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OP16 induces deadly autophagy and apoptosis of cells by inhibiting 
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Abstract
Background  OP16, a derivative of the novel ent-kaurene diterpenoid compound separated from Rabdosia rubescens, has 
been confirmed for its efficacy and safety in the treatment of esophageal squamous cell carcinoma (ESCC) in our previous 
study. However, the precise mechanisms of tumor lethality mediated by OP16 have not yet been fully characterized.
Aims  To investigate the effects and molecular mechanism of OP16 on autophagy and apoptosis of ESCC cells.
Methods  Effects and mechanism of OP16 on autophagy of ESCC cells were first detected by Western blot, immunofluo-
rescence, mRFP-GFP-LC3 adenovirus infection and transmission electron microscope. Next, function of autophagy and 
apoptosis induced by OP16 on cell death was investigated by flow cytometry and CCK-8 assay. Finally, molecular mechanism 
of OP16 affecting autophagy and apoptosis of ESCC cells was explored by Western blot.
Results  We demonstrated that OP16 could induce autophagy by promoting the formation of autophagosome and autolyso-
some, and promote autophagic cell death in ESCC. Furthermore, we also found that OP16 could promote cell apoptosis by 
activating mitochondria apoptosis pathway in ESCC. Finally, we demonstrated that OP16 affecting autophagy and mito-
chondria apoptosis pathway was mediated by phosphorylation of Akt.
Conclusion  Our data show that OP16 could promote cell death through affecting autophagy and mitochondria apoptosis 
pathway mediated by Akt in ESCC, which enriches the theoretical mechanism of anti-tumor effects of OP16 and provides 
a basis for treatment of OP16 on ESCC.
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Introduction

Autophagy, a ubiquitous process induced by stresses such 
as starvation, is highly conservative in evolution and plays 
a crucial role in the growth, differentiation and homeo-
stasis of eukaryotic cells. In this process, double-mem-
brane autophagosomes captures intracellular proteins and 
organelles to provide energy and nutrition for survival of 
cells at extreme environment [1, 2]. At present, 41 Atgs 

(autophagy-related genes) have been demonstrated in yeast 
to participate in the regulation of autophagy, and the homol-
ogous genes of them in mammals have also been found, 
such as microtubule associated protein light chain 3 (LC3), 
which is a homologous protein of Atg8. LC3 includes three 
subtypes: LC3A, LC3B and LC3C, in which LC3B is con-
cerned extensively in autophagy-related studies [3]. LC3 has 
two inter-convertible forms: LC3-I and LC3-II, LC3-I in cell 
cytoplasm can be sheared and modified by ubiquitination, 
then combines with PE on the membrane of autophagosomes 
to form LC3-II [4]. LC3-II distributes widely on both sides 
of the bilayer membrane of phagocytic vesicle and has key 
function on bending and stretching of membrane during 
the formation of autophagosomes [5]. LC3-II, therefore, 
was recognized as the marker to evaluate autophagy [6]. In 
addition, SQSTM1/p62 (sequestosome) protein can prefer-
entially recognize and recruit polyubiquitinated proteins into 
the phagocytic vesicles through interacting with LC3-II, and 
then is degraded together with of these proteins. SQSTM1/
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p62, therefore, is referred as autophagy substrate protein. 
The increase of LC3-II companying with the decrease of 
SQSTM1/p62 was recognized as the mark of autophagy 
activity [7].

Autophagy has contributions to the pathogenesis of 
many diseases, including obesity, diabetes, multiple neuro-
degenerative diseases and malignancies [8, 9]. It is gener-
ally believed that autophagy plays a role of "double-edged 
sword" in the occurrence and development of tumors. At 
the early stage of tumorigenesis, autophagy can degrade the 
"cell waste" such as aged organelles and proteins in cells, 
thereby preventing tumorigenesis caused by cell damage. 
However, in the formed tumors, autophagy also can provide 
abundant energy and nutrition for tumor cells for helping 
them to survive in the stress situation caused by excessive 
growth and hypoxia [10–12]. Moreover, autophagy in the 
anti-tumor effects of chemotherapeutic drugs, including the 
natural drugs, also plays two different roles [13]. Reports 
have demonstrated autophagy induced by chemotherapeutic 
drugs, such as fluorouracil (5-FU), sulforaphane, temozolo-
mide [14–17], can repair the cell damage caused by them 
and help cells resist their lethal effects, that is, chemothera-
peutic drugs induce protective autophagy [18–20]. How-
ever, some chemotherapeutic drugs, especially some natural 
compounds such as rottlerin and caffeine [21, 22], could 
promote the death of tumor cells by inducing autophagy, 
named as autophagic cell death or type II programmed cell 
death, which is entirely different with cell apoptosis [13, 23]. 
However, mechanisms that chemotherapeutic drugs cause 
two kinds of completely different consequences by inducing 
autophagy are still obscure now.

