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Abstract: The difficulty of detection at an early stage and the ease of developing resistance to chemotherapy render 
ovarian cancer (OVC) difficult to cure. Although several novel cancer therapies have been developed recently, drug 
resistance remains a concern since chemotherapy remains as the most commonly used treatment for cancer pa-
tients. Therefore, there is an urgent need to reclaim potential combination treatments for OVC. So far, there have 
been several research targeting the endocannabinoid system (ECS) in cancer. Among the various cannabinoid-
based drugs, endocannabinoids, which are lipid molecules generated in the body, have been reported to produce 
many anti-tumor effects; however, research investigating the anti-chemoresistance effect of endocannabinoids in 
OVC remains unclear. In this study, we aimed to combine endocannabinoids, anandamide (AEA), and 2-arachi-
donoylglycerol (2-AG) with chemotherapeutic drugs as a combination approach to treat OVC. Our results showed 
that OVC cells expressed both cannabinoid receptors (CBR), CB1 and CB2, suggesting the possibility of endocan-
nabinoid system (ECS) as a target. We found that the anti-chemoresistance effect mediated by endocannabinoids 
was caused by upregulation of ceramide levels, leading to severe endoplasmic reticulum (ER) stress and increased 
autophagy in chemoresistant cancer cells. Therefore, chemoresistant cancer cell growth was inhibited, and cell 
apoptosis was induced under combined treatments. Based on our results, endocannabinoids overcomed chemore-
sistance of OVC cells in vitro. Our findings suggest that drugs targeting ECS may have the potential to be adjuvants 
for chemotherapy by increasing the efficacy of chemotherapeutic drugs and decreasing their side effects.
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Introduction

Although ovarian cancer (OVC) is relatively rare 
in women compared to other types of cancer, 
its high fatality makes it the leading cause of 
death in gynecological cancer [1]. The reason 
that the mortality rate of OVC remains obsti-
nately high may be due to its unapparent signs 
at the early stage and its tendency to relapse 
after a 2- to 10-year treatment, thus easily 
developing chemoresistance to platinum- or 
taxane-based drugs. Chemoresistance remains 
an important issue since chemotherapy is still 
the most commonly used treatment despite 

the development of several novel cancer treat-
ments, such as immunotherapies or therapeu-
tic cancer vaccines [2]. For these novel cancer 
treatments to be widely applied in clinics, 
decades of development are still required to 
mature the techniques and reduce costs. 
Therefore, during the transition period of can-
cer treatment, it is still worthwhile to explore 
new treatments to overcome chemoresistance 
in OVC and to improve the poor prognosis of 
cancer patients. 

The involvement of ER stress in the develop-
ment of drug resistance has long been dis-
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cussed. ER stress can be activated by the out-
side environment, such as hypoxia, changes  
of tumor microenvironment or cytotoxic thera-
py, and inner conditions, such as dysregulated 
metabolism and altered transcription of onco-
genes [3]. Activation of ER stress could either 
benefit cancer cell proliferation, metastasis 
and chemoresistance, or hinder cancer pro-
gression by inducing cell apoptosis. Some stud-
ies have found that persistent and moderate 
ER stress may promote drug resistance by 
increasing the expression of NF-κB or anti-
apoptotic proteins, such as the Bcl-2 family [4], 
while other studies have shown that severe ER 
stress restrains tumor growth [5, 6]. Hence, 
interfering with ER homeostasis and triggering 
a lethal ER stress response by the combination 
of standard therapies with other drugs that 
modulate ER stress may be considered for can-
cer patients. Autophagy, the downstream sig-
naling pathway of ER stress, has also been 
implicated in the development of chemoresis-
tance. Autophagy is a process by which cells 
strike a balance between survival and death 
through the degradation of myriad proteins  
and organelles, and as such, maintains well-
behaved protein functions [7]. It plays a com-
plex role in cancer cell survival. Although some 
studies have found that autophagy activation 
increases chemoresistance in some cancers, 
others have suggested a lack of autophagy  
may also promote tumor growth [8]. Therefore, 
either insufficient or excessive autophagy can 
lead to cell apoptosis [9]. 

The endocannabinoid system (ECS), which 
includes cannabinoid receptors 1 and 2 (CB1 
and CB2), endogenous cannabinoids (endo- 
cannabinoids), and their degradation enzymes, 
controls miscellaneous physiological capabili-
ties, and their pleiotropic nature renders it fea-
sible for use as targeted molecular therapy in 
many diseases [10]. To date, many cannabi-
noid-based drugs have been used for medical 
purposes and investigated in several diseases, 
such as mental disorders, neurodegenerative 
disorders, epilepsy and cancer [11, 12]. The 
application of the two best-known endocan-
nabinoids, AEA and 2-AG, has also been stud-
ied, especially in cancer [13-15]. Both AEA and 
2-AG have been reported to elicit various anti-
tumor effects, including the inhibition of the 
cell cycle, cell migration, invasion, and the 
induction of cell death in a variety of cancers, 

such as glioma, melanoma, lung cancer, breast 
cancer, and prostate cancer [16, 17]. Moreover, 
previous studies have found the existence of 
ECS in the ovarian surface epithelium and fal-
lopian tube, which are potential origins of ovar-
ian tumors [18-21], thus suggesting the possi-
bility of targeting ECS to treat OVC. Another 
study also reported that higher CB1 expression 
levels were positively correlated with the sever-
ity of OVC [22], indicating that CB1 may pro-
mote tumorigenesis or aggravate cancer pro-
gression. Despite of the above findings, the 
exact role of ECS in the development of OVC 
remains unclear [23], and whether endocan-
nabinoids, AEA and 2-AG, can be used as “adju-
vants” for boosting the therapeutic efficacy of 
standard chemotherapy has not been investi-
gated in OVC so far. Therefore, we aimed to 
decipher the ability of endocannabinoids to 
reverse chemoresistance in OVC. 

