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Chalcomoracin inhibits cell proliferation and increases
sensitivity to radiotherapy in human non-small cell lung cancer
cells via inducing endoplasmic reticulum stress-mediated
paraptosis
Shi-rong Zhang1,2, Xiao-chen Zhang3, Jia-feng Liang1, Hong-ming Fang4, Hai-xiu Huang1, Yan-yan Zhao1, Xue-qin Chen2 and
Sheng-lin Ma1,2

Chalcomoracin (CMR) is a kind of Diels–Alder adduct extracted from the mulberry leaves. Recent studies showed that CMR has a
broad spectrum of anticancer activities and induces paraptosis in breast cancer and prostate cancer cells. In this study, we
investigated the effects of CMR against human non-small cell lung cancer cells and the underlying mechanisms. We found that CMR
dose-dependently inhibited the proliferation of human lung cancer H460, A549 and PC-9 cells. Furthermore, exposure to low and
median doses of CMR induced paraptosis but not apoptosis, which was presented as the formation of extensive cytoplasmic
vacuolation with increased expression of endoplasmic reticulum stress markers, Bip and Chop, as well as activation of MAPK
pathway in the lung cancer cells. Knockdown of Bip with siRNA not only reduced the cell-killing effect of CMR, but also decreased
the percentage of cytoplasmic vacuoles in H460 cells. Moreover, CMR also increased the sensitivity of lung cancer cells to
radiotherapy through enhanced endoplasmic reticulum stress. In lung cancer H460 cell xenograft nude mice, combined treatment
of CMR and radiation caused greatly enhanced tumor growth inhibition with upregulation of endoplasmic reticulum stress proteins
and activation of pErk in xenograft tumor tissue. These data demonstrate that the anticancer activity and radiosensitization effect of
CMR result from inducing paraptosis, suggesting that CMR could be considered as a potential anticancer agent and radiation
sensitizer in the future cancer therapeutics.
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INTRODUCTION
Lung cancer is the leading cause of cancer death in the world [1].
Despite the rapid development of cancer treatments, including
targeting therapy, checkpoint-based immunotherapy and precise
radiotherapy, unavoidable drug resistance and rapid distant
metastasis are still major obstacles in the clinical management
of this disease. Radiation therapy is one of the standard
therapeutic strategies in the treatment of most common non-
small cell lung cancer (NSCLC), especially in patients with
unresectable tumors. For patients with local advanced NSCLC,
the current multimodal chemotherapy and radiotherapy do not
reach satisfactory treatment outcomes for most patients, and the
median progression-free survival is only 5–6 months [2–4].
Ionizing radiation (IR) can trigger many types of cell death, such

as apoptosis, in targeted cancer cells. Apoptosis is induced by
surface death receptors, through mitochondrial release of
cytochrome c or by cellular stress induced by drug/radiation

exposure. The most common signaling pathways that regulate
apoptosis include cell death receptor signaling, the caspase
signaling cascade and mitochondrial signaling [5–9]. By acting in
parallel or sequentially, autophagy can facilitate and cooperate
with apoptosis to drive cell death. Blockage of autophagy by
pharmacological inhibitors or knockdown of Beclin1 and Atg7
expression significantly inhibits apoptosis in cells. When a cell is
unable to undergo apoptosis, it may undergo necrotic cell death,
which does not involve caspase activation [10, 11].
Chalcomoracin (CMR) is a Diels–Alder adduct derived from

mulberry leaves. It has been reported that CMR inhibits fatty acid
synthesis and can serve as an anti-staphylococcal agent [12–14].
Recent studies have shown that CMR has a broad spectrum of
biological activities against human cancers and induces paraptosis
in breast cancer and prostate cancer cells. Paraptosis is a type of
nonapoptotic cell death characterized by dilation of the endo-
plasmic reticulum (ER) and/or mitochondria. Although the
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molecular mechanism of paraptosis is not well elucidated, studies
have revealed that paraptosis is independent of the caspase
signaling cascade and may involve activation of the mitogen-
activated protein kinase (MAPK) pathway [15, 16]. The ER stress
markers Bip and Chop were found to be elevated in paraptosis
[17, 18].
In this study, we tested the potential antitumor and radio-

sensitizing activities of CMR in NSCLC cells. Our results showed
that CMR increased clonogenic cell death by inducing paraptosis
in NSCLC cells in response to radiotherapy, with characterized
cytoplasmic vacuolation and dilated ER triggering ER stress.