Rabdosia rubescens, as a traditional Chinese herbal medi-
cine, has been used to treat esophageal squamous cell carci-
noma (ESCC), one of the most frequently diagnosed carci-
nomas in China for many years [24]. Oridonin, the mainly 
anti-tumor component of Rabdosia rubescens, has also been 
demonstrated to inhibit many tumors, especially gastroin-
testinal tumors by inducing autophagy [25, 26]. However, 
some characteristics of oridonin such as the relatively mod-
erate therapeutic efficacy, limited aqueous solubility and low 
structural stability have hindered its further clinical applica-
tions [27]. OP16 is a derivative of JDA, a novel ent-kaurene 
diterpenoid compound isolated from Rabdosia rubescens 
by our group, and has the same activity site with oridonin 
in chemical structure, while has better therapeutic efficacy, 
aqueous solubility and structural stability than oridonin [28, 
29]. We have demonstrated previously that OP16 had obvi-
ous anti-tumor effects on ESCC by inhibiting phosphoryla-
tion of Akt (Protein kinase B) in vitro and in vivo [30], but 
effects of OP16 on cell autophagy and the accurate anti-
tumor mechanism to ESCC were still obscure.

In this study, we further explored the effect of OP16 on 
autophagy and the relationship between autophagy and 

apoptosis as well as the potential molecular mechanism in 
ESCC.

Materials and methods

Cell lines and cell culture

Two ESCC cell lines EC9706 (poorly differentiated) and 
KYSE450 (well-differentiated) were obtained from Cell 
Bank of Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). Cells were cultured in RPMI-
1640 medium (Biological Industries, Israel) containing 10% 
fetal bovine serum (Biological Industries, Israel) using a 
CO2 incubator with saturated humidity, 5% CO2 at 37 ℃, as 
described before [31]. Cells were continuously generated no 
more than three months before used.

Reagents and antibodies

Structure and characters of OP16 have been described in 
our previous study [30]. Chloroquine diphosphate (CQ, 
HY-17589), Bafilomycin A1 (HY-100558), Z-VAD-FMK 
(HY-16658B), SC79 (HY-18749) were obtained from MCE 
(MedChemExpress, USA). The primary antibodies p-Akt 
(Ser473) (#4060), Akt (#4691), Cleaved-caspase-9 (#7237), 
Cleaved-caspase-3 (#9664), Bax (#5023), Bcl-2 (#15071), 
LC3B (#3868), p62 (#8025), Beclin-1 (#3495), Atg5 
(#1299), Atg7 (#8558), Atg12 (#4180), GAPDH (#5174), 
HRP-linked secondary antibodies, Alexa Flour 488-conju-
gated (#4416) and Alexa Flour 555 Phalloidin (#8953) were 
obtained from Cell Signaling Technology (USA).

Western blot analysis

As described before [31, 32]. Equal amounts of proteins 
(30 μg) separated by SDS-PAGE were transferred onto 
nitrocellulose membranes and blocked with 5% skimmed 
milk for 2 h, and then the membranes were incubated with 
primary antibodies overnight at 4 °C. After the membranes 
were incubated with corresponding secondary antibodies at 
room temperature for 2 h, immunoblots were visualized by 
enhanced chemiluminescence (ECL) reagent (Thermo Sci-
entific, USA). The membranes were rinsed three times with 
PBST (Phosphate Buffer Solution and Tween20) between 
the incubations described above. Quantification of protein 
relative to GAPDH was presented based on ImageJ densi-
tometric analysis.
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Immunofluorescence assay

Immunofluorescence was used to analyze the subcellular 
distribution of LC3. In brief, EC9706 cells were seeded 
in a six-well plate with coverslips placed in advance at 
3 × 106 cells/well and treated with 10 μM of OP16 and 
100 nM of Bafilomycin, respectively, for 12 h. After cov-
erslips were taken out and cells on them were fixed with 
4% formaldehyde for 15 min, 3% bovine serum albumin 
(BSA) and 0.3% Triton X-100 were dropped on the cells 
for 60 min. Cells were followed by being incubated with 
LC3B primary antibody (Rabbit mAb) diluted with buffer 
(0.3% Triton X-100 and 1% BSA, 1:200) overnight at 4 °C, 
then incubated with Alexa Flour 488-conjugated second-
ary antibody (1:500) in the dark for 1 h. Cells were stained 
with Alexa Flour 555 Phalloidin for 45 min and DAPI for 
10 min in the dark, followed by being observed and pho-
tographed under a confocal microscope. Cells were rinsed 
3 times with phosphate-buffered saline (PBS) between the 
incubations described above.

