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Abstract

Although pancreatic neuroendocrine neoplasms (PanNENs) are generally indolent, 
patients with distant metastasis have a dismal prognosis. Recently, the autophagy 
inhibitor chloroquine (CQ) has been shown to suppress the tumour growth of PanNENs, 
but the detailed mechanisms have not been elucidated. Furthermore, these results were 
obtained from poorly differentiated cell lines rather than well-differentiated cell lines, 
which is the most prevalent type in this tumour. To explore the mechanism and efficacy 
of CQ on PanNENs, we applied CQ to cell lines and evaluated the resulting apoptosis and 
endoplasmic reticulum (ER) stress. CQ treatment induced ER stress, and an unfolded 
protein response was activated through the PERK-eIF2α-ATF4 pathway, resulting in the 
expression of the pro-apoptotic protein C/EBP homologous protein (CHOP), which reflects 
ER-stress-mediated apoptotic cell death. Furthermore, hydroxychloroquine (HCQ) was 
effective in Men1 heterozygous-deficient (Men1+/ΔN3-8) mice, a mouse PanNEN model that 
is considered to correspond to human low-grade PanNEN. HCQ administration decreased 
tumour size in Men1+/ΔN3-8 mice. In the HCQ group, histological analyses revealed that 
proliferative activity was unchanged, but apoptosis was accelerated, accompanied by 
CHOP expression. These results suggest that autophagy inhibition by CQ/HCQ could be 
used for the treatment of PanNEN, including the well-differentiated type.

Introduction

Pancreatic neuroendocrine neoplasms (PanNENs) comprise 
approximately 1–2% of all pancreatic neoplasms (Yao 
et al. 2008). The 2017 World Health Organization (WHO) 
classification divides PanNENs into well-differentiated 
pancreatic neuroendocrine tumours (PanNETs) and poorly 
differentiated pancreatic neuroendocrine carcinoma 
(PanNEC). Although pancreatic adenocarcinoma (PDAC) 
has a very dismal clinical prognosis, PanNENs have been 
regarded as relatively indolent. However, even well-
differentiated PanNETs have the malignant potential 

to metastasise to distant organs, with a 5-year survival 
rate limited to approximately 50% (Dasari et  al. 2017). 
Although recent therapeutic advances using hormonal, 
cytotoxic, and molecular-targeted drugs have improved 
the long-term survival of PanNEN patients (Lee et al. 2015), 
the progression-free survival for each drug is limited to 
approximately 1 year and a variety of therapeutic options 
from different avenues are inevitably required.

Autophagy is a lysosomal degenerative pathway of 
organelles or foreign proteins that supplies amino acids 
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to meet the metabolic demands of cells (Klionsky & Emr 
2000). Thus, the inhibition of autophagy is a potential 
target for treating malignant tumours. Indeed, the 
autophagy inhibitor chloroquine (CQ) and its derivative 
hydroxychloroquine (HCQ) have been tested against 
various types of cancer, including lung, colorectal, and 
pancreatic cancers (Chude & Amaravadi 2017, Xu et  al. 
2018). Moreover, Avniel-Polak et  al. reported that CQ 
induced apoptosis in the BON-1 PanNEN cell line in vitro 
(Avniel-Polak et al. 2016) and in a subcutaneous xenograft 
model (Avniel-Polak et al. 2018). CQ inhibits the activity 
of lysosomal enzymes in autophagolysosomes resulting 
in the accumulation of autophagolysosomes in the 
cytoplasm. However, the precise mechanisms underlying 
the effects of CQ in PanNEN remain poorly understood. 
In addition, these models are all derived from poorly 
differentiated PanNEC, which has a different genetic 
status compared with well-differentiated PanNET.

In this study, we applied the autophagy inhibitor CQ 
to the MIN6 and QGP-1 PanNEN cell lines and HCQ to 
genetically engineered Men1+/ΔN3-8 PanNET mice to clarify 
the cytotoxic effects of HCQ. We also identified one of 
the mechanisms of this cytotoxic effect in these tumours.