Based on previous research indicating that 
some cannabinoid-based drugs are capable of 
inducing apoptosis leading to tumor retardation 
by enhancing ER stress and autophagy [24-27], 
we also found that the overwhelming ER stress 
and autophagy triggered by endocannabinoids 
could overcome the chemoresistance in OVC, 
thus inducing chemoresistant cancer cell death 
under combined treatments. These findings are 
also consistent with previous research report-
ing that several cannabinoid-based drugs exert 
their anti-tumor effects through the activation 
of ER stress and autophagy in various cancers 
[28, 29]. Our study demonstrates the mecha-
nism underlying endocannabinoid-induced re- 
version of chemoresistance and highlights the 
potential use of endocannabinoids in OVC.

Materials and methods

Cell lines and culture

ES2 (RRID: CVCL_3509) and IGROV1 (RRID: 
CVCL_1304) OVC cell lines were cultured in 
McCoy’s 5A (Sigma, #M4892) and RPMI 1640 
(Gibco, #31800022) media supplemented with 
10% fetal bovine serum and 1% penicillin/ 
streptomycin, respectively. Normal ovarian  
epithelial cells (IOSE398, HOSE6-3, and 
HOSE11-12) were cultured in 1:1 ratio of MCDB 
105 (Sigma, #M6395) and M199 (Sigma, 
#M0393) media. The cells were incubated un- 
der 5% CO2 at 37°C. Cell lines had been au- 
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thenticated by short tandem repeat profiling 
and had been routinely tested for mycoplasma. 
Cisplatin-resistant cells were selected by se- 
quential drug treatments until they could sur-
vive with 2 μM cisplatin (Sigma, #P4394). 
Paclitaxel-resistant cells were selected until 
they could tolerate with 0.01 μg/mL (for ES2 
cell line) or 0.1 μg/mL (for IGROV1 cell line) 
paclitaxel (Sigma, #T7402). 

Chemical compounds and cell toxicity analysis

Chemical compounds including AEA (Cayman, 
#90050), 2-AG (Cayman, #62160), myriocin 
(Sigma, #M1177), cisplatin (Sigma, #P4394), 
paclitaxel (Sigma, #T7402) and chloroquine 
(Cayman, #14194) were used in this study. For 
cell toxicity analysis, both ES2 and IGROV1 OVC 
cell lines were seeded in 3-cm dish for 18-24 h, 
followed by treatment with different concentra-
tions of endocannabinoids and chemothera-
peutic drugs for 48 h. The cells were fixed in 4% 
paraformaldehyde (Alfa Aesar, #43368) was 
stained with 1 μg/mL Hoechst 33342 (Sigma, 
#14533) for 1 h. Images of each dish were 
taken under an inverted microscope, and the 
cell numbers were counted using ImageJ soft-
ware. IC50 values for each drug were analyzed 
using OriginLab software.

Western blotting

Cells were lysed in radioimmune precipitation 
assay (RIPA) buffer containing 150 mM NaCl, 
10 mM EDTA, 50 mM Tris-HCl at pH 7.4, 1% 
NP-40, 0.004% sodium azide, 0.5% sodium 
deoxycholate, 0.1% SDS, and protease inhibi- 
tor cocktail (MilliporeSigma, #11836153001) 
and supplemented with 1 mM NaF, 1 mM  
PMSF, and 1 mM Na3VO4. Proteins from whole 
cell lysates were separated by SDS-PAGE gel 
and electroblotted onto nitrocellulose mem-
brane, which was incubated with several pri-
mary antibodies (Supplementary Table 1). The 
immunocomplexes were incubated with horse-
radish peroxidase-conjugated IgG and detect-
ed using an enhanced chemiluminescence 
(ECL) detection kit (Amersham, #RPN2236). 

Immunofluorescence staining and confocal 
image

Cells seeded in a 3-cm glass bottom dish  
for 18-24 h were fixed, permeabilized, and 
blocked with 4% paraformaldehyde, 0.5% Triton 

X-100, and CAS-BlockTM Histochemical Rea- 
gent (Life Technologies, #008120) respective- 
ly and then incubated with primary antibodies 
against CB1 (Cayman, #101500), CB2 (Cay- 
man, #101550), ceramide (Sigma, #C8104), 
and LC3 (MBL, #PM036) at 4°C overnight. 
Alexa 488- or 543-conjugated secondary anti-
bodies (Invitrogen) along with 1 μg/mL Hoechst 
33342, was stained for 1 h at room tempera-
ture. Immunofluorescence images were taken 
under an inverted microscope or Olympus 
FluoView laser scanning confocal microscope 
(FV3000, Olympus) equipped with 405 nm, 
488 nm, and 543 nm lasers.

