition of migration and invasion should be carefully distinguished as 
to whether they are involved in EMT and MET processes or not. Most importantly, we identified that GSK-3 is not only 
a downstream effector but also an upstream regulator of the PI3K/AKT pathway.
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Introduction

Pheochromocytoma (PHEO) is a rare but life-
threatening neuroendocrine tumor associated 
with catecholamine production. It usually aris-
es from chromaffin cells of the adrenal medul-
la. The estimated yearly incidence of PHEOs 
ranges from 2 to 8 cases per million [1, 2]. 
Among patients with PHEO, the prevalence of 
malignancy is between 3% and 36% [3]. Early 
radical surgical resection is seen as the only 
means of cure until recently. Compared with 
the 84-96% 5-year survival rate for benign 

PHEO, the 5-year survival rate for the malignant 
form is poor at less than 50% [4-6], and the 
recurrence rate post operation is 65.4% within 
5 years [7]. Worse still, owing to limited early 
identification of malignant PHEO, the majority 
of patients are diagnosed with malignant PHEO 
solely on the presence of metastatic lesions 
[8]. Hence, they regrettably miss the optimal 
treatment opportunity. Tumor metastasis is  
the main obstacle in the treatment of PHEO. 
Therefore, novel effective agents to inhibit or 
delay metastasis are urgently required for ma- 
lignant PHEO.
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Cancer metastatic dissemination, accounting 
for more than 90% of cancer-specific deaths, is 
closely related to tumor cell motility [9, 10]. 
Epithelial-to-mesenchymal transition (EMT) is  
a normal process during embryonic develop-
ment but is abnormally reactivated during tu- 
mor progression and thereby tumor acquires 
motility properties [11, 12]. During EMT, the 
loss of epithelial markers (E-cadherin and 
β-catenin) on the membrane and the acquisi-
tion of mesenchymal markers (vimentin, Twist 
and Snail) contributes to the loss of cell-cell 
and cell-matrix adhesion properties leading to 
tumor migration and invasion [13]. Recently, 
numerous studies have indicated that EMT is 
involved in malignant PHEO. Overexpression of 
Twist and Snail have been frequently observed 
in the malignancy [14]. In addition, Ohta et al. 
[15] implied that 6 of 11 metastasis suppres-
sor genes (E-Cad, nm23-H1, TIMP-4, BRMS-1, 
TXNIP and CRSP-3) were statistically signifi-
cantly down-regulated in malignant PHEO com-
pared to benign PHEO.

Our previous study demonstrated that apo- 
gossypolone (ApoG2), an inhibitor targeting to 
BCL-2 family proteins, could inhibit pheochro-
mocytoma cell line (PC12) migration and inva-
sion [16]. However, the underlying mechanism 
remains unclear. Our preliminary experiment 
suggested that decreased movement induced 
by ApoG2 might be due to reversing the EMT 
process. Therefore, we further sought to inves-
tigate the above mechanism, potentially help-
ing to improve the prognosis of patients with 
PHEO.

Materials and methods

Cell line and chemical reagents

The PC12 cell was originally donated by the 
Institute of Neurology in Ruijin Hospital affiliat-
ed to the Medical School of Shanghai Jiaotong 
University, China. Apogossypolone (ApoG2) was 
purchased from ApexBio (Houston, USA). On 
the day of an experiment, ApoG2 powder was 
diluted to 20 mmol/L stock solution with pure 
dimethyl sulfoxide (DMSO; Sigma, California, 
USA), and subsequently diluted to the appro- 
priate working solution concentration with cul-
ture medium. Primary antibodies (E-cadherin, 
vimentin, β-catenin and so on) were purchased 
from Cell Signaling Technology (Boston, USA), 
and protein extraction kits were provided by 
Beyotime Company (Shanghai, China). Double-

stranded RNA (dsRNA) and small interfering 
RNA (siRNA) of E-cadherin were purchased 
from Ribobio (Guangzhou, China).

Cell culture

PC12 cells were cultured in 60-cm2 dishes in 
an incubator under conditions of 37°C, 5% CO2, 
and 90% humidity. The medium for PC12 cells 
comprised 5% fetal bovine serum (FBS, Thermo 
Fisher Scientific, Massachusetts, USA), 10% 
horse serum (Thermo Fisher Scientific, Mas- 
sachusetts, USA), and 85% dulbecco’s modi-
fied eagle medium (DMEM). PC12 cells were 
subcultured or the culture medium was re- 
placed every 3 days.

