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Abstract 

Background: The unfolded protein response, autophagy and endoplasmic reticulum (ER) 
stress-induced apoptosis regulate tumor cell fate and have become novel signaling targets for the 
development of cancer therapeutic drugs. Curcumin has been used to treat several different 
cancers, including ovarian cancer, in clinical trials and research; however, the role of ER stress and 
autophagy in the therapeutic effects of curcumin and new curcumin analogues remains unclear. 
Methods: Cell viability was determined using the MTT assay. Apoptosis was detected using flow 
cytometry with PI/Annexin V-FITC staining. The expression levels of ER stress- and autopha-
gy-related proteins were analyzed by western blotting. The activation of autophagy was detected 
using immunofluorescence staining. 
Results: We demonstrated that B19 induced HO8910 cell apoptosis in a dose-responsive 
manner. We also determined and that this effect was associated with corresponding increases in a 
series of key components in the UPR and ER stress-mediated apoptosis pathways, followed by 
caspase 3 cleavage and activation. We also observed that B19 treatment induced autophagy in 
HO8910 cells. The inhibition of autophagy using 3-methyladenine (3-MA) increased levels of in-
tracellular misfolded proteins, which enhanced ovarian cancer apoptosis.  
Conclusions: Our data indicate that ER stress and autophagy may play a role in the apoptosis that 
is induced by the curcumin analogue B19 in an epithelial ovarian cancer cell line and that autophagy 
inhibition can increase curcumin analogue-induced apoptosis by inducing severe ER stress. 
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Background 
Epithelial ovarian cancer (EOC) is the sixth most 

common cancer and the fifth leading cause of cancer 
mortality in women worldwide [1]. This lethal gyne-

cological malignancy is commonly diagnosed at a late 
stage due to a silent early stage and ease of metastasis. 
It is typically treated in its advanced stages with cy-
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toreductive surgery and platinum-based chemother-
apy. Unfortunately, despite recent developments in 
treatment techniques, the five-year survival rate for 
ovarian patients with cancer is only 20-40% [2]. 
Therefore, the development of novel therapies for the 
management of ovarian cancer is especially urgent. 
This development is the long-term objective of the 
current project. 

Endoplasmic reticulum (ER) is an essential cel-
lular compartment for protein synthesis and matura-
tion. Various physiological and pathological condi-
tions may affect ER homeostasis and interfere with 
proper protein folding, ultimately causing an imbal-
ance between ER protein folding load and capacity, 
leading to the accumulation of unfolded or misfolded 
proteins in the ER lumen [3]. This cellular condition is 
referred to as ER stress. When misfolded proteins 
accumulate in the ER, the resulting stress activates the 
unfolded protein response (UPR) [4]. The UPR has 
three primary outputs: a transient reduction in pro-
tein translation to decrease ER protein load, the up-
regulation of ER regulators to augment the folding 
and export capacity of the ER, and the activation of 
ER-associated protein degradation (ERAD) [5]. The 
UPR can also activate cell death programs under se-
vere or prolonged ER stress, when adaptive responses 
are exceeded and/or a dysfunctional UPR is unable to 
correct ER stress [6]. 

When misfolded proteins cannot be degraded by 
the proteasome, the UPR may upregulate autophagy 
machinery [7]. Autophagy is an evolutionarily con-
served protein degradation pathway in eukaryotes 
which plays important roles in regulating protein 
homeostasis and which is essential for cell survival 
under metabolic stress. Ubiquitinated proteins are 
degraded by the proteasome through the 
ER-associated degradation pathway and by autoph-
agy through the ER-activated autophagy pathway [5]. 
In addition to its role in cellular homeostasis, au-
tophagy can be a form of programmed cell death or 
may play a cytoprotective role in situations of nutrient 
starvation [8]. Recent studies suggest that UPR sig-
naling also affects interactions within the tumor mi-
croenvironment. The UPR, autophagy and ER 
stress-induced apoptosis regulate tumor cell fate. 
Moreover, different anticancer treatments activate 
UPR signaling in tumor cells, a process that has been 
proposed to either enhance cancer cell death or to act 
as a mechanism of resistance to chemotherapy [9, 10]. 

Curcumin, a well-known constituent of tradi-
tional medicine, has been used to treat several differ-
ent cancers in clinical trials, including ovarian cancer 
[11]. However, many studies indicate that its poor 
bioavailability and pharmacokinetic profiles limit its 
application in anti-cancer therapies [12,13]. The 

chemical modification of curcumin is an effective way 
to obtain potential analogues with superior bioavail-
ability and more effective anti-tumor activities. In our 
earlier study, we designed and synthesized a series of 
mono-carbonyl analogues of curcumin with greater 
stability and superior pharmacokinetic profiles. We 
also demonstrated that certain analogues exhibited 
more effective anti-tumor activity compared with 
curcumin [14-16]. (1E, 4E)-1, 5-bis (2-methoxyphenyl) 
penta-1, 4-dien-3-one (referred to as B19) is one of the 
novel curcumin analogues we synthesized and has 
been demonstrated to cause ER stress-related apopto-
sis in human non-small cell lung cancer H640 cells 
[15]. However, it has not been determined whether ER 
stress plays a role in curcumin analogue-induced 
apoptosis in epithelial ovarian cancer cell lines. 