mRFP‑GFP‑LC3 adenovirus infection assay

Double labeled adenovirus vector mRFP-GFP-LC3 was 
used to label LC3 for observing autophagosome and autol-
ysosome. In brief, EC9706 cells were seeded on U-Slide 
plates to 70% confluency and transfected with mRFP-GFP-
LC3 adenovirus (Hanbio Biotechnology Co., Ltd., Shang-
hai, China) at 800 of multiplicity of infection (MOI = 800) 
using polybrene for 48 h. Then cells were treated with OP16 
(10 μM) and Bifilomycin A1 (100 nM), respectively, for 
6 h, the fluorescence of cells was detected using a confocal 
microscope.

Transmission electron microscope assay

EC9706 cells were plated in 6-well plates and treated with 
OP16 (10 μM) or rapamycin (50 nM) (as positive control) 
for 6 h. After cells were collected and fixed with 2.5% gluta-
raldehyde at 4 °C for 2 h, the ultrastructure of autophagy and 
autolysosome in cells were observed using a transmission 
electron microscope (TEM).

Cell apoptosis assay

Cell apoptosis was measured by Annexin V-FITC/PI Apop-
tosis Detection Kit (KeyGEN, China). ESCC Cells treated 
with different measures were collected, washed twice with 
cold PBS and re-suspended using binding buffer. Cell was 
stained with 5 μL Annexin V-FITC and 5 μL PI, respectively, 

for 15 min in the dark, and then analyzed by flow cytometer 
(Becton Dickinson, USA).

Mitochondrial membrane potential (ΔΨm) assay

The fluorescent dye JC‐1 (Beyotime Biotech, Shanghai, 
China) was used to detect the alteration of ΔΨm. In brief, 
EC9706 and KYSE450 cells disposed with the disparate 
dosages of OP16 (0, 10, 20, and 30 μM) for 24 h were har-
vested and co-fostered with 500 µl JC-1 working solution at 
37 °C for 20 min in the dark. After cells were rinsed twice 
and re-suspended with JC-1 buffer, the alteration of ΔΨm 
in both EC9706 and KYSE450 cells was monitored by flow 
cytometry.

shRNA plasmid transfection

EC9706 cells were cultured overnight with antibiotic-free 
medium and transfected with Beclin-1 shRNA vector (5′-
GGA CAA CAA GTT TGA CCA TGC-3′) and control 
shRNA vector (5′-GTT CTC CGA ACG TGT CAC GT-3′) 
(Gene Pharma Co., Ltd, Shanghai, China), respectively, 
using Lipofectamine® 3000 (Invitrogen) as described 
previously [32]. Cells with stable expression of Beclin-1 
shRNA were screened using culture medium with 2.5 μg/
mL puromycin.

Cell viability assay

After ESCC cells seeded in 96-well plate at 6 × 103 cells/
well were incubated overnight and treated with different 
measures, 5 µL Cell Counting Kit-8 reagent (CCK-8, Beyo-
time Biotech, China) was added into every well. Cells were 
incubated for another 2 h, and the absorbance (optical den-
sity) of cells at 450 nm was measured by BioTEK system 
(PerkinElmer Enspire).

Protein–protein interaction (PPI) analysis

The STRING database (Search Tool for the Retrieval of 
Interacting Genes/Proteins) was used to analyze the func-
tional associations between Akt, autophagy-related pro-
teins and apoptosis-related proteins in tumors of a global 
scale (STRING, https​://strin​g-db.org) [33, 34]. Confidence 
score ≥ 0.4 was considered as significant.

Statistical analysis

All experiments were triply repeated independently and 
the results were analyzed statistically by one-way analy-
sis of variance (ANOVA) using SPSS21.0 software (SPSS 
Inc., Chicago, IL, USA) and GraphPad Prism version 
8.0 (San Diego, CA, USA). The data were expressed as 

https://string-db.org
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mean ± standard deviation and P < 0.05 was considered sta-
tistically significant.

Results

OP16 induced autophagy through promoting 
the formation of autophagosome and autolysosome

To explore whether OP16 (Fig. 1a), the new compound 
with the same activity site with oridonin, can affect cell 
autophagy in ESCC as oridonin [35, 36], expressions of 
autophagy key proteins LC3B and SQSTM1/p62 were firstly 
investigated by Western blot after EC9706 and KYSE450 
cells, respectively, were treated with OP16 at different con-
centration (0, 1, 5, 10 μM) for 12 h. Compared with the 
corresponding untreated cells, the expression of LC3B-
II increased (P < 0.01 or P < 0.001) and SQSTM1/p62 
decreased (P < 0.05 or P < 0.001) in EC9706 and KYSE450 
cells along with the concentration increase of OP16, indi-
cating that OP16 could affect expression of autophagy pro-
teins in a concentration-dependent manner in ESCC cells 
(Fig. 1b).