Materials and methods

Cell lines

MIN6 cells, derived from mouse insulinomas induced by 
insulin promoter-driven SV40 T antigens, which supresses 
p53 and RB activity (Miyazaki et  al. 1990), were kindly 
donated by Dr Jun-ichi Miyazaki (Graduate School of 
Medicine, Osaka University, Osaka, Japan). The culture 
medium was high-glucose Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% foetal bovine 
serum (FBS) and 1% penicillin/streptomycin. The cells 
were stocked at a passage number of 12 to 16 and utilised 
at 20 to 40 passages. QGP-1 cells, which were established 
from human malignant pancreatic somatostatinomas 
(Kaku et al. 1980, Iguchi et al. 1990), were purchased from 
the Japan Cancer Research Resources Bank Cell Bank, 
Osaka, Japan. According to the COSMIC Cell Line Project 
(https​://ca​ncer.​sange​r.ac.​uk/ce​ll_li​nes, COSMIC sample 
ID: COSS1298534), QGP-1 cells have heterozygous 
mutations in KRAS (G12D) and TP53. The culture 
medium used was RPMI1640 (Nacalai Tesque, Kyoto, 
Japan) supplemented with 10% FBS and 1% penicillin/
streptomycin. The cells were stocked at a passage number 
of 7 and utilised at 10 to 25 passages. Both cell lines were 

cultured at 37°C in a cell incubator with 5% CO2 and were 
passaged 1:6 or 1:8 after achieving >90% confluence. To 
induce autophagy, the cells were incubated with high-
glucose DMEM without pyruvate (048-33575; FUJIFILM 
Wako Pure Chemical Corporation). In the cell growth 
assay, 2.0 × 105 cells/well were plated into 24-well plates, 
incubated for 3 days, and then supplemented with 
the given compounds. Cell counts were obtained at 
the time of treatment initiation and at given times in 
triplicate using the Countess Automated Cell Counter™ 
(Invitrogen). Growth rates were calculated based on these 
cell counts. For the immunofluorescence analysis, the 
cells were fixed via incubation with 4% paraformaldehyde 
(PFA) for 20 min, followed by being washed with PBS, 
and then incubated with 0.5% Triton-X 100/PBS for  
20 min. After another washing with PBS and blocking 
with Protein Block Serum-Free Ready-to-use (Agilent) 
for 30 min, the cells were incubated with the primary 
antibody overnight at 4°C. After three washes with PBS, 
the cells were incubated with the secondary antibody for 
30 min at 4°C and observed under fluorescent microscopy. 
The primary and secondary antibodies used are listed in 
Supplementary Table 1 (see section on supplementary 
materials given at the end of this article). The cell count 
data were calculated by analysing three to six high-power 
fields (HPFs) for each group.

Transmission electron microscopy (TEM)

To perform the TEM of cell lines, 4% PFA and 2% 
glutaraldehyde (GA)/PBS were added to the culture dish of 
cell lines. The cells were incubated overnight at 4°C and 
brought to the Division of Electron Microscopic Study 
(DEMS) in the Center for Anatomical Studies, Graduate 
School of Medicine, Kyoto University. DEMS conducted 
the osmium tetroxide post-fixation and the preparation 
of ultrathin sections with uranium staining. The sections 
were then observed under TEM (Hitachi H-7650; Hitachi).

RNA isolation and data analysis

Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen) in accordance with the manufacturer’s 
protocols. First-strand cDNA synthesis was performed 
using the ReverTra Ace qPCR RT Master Mix (Toyobo, 
Osaka, Japan). RT-PCR was used to measure the ratio 
of spliced to total Xbp1/XBP1 mRNA. The forward 
primer 5′-AGTTAAGAACACGCTTGGGAAT-3′ and the 
reverse primer 5′-AAGATGTTCTGGGGAGGTGAC-3′ 
were used for the MIN6 cells originating from the mice.  
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The resulting PCR products were 172 bp in length 
for the unspliced Xbp1 mRNA and 146 bp in length 
for the spliced Xbp1 mRNA. The forward primer 
5′-AATGAAGTGAGGCCAGTGGCC-3′ and the reverse 
primer 5′-AATACCGCCAGAATCCATGGG-3′ were used 
for the QGP-1 cells derived from human tumours. The 
resulting PCR products were 125 bp in length for the 
unspliced XBP1 mRNA and 99 bp in length for the spliced 
XBP1 mRNA. The products were electrophoresed in 10% 
polyacrylamide gel in TBE, stained with ethidium bromide, 
and visualised using the ChemiDoc XRS+ system (Bio-Rad 
Laboratories). The intensity of the bands was quantified 
using Image Lab Software (Bio-Rad Laboratories), and the 
intensity ratio was calculated.