In our present study, we investigated the anti-
cancer effects of B19 on the epithelial ovarian cancer 
cell line HO8910. We demonstrated that B19 may in-
duce ER stress by promoting the formation of ubiqui-
tinated misfolded proteins and that both autophagy 
and apoptosis were activated. The autophagy inhibi-
tor 3-methyladenine (3-MA) increased the level of 
ubiquitinated proteins, which elevated ER stress and 
resulted in a higher apoptotic rate in these cells when 
they were treated with B19. This study was designed 
to test our hypotheses that ER stress plays a role in 
curcumin analogue-induced apoptosis in epithelial 
ovarian cancer cell lines and that autophagy inhibi-
tion can increase curcumin analogue-induced apop-
tosis by inducing severe ER stress. 

Materials and methods 
Materials 

The human ovarian cancer HO8910 cell line was 
purchased from the Institutes of Cell Biology in 
Shanghai, China. Dulbecco's modified eagle's medi-
um (DMEM), Fetal bovine serum (FBS), propidium 
iodide (PI) and Annexin V-FITC were obtained from 
Invitrogen (Carlsbad, CA, U.S.A.). Anti-Grp78 
(sc-13968), anti-CHOP (sc-7351), anti-Ub (sc-8017) and 
anti-PDI (sc-136230) antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). 
Anti-caspase-3 (ab90437), anti-LC3 (ab58610) and an-
ti-ATF6β (ab103673) antibodies were obtained from 
Abcam (Abcam, PLC, Hong Kong).  

The synthesis of B19 
The general procedure of synthesis of B19 was as 

follows [14]: 7.5 mmol acetone was added to 10 ml of a 
solution of 15 mmol aryl-aldehyde in MeOH. The 
solution was stirred at room temperature for 20 min, 
followed by the dropwise addition of 1.5 ml of 7.5 
mmol NaOCH3/CH3OH. The mixture was stirred at 
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room temperature and monitored using TLC. When 
the reaction was completed, the residue was poured 
into a saturated NH4Cl solution and filtered. The pre-
cipitate was washed with water and cold ethanol and 
dried in a vacuum. The solid was purified using 
chromatography over silica gel using CH2Cl2/CH3OH 
as the fluent to yield compounds. 

Cell culture 
The human ovarian cancer HO8910 cell line was 

cultured at 37°C in 5% CO2 and 95% air atmosphere in 
DMEM, supplemented with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 U/ml streptomy-
cin. 

Cell viability assays 
Cell viability was determined using MTT assay. 

We seeded exponentially growing HO8910 cells into 
96-well culture plates in 100 µl of medium at a density 
of 1×104 cells/well. The following day, varying con-
centrations (5, 10, 15 μM) of B19 were added to the 
wells in quadruplicate and incubated for 12 h and 24 
h. The MTT assays (Beyotime, Nanjing, China) were 
performed by adding 20 µl MTT (3-(4,5- dimethylthi-
azol-2-yl)-2,5-diphe-nyltetrazolium bromide (5 
mg/ml in PBS) to the cells for 4 h. Next, 150 μl of di-
methyl sulfoxide (Beijing Chemical Industry Limited 
Company, Beijing, China) was added to each well. 
After shaking for 10 min, absorbance was measured at 
a wavelength of 570 nm using a microplate reader 
(Biotek Instruments, Inc., USA). Each treatment was 
performed in triplicate. The mean of the three values 
was determined, and the results were expressed as a 
percent of the control. 

Electron microscopy 
Electron microscopy and morphometric analysis 

were performed as described previously [34]. The 
cells were fixed for 30 min with ice-cold 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer, embedded in 
Epon, and processed for transmission electron mi-
croscopy using standard procedures. Representative 
areas were chosen for ultra-thin sectioning and ex-
amined on a transmission electron microscope at a 
magnification of 5,000 × or 10,000 ×. 

Flow cytometry analysis 
Propidium iodide (PI, 1 μg/ml) and Annexin 

V-FITC (1 μg/ml) were used for the determination of 
cell death. After exposure to the different experi-
mental conditions, the cells were trypsinized and in-
cubated with PI and Annexin V-FITC for 15 min at 
37°C. The samples were then analyzed using a 
FACScan flow cytometer. All of the experiments re-
ported in the present study were performed in tripli-

cate. 

Immunofluorescence staining 
The cells were seeded onto coverslips in 24-well 

plates at a density of 5×104 cells/well and allowed to 
recover overnight. After treatment with 10 μM of B19 
for 0 h and 12 h, the cells were washed with phos-
phate-buffered saline (PBS) twice. The cells were then 
fixed with 4% paraformaldehyde and washed twice 
more with PBS. The cells were then stained with the 
nuclear stain Hoechst 33258 (100 μg/ml, Sigma) for 5 
min, washed with PBS, and examined using a Nikon 
80i microscope to reveal apoptosis. 