Next, Effects of OP16 on the subcellular distribution 
of LC3B protein were assayed by immunofluorescence. 
As shown in Fig. 1c, LC3B with green fluorescence was 
observed in the cytoplasm of EC9706 cells treated with 
Bafilomycin A1, which can induce the accumulation of 
LC3B by inhibiting the function of lysosome. The similar 
phenomenon was observed after cells were treated with 
OP16, indicating that OP16 could promote accumulation 
of LC3B in cytoplasm. In addition, we detected the expres-
sion change of LC3B after EC9706 cells were treated with 
bafilomycin A1 (100 nM) and chloroquine (CQ, 20 µM), 
alone or combined with OP16 (10 µM), respectively, for 
6 h. The results showed that the expression of LC3B in 
cells treated with bafilomycin A1, CQ or OP16 alone sig-
nificantly increased compared to the control cells (P < 0.01 
or P < 0.001), while there was highest expression in cells 
treated with OP16 combined with bafilomycin A1 or CQ, 
respectively (P < 0.001) (Fig. 1d), which suggested that 
OP16 might further increase the expression of LC3-II 
through promoting the formation of more autophago-
some to activate autophagy flux after Bafilomycin A1 
and CQ inhibited the combination of autophagosome and 
lysosome.

Fig. 1   OP16 induced autophagy of ESCC cells through promot-
ing the formation of autophagosome and autolysosome. a Chemical 
structure of OP16. b Expression levels of LC3B and SQSTM1/p62 
in EC9706 and KYSE450 cells treated with various doses of OP16 
(0, 1, 5 and 10 μM) for 12 h. c LC3B distribution in EC9706 cells 
treated with bafilomycin A1 (100  nM) or OP16 (10  µM) for 12  h. 
d Expression of LC3B-II in EC9706 cells treated with bafilomy-
cin A1 (100 nM) and chloroquine (20 μM) alone or combined with 

OP16 (10 μM) for 6 h. e Representative images of autophagosomes 
in EC9706 cells infected with mRFP-GFP-LC3 adenovirus treated 
with OP16 (10 μM) or bafilomycin A1 (100 nM) for 6 h. f Electron 
microscopy showed the increased autophagosomes and autolys-
osomes in EC9706 cells treated with OP16 (10  μM) or rapamycin 
(50 nM) for 6 h. *P < 0.05, **P < 0.01, ***P < 0.001, versus control 
group; ##P < 0.01, ###P < 0.001, versus single-drug treatment group
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To further demonstrate the promoting effects of OP16 
on autophagy flux, EC9706 cells were transfected with 
mRFP-GFP-LC3B adenovirus vector, which could mark 
autophagosome (yellow dot) and autolysosome (red dot), 
and observed under the confocal microscope. The results 
are shown as Fig. 1e, the fluorescence was distributed dis-
persively and had no aggregate spot in control cells, while 
in cells treated with OP16, the yellow and red fluorescent 
spots were observed obviously and green fluorescence partly 
quenched compared to cells treated with bafilomycin A1, 
indicating that OP16 could activate autophagy flux by pro-
moting the formation of autophagosome and autolysosome.

Further, we observed the ultrastructure of autophago-
some and autolysosome in cells using transmission electron 
microscope after EC9706 cells was treated with OP16 and 
rapamycin, a typical autophagy inducer [36, 37]. Compared 
with the control cells, a large number of bilayer-membrane 
autophagosome and monolayer-membrane autolysosome 
(red arrows) were observed in cells treated with OP16, as 
shown in cells treated with rapamycin (Fig. 1f). Moreover, 
since cell autophagy is an energy-consuming process, a large 
number of mitochondria (yellow arrows) could be observed 
around autophagosome and autolysosome in cells treated 
with OP16 or rapamycin (Fig. 1f).

These results above demonstrated that OP16 could induce 
autophagy by promoting the formation of autophagosome 
and activating autophagy flux in ESCC cells.