Protein lysates and Western blot analysis

Whole-cell lysates were prepared by adding RIPA buffer 
supplemented with protease inhibitor (cOmplete Mini; 
Roche). Protein yield was calculated using the BCA assay. 
Total protein lysates were denatured in SDS sample 
buffer separated by SDS-PAGE and transferred to PVDF 
membranes. The membranes were blocked and then 
incubated with the primary antibody in 5% skim milk 
and 0.5% Tween 20/Tris-buffered saline (TBST) overnight 
at 4°C. After three washes in TBST, the membrane was 
incubated with the secondary antibody (5% skim milk 
in TBST) for 1 h at room temperature. The primary/
secondary antibodies we used are listed in Supplementary 
Table 2. Chemiluminescence was detected with Chemi-
Lumi One Super (Nacalai Tesque) and visualised with the 
ImageQuant LAS 4000 (GE Healthcare). The intensity of 
the bands was quantified using ImageQuant TL software 
(GE Healthcare), and the intensity ratio was calculated. 
To assess the systemic inhibition of autophagy, wild-type 
mice (n = 2) were administered 10 mg/kg of HCQ for 7 
consecutive days. Tissue samples were collected from the 
ear and tail before and after treatment. Proteins from each 
tissue sample were analysed.

Mice

FVB;129S-Men1tm1.1Ctre/J mice (hereinafter referred to as 
Men1+/ΔN3-8 mice) were purchased from Jackson Laboratory 
(stock no. 004066). Eighteen-month-old mice were 
intraperitoneally injected with HCQ (10 mg/kg) or saline. 
The mice were killed after 21 consecutive daily injections. 
The pancreas and other tumour-bearing organs were 
collected, and histological and pathological analyses 
were performed. We dissected the whole pancreas at 

100-μm intervals and measured the diameters of all islets 
(usually <200 μm; large islets, 200–500 μm) or tumours 
(>500 μm) on the single section displaying the maximum 
tumour area. All procedures were approved by the Kyoto 
University Ethics Committee for Animal Experiments.

Immunohistochemistry and immunofluorescence

Paraffin sections were cut into 4-μm-thick 
slices, deparaffinised, and rehydrated. For the 
immunohistochemistry and immunofluorescence 
analyses, the procedures from antigen retrieval to 
antibody reaction were performed as previously reported 
(Furuyama et  al. 2011). The primary and secondary 
antibodies used are listed in Supplementary Table 1. 
The slices were treated with DAB peroxidase substrate  
(SK-4100; Vector Laboratories) for immunohistochemistry 
or with the TSA Plus System (PerkinElmer) and DAPI for 
immunofluorescence. For the TdT-mediated dUTP nick 
end labelling (TUNEL) assays, the DeadEnd Fluorometric 
Apoptosis Detection System (Promega Corporation) was 
used in accordance with the manufacturer’s protocols.

Statistical analysis

All values are shown as the mean ± s.d. All error bars 
represent the s.d. All indices were analysed using an 
unpaired t-test (two-tailed). P-values <0.05 were considered 
significant. The statistical analyses were performed using 
JMP Pro version 14.0 software (SAS Institute).

Results

CQ treatment suppressed autophagy and growth of 
PanNEN cells

First, we treated the PanNEN cell line MIN6 with CQ. 
As expected, the TEM analyses showed the chaotic 
accumulation of autophagolysosomes in the cytoplasm 
(Fig. 1A, yellow arrowheads), which supports previous 
reports of the inhibitory effect of CQ on lysosomal enzymes 
(Klionsky et  al. 2016). Accordingly, LC3B-II protein 
accumulation was evident in the Western blot analyses, 
which supports the accumulation of autophagolysosomes 
(Fig. 1B). CQ-treated QGP-1 cells displayed similar findings 
(Fig. 1C and D). These data indicate that CQ treatment 
suppressed autophagy in PanNEN cells.

The MIN6 cells showed a significantly reduced growth 
rate with CQ treatment (Fig. 2A). Cytologically, CQ 
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treatment increased the proportion of cleaved caspase-
3-positive cells and decreased the proportion of Ki-67-
positive cells, which indicates activated apoptosis and 
suppressed proliferation, respectively (Fig. 2B and C). 
Similar results were shown in the QGP-1 cells upon CQ 
treatment (Fig. 2D, E and F).