Wound healing assay and Transwell assay

Approximately 4 × 106 cells were seeded into 
each well of a six-well plate. After incubation  
for 24 h, the confluent cell monolayers were 
scratched with a 10 μL sterile pipette tip. Non-
adherent cells were then washed off with ste- 
rilized phosphate-buffered saline (PBS), and 
serum-free medium with corresponding treat-
ment was added into the wells. The width of 
scratch was measured using an inverted micro-
scope (Olympus, Tokyo, Japan). Three random 
non-overlapping areas in each well were pic-
tured at 0, 12, 24 and 48 h post scratch.

Tumor cell migration was assayed in Transwell 
chambers (Corning, New York, USA) and the 
membrane used for the invasive assay was pur-
chased from BD. Briefly, PC12 cells at a den- 
sity of 1 × 105 per well were seeded into up- 
per Transwell chambers with or without ApoG2 
diluted in 200 μL DMEM, and 10% FBS media 
were added to lower Transwell chambers. After 
incubation for 6 h in a 37°C incubator, cells 
were fixed with methanol for 15 min and then 
stained with crystal violet for 15 min. Cells on 
the upper surface of the filter were then care-
fully wiped away with a cotton swab and the 
cells on the lower surface of the filter were 
counted using an inverted microscope.

Protein extraction and western blotting

Cells were harvested, washed twice with PBS, 
and then lysed in ice-cold lysis buffer contain-
ing 1% phenylmethylsulfonyl fluoride (PMSF) 
and 10% protease-inhibitor cocktail, for 30 min 
at 4°C. Cell lysates were centrifuged at 12000 
r.p.m. for 30 min to remove precipitate, loading 
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buffer was added, and samples were stored  
at -20°C until use. Proteins were separated by 
SDS-PAGE (10 or 12% gels) and transferred  
to polyvinylidene fluoride (PVDF) membranes 
(Millipore, USA). Non-specific binding sites were 
blocked with 5% Bovine serum albumin (BSA) 
for 1 h at normal atmospheric temperature, 
and subsequently membranes were incubat- 
ed overnight at 4°C with primary antibodies 
(1:1000) and β-actin (1:2000). Membranes 
were then washed three times with PBS-T (PBS 
with 1‰ Tween-20) and incubated with corre-
sponding secondary antibodies at room tem-
perature for 40 min. After washing three times 
with PBS-T, protein bands were detected using 
the enhanced chemiluminescence method and 
Image Lab software (Bio-Rad).

Immunofluorescence

Briefly, PC12 cells seeded onto glass slides 
were treated with or with ApoG2. After treat-
ment for 24 h, the slides were washed with 
PBS, cells were fixed with 4% paraformalde-
hyde for 15 min, permeated with 0.3% Triton 
X-100 in PBS for 15 min at room temperature, 
and blocked for 1 h with 5% BSA in PBS. The 
cells were then stained with corresponding pri-
mary antibodies (1:200 dilution) overnight at 
4°C. After washing three times with PBS-T, cells 
were stained with corresponding secondary 
antibodies and a 4’,6-diamidino-2-phenylindole 
(DAPI) nuclear stain (Beyotime, Shanghai, Chi- 
na). The slides were viewed under an Olympus 
microscope.

Cell transfection

The day before transfection, cells were treated 
with trypsin, seeded into new six-well plates at 
a density of 50-60% and then cultured without 
antibiotics. All dsRNA/siRNA was transfected 
with Lipofectamine RNAiMax (Thermo Fisher 
Scientific, Massachusetts, USA) in Opti-MEM 
medium according to the manufacturer’s in- 
structions.

Co-immunoprecipitation (Co-IP)

Briefly, PC12 cells were lysed with cell lysis buf-
fer for Western and IP (Beyotime, Shanghai, 
China) and centrifuged at 12000 r.p.m. for 30 
min. The supernatants were then incubated 
with corresponding antibodies (1:100) over-
night at 4°C. Protein G agarose beads pre-
washed with lysis buffer were used to capture 
antibodies at room temperature for 2 h. Cell 

lysates were centrifuged at 12000 r.p.m. for 30 
min to segregate precipitate from lysates, and 
the supernatants served as negative controls. 
Proteins bound to the beads were heated to 
denature compounds before separation and 
analysis by SDS-PAGE and Western blotting.