OP16 can induce partly apoptosis of ESCC cells 
through activating mitochondrial apoptosis 
pathway

To explore the effects of OP16 on cell apoptosis, cell apopto-
sis and JC-1 mitochondrial membrane potential (ΔΨm) were 
detected by a flow cytometer, and expression of the related 
proteins (Bcl-2, Bax, Cleaved-caspase-9 and Cleaved-
caspase-3) in the mitochondrial apoptosis pathway was 
detected by Western blot after EC9706 and KYSE450 cells, 
respectively, were treated with OP16 at different concentra-
tions (0, 10, 20 and 30 μM) for 24 h. As shown in Fig. 2a, 
the apoptosis rate of EC9706 or KYSE450 cells increased 
along with the increasing of OP16 concentration compared 
to control cells (P < 0.001), indicating that OP16 can induce 
apoptosis of ESCC cells in a concentration-dependent man-
ner. The results of ΔΨm assay showed that the JC-1 mon-
omers (%) increased gradually along with the increase of 
OP16 concentration compared to control cells (P < 0.01 or 
P < 0.001), indicating that OP16 could promote apoptosis by 
decreased the mitochondrial membrane potential (Fig. 2b). 
Moreover, the expression of Bcl-2 decreased, while Bax, 
Cleaved-caspase-9 and Cleaved-caspase-3 increased in cells 
treated with OP16 compared to untreated cells (P < 0.05 or 
P < 0.001, Fig. 2c). The above results indicated that OP16 

could induce cell apoptosis through activating mitochondrial 
apoptosis pathway.

Another, to further demonstrate whether OP16 induced 
cell apoptosis completely through activating mitochondrial 
apoptosis pathway, apoptosis of EC9706 and KYSE450 cells 
treated with OP16 (20 µM) and caspase inhibitor Z-VAD-
FMK (20 µM) alone or combined for 24 h was detected by 
flow cytometry. As shown in Fig. 2d, compared to control 
group, Z-VAD-FMK alone had no obvious inducing apop-
tosis effects on EC9706 and KYSE450 cells, OP16 alone or 
combined with Z-VAD-FMK sharply induced cell apopto-
sis (P < 0.001), while the apoptosis rate in OP16 + Z-VAD-
FMK group was obviously lower than that in OP16 group 
(P < 0.01 or P < 0.05), indicating that Z-VAD-FMK partly, 
but not completely, offset the inducing effects of OP16 on 
cell apoptosis. In other words, OP16 might induce apoptosis 
through other mechanism except for its activation to mito-
chondrial apoptosis pathway.

OP16 inducing autophagy promotes apoptosis 
of ESCC cells

To explore whether OP16 activating autophagy could induce 
cell apoptosis in ESCC, EC9706 and KYSE450 cells were 
treated with chloroquine (20 μM) or free-serum starvation 
alone or combined with OP16 (20 μM) for 24 h, cell apop-
tosis were detected by flow cytometry. As shown in Fig. 3a, 
compared to control cells, both CQ and free-serum starva-
tion had no obvious apoptosis-inducing effects on ESCC 
cells, but inhibiting autophagy by CQ impaired the apopto-
sis-inducing effects of OP16 on cells and the apoptosis rate 
decreased 40.7% and 23.4%, respectively, in EC9706 and 
KYSE450 cells treated with OP16 + CQ compared to OP16 
group (P < 0.001 or P < 0.01), while inducing autophagy 
by free-serum starvation enhanced the apoptosis-inducing 
effects of OP16 on cells and the increasing rate was 84.8% 
and 24.5%, respectively, in EC9706 and KYSE450 cells 
treated with OP16 + starvation compared to cells treated 
with OP16 (P < 0.001 or P < 0.01).

Moreover, we investigated effects of OP16 (20 μM for 
24 h) on apoptosis and proliferation of EC9706 cells by 
flow cytometry after the expression of Beclin-1, an impor-
tant protein for regulating the early stage of autophagy, was 
downregulated with Beclin-1 shRNA. As shown in Fig. 3b, 
Beclin-1 shRNA significantly downregulated the expression 
of Beclin-1 in EC9706 cells and the decrease rate reached 
to 73.6%. Beclin-1 shRNA had no obvious effects on cell 
apoptosis and proliferation, while when cells transfected 
with Beclin-1 shRNA treated with OP16, apoptosis rate 
was decreased 37.9% and cell viability rate was increased 
18.0% compared with that in OP16 group (P < 0.001), indi-
cating that inhibiting the early stage of autophagy could also 



224	 Molecular and Cellular Biochemistry (2020) 472:219–230

1 3

Fig. 2   OP16 induces apoptosis of ESCC cells partly through activat-
ing mitochondrial apoptosis pathway. a, b Cell apoptosis and mito-
chondrial membrane potential (ΔΨm), respectively, of EC9706 and 
KYSE450 cells treated with OP16 at different concentrations (0, 10, 
20 and 30 μM) for 24 h. c Expression levels of Bcl-2, Bax, Cleaved-
caspase-9 and Cleaved-caspase-3 in EC9706 and KYSE450 cells 

treated with OP16 (0, 10, 20 and 30  μM) for 12  h. d Cell apopto-
sis rate of EC9706 and KYSE450 cells treated with OP16 (10  μM) 
alone and combined with Z-VAD-FMK (20 μM) for 24 h. *P < 0.05, 
**P < 0.01, ***P < 0.001, versus control group; #P < 0.05, ##P < 0.01, 
###P < 0.001, versus single-drug treatment group
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weaken the apoptosis-inducing and proliferation-inhibiting 
effects of OP16 on ESCC cells (Fig. 3c, d).