Cell cycle arrest analysis

Cells were treated with endocannabinoids or 
chemotherapeutic drugs for 48 h, trypsinized, 
washed twice with PBS and centrifuged at 300 
g for 10 min. The cells were fixed with ethanol 
for 1 h at 4°C. Next, 100 μg/mL RNase A (Bio 
Basic, #RB0437) was added for 15 min, fol-
lowed by 40 μg/mL propidium iodide (PI; Sig- 
ma, #P4170) staining for 30 min. Cells were fil-
tered using an 80 μm nylon mesh, and the cell 
cycle was examined using a CytoFLEX flow 
cytometer (Beckman Coulter).

Apoptosis flow cytometry

After treatment with endocannabinoids and 
chemotherapeutic drugs for 48 h, cells were 
trypsinized, washed twice with PBS and centri-
fuged at 300 g for 5 min. An Annexin V/PI  
staining kit (Invitrogen, #V13242) was used to 
detect apoptotic cells. Live cells were stained 
with annexin V and PI for 15 min and suspend-
ed in 1-fold annexin binding buffer. After filtra-
tion through 80 μm nylon mesh, CytoFLEX  
flow cytometer (Beckman Coulter) was used to 
quantify the percentage of apoptotic cells.

Clinical samples of OVC patients and immuno-
histochemistry (IHC)

Paraffin-embedded clinical OVC samples, 
including normal ovarian tissue and serous or 
clear cell tumor tissues, were obtained from 
Human Biobank of the Research Center of 
Clinical Medicine at NCKU Hospital. The study 
was approved by the Human Research Ethics 
Committee of NCKU Hospital (IRB: B-ER-107-
356). Immunohistochemistry (IHC) was per-
formed according to a standard protocol. 
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Clinical samples were deparaffinized, and anti-
gen retrieval was performed using citrate buf-
fer. Endogenous peroxidase was removed by 
6% H2O2 and blocked with SuperBlockTM T20 
blocking buffer (Thermo, #37516). Samples 
were then incubated with serum, CB1 (Cay- 
man, #101500), or CB2 (Cayman, #101550) 
antibodies overnight at 4°C, followed by the 
incubtaion of secondary antibodies conjugat- 
ed with IgG-HRP for 1 h. In the final step, sam-
ples were stained with diaminobenzidine (DAB, 
Thermo, #34002) chromogen counterstained 
with hematoxylin. Slides were mounted using  
a mounting medium (Leica Biosystems, 
#3801731), and images were taken under an 
inverted microscope.

RNA extraction, reverse transcription and 
quantitative PCR analysis

Total RNA was extracted by TRIzol reagent  
(Life Technologies, #15596018). Chloroform 
(Sigma, #c2432), 100% isopropanol (Sigma, 
#19516) and 75% ethanol were used to extract 
RNA. In the following, RNA pellet was heated  
at 55°C and was dissolved in DEPC-water 
(Protech, #PT-P560). RNA purity and concen-
tration were measured by microplate readers 
(SpectraMax ABS Plus, Molecular Devices) at 
the absorbance of 230/260/280 nm. cDNA 
synthesis was subsequently performed using 
PrimeScript RT Reagent Kit (Takara, #RR037A) 
by MiniAmp Plus thermal cycler (Applied 
Biosystems, Waltham, MA, USA). StepOnePlus 
Real-Time PCR System (Applied Biosystems) 
was used to perform qPCR analysis. Severl 
primers for homo sapiens (Supplementary 
Table 2) [30] and SYBR Green Master (Applied 
Biosystems, #A25741) were used to detect 
DNA expression levels. The Ct value of targeted 
genes was relative to that of GAPDH (reference 
gene) in each cell line, and the comparative Ct 
value of targeted genes in chemoresistant cell 
lines was normalized with wild-type cell lines. 

Statistical analysis

All values are reported as mean ± standard 
error of the mean (SEM). One-way analysis of 
variance (ANOVA) was used to analyze multiple 
groups. Statistical analyses were performed 
using SPSS and OriginLab. Statistical signifi-
cance was set at P<0.05.

Data availability

The raw data of KM plot analysis in Figure 1A 
were obtained from Kaplan-Meier Plotter at 
http://kmplot.com. The derived data and other 
original data, materials and analysis generated 
in this study are available from corresponding 
author on request.