Mouse metastasis model

PC12 cells with Lenti-Luciferase or Lenti-Con- 
trol (5 × 105, 100 µL) were intravenously inject-
ed via the tail vein into female athymic nude 
mice (Shanghai Institute of Material Medical, 
China) at 4 weeks of age. The next day, mice 
were randomized to two groups: control and 
treatment. The treatment group received Apo- 
G2 by intraperitoneal injection at 20 mg/kg 
every day; the expected duration of treatment 
was 30 days but actual duration was 23 days. 
Mice weights were monitored every day. At 30 
days, the incidence and volume of metastases 
should have been estimated through in vitro 
imaging with the Living Image software.

Immunohistochemistry and hematoxylin and 
eosin (H&E) staining

After fixing in 10% neutral formalin and dehy-
drating in an alcohol concentration gradient, 
samples were embedded in paraffin, then cut 
into 3-µm serial sections, which were dewaxed 
twice in xylene, rehydrated in alcohol, and then 
rinsed with PBS followed by treatment with 3% 
H2O2 for 10 min to inactivate endogenous per-
oxidase. After antigen retrieval, the slides we- 
re incubated with 10% goat serum for 10 min 
under constant temperature to block non-spe-
cific reactions. Subsequently, sections were 
treated with polyclonal rabbit anti-human Bcl-2 
and Bax antibody for 12 h at 4°C. After washing 
with PBS three times, the slides were incubat-
ed with secondary antibody at 37°C for 30 min. 
Slides were then washed again with PBS, devel-
oped in diaminobenzidine (DAB) substrate, 
counter-stained with hematoxylin, and dehy-
drated with ethanol and xylene before being 
mounted. For negative controls, the slides  
were incubated with PBS instead of primary 
antibodies.

The above sections were deparaffinized with 
xylene, hydrated through a graded ethanol 
series, stained with H&E, dehydrated through a 
graded ethanol series, cleared in xylene, and 
finally mounted in neutral resin. Pathological 
and morphological changes were observed un- 
der a light microscope (Olympus, Tokyo, Japan).
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Statistical analysis

All data are presented as means ± standard 
deviation. Statistical analyses were performed 
with SPSS 21.0 software (IBM) and corres- 
ponding bar graph or line charts were drawn  
by GraphPad Prism 7 software. Differences of 
measurement data and enumeration data were 
compared respectively with Student’s t-test, 
chi-square test, and analysis of variance. A 
Kaplan-Meier survival plot was generated to 
compare overall survival with the log-rank sta-
tistic. P values less than 0.05 were considered 

as statistically significant. Scratch width, maxi-
mum diameter of metastatic focus, alveolus 
area, and so on were quantified by Image J 
software.

Results

ApoG2 suppressed PC12 cell migration and 
invasion

In order to evaluate the effects of ApoG2 on 
migration and invasion, a wound-healing test 
was performed. After the wound widths of each 

Figure 1. A and B. ApoG2 inhibits migration and invasion in PC12 cells as assessed by using a wound healing assay. 
Relative scratch width of three groups were 0.11 ± 0.04, 0.62 ± 0.17 and 0.90 ± 0.41 at 48 h, respectively. C and 
D. ApoG2 inhibits migration and invasion in PC12 cells as assessed by using a Transwell assay. Relative cell number 
of three groups in migration assay were 0.92 ± 0.11, 0.52 ± 0.06 and 0.31 ± 0.05, respectively. And relative cell 
number of three groups in invasive assay were 0.86 ± 0.15, 0.42 ± 0.03 and 0.11 ± 0.02, respectively. No statistical 
significance (ns), P > 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 2. ApoG2 suppression of EMT is dependent on E-cadherin. A. Results of morphological characteristics of cells 
showed that some of the cells in the ApoG2-treated group always sustained epithelioid morphology such as a small, 
round or polymorphic phenotype instead of a stroma-like phenotype. B. In the ApoG2-treated group, cytoplasmic 
staining and peripheral staining of E-cadherin and a stronger stain of β-catenin were observed compared with the 
matched group assessed by immunofluorescence staining. C. E-cadherin and β-catenin gradually translocated from 
cytoplasm to membrane and vimentin decreased in both cytoplasm and membrane fractions as dose of ApoG2 
increasing. D. E-cadherin was silenced by siRNA and over-expressed by dsRNA. E. Knockdown of E-cadherin could 
significantly reverse the ApoG2 effect, and conversely, over-expression of E-cadherin could significantly strengthen 
the ApoG2 effect.