These results above showed that inhibiting autophagy 
could weaken while inducing autophagy could enhance the 
apoptosis-inducing effects of OP16 on ESCC cells, suggest-
ing that OP16 could induce deadly autophagy of cells in 
ESCC.

OP16 induces autophagy and activates 
mitochondria apoptosis pathway by inhibiting Akt 
phosphorylation in ESCC cells

Akt has been demonstrated to be a key factor for the anti-
tumor efficiency of OP16 to ESCC in our previous study 
[30]. To explore whether OP16 regulating autophagy and 
apoptosis had correlation with Akt in ESCC, we analyzed 
the interaction relationship of Akt, autophagy and apoptosis 
in tumors using STRING database. PPI network is shown 
as Fig. 4a, there were 54 nodes and 757 edges between 
Akt, autophagy- and apoptosis-related proteins, indicat-
ing that there was regulating relationship between Akt and 
autophagy- or apoptosis-related proteins. Moreover, the 
potential biological processes were further analyze as shown 
in Fig. 4b, there were 12 nodes and 56 edges, indicating that 
Akt was involved in the regulation of autophagy, apoptosis 
and mitochondrial membrane potential but not in the pri-
mary process of autophagy in tumorigenesis.

According to the results of biological information analy-
sis, we explored the molecular mechanism of OP16 induc-
ing autophagy in ESCC, we firstly detected the effects of 
OP16 on the expression of Atg protein in start stage of 
autophagy by Western blot after EC9706 or KYSE450 cells 
were treated with OP16 (0, 1, 5 and 10 μM) for 12 h. The 
results are shown as Fig. 4c, expression of Atg5, Atg7 and 
Atg12 in EC9706 or KYSE450 cells had no significant 
change compared with the control cells (P > 0.05), indicat-
ing that OP16 had no effects on autophagy-primary stage, 
which was in accordance with the results of PPI analysis. 
Next, we explored the effects of Akt phosphorylation on 
cell autophagy induced by OP16. EC9706 and KYSE450 
cells were treated with OP16 (10 µM) and SC79 (40 µM), 
an activator of Akt, alone or combined for 12 h, expres-
sion of LC3B and p-Akt (Ser473) were detected. As shown 
in Fig. 4d, compared with the untreated group, SC79 pro-
moted expression of p-Akt (Ser473), OP16 alone could 
significantly decrease the expression of p-Akt (Ser473) 
and increase the expression of LC3B (P < 0.001), while the 
expression of p-Akt (Ser473) was significantly higher and 
LC3B was lower in cells treated with OP16 combined with 
SC79 than that in cells treated with OP16 alone (P < 0.001), 
suggesting that SC79 activating Akt could impair the inhib-
iting effects of OP16 on p-Akt (Ser473) and the inducing 
effects of OP16 on LC3B. The results indicated that OP16 
induces autophagy by inhibiting Akt phosphorylation in 

Fig. 3   OP16 promotes apoptosis by inducing autophagic cell death 
in ESCC. a Apoptosis rate of EC9706 and KYSE450 cells treated 
with OP16 (20 μM) alone or combined with chloroquine (20 μM) and 
serum-free starvation, respectively, for 24 h. b Expression of Beclin-1 
in EC9706 cells with Beclin-1 shRNA. c and d Apoptosis rate and 

cell viability, respectively, of EC9706 cells with Beclin-1 shRNA 
treated with OP16 (20 µM) for 24 h. **P < 0.01, ***P < 0.001, versus 
control group, ##P < 0.01, ###P < 0.001, versus single-drug treatment 
group
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ESCC. In addition, we investigated the expression of pro-
teins in mitochondrial apoptosis pathway after cells were 
treated as described above. The results demonstrated that 
SC79 also impaired the promoting effects of OP16 on 
Cleaved-caspase-9 and Cleaved-caspase-3 (P < 0.05 or 
P < 0.01) (Fig. 4e), indicating that OP16 activated mitochon-
drial apoptosis pathway through inhibiting phosphorylation 
of Akt in ESCC. The above results indicated that the OP16 
induces both cell autophagy and activates mitochondrial 
apoptosis pathway apoptosis in ESCC through inhibiting 
phosphorylation of Akt.