MATERIALS AND METHODS
Chemicals and cell lines
CMR was provided by Jingkui Tian’s lab [19] at the Key Laboratory
of Biomedical Engineering of Zhejiang University; it had a purity
≥98% as determined by high-performance liquid chromatography
(HPLC). CMR stock solutions were dissolved in dimethyl sulfoxide
(DMSO) and diluted to the required concentrations before use.
U0126 (PHZ1283, Thermo Fisher, MA, USA) was used to inhibit the
MAPK pathway. The H460 (human large cell lung cancer), A549
and PC-9 cell lines (human lung adenocarcinoma) were obtained
from American Type Culture Collection. Cells were grown in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS),
100 IU/mL penicillin and 100 μg/mL streptomycin and were
maintained at 37 °C in 5% CO2 in a humidified incubator. The
cells were passaged twice a week and used in the exponential
growth phase.

Cell viability assays
Cell viability was determined by the CCK-8 assay. Briefly, cells were
plated into 96-well plates at ~5000 cells per well until cell
adhesion. CMR was added to the medium at the indicated
concentration. After incubation with CMR for 24, 48 and 72 h, each
well was incubated with 10 μL of CCK-8 solution per 100 µL of
medium for 1 h away from light. The absorbance of each well was
measured at 450 nm by using a multimode detection platform
(Molecular Devices, CA, USA) according to the instructions of the
CCK-8 assay kit.

Clonogenic survival assays
Cells in log phase were plated in six-well plates and pretreated
with CMR at the indicated concentrations or with DMSO as
controls. IR treatment was delivered 2 h later. Irradiated cells were
then maintained in culture medium for 14 days. Colonies greater
than 50 cells were counted as positive surviving colonies, and the
number of colonies was normalized to that in the controls. Mean
inactivation doses were determined as previously reported by the
Fertil method [20], and the sensitizer enhancement ratio (SER) of
CMR treatment was calculated as the ratio of mean inactivation
dosecontrol/mean inactivation doseCMR-treated.

Median effect analysis
Cells were treated with a constant ratio of doses of IR and CMR
based on the corresponding lethal doses (LD) LD50, and cell
survival was determined by clonogenic survival assay. A plot of the
log of the total dose versus the log of the reciprocal of the fraction
of cells affected minus 1 yielded a linear plot. The slopes and y-
intercepts of the plots were used to calculate the combination
index (CI) with CalcuSyn Version 2.0 software (BioSoft, Cambridge,
UK). The CI values were interpreted as follows: <1.0= synergism;
0= additive; and >1.0= antagonism.

siRNA transfection
For Bip siRNA treatment, cells were transiently transfected with
siRNA-scramble and siRNA-Bip (Guannan Biotech, Hangzhou,
China). The siRNA sequences are as follows: siRNA-1: 5′-GAAAUCG

AAAGGAUGGUUAAU-3′; siRNA-2: 5′-GGAGCGCAUUGAUACUAGA-3′;
siRNA-3: 5′-CAGAUGAAGCUGUAGCGUA-3′; and scramble siRNA:
5′-UUCUCCGAACGUGUCACGU-3′. Forty-eight hours after siRNA
transfection, the cells were treated with CMR for survival analysis
and calreticulin staining.