group were normalized to the corresponding 
control group at 0 h, the results suggested that 
ApoG2 could significantly inhibit cell migration 

from 12 h post treatment (Figure 1A and 1B). 
These results were further attested by Trans- 
well assays. As illustrated in Figure 1C and 1D, 
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ApoG2 could remarkably repress cell migration 
and invasion capabilities.

ApoG2 suppressed EMT through up-regulation 
of E-cadherin in the membranes

Compared to matched groups, we observed 
that some of cells in ApoG2-treated groups 
always sustained epithelioid morphology such 
as a small, round or polymorphic phenotype 
instead of a stroma-like phenotype (Figure 2A). 
At that point, immunofluorescence analysis 
was carried out to further examine the distri- 
bution of epithelial hallmark E-cadherin and 
mesenchymal hallmark vimentin, as well as 
EMT-related molecular β-catenin. In the Apo- 
G2-treated group, cytoplasmic staining and pe- 
ripheral staining of E-cadherin were observed 
compared with diffuse staining in the matched 
group (Figure 2B). Also, β-catenin showed a 
stronger stain in the treated group (Figure 2B). 
Unfortunately, vimentin stain in both groups  
did not show any obvious differences (Sup- 
plementary Figure 1A). The results of subcel- 
lular localization experiments further streng- 
thened the above findings. E-cadherin and 
β-catenin gradually translocated from cyto-
plasm to membrane and vimentin decreased  
in both cytoplasm and membrane fractions 
(Figure 2C).

ApoG2 suppression of EMT was dependent on 
E-cadherin

The above results strongly suggested that 
ApoG2 suppresses EMT in a process possibly 
dependent on up-regulation of E-cadherin. Sub- 
sequently, we asked whether knockdown of 
E-cadherin has a reverse effect and whether 
over-expression of E-cadherin has an additive 
effect. As expected, knockdown of E-cadherin 
by siRNA could significantly reverse the Apo- 
G2 effect, and conversely, over-expression of 
E-cadherin through RNA activation technology 
[17] could significantly strengthen the ApoG2 
effect (Figure 2D and 2E and Supplementary 
Figure 1B).

ApoG2 suppression of EMT was dependent on 
the PI3K/AKT signaling pathway

To assess which pathway was involved in the 
EMT suppression effect of ApoG2, two promi-
nent signaling pathways, PI3K/AKT and MEK/
ERK [18-20], were tentatively evaluated by We- 
stern blotting. As shown in Figure 3A, ApoG2 
could significantly inhibit phosphorylation of 
PI3K/AKT but not MEK/ERK. However, further 
investigation was needed as to whether the 
PI3K/AKT pathway really played an indispens-
able role in the ApoG2 anti-EMT effect. After 
comparison of anti-EMT effect with three ana-
logs targeted to the BCL-2 family, we found that 
ApoG2 and ABT-737 shared the same function, 
but gossypol did not (Figure 3B). Interestingly, 
the PI3K/AKT pathway was inhibited both after 
treatment with ApoG2 or after ABT-737 treat-
ment, but not after treatment with gossypol 
(Figure 3C). 

The above findings indirectly indicated that 
PI3K/AKT played a role in the anti-EMT effect, 
but they did not support the view that this was 
a crucial role. Subsequently, the PI3K/AKT 
pathway was activated with different concen-
trations of insulin [21]. Figure 4A showed the 
PI3K/AKT pathway was activated by insulin, 
and 0.5 mg/mL insulin was selected for use in 
further experiments. After addition of insulin, 
the ApoG2 anti-EMT effect was reversed in the 
wound-healing assay. Although there was no 
statistical difference in the 20 μM ApoG2 group 
with or without insulin (Figure 4B and 4C), the 
results that showed insulin could reverse the 
ApoG2 anti-EMT effect were further confirmed 
via Transwell assay (Figure 4D and 4E).