Results

Higher mRNA expression of CB1 and CB2 
genes predicts poor prognosis and the expres-
sion of CBR in OVC 

To determine the relationship between ECS and 
survival rate, Kaplan-Meier plotter (KM plotter) 
database [31] was used to analyze the progres-
sion-free survival (PFS) of 1081 OVC patients in 
stages III and IV. Patients with endometrioid 
and serous OVC were treated with different 
types of chemotherapy, including cisplatin, car-
boplatin, paclitaxel, docetaxel, avastin, topote-
can, and gemcitabine, and all of them received 
optimal or suboptimal debulking surgery. We 
found a higher expression of CNR1 or CNR2 
genes predicted a lower survival rate in cancer 
patients, suggesting that changes in endocan-
nabinoid signaling may be related to cancer 
relapse, chemoresistance, and metastasis 
(Figure 1A). Consistent with the results men-
tioned above, the higher expression of CB1 and 
CB2 could be observed in serous or clear cell 
types of ovarian tumors than in normal epithe-
lium (Figure 1B). To determine whether the 
endocannabinoid system could be targeted in 
OVC, we performed immunofluorescence to 
identify CB1 and CB2 expression in epithelial 
OVC cells. We found that CB1 and CB2 were 
mainly located on the cell membranes of wild-
type and chemoresistant (CP, cisplatin-resis-
tant; TX, paclitaxel-resistant) ES2 and IGROV1 
cell lines, with a few in the cytosol (Figure 1C). 
Further Western blotting showed the existence 
of cannabinoid receptors in OVC cells and nor-
mal ovarian epithelial cells. The expression of 
CB1 in the cisplatin-resistant IGROV1 cell line 
was also higher than that in wild-type or pacli-
taxel-resistant IGROV1 cell lines. In addition, 
the multiple bands of CB2 observed in the 
immunoblot may be due to alternative splicing 
in the cells (Figure 1D). We also found the 
mRNA of CNR1 in chemoresistant cell lines also 
showed higher expression level when como-
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pared to wild-type cell lines, whereas there was 
no significant difference of mRNA expression of 
CNR2 between each cell lines (Figure 1E, 1F). 
These results suggest that the endocannabi-
noid system is a potential target for treating 
OVC.

Combined treatments of endocannabinoids 
and chemotherapy decreases the viability of 
OVC cells

To address the anti-tumor effects of endocan-
nabinoids, we first treated both wild-type and 
chemoresistant cells with AEA or 2-AG. Based 
on these results, we found that chemoresistant 
cancer cells were also refractory to endocan-
nabinoids compared to their wild-type counter-
parts (Figure 2A, 2B). In addition, the IC50 val-
ues of cisplatin in resistant cell lines were 
approximately 20-fold (for ES2 cells) and 8-fold 
(for IGROV1 cells) higher than those in their 
wild-type counterparts. On the other hand, the 
IC50 value of paclitaxel in resistant ES2 cells 
was approximately 6-fold higher than that in 
the wild-type, while the IC50 value of paclitaxel 
could not be calculated for paclitaxel-resistant 
IGROV1 (Figure 2C, 2D). We combined IC30 and 
IC50 values of AEA and 2-AG calculated from  
the wild-type curve (Figure 2A, 2B; black line) 
with chemotherapy to treat chemoresistant 
cancer cells. The combined treatments imped-
ed the percentage of cells and lowered the  
IC50 values of cisplatin and paclitaxel in chemo-
resistant cells, indicating that endocannabi-
noids can potentiate the therapeutic efficacy  
of chemotherapy and reverse chemoresis-
tance. As expected, the inhibition of cancer  
cell growth under IC30 and IC50 values of endo-
cannabinoids did not have significant differ-
ence, suggesting IC30 of endocannabinoids  
was enough to produce the anti-tumor effects 

(Figure 2E-H). Therefore, we investigated the 
mechanism underlying the chemosensitization 
effects of IC30 of endocannabinoids in subse-
quent experiments. As previous studies have 
reported the biphasic effects of cannabinoid-
based drugs, we also found that endocannabi-
noids possess biphasic properties on cancer 
cell growth. We treated cancer cells with low- 
er concentrations of endocannabinoids and 
found cell growth was promoted at nanomolar 
concentrations (Supplementary Figure 1A, 1B) 
and was inhibited at higher concentrations. The 
tendency of endocannabinoids in nanomolar-
range to promote cell growth was observed. 

Endocannabinoid-induced ceramide causes 
the activation of ER stress pathways 

While analyzing the chemosensitization mecha-
nism of endocannabinoids, we first investigat-
ed whether endocannabinoids could arrest or 
delay cell cycle progression and inhibit cell pro-
liferation to improve chemotherapeutic effica-
cy. Chemoresistant cells were incubated with 
chemotherapy alone or in combination for 24 h. 
However, neither chemotherapy nor combined 
treatments arrested or delayed the cell cycle 
(Supplementary Figure 2A, 2B). Endocanna- 
binoids themselves also could not arrest the 
cell cycle in wild-type cancer cells (Supple- 
mentary Figure 2C, 2D). Hence, the inhibition of 
cell number by combined treatments may be 
caused by other mechanisms. In this study, we 
found that both AEA and 2-AG upregulated 
ceramide levels, and the increase in ceramide 
levels could be prevented by pretreatment  
with the ceramide synthase inhibitor, myriocin 
(Figure 3A). Quantification results also showed 
a significant difference in ceramide intensity 
between control groups and endocannabinoid-
treated groups (Figure 3B-E). We further inves-