CQ induced ER stress-mediated apoptosis

During our TEM analyses, we noticed that the lumen of 
the ER was dilated by CQ treatment in the MIN6 cells, 

this response was similar to the results of treatment 
with tunicamycin, a well-known inducer of ER stress 
(Fig. 3A). Based on extensive studies of the interaction 
between autophagy and ER stress and ER-stress-mediated 
apoptosis (Ogata et  al. 2006, Ron & Walter 2007, Tabas 
& Ron 2011), we hypothesised that ER stress represented 
the trigger of CQ-induced apoptosis in PanNEN cells. 
This finding prompted us to examine the three major 
unfolded protein response (UPR) pathways (Yoshida et al. 
2000, Ron & Walter 2007). In the MIN6 cells, increased 
ATF4 expression was observed with CQ treatment (Fig. 
3B), whereas the cleavage of ATF6 remained unchanged 
(Fig. 3C). The IRE1 pathway was not activated because the 
splicing of X-box-binding protein 1 (Xbp1) mRNA was not 
accelerated (Fig. 3D). The immunofluorescent analyses 
showed that a subset of ATF4-positive cells expressed  
C/EBP homologous protein (CHOP), a proapoptotic protein 
(Fig. 3E). Moreover, the expression of cleaved caspase-3 was 
predominantly detected in CHOP-positive cells (Fig. 3F).  
These findings indicate that the PERK-eIF2α-ATF4 pathway 
was activated by CQ treatment and that excess UPR caused 
apoptosis through the induction of CHOP in the MIN6 
cells. Similar TEM findings were observed in the QGP-1 
cells (Fig. 4A). We confirmed the upregulation of the 
PERK-eIF2α-ATF4-CHOP pathway in QGP-1 cells (Fig. 4B).  
Again, no significant difference in ATF6 cleavage was 
identified (Fig. 4C). Unlike the MIN6 cells, the QGP-1 cells 
displayed accelerated splicing of XBP1 mRNA (Fig. 4D). 
We also noted that the expression of cleaved caspase-3 
was predominantly detected in CHOP-positive QGP-1 
cells (Fig. 4E).

HCQ treatment induced apoptosis and reduced 
tumour size in Men1+/ΔN3-8 mice

We used Men1+/ΔN3-8 mice to validate the effect of an 
autophagy inhibitor on PanNEN in vivo. Men1+/ΔN3-8 
mice reportedly develop pancreatic islet tumours with 
approximately 80% penetrance by 16 months of age 
(Crabtree et  al. 2001). Among the 30 mice analysed, 
we found that all mice bore visible tumours (diameter 
>1 mm) in the pancreas at 18 months (Supplementary 
Fig. 1A). As previously reported (Bertolino et  al. 2003, 
Loffler et  al. 2007), the islet tumours in the Men1+/ΔN3-8 
mice consisted of chromogranin A-positive cells without 
severe atypia; moreover, they were highly vascularised, 
sharing the characteristics of human well-differentiated 
PanNETs (Supplementary Fig. 1B and C). We found that 
the Ki-67 labelling index was <3%, which is comparable 
to human NET Grade 1 (G1) according to the 2017 WHO 

Figure 1
Analyses of the effects of CQ on MIN6/QGP-1 cells. (A) TEM analyses of 
MIN6 cells supplemented with a vehicle (left panel) or CQ (right panel). 
CQ: 20 μM. Yellow arrowheads: autophagolysosomes. Bar: 2 μm.  
(B) Western blot analysis of cell lysates from MIN6 cells for LC3. The 
relative intensity of the bands (n = 3 in each group) is shown on the right. 
(C) TEM analyses of QGP-1 cells supplemented with a vehicle (left panel) 
or CQ (right panel). CQ: 200 μM. Bar: 2 μm. (D) Western blot analysis of 
cell lysates from QGP-1 cells for LC3. The relative intensity of the bands  
(n = 3 in each group) is shown on the right.
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classification. Therefore, we consider this mouse model 
to correspond to low-grade well-differentiated PanNETs  
in humans.

First, we intraperitoneally injected HCQ, a derivative 
of CQ that is known to be more tolerable than CQ, into 
wild-type mice and evaluated the subsequent systematic 
autophagy-inhibiting activity. We found that 10 mg/kg 
of HCQ caused LC3-II accumulation in tissues including 
the ear and tail (Supplementary Fig. 1D). We then 
treated 18-month-old Men1+/ΔN3-8 mice with either HCQ  
(10 mg/kg/day) or saline every day for 3 weeks (Fig. 5A). 
Upon HCQ injection, the tumours in the HCQ group 
were significantly smaller than those in the saline-treated 
control group (Fig. 5B). The Ki-67 labelling index did 
not differ between the HCQ and saline groups (Fig. 5C), 
whereas TUNEL staining revealed significantly more 
apoptotic cells in the HCQ-treated tumours (Fig. 5D and 
E). The majority of tumour cells expressed CHOP following 
HCQ treatment (Fig. 5F). These findings indicate that 
HCQ treatment suppressed tumour growth by inducing 
apoptosis within PanNETs in Men1+/ΔN3-8 mice.