ApoG2 promoted E-cadherin and β-catenin 
translocation from cytoplasm into the mem-
brane dependent on the GSK-3/AKT complex

To establish the relationship between the PI3K/
AKT pathway and E-cadherin or β-catenin, a 
Co-IP assay was performed. As depicted in 
Figure 5A, ApoG2 could increase the level of 

Figure 3. ApoG2 suppresses activation of the PI3K/AKT signaling pathway. A. ApoG2 inhibits phosphorylation  
of the PI3K/AKT pathway rather than the MEK/ERK pathway. B. After comparison of anti-EMT effect with  
three analogs targeted to the BCL-2 family, we found that ApoG2 and ABT-737 could effectively inhibit cell mobili-
ties, but gossypol could not. C. ApoG2 and ABT-737 could inhibit phosphorylation of PI3K/AKT pathway, but Goss 
could not.
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subcellular localization assay was utilized. Fi- 
gure 5B showed that reduced GSK-3 induced 
by ApoG2 could guide β-catenin into the mem-
brane rather than the nucleus. In addition, 
EMT-inducing transcription factors Twist but 
not Zeb-1 decreased after treatment with 
ApoG2. Based on the above results, we sus-

Figure 4. ApoG2 suppression of EMT is dependent on the PI3K/AKT signaling pathway. A. Insulin could activate the 
PI3K/AKT pathway. B, C. After addition of insulin, the ApoG2 anti-EMT effect was reversed in the wound-healing as-
say. After treatment of 20 μM ApoG2 for 48 h, relative scratch width in the group without insulin was 1.01 ± 0.08 
compared to 0.73 ± 0.08 in the group with insulin. D and E. After addition of insulin, the ApoG2 anti-EMT effect was 
reversed in the Transwell assay. After treatment of 50 μM ApoG2, relative cell number in the group without insulin 
was 0.07 ± 0.04 compared to 0.17 ± 0.03 in the group with insulin. No statistical significance (ns), P > 0.05; *, P 
< 0.05.

GSK-3/AKT complex. However, ApoG2 unusual-
ly decreased the expression level of non- 
phosphorylated GSK-3. According to another 
researches, GSK-3 targeted β-catenin for deg-
radation via ubiquitination and subsequently 
prevents its nuclear translocation (mesenchy-
mal marker). To exclude the above possibility, 
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complex formation. From an experiment look-
ing at different concentrations of this inhibitor 
(Figure 5C), 10 μM AR-A014418 was selected 
for further experiments. As shown in Figure 5D 
and 5E, AR-A014418 could significantly relieve 
the effect of ApoG2 (Supplementary Figure 1C 

pected that increased GSK-3/AKT complex 
induced by ApoG2 could inhibit PI3K/AKT to 
work in EMT.

Therefore, a spectrum inhibitor of GSK-3, 
AR-A014418, was used to block GSK-3/AKT 

Figure 5. ApoG2-induced translocation of E-cadherin and β-catenin into membrane is dependent on the GSK-3/AKT 
complex. A. Co-IP showing that ApoG2 could promote GSK-3/AKT complex formation. B. Decreased GSK-3 induced 
by ApoG2 could not increase β-catenin level in the nucleus and ApoG2 could down-regulate Twist expression. C. 
The GSK-3 Inhibitor, AR-A014418, could inhibit GSK-3α/β expression. D. Results of wound-healing showed that 
AR-A014418 could reverse the effect of ApoG2. After treatment of 20 μM ApoG2 for 48 h, relative scratch width in 
the group without AR-A014418 was 1.24 ± 0.07 compared to 0.92 ± 0.06 in the group with AR-A014418. E. Results 
of transwell assays showed that AR-A014418 could reverse the effect of ApoG2. After treatment of 50 μM ApoG2, 
relative cell number in the group without AR-A014418 was 0.08 ± 0.03 compared to 0.19 ± 0.03 in the group with 
AR-A014418. F. AR-A014418 could increase expression of PI3K/AKT, as well as expression level of E-cadherin and 
β-catenin in the cytoplasm to reverse the effect of ApoG2.
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and 1D). Most importantly, the expression lev-
els of phosphorylated and non-phosphorylated 
AKT were well rescued, and both E-cadherin 
and β-catenin in the cytoplasm were signifi-
cantly increased (Figure 5F). Collectively, these 
results demonstrated that ApoG2 suppression 
of EMT was dependent on the GSK-3/AKT 
complex.