Figure 1. Existence of CB1 and CB2 in OVC. A. Kaplan-Meier plots showed the high and low expression levels of 
CNR1 and CNR2 genes in OVC cohort study. Log rank p-value and hazard ratio (HR) are shown in the figures. B. Rep-
resentative images of CB1 or CB2 immunoreactivity in ovarian tissues. Images of serum control were presented on 
the left panel. In the middle and the right panels, brown color intensity represented the expression of CB1 and CB2. 
Enlarged images were shown in the lower right corner. Dotted lines displayed the location of normal epithelium. 
Scale bars, 100 μm. C. Representative images taken by confocal microscopy showed that both ES2 and IGROV1 
cell lines expressed CB1 and CB2 (green). Nucleus was stained by Hoechst dye (blue). D. Comparison of CB1 and 
CB2 Western blotting between cancer cell lines (ES2 and IGROV1) and normal cell lines (HOSE11-12, HOSE6-3, 
IOSE398). GAPDH was served as the internal control. E, F. CNR1 and CNR2 mRNA expression levels in OVC cells. 
The Ct value of CNR1 and CNR2 was compared to GAPDH mRNA level in each cell line, and the comparative Ct 
value of CNR1 and CNR2 in chemoresistant cells was normalized with wild-type cells. The Y axis showed the fold 
change of CNR1 and CNR2 mRNA expression levels between wild-type and chemoresistant cells. The experiments 
were repeated for at least three times. Bars represent mean ± SEM. WT: wild-type, non-chemoresistant cell line, CP: 
cisplatin-resistant cell line, TX: paclitaxel-resistant cell line.
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Figure 2. Cell toxicity of endocannabinoids and chemotherapeutic drugs on OVC cell growth. A, B. AEA and 2-AG were 
treated for 48 h at 0-100 μM on ES2 and IGROV1 cell lines. C and D. Cisplatin (0-40 μM) and paclitaxel (0-0.2 μg/
mL) were treated for 48 h on both ES2 and IGROV1 cell lines. E-H. Different concentration of cisplatin or paclitaxel 
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were combined with endocannabinoids to treat both ES2 and IGROV1 cell lines. In the left and middle images, 
red solid line represents CP- or TX-resistant cell lines. Yellow/blue or green/purple solid lines represent the addi-
tion of IC30 or IC50 values of AEA or 2-AG respectively on cisplatin- or paclitaxel-resistant cell lines. Gray dotted line 
represents wild-type cell line. In the right panels, IC50 values of cisplatin or paclitaxel were analyzed and compared 
between wild-type or chemoresistant cell lines. Black asterisk symbolized the IC50 comparison between wild-type 
and resistant cell lines, while red asterisk represented the IC50 comparison between the treatment of chemothera-
peutic drugs alone and combined treatments with several conditions in resistant cell lines. ***P<0.001 by one-way 
ANOVA. All experiments were repeated for three independent experiments. Bars represent mean ± SEM.

Figure 3. Endocannabinoids up-regulate ceramide levels and induce ER stress in chemoresistant cells. A. Chemo-
resistant cancer cells were pre-treated with 2 μM myriocin for 1 h and were incubated with IC30 of AEA or 2-AG for 
24 h. Antibody against ceramide was used, and the nucleus was stained by Hoechst dye (blue). Representative 
images were shown, and all images were taken by confocal microscopy. B-E. The fold change of ceramide intensity 
was quantified. The results were analyzed from three independent experiments. F-I. Wild-type and cisplatin-resistant 
cancer cells were pre-treated with 2 μM myriocin for 1 h and were incubated IC30 of AEA or 2-AG for 48 h. Antibod-
ies against Grp78 and CHOP were used for immunoblotting analysis. β-actin was served as the internal control. 
Arrowhead indicates the position of CHOP proteins on the immunoblots. Bars represent mean ± SEM. *P<0.05, 
**P<0.01, ***P<0.001 by one-way ANOVA.

tigated whether endocannabinoids activated 
ER stress by upregulating ceramide levels. 
Incubation with AEA increased the levels of glu-
cose-regulated protein (GRP78/BiP), of which 

elevation could be seen as ER stress activa-
tion, as well as the downstream protein CHOP, 
in both wild-type and cisplatin-resistant cancer 
cells (Figure 3F, 3H). In addition, 2-AG signifi-
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cantly increased GRP78 levels but slightly 
increased CHOP expression (Figure 3G, 3I). 
Pre-treatment with myriocin alleviated ER 
stress, indicating that ER stress was stimulated 
by endocannabinoid-induced ceramide upregu-
lation (Figure 3F-I).

Activation of various ER stress pathways and 
autophagy induced by endocannabinoids and 
combined treatments