Discussion

The present study showed that the autophagy inhibitor 
CQ suppressed the growth of PanNEN tumour cells. In 
PanNEN cell lines, CQ suppressed cell proliferation 
and induced ER-stress-mediated apoptosis through the 
upregulation of the PERK-eIF2α-ATF4-CHOP pathway. 

HCQ did not affect tumour incidence in Men1+/ΔN3-8 mice, 
but it did significantly suppress tumour growth in these 
mice by inducing apoptosis.

The present results are partially consistent with a 
previous report demonstrating CQ-induced apoptosis 
in a BON1 PanNEN cell line in vitro (Avniel-Polak et  al. 
2016). In terms of the efficacy of autophagy inhibitors 
in vivo, CQ showed additional effects over everolimus 
in the BON1 xenograft model; however, CQ treatment 
alone did not affect tumour growth or the induction of 
apoptosis (Avniel-Polak et al. 2018). Similarly, CQ alone 
did not show any apparent effect in the Rip1Tag2 mouse 
model, whereas the combination of CQ and sunitinib 
suppressed tumour growth in that same model (Wiedmer 
et al. 2017). Furthermore, we used a relatively low dose of 
HCQ (10 mg/kg), whereas 60 mg/kg of CQ was used in 
the BON1 xenograft model and 50 mg/kg of CQ was used 
in Rip1Tag2 mouse model. This dose setting was chosen 
according to the dose adopted in mouse studies on SLE 
(Gomez-Guzman et  al. 2014), in which HCQ is widely 
used as an essential drug. The discrepancy between our 
study and previous studies might be derived from the 
differentiation status. In the BON-1 model and Rip1Tag2 
mouse model, most of the PanNEN cell line conferred 
poorly differentiated tumours. In our in vitro model, 
MIN6 was derived from mouse insulinomas induced by 
insulin promoter-driven SV40 T antigens, which suppress 
p53 and RB activity. QGP-1 was established from human 
malignant somatostatinomas, but recently available 
genomic data have shown that QGP-1 has heterozygous 

Figure 2
CQ shows inhibitory effects on PanNET cell lines. 
(A) Growth curve of MIN6 cells supplemented with 
20 μM of CQ or a vehicle (n = 3 in each group). (B 
and C) Immunofluorescent analysis of MIN6 cells 
receiving CQ treatment. Cleaved caspase-3-positive 
apoptotic cells are increased (B), and Ki-67-positive 
cells are decreased (C) (n = 6 HPFs in each group). 
(D, E, and F) Experiments with QGP-1 cells, done in 
triplicate manner. Data represent the mean ± s.d. 
*P < 0.05; **P < 0.01, by unpaired t-test.
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mutations in KRAS (G12D) and TP53. Our current results 
showed that the Ki-67 positivity of the MIN6 and QGP-1 
cells was 60–80%, which was similar to those of BON1 
cells and tumours of Rip1Tag2 mice in previous studies. 
In addition, BON1 cells have a mutation in NRAS and 
Rip1Tag2 mice were generated using SV40 Large T antigens 
in the insulin promoter. Taken together, the cell lines in 
our study and those of other studies are more likely to 
have characteristics of NEC rather than well-differentiated 
NETs. Compared to our results, in which HCQ alone at a 
relatively low dose showed inhibitory effects on tumours 
in Men1+/ΔN3-8 mice, the limited efficacy of CQ in previous 
reports may be explained by the poorly differentiation 
status and/or very high Ki-67 positivity in BON1 cells 
and tumours in Rip1Tag2 mice. These results suggest that 
HCQ monotherapy could be effective for tumours with 

low-grade lesions, while combination therapy might be 
preferable for higher-grade lesions in the application of 
clinical PanNEN treatments.