Microtubule-associated protein light chain 3 
(MAPLC3) was examined by indirect immunoflu-
orescence. The cells were cultured on coverslips 
overnight, treated with 10 μM of B19 for different time 
periods and rinsed 3 times with PBS. After incubation, 
the cells were fixed with 4% paraformaldehyde for 20 
min, incubated in H2O2 for 20 min to remove endog-
enous enzyme, blocked with bovine serum albumen 
(BSA), and incubated with the primary antibody (an-
ti-LC3, used at 1:100 dilution; Santa Cruz Biotech-
nology, CA) overnight at 4°C. The next day, the slides 
were incubated with FITC/Texas Red-conjugated 
secondary antibodies (1:400 dilution) (Santa Cruz Bi-
otechnology, CA) for 1 h, stained with Hoechst 33258 
(100 μg/ml) for 5 min, and washed 3 times with PBS. 
After mounting, the cells were examined using a Ni-
kon 80i microscope. 

Western blotting 
Whole cellular protein was extracted from 

HO8910 cells prepared with lysis buffer (50 mM 
Tris–HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 
mM EDTA, 1% Triton, 2.5 mM sodium pyrophos-
phate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 
mM NaF, 1 μg/ml leupeptin, and 1 mM PMSF) for 
western blotting. The protein extracts were quantified 
using a ProteoExtract® Protein Extraction Kits 
(Merck). For the extraction of total cell proteins, the 
cells were harvested and washed with cold PBS. The 
cells were centrifuged for 5 min at 600 g at 4 °C then 
incubated in cell lysis buffer (150 mM NaCl, 1 mM 
EDTA, 10 mM HEPES, 1 mM PMSF, and 0.6% NP-40). 
The lysates were sonicated and incubated for 15 min 
on ice and then centrifuged at 700 g for 10 min at 4 °C. 
The supernatant was centrifuged at 14,000 g for an-
other 30 min at 4 °C; cell proteins were contained 
within the resultant supernatant. For the western blot 
analysis, lysate proteins (30–50 μg) were resolved us-
ing 8%, 10%, and 15% SDS–polyacrylamide gel elec-
trophoresis and transferred onto nitrocellulose trans-
fer membranes (Whatman, Maidstone, UK). The 
membranes were blocked with 5% nonfat dry milk in 
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buffer (10 mM Tris–HCl, 100 mM NaCl, and 0.1% 
Tween 20) for 1 h at room temperature and then in-
cubated with the relevant primary antibody overnight 
at 4°C. Anti-PDI, anti-p62, anti-Ub, anti-Grp78, and 
anti-CHOP antibodies were each used at a 1:200 dilu-
tion. Anti-caspase-3 and anti-LC3 antibodies were 
used at a 1:500 dilution. The next day, membranes 
were incubated with horseradish peroxi-
dase-conjugated secondary antibody at a 1:2000 dilu-
tion for 1 h at room temperature. The immunoreactive 
bands were visualized using the diaminobenzidine 
(Sigma-Aldrich, St. Louis, MO, USA) coloration 
method. The representative bands were measured 
using a Bio-Rad GIS gel imaging system. The protein 
levels were normalized to those of GAPDH, and the 
ratios of normalized protein to GAPDH were pre-
sented as the mean ± SD from three independent ex-
periments. The protein levels were quantified by 
densitometry using Quantity One software (Bio-Rad, 
Hercules, CA, USA). 

Statistical analysis 
Experiments were performed at least three times 

and the data are presented as the mean ± SD. The sta-
tistical data analysis was performed using one-way 
ANOVA. P < 0.05 was considered to represent a sta-
tistically significant difference. 

Results 
B19 inhibits HO8910 cell viability and induces 
apoptosis 

The synthesis of the novel curcumin analogue 
B19 was performed as shown in Figure 1A and as 
described above. To evaluate the effect of B19 on 
ovarian cancer cells, we treated HO8910 cells with 
increasing concentrations of B19 for 12 h and 24 h and 
then examined cell viability using the MTT assay. We 
observed that B19 significantly suppressed the viabil-
ity of HO8910 cells in a dose-dependent manner 
within 24 h (Figure 1B). We then treated HO8910 cells 
with 10 μM of B19 for increasing amounts of time. The 
results showed that at certain concentrations, B19 ex-
hibited greater levels of inhibition of HO8910 cell 
growth in a time-dependent manner (Figure 1C). 
Based on the results of the MTT assay, we treated 
HO8910 cells with varying concentrations (5, 10, 15 
μM) of B19 for 12 h, and examined apoptotic chroma-
tin condensation by Hoechst 33258 staining. Com-
pared with the control group, B19-induced apoptotic 
chromatin condensation was clearly observed in 
HO8910 cells (Figure 1D). We observed ultrastructur-
al changes in HO8910 cells that were treated with B19 
for 12 h using electron microscopy. Compared with 
the controls, the most prominent features of the 

B19-treated cells were an extensive distension of the 
ER and apoptotic morphology, with condensation and 
margination of nuclear chromatin and disrupted cell 
membranes (Figure 1E).  