Because the chemotherapeutic drugs used in 
this study target different molecular levels; for 
instance, cisplatin interacts with DNA, and 
paclitaxel functions as microtubule-stabilizing 
agent, we preliminary investigated the activa-
tion of ER stress pathways induced by com-
bined treatments in cisplatin-resistant cells  
to explore the chemosensitization effects of 
endocannabinoids. Cisplatin alone could not 
activate any ER stress pathways in resistant 
cell lines; however, the activation of three well-
known ER stress pathways, including cleavage 
of ATF6α, phosphorylation of IRE1α, phosphor-
ylation of eIF2α of which upstream signal is 
PERK, and CHOP expression, was elevated un- 
der AEA alone, 2-AG alone or combined treat-
ments in a time-dependent manner in general 
(Figure 4A-D). The results indicated that both 
AEA and 2-AG induced ER stress on which AEA 
exerted a stronger impact in cisplatin-resistant 
cells. Moreover, ER stress activation induced  
by endocannabinoids was also observed  
in non-chemoresistant wild-type cancer cells 
(Supplementary Figure 3). Due to the crosslink 
between ER stress and autophagy, we tested 
basal level of autophagy in cancer cells by us- 
ing chloroquine (CQ), which inhibits the fusion 
of autophagosome with lysosome, in the follow-
ing. The results showed that in wild-type cells, 
LC3-II was higher under CQ treatments com-
pared to control group. However, there was no 
changes of LC3-II in chemoresistant cells un- 
der CQ treatments (Figure 5A, 5B), suggesting  
the innate regulatory ability of autophagy in 
chemoresistant cells could refrain the autopha-
gy activation. We next hypothesized endocan-
nabinoids may produce anti-chemoresistance 
effect by enhancing autophagy level in chemo-
resistant cells since it has been reported that 
up-regulation of ceramide and ER stress activa-
tion lead to elevation of autophagy. Immuno- 
fluorescence results showed that both AEA and 
2-AG slightly increased the conversion of LC3-I 

to LC3-II, which is a process indicating the for-
mation of autophagosomes. Under combined 
treatments, LC3-II puncta were dramatically 
elevated in both chemoresistant ES2 (Figure 
5C, 5E) and IGROV1 (Figure 5D, 5F) cell lines. 
Immunoblots also showed an increase in LC3- 
II formation after incubation with endocannabi-
noids or their combination (Figure 5G-J). We 
also tested whether endocannabinoids induc- 
ed autophagy in wild-type cells and found no 
LC3 lipidation under endocannabinoid treat-
ments (Supplementary Figure 4). Moreover, 
myriocin had been found to decrease LC3-II 
expression in chemoresistant cells, suggesting 
ceramide induced by endocannabinoids also 
led to autophagy formation (Supplementary 
Figure 5). Taken together, endocannabinoids 
exert chemosensitizing effects by activating ER 
stress and increasing autophagy levels in che-
moresistant OVC.

Combined treatments induce apoptosis in 
chemoresistant cancer cells

Finally, we investigated whether endocannabi-
noids improve the efficacy of chemotherapeu-
tic drugs to induce apoptosis instead of necro-
sis. The results showed that combining endo- 
cannabinoids with cisplatin or paclitaxel signifi-
cantly increased the number of cells in the first 
(I) and fourth (IV) quadrants, which represent 
the late-stage and the early-stage of apoptotic 
cells respectively, by flow cytometry assay 
(Figure 6A); however, cisplatin or paclitaxel 
alone did not cause apoptosis in chemoresis-
tant cells (Figure 6B-E). Consistent with Fig- 
ure 2, IC30 value of endocannabinoids could  
not significantly induce apoptosis in chemore-
sistant cancer cells (Supplementary Figure 6). 
In conclusion, our results suggest that endo-
cannabinoids promote the efficacy of chemo-
therapeutic drugs and reverse chemoresis-
tance by upregulating ceramide, triggering ER 
stress, and enhancing autophagic levels, there-
by inducing apoptosis in chemoresistant OVC 
cells (Figure 6F). 

Discussion

In this study, we combined endocannabinoids 
with chemotherapeutic drugs to develop a 
potential therapy for women with intractable 
OVC, as well as shed some light on the signal- 
ing pathway of the endocannabinoid system in 
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Figure 4. Activation of ER stress in chemoresistant cancer cells under the treatments of endocannabinoids and chemotherapeutic drugs. A-D. Cisplatin-resistant 
ES2 and IGROV1 cell lines were treated with 2 mM cisplatin and IC30 of AEA and 2-AG for 12, 24 and 48 h. Antibodies against ER stress-related proteins, including 
Grp78, ATF6α, phospho-IRE1α (p-IRE1α), IRE1α, phospho-eIF2α (p-eIF2α) and eIF2α were used in the immunoblotting analysis. 10 μg/mL tunicamycin was served 
as positive control (+) of ER stress. β-actin was served as the internal control. FL: full-length form, CL: cleaved form.
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Figure 5. Basal level autophagy in OVC cells and enhancement of autophagy under combination of endocannabinoids and chemotherapeutic drugs. (A, B) Repre-
sentative LC3 immunoblots and quantification of relative protein level of LC3-II from 3 independent experiments were shown. The protein level of LC3-II was divided 
by control group in each cell lines. Cells were treated with 5 and 10 μM CQ for 24 h. Actin was served as internal control. Bars represent mean ± SD. (C, D) 10 μM 
cisplatin, 0.01 μg/mL (for ES2-TX) or 0.1 μg/mL (for IGROV1-TX) paclitaxel and IC30 of AEA or 2-AG were used for treating cisplatin- or paclitaxel-resistant ES2 and 
IGROV1 cell lines. All drugs were incubated for 48 h. Autophagy was detected by LC3 antibody (green), and the nucleus was stained by Hoechst dye (blue). The 
images were taken by confocal microscopy. (E, F) Quantification of LC3 puncta per cell from (A and B) was analyzed. The experiments were repeated for three inde-
pendent experiments. Bars represent mean ± SEM. (G-J) Western blot analysis of LC3 in ES2 and IGROV1 cell lines treated with AEA/2-AG and cisplatin/paclitaxel 
for 36 h. *P<0.05, **P<0.01, ***P<0.001 by one-way ANOVA.
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Figure 6. Endocannabinoids combined with chemotherapeu-
tic drugs induce apoptosis in chemoresistant cancer cells. A. 
Chemoresistant cancer cells were treated with 2 mM cisplatin, 
0.01 μg/mL (for ES2-TX) or 0.1 μg/mL (for IGROV1-TX) pacli-
taxel and IC30 of AEA or 2-AG for 48 h. Annexin V and prop-
idium iodide were used to quantify apoptosis. Representative 
images of flow cytometry were shown. B-E. Quantification of 
the percentage of apoptotic cells was analyzed from three 
independent experiments. The bars represent mean ± SEM. 
F. Schematic diagram shows the mechanism about how en-
docannabinoids reverse chemoresistance in OVC. *P<0.05, 
**P<0.01, ***P<0.001 by one-way ANOVA. 
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ovarian tumors. From bioinformatics, we found 
higher expression of CNR1 and CNR2 genes 
was related to poor prognosis. This finding is 
consistent with previous research showing a 
strong CB1 intensity in aggressive ovarian 
tumor tissues [22]. We also found the existence 
of both CB1 and CB2 in clinical samples and 
OVC cells, allowing the possibility to apply endo-
cannabinoids for cancer treatment. Although in 
chemoresistant OVC cells, endocannabinoids 
could not induce cell death by themselves, we 
hypothesized that endocannabinoids help 
reduce chemoresistance by promoting the 
unfolded protein response (UPR), which in turn 
increases ER stress loading in cancer cells.