ApoG2 promoted rather than prevented forma-
tion of metastases in lung or liver in an in vivo 
experiment

Unfortunately, ApoG2 could not prevent for- 
mation of metastases in lungs or liver, and all 
mice died before the experimental endpoint. 
The median overall survival times in ApoG2-
treated mice and control mice were insignifi-

cant via Kaplan-Meier survival analysis, as 
were weights of mice between the two groups 
(Figure 6A). Histopathological analyses reveal- 
ed that lungs full of multiple nodules in both 
groups were insignificantly different to the 
naked eye, while the alveolar morphology (Fi- 
gure 6B, blue dashed area) remained clearer 
and metastatic foci (Figure 6B, yellow dashed 
area) were smaller in the control group as 
detected by H&E staining under a microscope 
(Figure 6B and Supplementary Figure 1E and 
1F). Although gross liver specimens were not 
covered with visible tumor nodules in both 
groups, liver tissues in the ApoG2 treatment 
group did show distribution of some suspici- 
ous micro-nodules (Figure 6B, black arrows). 
Results of anti-vimentin staining in liver tissues 
further supported the above viewpoint (Figure 

Figure 6. ApoG2 promotes rather than prevents formation of metastases in lung or liver of mice. A. The median 
overall survival times in ApoG2-treated mice and control mice were insignificant via Kaplan-Meier survival analysis, 
as were weights of mice between the two groups. B. The alveolar morphology remained clearer and metastatic foci 
were smaller in the control group as detected by H&E staining. Blue box, normal lung tissue; yellow box, metastatic 
foci. C. Immunohistochemical analysis of E-cadherin and vimentin protein expression in livers. Black arrows indicate 
suspicious lesions. D. Immunohistochemical analysis of E-cadherin and vimentin protein expression in lungs. Red 
arrows indicate dark-stained nuclei.
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6C, black arrows). Similar to what we had 
observed in immunofluorescence experiments, 
dark-stained nucleus in the matched group 
were caused by E-cadherin diffuse distribution 
(Figure 6D, red arrows), in comparison with the 
light-stained nucleus caused by E-cadherin 
peripheral distribution in the ApoG2 treatment 

group (Figure 6D, red arrows), suggesting that 
ApoG2 had exerted efficacy in vivo.

Discussion

Although major efforts have been undertaken 
to improve the prognosis of patients with malig-

Figure 7. ApoG2 could suppress EMT through promoting translocation of E-cadherin and β-catenin from the cyto-
plasm to the membrane, which is dependent on GSK-3/AKT formation. 



Apogossypolone acts as a metastasis inhibitor

230 Am J Transl Res 2019;11(1):218-232

nant PHEO, those with metastasis benefit little 
from conventional chemotherapy. In addition, 
because of lack of methods to accurately dis-
tinguish the malignancy, the situation is more 
serious. Tumor metastasis is a prominent pro-
cess determining the lethality of a malignancy 
and is also a major obstacle in the treatment of 
PHEO.

Medication, inhibition or delay of cancer meta-
static progression with effective and non-toxic 
agents, is essential in the management of vari-
ous cancers. Our previous study showed that 
ApoG2, targeting to BCL-2 family proteins, could 
induce cell apoptosis in vitro and in vivo, as well 
as inhibit cell invasion and cell migration [16]. 
However, there was no research focusing on 
the precise molecular mechanism of decreased 
cellular movement after ApoG2 treatment.

EMT has frequently been considered crucial for 
cancer metastasis. Generally, the E-cadherin/
β-catenin complex on the cell membrane plays 
an important role in cell adhesion [22, 23]. 
Activity of β-catenin in the cytoplasm is nega-
tively regulated by GSK-3β [23]. Once the Wnt 
signaling pathway is activated, β-catenin de- 
taches from the E-cadherin/β-catenin complex 
in the membrane and the GSK-3/β-catenin 
complex in the cytoplasm, and then translo-
cates into the nucleus where it promotes tran-
scription of genes, such as Zeb, Twist, Slug, 
Snail, and so on. These factors could directly/
indirectly bind to the E-box sequence in the 
E-cadherin promoter region to inhibit transcrip-
tion, contributing to the EMT process [24, 25].