B19 activates the UPR signaling pathway and 
induces ER stress-associated apoptosis 

We next asked if ER stress-induced cell death 
was involved in the effects of B19. We therefore 
measured the levels of ER stress-associated chaperone 
proteins to determine UPR activation. The most 
abundant and well-characterized ER chaperone pro-
teins include protein disulfide isomerase (PDI) as de-
tected using western blotting in the present analysis. 
The ER luminal marker PDI is considered to be an 
indicator of ER stress activation [17]. As shown in 
Figure 2A and 2B, after treatment with 10 μM B19, 
PDI expression was up-regulated at 1 h, 4 h and 8 h 
and then decreased when treatment was prolonged to 
24 h. 

GRP78 is reported to be the gatekeeper to the 
activation of ER stress. Upon ER stress, GRP78 re-
leases the UPR sensors, allowing for the activation 
and transduction of UPR signals across the ER mem-
brane to the cytosol and the nucleus [4]. We thus 
measured the protein expression levels of GRP78 and 
CHOP after B19 treatment using western blot analy-
sis. The time course results indicate that the expres-
sion of GRP78 and CHOP are significantly 
up-regulated following treatment with 10 μM B19 
from 1 h to 24 h (Figure 2A). In addition, as shown in 
Figure 2C and 2D, protein expression of GRP78 and 
CHOP increased in a dose-dependent manner after 12 
h of B19 treatment.  

To further confirm the effects of B19 on ovarian 
cancer cells, HO8910 cells were treated with various 
concentrations (5, 10, 15 μM) of B19 for 12 h. As 
shown in Figure 3A, 3B, 3C and 3D, the expression of 
the ER stress-related proteins PDI, GRP78 and CHOP 
increased significantly compared with the control and 
the vehicle (DMSO) groups. During ER stress, the 
unfolded protein response components, including 
activating transcription factor 6 (ATF-6) and X-box 
binding protein 1 (XBP-1), induce the transcription of 
CHOP and ultimately lead to caspase cascade activa-
tion to complete the execution of ER stress-induced 
apoptosis [18]. We next determined the levels of 
ATF-6 and XBP-1 upon treatment with B19. As shown 
in Figure 3E, 3F and 3G, the protein expression of 
ATF-6 and XBP-1 was significantly increased after the 
cells were incubated with B19 for 12 h, especially at 
concentrations of 10 and 15 μM. As B19 induced ER 
stress-mediated apoptotic downstream events after 
commitment to the UPR pathway, the activation of 
caspase-3 was analyzed by western blotting. It was 
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observed that the cleavage of procaspase-3 increased 
significantly after treatment with B19 for 12 h (Figure 
3E and 3H).  

 
 

 

 
Fig 1. B19 inhibits HO8910 cell viability and induces apoptosis. A: Schematic representation of the synthesis of B19. B: The cells were treated 
with varying doses of B19 for 12 h and 24 h. Cell viability was determined using the MTT assay. The data are presented as the mean ± SD, n = 5. *P < 0.05 
vs. control group, **P < 0.01 vs. control group. C: The cells were treated with 10 μM of B19 for varying times. Cell viability was determined using MTT 
assay. The data are presented as the mean ± SD, n = 5. *P < 0.05 vs. control group, **P < 0.01 vs. control group. D: The cells were treated with varying 
concentrations (5, 10, 15 μM) of B19 for 12 h and stained with Hoechst 33258. Cell morphology was observed by microscopy (200 ×). (a) Control, (b) 5 
μM, (c) 10 μM, (d) 15 μM. E: Representative transmission electron microscopy photomicrographs of HO8910 cells that were treated with 10 μM B19 for 
12 h. The nuclear and cellular profiles and ER morphologies are normal in the control cells (small panel a, 5,000 ×). Exposure to 10 μM B19 for 12 h resulted 
in apoptosis (small panel b, 3,000 ×, arrows indicate distended ER), (small panel c, 5,000 ×, arrows indicate apoptotic bodies) (bar, 2 μm). 
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Fig 2. B19 activates the ER stress-associated 
proteins PDI, GRP78 and CHOP in HO8910 
cells. A: HO8910 cells were treated with 10 μM B19 
for 0 h, 1 h, 4 h, 8 h, 12 h, or 24 h. Western blot 
analysis for the protein expression of PDI, GRP78 and 
CHOP. B, C and D: Quantitation of PDI, GRP78 and 
CHOP levels. The data are presented as the mean ± 
SD, n = 3. **P < 0.01 vs. control group. GAPDH was 
used as a protein loading control and for band density 
normalization. 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