Discussion

ESCC is an aggressive human malignancy, which has a 
high morbidity and mortality rate in North China, Japan, 
Northern Iran and South Africa [38], while the number of 
ESCC patients in China is more than 50% [39]. Autophagy, 
as an evolutionarily conserved catabolic process, has been 
extensively studied, the alterations in autophagy have been 
linked to human pathologies, including neurodegeneration, 

inflammatory bowel disease, and cancers [40, 41]. We have 
shown the anti-tumor effects of OP16 on ESCC by inhibiting 
p-Akt in our previous study [30], in this study, we further 
explore the mechanism of OP16 inhibiting ESCC and dem-
onstrated that the apoptosis-promoting effects of OP16 on 
ESCC have related to its inducing effects on cell autophagy 
and activating effects on mitochondria apoptosis pathway, 
and both of which were mediated by the inhibition effects of 
OP16 on phosphorylation of Akt (Fig. 5).

Researches have demonstrated that there are high 
autophagy activity in subsets of melanoma, colorectal can-
cer, myeloma and renal cell carcinoma patients [42–44], 
including ESCC [45], and tumors are more sensitive to 
autophagy inhibition than normal tissues [46]. However, 
it has been demonstrated that oridonin, the key anti-tumor 
component of Rabdosia rubescens widely grown in China 
and Japan, could promote apoptosis of tumor cells by induc-
ing autophagy. We, therefore, explored the autophagy-induc-
ing effects of OP16, which has the same active site with ori-
donin. Bafilomycin A1, CQ and rapamycin, here, were used 
as the control drugs in the experiments. Bafilomycin A1 
and CQ, the regular autophagy inhibitors, can inhibit fusion 

Fig. 4   OP16 induces autophagy and apoptosis by inhibiting Akt in 
ESCC. a Information of PPI network. PPI network consisted of 54 
nodes and 757 edges were constructed by overlapping Akt, and yel-
low nodes represent proteins associated with Akt. b Multiple Proteins 
PPI network included 12 nodes and 56 edges, Each node represents 
all the proteins produced by a single, protein-coding gene locus, and 
color of blue, red, green and yellow were represent regulation of 
apoptotic process, regulation of mitochondrial membrane potential, 
regulation of autophagy and autophagy, respectively. Filled nodes 
indicated some 3D structure known or predicted. Edges: Edges rep-

resent specific and meaningful. Line thickness indicates the strength 
of data support. MAP1LC3A: LC3A, MAP1LC3B: LC3B, SQSTM1: 
SQSTM1/p62, BECN1: Beclin-1, CASP3: Caspase-3, CASP9: 
Caspase-9. c Expression of Atg5, Atg7 and Atg12 in EC9706 and 
KYSE450 cells treated with different concentrations of OP16 (0, 1, 
5 and 10  μM) for 12  h. d, e Expression of LC3B, p-Akt (Ser473), 
Cleaved-caspase-9 and Cleaved-caspase-3 in EC9706 and KYSE450 
cells treated with OP16 (10  μM) and SC79 (40  μM) alone or com-
bination for 12  h. **P < 0.01, ***P < 0.001, versus control group, 
#P < 0.05, ##P < 0.01, ###P < 0.001, versus single-drug treatment group



227Molecular and Cellular Biochemistry (2020) 472:219–230	

1 3

of autophagosome and lysosome by inhibiting the function 
of lysosome, and cause the accumulation of autophagy in 
the cells by increasing expression of LC3B protein located 
on the membrane of autophagy [47, 48], while rapamycin 
is not only the inhibitor of mTOR pathway [49], but also 
a typical autophagy inducer [37]. We firstly showed that 
OP16 could promote LC3B and decrease SQSTM1/p62 
expression in ESCC cells by Western blot. Next, we indi-
cated that OP16 could promote accumulation of LC3B in 
cytoplasm by immunofluorescence assay. Moreover, when 
ESCC cells were treated with OP16 combined with bafilo-
mycin A1 or CQ, respectively, expression of LC3B-II was 
obviously higher than cells treated with OP16, bafilomycin 
A1 or chloroquine alone. In other words, Bafilomycin A1 
and CQ promoted the expression of LC3B-II through inhi-
bition the fusion of autophagosome and lysosome, OP16 
might further increase of LC3B-II expression through pro-
moting the formation of more autophagosomes to activate 
autophagy flux. However, the results above were inadequate 
to judge the inducing effects of OP16 on autophagy, because 
both promoting autophagy flux and retarding the informa-
tion of autolysosome could cause the aggregation of LC3B. 
We, therefore, further detected the effects of OP16 on the 
autophagic flux activity using double-marked adenovirus 
vector mRFP-GFP-LC3B, which is regularly used to mark 
autophagosome and autolysosome. Yellow fluorescence rep-
resents autophagosome, which produced by the co-localiza-
tion of green and red fluorescence, while when autophago-
some combines with lysosomes into autolysosome, the 
acidity in cells will increase and green fluorescence will 
quench, red fluorescence therefore represents autolysosome 
[50, 51]. Bafilomycin A1 can gather autophagosome in cells 
by blocking the combination of autophagosome and lys-
osomes, so in cells treated with bafilomycin A1, strong yel-
low fluorescence could be observed because of no quench of 