In this study, we initially corroborated that 
ApoG2 could inhibit tumor cell invasion and 
migration via a converse EMT process (Figure 
7). Initially, ApoG2 could induce GSK-3 to 
detach from the GSK-3/β-catenin complex and 
subsequently GSK-3 binds to AKT, forming the 
GSK-3/AKT complex. This complex then inhibit-
ed phosphorylation of the PI3K/AKT pathway 
which was required for the EMT process and 
cell migration, as well as for participating in 
nuclear import of β-catenin [25, 26]. Although 
GSK-3 was segregated from the GSK-3/β-ca- 
tenin complex, β-catenin accompanied by E-ca- 
dherin translocated from the cytoplasm into 
the membrane rather than the nucleus, finally 
leading to suppression of EMT. While precise 
mechanisms how the loss of GSK-3 caused 
reduced activation of AKT was unclear in previ-

ous studies [27, 28], our results suggested that 
the GSK-3/AKT complex formation caused loss 
of GSK-3 and then might be an upstream nega-
tive regulator of the PI3K/AKT pathway. Unfor- 
tunately, we did not elucidate the mechanism 
how ApoG2 induced GSK-3 to detach from  
the GSK-3/β-catenin complex. Furthermore, it 
remained unclear whether reduced expression 
of transcription factor Twist by ApoG2 could 
affect the expression level of E-cadherin.

Regarding our in vivo experiment, ApoG2 af- 
fected E-cadherin distribution but did not de- 
lay, and even promoted, metastatic formation. 
Even though this result exceeded our expecta-
tion, it was quite reasonable. Metastasis was 
an intricate multi-step process. Firstly, tumor 
cells from the primary origin degraded the sur-
rounding matrix and invaded the bloodstream, 
through which they spreaded to distant sites. 
Subsequently, tumor cells escaped from the 
bloodstream into a new environment and then 
gave rise to a metastatic tumor [29, 30]. On the 
other hand, many researches had proved that 
the invasive property of tumor cells were actu-
ally increased via overexpression of EMT-re- 
lated factors (Twist or Snail) [31-33]. However, 
those cells in metastatic lesions were not mes-
enchymal characteristics [34]. That is to say, 
both EMT, which increases invasive potential, 
and mesenchymal-epithelial transition (MET), 
which increases proliferation and colonization 
abilities to anchor to distant tissues and or- 
gans, participated in the tumor metastatic  
process [35-37]. In our model, PC12 cells had 
been artificially injected into the bloodstream. 
At that time, the process of MET but not EMT 
was crucial to form metastatic loci. Thus, it was 
an inevitable tendency that enhanced MET by 
ApoG2 promoted the establishment of metas-
tases. Similarly, several studies supported our 
above analysis in different tumor types, such 
as those of prostate, breast, and bladder can-
cers [38-41].

Collectively, we reach the following conclusi- 
ons when combining data from this study with 
our previous study. Firstly, EMT is an early step 
in the development of tumor metastasis, and it 
remains unknown whether decreased EMT by 
ApoG2 could delay primary tumor metastatic 
progression. This thought should be further 
confirmed by other and better models of highly 
aggressive tumor cells instead of PC12 cells. 
However, according to our previous results, 
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ApoG2 could effectively inhibit growth of pri-
mary tumors, at least early in the disease. 
Secondly, once metastasis has happened, as 
in our mice model in this study, the effect of 
ApoG2 should be carefully considered to avoid 
an undesirable outcome. At the same time, the 
results from our own and other research might 
also point out that these so-called anti-tumor 
drugs for inhibition of migration and invasion 
should be carefully distinguished in relation to 
whether they are involved in EMT and MET pro-
cesses or not. If the conditions allow, examina-
tion of circulating tumor cells will be more sig-
nificant to assess the effect of drugs before 
treatment. Most importantly, we identify that 
GSK-3 is not only a downstream effector but 
also an upstream regulator of the PI3K/AKT 
pathway.
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Supplementary Figure 1. A. Distribution of vimentin assessed by immunofluorescence staining. B. Statistical analy-
sis of transwell assay results under different levels of E-cadherin. C, D. Statistical analysis of wound healing and 
transwell assay results with and without AR-A014418. E. Maximum diameters of metastatic foci quantified via Im-
age J software. F. Alveolar areas in a fixed-size of field quantified via Image J software. ns, P > 0.05; *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; ****, P < 0.0001.