Fig 3. B19 activates the ER 
stress-associated proteins GRP78, CHOP, 
ATF-6 and XBP-1 and caspase-3 cleavage 
in HO8910 cells. A: HO8910 cells were 
treated with 5, 10 or 15 μM B19 for 12 h. The 
expression levels of PDI, GRP78 and CHOP 
were determined by western blot. B, C and D: 
Quantitation of protein expression of PDI, 
GRP78 and CHOP levels. The data are presented 
as the mean ± SD, n = 3. **P < 0.01 vs. control 
group. GAPDH was used as a protein loading 
control and for band density normalization. E: 
HO8910 cells were treated with 5, 10 or 15 μM 
B19 for 12 h. The expression of ATF-6, XBP-1 
and caspase-3 were determined by western blot. 
F, G and H: The quantitation of ATF-6 and 
XBP-1 levels and the cleavage of caspase-3. The 
data are presented as the mean ± SD, n = 3. **P < 
0.01 vs. control group. GAPDH was used as a 
protein loading control and for band density 
normalization. 
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The activation of autophagy is involved in the 
effects of B19 on HO8910 cells 

It has been suggested that the activation of ER 
stress and autophagy have a complex relationship in 
the process of cell death. To further investigate 
whether the activation of autophagy is also involved 
in the effects of B19, we examined HO8910 cells by 
electron microscopy for autophagosome-like struc-
tures after 4 h of B19 treatment. As shown in Figure 
4A, classic autophagic vacuoles with double mem-
branes were observed in the cytoplasm of HO8910 
cells that were treated with 10 μM B19 but not in the 
control group (Figure 1Ea). Furthermore, we detected 
the activation of autophagy proteins in B19-treated 
HO8910 cells by western blotting. The autophagy 
protein microtubule-associated light chain protein 3 
(LC3) is the mammalian equivalent of yeast Atg8. 
When autophagy is activated, LC3-I is cleaved to the 
proteolytically derived LC3-II and aggregates in au-
tophagosomal membranes, an that is action essential 
for the formation of the autophagosome [19]. We used 
indirect immunofluorescence staining to detect the 
localization of LC3. As shown in Figure 4B, the green 
signals of LC3 accumulated significantly in HO8910 
cells that were treated with B19 for 4 h. The transfor-
mation of LC3-I to LC3-II was also determined using 
western blot analysis. The ratio of LC3-II to LC3-I in 
HO8910 cells that were treated with B19 for 1 h and 4 
h increased significantly compared with the control 
group (Figure 4C and 4D). 

 

The inhibition of autophagy by a specific in-
hibitor enhances ER stress-induced apoptosis 

The above results demonstrated that B19 may 
induce both autophagy and apoptosis in HO8910 cells 
and that these events occurred in a defined temporal 
sequence. We detected autophagy at 4 h (an earlier 
time point) and apoptosis at 12 h (a later time point). 
The autophagy-specific inhibitor 3-MA, which by it-
self has no toxic effects according to previous studies 
[20], was used to elucidate the role of autophagy in 
HO8910 cells that were treated with B19. As shown in 
Figure 5A, MTT assays indicated that 3-MA alone has 
no significant effects on cell viability. When combined 
with B19, 3-MA enhanced the cytotoxic effect of B19 in 
HO8910 cells. We next observed the effects of au-
tophagy inhibition on B19-induced apoptosis in 
HO8910 cells by flow cytometry of cells stained with 
PI/Annexin V-FITC. It was observed that apoptosis 
increased markedly in HO8910 cells that were treated 
with B19 in combination with 3-MA compared with 
the group treated with B19 alone (Figure 5B). 

To further investigate the relationship between 
autophagy and ER stress-induced apoptosis, the ex-
pression levels of PDI, GRP78 and CHOP were de-
termined by western blotting. As shown in Figure 5C, 
5D and 5E, HO8910 cells that were treated with B19 in 
combination with 3-MA exhibited up-regulation of 
PDI, GRP78 and CHOP compared with the group 
treated with B19 alone. Collectively, these results in-
dicate that the apoptosis induced by the curcumin 
analogue B19 was related to the activation of au-
tophagy and that the inhibition of autophagy by the 
autophagy-specific inhibitor 3-MA aggravated the ER 
stress-induced apoptosis induced by B19. 