Previous studies have pointed out that autophagy 
inhibition induces apoptosis, but the underlying 
mechanisms have not yet been elucidated. Our findings 
showed that CQ/HCQ upregulated ER stress following the 
induction of apoptosis on CQ- or HCQ-treated PanNEN 
cells. In mice with genetically impaired autophagy 
caused by the pancreas-specific knockout of one of the 
autophagy-related genes (Atg7), acinar cells showed dilated 
ER (Antonucci et al. 2015), suggesting that the autophagy 
blockade induced ER stress. Those mice showed severe 
fibrosis and acinar-to-ductal metaplasia, acinar cell death, 
and regenerative proliferation in the pancreas. Our current 
results showed no impact on acinar cells; instead, they 

Figure 3
ER stress pathways in MIN6 cells treated with CQ. 
(A) TEM analyses of MIN6 cells supplemented with 
indicated reagents. CQ: 20 μM, tunicamycin: 1 
 μg/mL; Yellow arrowheads: autophagolysosomes; 
Red arrowheads: dilated ER. The insets show 
higher magnifications of dilated ER. Bar: 2 μm. (B) 
Induction of ATF4 and CHOP quantified by 
Western blot; n = 3 in each group. Tu: tunicamycin 
1 μg/mL. (C) Cleavage of ATF6 quantified by 
Western blot; n = 3 in each group. (D) Splicing of 
Xbp1 mRNA quantified by qPCR; n = 4 in each 
group. (E) Immunofluorescence of ATF4 and 
CHOP on MIN6 cells. Bar: 10 μm. (F) 
Immunofluorescence of CHOP and cleaved 
caspase-3 on MIN6 cells; n = 4 HPFs in each group. 
CQ: 20 μM. Data represent the mean ± s.d. NS, not 
significant; *P < 0.05; **P < 0.01. Bar: 20 μm.
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showed tumour (or islet) cell-specific insults, suggesting 
that the autophagy blockade with CQ/HCQ affected islet 
cells rather than acinar cells. These findings suggest that 
the manifestation of cellular stress from an autophagy 
blockade could differ between cell types.

HCQ has some adverse effects, including 
retinopathy, neuropathy, and diarrhoea. A concern of 
applying HCQ in clinical trials is the development of 
diabetes; for example, we identified CHOP-positive cells 
among normal islets in the Men1+/ΔN3-8 mice. However, 
we found that the incidence of apoptosis in normal 
islets was lower than that among PanNEN tumour 
cells (data not shown). Moreover, a large cohort study 
showed that, in rheumatoid patients, those treated 
with HCQ exhibited a lower risk of diabetes because 
the anti-inflammatory effects of HCQ improved insulin 
resistance (Rempenault et  al. 2018). Such findings 

suggest that HCQ-related insults to beta cells could be 
tolerable in the treatment of PanNEN patients.

Our study has several limitations that warrant 
consideration. First, we could not determine the impact 
of HCQ on the survival of PanNEN mice. When we bred 
Men1+/ΔN3-8 mice for 18 months, no significant difference 
in survival was evident between the Men1+/ΔN3-8 mice and 
the wild-type control mice (data not shown). Therefore, 
we instead evaluated tumour size after a 21-day course 
of treatment and showed the inhibitory effects of HCQ. 
Second, we did not examine the synergic effects of mTOR 
inhibitors with HCQ on PanNENs, although mTOR 
inhibitors have been reported to accelerate autophagy 
(Klionsky et  al. 2016). Further studies are necessary to 
clarify the impact of combination therapy.

In summary, we have demonstrated that autophagy 
inhibitors can induce apoptosis in PanNENs.  

Figure 4
ER stress pathways in QGP-1 cells treated with CQ. 
(A) TEM analyses of QGP-1 cells supplemented 
with indicated reagents. CQ: 200 μM; tunicamycin: 
10 μg/mL; Yellow arrowheads: 
autophagolysosomes; Red arrowheads: dilated ER. 
The insets show higher magnifications of dilated 
ER. Bar: 2 μm. (B) Induction of ATF4 and CHOP 
quantified by Western blot; n = 3 in each group. 
CQ: 200 μM. Tu: tunicamycin 1 μg/mL. (C) Cleavage 
of ATF6 quantified by Western blot; n = 3 in each 
group. (D) Splicing of Xbp1 mRNA quantified by 
qPCR; n = 4 in each group. (E) Immunofluorescence 
of CHOP and cleaved caspase-3 on QGP-1 cells; 
n = 6 HPFs in each group. CQ: 200 μM. Data 
represent the mean ± s.d. NS, not significant. 
*P < 0.05; **P < 0.01. Bar: 50 μm.
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We also found that ER stress is one of the mechanisms 
underlying the induction of apoptosis in tumour cells. 
Our current results provide a new potential therapeutic 
approach for the treatment of PanNEN patients.
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