green fluorescence, while in cells treated with OP16, strong 
yellow and red fluorescence as well as the partly quenched 
green fluorescence could be observed (Fig. 1e), which sug-
gested that OP16 promoted the formation of autophagy 
flux. Finally, we showed morphologically OP16 promoted 
the formation of autophagosomes and autolysosomes of 
ESCC cells by transmission electron microscopy. The results 
above demonstrated sufficiently that OP16 could induce cell 
autophagy in ESCC.

Researches confirmed that oridonin can induce apoptosis 
of tumor cells by activating caspase apoptosis signal cascade 
in many cancers such as cervical cancer and osteosarcoma 
[52, 53]. We also demonstrated the promoting-apoptosis 
effects of OP16 on ESCC through activating mitochondria 
apoptosis pathway in our previous study [30] and in this 
study (Fig. 2a-c). However, when we treated ESCC cells 
with the combination of OP16 and caspase inhibitor Z-VAD-
FMK, we found Z-VAD-FMK could not neutralize com-
pletely the inhibition of OP16 on cell apoptosis (Fig. 2d), 
which indicated that there might be other mechanism in 
OP16-induced apoptosis. To explore whether OP16-induced 
apoptosis had relationship with OP16-induced autophagy, 
we treated ESCC cells with OP16 combined with autophagy 
inhibitor CQ or serum-free starvation as well as Beclin-1 
shRNA, and found that CQ and Beclin-1 shRNA impaired 
the promoting effects of OP16 on cell apoptosis, while 
serum-free starvation promoted the apoptosis-inducing 
effects of OP16, indicated that OP16 inducing autophagy 
could promote apoptosis of ESCC cells. Therefore, OP16 
induced apoptosis of ESCC cell not only because of its acti-
vation to mitochondria apoptosis pathway, but also its induc-
tion to cell autophagy.

To explore the mechanism of OP16 inducing cell autophagy 
in ESCC, we detected the effect of OP16 on the key initia-
tive proteins in autophagy Atg5, Atg7 and Atg12. However, 

Fig. 5   OP16 induces deadly 
autophagy and apoptosis of 
ESCC cells by inhibiting Akt
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we found OP16 had no obvious effects on these proteins 
(Fig. 4c), indicating that OP16 inducing autophagy by pro-
moting autophagosome and autolysosome formation has no 
relationship with the initiative stage of autophagy. Researches 
demonstrated that autophagy can be regulated by many sig-
nal pathways, such as Akt [54, 55]. Akt is a negative regula-
tory factor of autophagy and plays a key role in autophagy 
regulation [56], and the results of biological information also 
primarily demonstrated the regulation relationship of Akt to 
autophagy- and apoptosis-related proteins (Fig. 4a, b). Because 
we have demonstrated the inhibiting effects of OP16 on the 
phosphorylation of Akt [30], to explore whether autophagy 
induced by OP16 was regulated by Akt, an Akt-activating 
agent SC79 was used to treat ESCC cells to promote phospho-
rylation of Akt, and then the expression of LC3B was detected. 
We found SC79 inhibited expression of LC3B and neutralized 
the promoting effects of OP16 on LC3B (Fig. 4d), indicating 
that OP16 induced autophagy by inhibiting phosphorylation 
of Akt. A large number of studies have shown that Akt is an 
important pro-proliferation and pro-survival factor, which 
can control the proliferation and apoptosis of cells by regulat-
ing the downstream substrates as well as the mitochondrial 
apoptosis pathway [57, 58]. Oridonin could induce apoptosis 
of tumor cells by activating caspase signal cascade mediated 
by inhibiting PI3K/Akt signal pathway [25]. In this study, we 
demonstrated activating Akt by SC79 impaired the activating 
effects of OP16 on cleaved caspase3/9 (Fig. 4e), suggesting 
that OP16 activated mitochondrial apoptosis pathway by inhib-
iting phosphorylation of Akt.

In conclusion, our data disclosed that OP16 could promote 
cell apoptosis by activating mitochondria apoptosis pathway 
and inducing cell autophagy through inhibiting phosphoryla-
tion of Akt (Fig. 5). These findings would enrich the theoreti-
cal mechanism of anti-tumor effects of OP16 and provide a 
basis for future clinical trials of OP16 treating ESCC.
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