 
Fig 4. B19 activates autophagy in 
HO8910 cells. A: Representative 
transmission electron microscopy pho-
tomicrographs of HO8910 cells that 
were treated with 10 μM B19 for 4 h 
(10,000 ×, arrows indicate autophago-
some-like structures with double mem-
branes). B: The localization of LC3 in 
HO8910 cells that were treated with 10 
μM B19 for 4 h. The cells were observed 
by microscopy (400 ×). C: HO8910 cells 
were treated with 10 μM B19 for 0 h, 1 h, 
4 h, 8 h, 12 h or 24 h. Western blot 
analysis for LC3 expression. D: The 
quantitation of the ratio of LC3-II to 
LC3-I. The data are presented as the 
mean ± SD, n = 3. **P < 0.01 vs. control 
group. GAPDH was used as a protein 
loading control and for band density 
normalization. 
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Fig 5. Combination treatment with the autophagy inhibitor 3-MA enhances B19-induced apoptosis. A: HO8910 cells were treated with B19 
(10 μM) and/or 3-MA (10 mM) for 12 h. Cell viability was determined using MTT assay. The data are presented as the mean ± SD, n = 5. **P < 0.01 vs. 
control; #P < 0.05 vs. B19 group. B: HO8910 cells were treated with B19 and/or 3-MA for 12 h and then stained with PI and Annexin V-FITC. Positively 
stained cells were counted using FACScan. The data are presented as the mean ± SD, n = 3. **P < 0.01 vs. control; #P < 0.05 vs. B19 group. C: Western 
blot analysis for the expression of GRP78, CHOP and PDI in cells that were treated with B19 and/or 3-MA for 12 h. D, E and F: The quantitation of 
GRP78, CHOP and PDI protein levels. The data are presented as the mean ± SD, n =3. *P < 0.01 vs. control group, #P < 0.05 vs. B19 group. 

 
Blocking autophagy results in the accumula-
tion of ubiquitinated proteins in HO8910 cells 
treated with B19 

The ubiquitin-binding protein p62/SQSTM1 
(sequestosome 1) is multifunctional, as it promotes 
survival–critical signals, acts as a receptor/adaptor 
for autophagy of ubiquitinated substrates and recruits 
ubiquitinated proteins (Ub-proteins) to autophago-
somes for degradation [21, 22]. To investigate whether 
the clearance of accumulated proteins and the related 
process of autophagic degradation are involved in the 
effects of B19, we examined the levels of p62 and 
Ub-proteins by western blot. The level of Ub-proteins 
increased noticeably after treatment with 10 μM B19 
for 8 h, 12 h and 24 h, and the level of p62 decreased 
noticeably at these time points (Figure 6 A and 6B). 
Upon combination of B19 treatment with 10 mM 
3-MA for 8 h, the transformation of LC3-I to LC3-II 
and p62 degradation were inhibited and Ub-protein 
accumulation was noticeably enhanced compared 

with cells that were treated with B19 alone (Figure 6C 
and 6D).  

Discussion 
Epithelial ovarian cancer has been the leading 

cause of mortality among gynecologic malignancies 
worldwide during the last twenty years [23]. To a 
certain extent, the low survival rate is due to the side 
effects of chemotherapy and the acquired resistance to 
chemotherapy. The development of a novel therapy is 
urgently needed to improve the survival rate of this 
condition. Recent studies have suggested that during 
tumorigenesis, cancer cells are often exposed to hy-
poxia, nutrient starvation, oxidative stress and other 
metabolic dysregulations that cause the accumulation 
of unfolded or misfolded proteins in the ER, a condi-
tion that is referred to as “ER stress” [12]. To handle 
the accumulation of the unfolded or misfolded pro-
teins, organisms evolved a group of ER signal trans-
duction pathways, collectively termed the unfolded 
protein response [24], to alter transcriptional and 
translational programs to maintain ER homeostasis 
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[25]. Most normal cells do not undergo an active 
“stress” response, and the UPR pathways remain 
quiescent. This discrepancy between tumor cells 
and normal cells allows for the agents that target 
ER stress to achieve specificity in cancer therapy. 
Clinical data support the hypothesis that the 
manipulation of ER stress may enhance the effi-
cacy of chemotherapeutic drugs [26, 27] and that 
ER stress-mediated apoptotic pathways may 
provide novel targets for the development of 
antitumor drugs [28]. 

 
 

Fig 6. The inhibition of autophagy enhances Ub-protein 
accumulation in HO8910 cells that were treated with B19. 
A: HO8910 cells were treated with 10 μM B19 for 0 h, 1 h, 4 h, 8 h, 
12 h or 24 h. Western blot analysis for the level of Ub-proteins and 
p62. B and C: The quantitation of Ub-proteins and p62 levels. The 
data are presented as the mean ± SD, n = 3. **P < 0.01 vs. control 
group. GAPDH was used as a protein loading control and for band 
density normalization. D: HO8910 cells were treated with B19 (10 
μM) and/or 3-MA (10 mM) for 8 h. Western blot analysis for the 
level of Ub-proteins, p62 and LC3 levels in HO8910 cells that were 
treated with B19 and B19 in combination with 3-MA for 8 h. E, F 
and G: Quantitation of Ub-proteins, p62 and the ratio of LC3 II to 
LC3 I protein levels. The data are presented as the mean ± SD, n = 3. 
**P < 0.01 vs. control group, #P < 0.05 vs. B19 group. GAPDH was 
used as a protein loading control and for band density normalization. 