To explain the upregulation of CB1 and CB2 in 
cancer cells compared to that in normal cells, 
we reasoned that the endocannabinoid system 
produces biphasic effects on cancer cell grow- 
th through CB1 or CB2 activation. This assump-
tion was based on previous results indicating 
that changes in endocannabinoid levels corre-
spond to pathological alterations, thereby war-
ranting a concentration-dependent biphasic 
manner that has been discovered under a  
variety of physiological conditions [32-34]. By 
treating cancer cells with a low tone (nanomo-
lar concentration) of endocannabinoids, we 
found that both AEA and 2-AG accelerated 
tumor cell proliferation while impeding tumor 
growth at a higher tone (micromolar concentra-
tion; Supplementary Figure 1). In addition, pre-
vious studies have analyzed the levels of  
AEA and 2-AG in follicular fluid and observed a 
nanomolar tone of AEA and 2-AG in human and 
mouse models [35, 36]. Therefore, our findings 
suggest that cancer cells may benefit from the 
nanomolar range of endocannabinoids that 
originally exist in peripheral tissues, while they 
may be persecuted by the micromolar range of 
endocannabinoids given by the outside envi-
ronment. These results indicate that endocan-
nabinoids can regulate tumor progression 
depending on their concentration levels under 
pathophysiological circumstances.

Since it has been reported that cannabinoid-
based drugs could increase ceramide levels 
through the activation of both CB1 and CB2, 
and thus inducing cancer cell apoptosis [37, 
38], we also examined whether endocannabi-
noids could upregulate ceramide levels in OVC. 
Our results showed that both AEA and 2-AG sig-
nificantly increased ceramide levels; moreover, 

endocannabinoid-induced ER stress was sup-
pressed by ceramide synthase inhibitor, indi-
cating that the production of ceramide trig-
gered UPR in OVC cells. In another aspect,  
more and more research has found the cross-
link between ER stress and autophagy and  
has proposed that severe ER stress is a potent 
factor for autophagic induction [39, 40]. Our 
results also showed that the combination  
of endocannabinoids and chemotherapeutic 
drugs activated severe ER stress after 24 h  
and significantly increased autophagic levels 
after 48 h in chemoresistant cancer cells. 

The role of autophagy in tumor progression is 
debated for several years. Either excessive or 
insufficient autophagic levels has been report-
ed to benefit tumor progression. In our study, 
we found that the basal level of autophagy  
was higher in WT cells than that in chemoresis-
tant cells after blocking the fusion of auto- 
phagosome and lysosome by CQ treatment 
(Figure 5A, 5B). In addition, we also observed  
a higher level of autophagy in cisplatin-resis-
tant IGROV1 cells than that in wild-type or pa- 
clitaxel-resistant IGROV1 cells with or without 
CQ treatment. According to the results men-
tioned above, we proposed that the dysregu-
lated innate mechanisms of autophagy in che-
moresistant OVC cells help cancer avoid the 
accumulation of autophagosome, thus prevent-
ing excessive autophagy and leading to their 
chemoresistance ability. Therefore, the ability 
of endocannabinoids to induce excessive 
autophagic levels in chemoresistant cancer 
cells by ceramide production and ER stress 
activation produces the anti-chemoresistance 
effect. Compared with chemoresistant cancer 
cells, endocannabinoids did not increase auto- 
phagy levels in non-chemoresistant wild-type 
cancer cells. Finally, we confirmed that the 
combined treatments dramatically induced 
apoptosis in chemoresistant cancer cells which 
essentially lack the response to cisplatin or 
paclitaxel.