 
Many studies have demonstrated that cur-

cumin protects against ovarian cancer. Curcumin 
has been shown to activate multiple pathways, 
including the ER stress and UPR pathways [29, 
30]. This compound has been determined to be 
safe in clinical trials, even at high concentrations. 
However, because of its instability in vitro and poor 
metabolic properties in vivo, the clinical application of 
curcumin has been significantly limited. More potent 
and soluble curcumin analogues have been devel-
oped. In our previous study, B19, a novel monocar-
bonyl analogue of curcumin, exerted cytotoxicity on 
H460 cells through the induction of apoptosis, which 
involves the ER stress signaling pathway [15]. In the 
present study, we tested B19 cytotoxicity on human 
ovarian cancer HO8910 cells. The MTT assay results 
indicated that B19 exhibited powerful cytotoxic effects 
against HO8910 cells in a time and dose-dependent 
manner. 

In addition to apoptotic morphological changes, 
the most prominent ultrastructural change after B19 
treatment was an extensively dilated ER. We hypoth-
esized that B19 treatment interferes with proper pro-
tein folding in the ER, leading to misfolded protein 
accumulation in the ER lumen. Therefore, the possi-
bility of whether B19 activates the UPR signaling 
pathway and induces ER stress-associated apoptosis 
was examined. Using electron microscopy, we ob-
served extensive distension in the ER and an apop-

totic morphology in ovarian cancer cells that were 
treated with B19. These processes are assisted and 
monitored by several resident chaperones and 
Ca2+-binding proteins, including glucose-regulated 
proteins such as GRP78, the immunoglobulin heavy 
chain binding protein BiP, calreticulin and calnexin, 
as well as several folding enzymes, such as the thi-
oredoxin-like protein PDI [31]. Studies of the role of 
PDI in cancer have demonstrated a pro-oncogenic, 
pro-survival function for PDI in cancer and therapeu-
tic resistance. PDI up-regulation in response to ER 
stress helps to ameliorate misfolded protein and 
stress-induced apoptosis. Based on these morpholog-
ical results, we next analyzed the levels of ER 
stress-associated proteins using western blot analysis. 
Our data indicate that B19 increases PDI protein ex-
pression after treatment of at least 1 h. PDI 
up-regulation may be the earliest sign of ER stress 
activation upon treatment with B19. 

GRP78, a member of glucose-regulated protein 
family (GRPs), is one of the most abundant ER lu-
minal chaperone proteins and is upregulated by ER 
stress. Our data demonstrated that B19 could increase 
GRP78 mRNA levels and protein expression, espe-
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cially after 8 h treatment. Once GRP78 is activated, it 
binds to unfolded proteins and dissociates three major 
ER stress sensors: pancreatic ER kinase (PKR)-like ER 
kinase (PERK), activating transcription factor 6 
(ATF6), and inositol-requiring enzyme 1 (IRE1) [32]. 
ATF6 is activated by proteolysis, translocates to the 
nucleus and regulates the expression of ER chaper-
ones and XBP1 to facilitate protein folding, secretion, 
and degradation in the ER [6]. The other ER 
stress-associated protein, CHOP, is a member of the 
C/EBP family of bZIP transcription factors, and its 
expression is induced to high levels by ER stress. 
ATF-6 and PERK activation have been reported to 
increase CHOP gene expression, triggering an ER 
stress-specific cascade for the implementation of 
apoptosis. We observed up-regulation of CHOP pro-
tein after HO8910 cells were treated with B19, indi-
cating that the B19 may induced ER stress developed 
into the commitment phase of apoptosis. All of the 
upstream signals ultimately lead to caspase activa-
tion, resulting in the ordered and sequential disman-
tling of the cell, completing the execution of ER 
stress-induced apoptosis [33, 34]. In the present study, 
we also detected the B19-induced activation of two of 
the unfolded protein response pathways via the 
monitoring of AFT-6 and XBP-1 levels and found that 
both GRP78 and CHOP were activated by B19 treat-
ment. Overall, our data demonstrate the capacity of 
B19 to activate all of the key proteins in the initiation, 
commitment, and execution phases of ER stress. These 
data preliminary indicate that the compound B19 may 
trigger the ER stress-dependent apoptotic pathway. 
However, we really do not know whether 
B19-induced cell apoptosis is ER stress-dependent or 
not. In non-small cancer cell line H460, knockdown of 
CHOP by specific siRNAs attenuated B19-induced ER 
stress-mediated apoptotic cascade [15]. We supposed 
that B19-induced apoptosis also is, at least partially, 
ER stress-dependent in HO8910 cells.  

Using electron microscopy, we also observed 
autophagosome-like structures in B19-treated 
HO8910 cells. Autophagy is essentially a protein 
degradation system of the cell’s own lysosomes. A 
variety of stress signals, such as nutrient starvation or 
treatment with different anticancer agents, stimulate 
the autophagy process. That is, conditions that induce 
ER stress also lead to the induction of autophagy 
[35,36]. Autophagy is generally characterized by the 
presence of cytoplasmic vacuoles and autophago-
somes, the absence of marginated nuclear chromatin 
[37,38] and an increase in cleavage of LC3. The role of 
autophagy in the process of cell death is controversial, 
but it has been confirmed that crosstalk between 
apoptosis and autophagy is essential in programmed 
cell death. In cancer cells treated with anticancer 

agents, autophagy appears to play a protective role. 
Suppression the autophagy with the autophagy in-
hibitor wortmannin and knockdown of Atg5 trig-
gered cucurbitacin-induced cell death to shift from 
autophagic cell death to caspase-dependent apoptosis 
[39,40]. The simultaneous knockdown of the au-
tophagic gene Beclin-1 synergistically restored anti-
estrogen sensitivity in resistant human breast cancer 
cells [5]. In this study, we detected the expression of 
LC3 protein. Both immunofluorescence staining re-
sults and western blot analysis indicated that B19 
treatment results in the activation of an early stage of 
autophagy induction. Autophagy inhibition by the 
inhibitor 3-MA aggravated the apoptosis induced by 
B19. 

Proteasomal degradation and autophagy have 
been identified as the two primary mechanisms that 
regulate protein clearance in stressed cells. The pro-
tein p62 reportedly conveys ubiquitinated proteins to 
both the proteasomal and autophagic degradation 
systems. Ubiquitinated proteins are degraded by 
proteasomes through the ER-associated degradation 
pathway and by autophagy through the ER-activated 
autophagy pathway [41, 42]. In particular, p62 was the 
first protein shown to bind directly with LC3 to facil-
itate autophagic degradation of ubiquitinated protein 
aggregates [43]. In the present study, we demon-
strated that ubiquitinated proteins significantly ac-
cumulated after B19 treatment, in parallel with an 
increase in the cleavage of LC3 and a reduction in p62 
protein levels. When we treated HO8910 cells with 
B19 in combination with 3-MA to block autophagy, 
the levels of LC3II decreased accordingly. Meanwhile, 
ubiquitinated proteins accumulated and p62 levels 
significantly increased. All of these facts indicate that 
B19 activates both apoptosis and autophagy maybe in 
response to ER stress caused by ubiquitinated pro-
teins. Autophagy helps to remove ubiquitinated pro-
teins, protects the ER and mitigates ER stress. The 
activation of autophagy after ER stress can either be 
cell-protective or cytotoxic. Studies have confirmed 
that autophagy eliminates misfolded proteins and 
plays a protective role in cell survival against ER 
stress in certain conditions [20]. Certain researchers 
have reported that activation of autophagy plays a 
protective role or is involved in chemoresistance in 
tumor cells [44]. Other researchers have documented 
that autophagy acts as programmed cell death type II 
and efficiently suppresses the growth of malignant 
glioma cells after curcumin treatment [45]. However, 
the role of autophagy-related clearance in HO8910 
cells treated with B19 had not been examined. In the 
present study, we demonstrated that when autophagy 
was blocked by the specific inhibitor 3-MA, ubiqui-
tinated proteins accumulated and ER stress-mediated 
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apoptosis was enhanced in HO8910 cells that were 
treated with B19. These data indicate that the activa-
tion of autophagy clears ubiquitinated proteins as a 
self-defense mechanism, which alleviates ER stress 
and subsequently apoptosis. The clearance of these 
misfolded proteins by autophagy may be crucial to 
alleviate ER stress and maintain homeostasis. That is, 
autophagy may help HO8910 cells avoid B19-induced 
cell death.  

However, there is no doubt that the limitations 
of B19 in ovarian cancer therapy still need for further 
study and investigation. For example, to confirm 
ER-stress is required for B19-induced apoptosis, ER 
stress inhibitors or specific siRNA should be used. In 
this study, only in vitro outcome is not enough, which 
needs to be further investigated on the human ovarian 
cancer nude mice model outcome. Moreover, mis-
folded proteins are usually turned over quickly or 
form aggregation, to give more evidences about the 
regulation of misfolded proteins by B19, SDS-soluble 
and insoluble fractions determination, or 
35S-pulse-chase of newly syntheses proteins, should 
be performed. Nevertheless, the anti-cancer effect of 
B19 in ovarian cancer is feasible, to demonstrate the 
underlying mechanisms is necessary in the further 
studies. 

In summary, we showed for the first time that 
treatment with a novel monocarbonyl analogue of 
curcumin, B19, can inhibit the growth of human 
ovarian cancer HO8910 cells in vitro. Our results in-
dicated that B19 may induce ER stress, apoptosis and 
autophagy in human ovarian cancer HO8910 cells. 
The B19-induced activation of ER stress-mediated 
apoptosis may open up new therapeutic options in 
ovarian cancer treatment. Autophagy efficiently 
transports B19-induced misfolded proteins for deg-
radation, allowing cells to avoid ER stress-mediated 
apoptosis. In addition, autophagy blockage increased 
the sensitivity of HO8910 cells to B19. We recommend 
that the use of B19 as an anticancer agent for ovarian 
tumors should be pursued because of its prominent 
effects and anticancer mechanisms, including the in-
duction of ER stress, autophagy and apoptosis. 
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