In conclusion, we provided the developmental 
basis of endocannabinoid treatments as an 
adjuvant for chemotherapy to promote thera-
peutic outcomes and reduce side effects. 
There is a possibility that combining endocan-
nabinoids with chemotherapy is a promising 
avenue for treating OVC during the transition 
period from traditional cancer therapies to pre-
cision cancer medicine.
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Supplementary Table 1. List of antibodies
Antibody Manufacturer Catalog No.
CB1 Santa Cruaz #sc-293419
CB2 Cayman #101550
Bip/Grp78 Enzo Life Sciences #ADI-SPA-826
CHOP Cell Signaling Technology #2895
ATF6α Santa Cruz #sc-166659
IRE1α Abcam #ab3707
Phospho-IRE1α Abcam #ab48187
eIF2α Cell Signaling Technology #9722
Phospho-eIF2α Cell Signaling Technology #9721s
LC3 Origene #TA301542
β-actin Sigma #A2066
GAPDH CROYEZ #co6001

Supplementary Table 2. List of primers
Primer Sequences (5’→3’) Manufacturer Catalog No. Citation
CNR1-Forward CTGTTCCTCACAGCCATCGACA Origene #HP227608
CNR1-Reverse TGGCTATGGTCCACATCAGGCA Origene #HP227608
CNR2-Forward TATGGGCATGTTCTCTGGAA [30]
CNR2-Reverse GAGGAGCACAGCCAACACTA [30]
GAPDH-Forward GTCTCCTCTGACTTCAACAGCG Origene #HP205798
GAPDH-Reverse ACCACCCTGTTGCTGTAGCCAA Origene #HP205798

Supplementary Figure 1. Low concentration of endocannabinoid slightly promotes cancer cell proliferation. A, B. 
Both non-chemoresistant ES2 and IGROV1 cell lines were treated with 0-100 nM AEA or 2-AG for 48 h. The experi-
ments were repeated for three times. Bars represent mean ± SEM. *p<0.05 by one-way ANOVA.
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Supplementary Figure 2. Combined treatments or endocannabinoids alone do not arrest cell cycle in chemoresistant cancer cells. A, B. Upper panel: Representative 
images of cell cycle was shown. Cell cycle was examined by flow cytometry after 1 μM cisplatin, 0.01 μg/mL (for ES2-TX) or 0.1 μg/mL (for IGROV1-TX) paclitaxel and 
IC30 of AEA and 2-AG treatments. Cells were incubated with drugs for 24 h. Lower panel: The percentage of cells in each cell cycle phase (G1, S and G2/M phases) 
was analyzed from three independent experiments. The bars represent mean ± SEM. C, D. Upper panel: 50 μM AEA and-2-AG were treated to ES2 and IGROV1 cell 
lines for 24 h. Representative images from flow cytometry were shown. Lower panel: Quantification of the percentage of cells in each cell cycle was analyzed from 
three independent experiments. The bars represent mean ± SEM.
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Supplementary Figure 3. Activation of ER stress in wild-type cancer cells under endocannabinoid treatments. A, 
B. Wild-type ES2 and IGROV1 cells were treated with IC30 of AEA and 2-AG for 12, 24 and 48 h. Antibodies against 
ER stress-related proteins, including Grp78, ATF6α, p-IRE1α, IRE1α, p-eIF2α and eIF2α were used in the immunob-
lotting analysis. 10 μg/mL tunicamycin was served as positive control (+) of ER stress. β-actin was served as the 
internal control. FL: full-length form, CL: cleaved form.
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Supplementary Figure 4. Endocannabinoids do not enhance autophagy in non-chemoresistant wild-type cancer 
cells. A. IC30 of AEA and 2-AG were treated to ES2 and IGROV1 cell lines for 48 h. Autophagy was detected by LC3 an-
tibody (green) and the nucleus was stained with Hoechst dye (blue). The images were taken by confocal microscopy. 
B. Quantification of LC3 puncta per cell from panel A was analyzed. The experiments were repeated for 3 times. Bars 
represent mean ± SEM. C. Antibody against LC3 was used to detect autophagy under IC30 of AEA or 2-AG treatments 
in wild-type cell lines. Actin was served as internal control.
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Supplementary Figure 5. Myriocin decreased LC3 expression in chemoresistant OVC. A. Representative images of 
LC3 expression in chemoresistant cancer cells treated with IC30 of AEA or 2-AG for 24 h. 2 μM myriocin was pre-
treated for 1 h. B-E. Quantification of the number of LC3 puncta per cell from panel A. The results were obtained 
from three independent experiments. The bars represent mean ± SEM. *p<0.05, **p<0.05, ***p<0.001 by one-
way ANOVA.
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Supplementary Figure 6. Endocannabinoids alone do not induce cell apoptosis in chemoresistant cancer cells. A. Chemoresistant cancer cells were treated with 
IC30 of AEA or 2-AG for 48 h. Annexin V and propidium iodide were used to quantify apoptosis. Representative images of flow cytometry were shown. B-E. Quantifica-
tion of the percentage of dead cells, including necrotic and apoptotic cells, was analyzed from three independent experiments. The bars represent mean ± SEM.