Immunofluorescent imaging
Confocal microscopy was used to visualize the formation of
cytoplasmic vacuoles in H460 cells. Cells were treated with 6 µM
CMR for 48 h, followed by irradiation or no IR as a control. After
treatment, the cells were washed twice with PBS and then fixed
with 4% paraformaldehyde for 30 min. Triton X-100 (0.5%) was
used to permeabilize the cells for 8–10min at room temperature,
and the cells were blocked with 1% BSA in PBS for 10 min. After
washing with PBS, the cells were stained with the ER marker
calreticulin (Cell Signaling Technology, Danvers, MA, USA) and the
nuclear dye DAPI (Dako, Denmark). Immunofluorescent images
were acquired using a Leica DMi 8 confocal microscope (Leica
Microsystems, German). At least 100 cells from each experiment
were counted at random to calculate the percentage of cells as
“positive” if they displayed vacuoles. The results from at least three
different experiments were averaged.

Transmission electron microscopy
After CMR treatment, cells were fixed in 2.5% glutaraldehyde for
4 h and washed in 0.1 M phosphate buffer three times. The
samples were immersed in 1% osmium tetroxide for 1 h, and 2%
uranyl acetate was used for sample dyeing for 30min. Then, the
cells were dehydrated by a graded ethanol series for 10min and
100% acetone twice. The processed cells were embedded in
embedding medium for 2 h and heated at 60 °C for polymerization.
The ultrathin sections were obtained by cutting in a microtome.
After staining with uranyl acetate and lead citrate, the sections
were examined under a transmission electron microscope (Hitachi,
Ibaraki, Japan) at 80 kV of accelerating voltage.

Annexin V-FITC/PI assay
Apoptosis was examined using an Annexin V-FITC apoptosis
detection kit (BD Biosciences, NJ, USA). Cells were prepared
according to the manufacturer’s instructions. Briefly, ~1 × 106 cells
were harvested, washed twice with cold PBS and stained with
Annexin V-FITC and PI in 1× binding buffer before flow cytomety
(FCM) analysis. The populations of apoptotic cells were deter-
mined using a Becton Dickinson FACSCanto II. Both early
apoptotic (Annexin V-positive and PI-negative) and late apoptotic
(Annexin V-positive and PI-positive) cells were included in
determining total apoptosis.

Western blot analysis
Cells were collected and washed twice with precooled PBS. Cells
were then lysed in RIPA buffer containing protease and
phosphatase inhibitors (Thermo Scientific, MA, USA). Twenty
microliters of lysates were used for Western blot analyses using
antibodies against phospho-p38, total-p38, phospho-Erk, total-Erk,
phospho-JNK, total-JNK, Chop, Bip, PARP, Caspase 3 and β-Actin
(Cell Signaling Technology, Danvers, MA, USA). The Western blot
signals were detected by BioRad ChemiDoc XRS+ (Biorad, CA,
USA) using a chemiluminescence kit.

In vivo study
H460 cells (5 × 106 in 0.2 mL of 1× HBSS+ 1% HSA) were
inoculated subcutaneously into the right thighs of female Nu/Nu
mice (5–7 weeks of age, Charles River, Beijing, China). The mice
were randomized into four groups when the average tumor
volume reached 200mm3. The following treatments were given:
(a) methylcellulose/Tween 80 as a vehicle; (b) CMR (50mg/kg every
day) on days 1–7 by intraperitoneal injection; (c) IR (10 Gy) on day
1; and (d) CMR+ IR (10 Gy). Tumors were measured twice a week,
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and tumor volumes were determined from caliper measurements
of the tumor length (L) and width (W) and calculated according to
the formula (L ×W2)/2. Tumor growth inhibition (TGI) and
antitumor efficacy were determined by using the following
equation: [%TGI= (1− change in tumor volume in treatment
group/change in tumor volume in control group) × 100].

Immunohistochemistry analysis
H460 xenograft tumors were collected 10 days after the treatment
began. The tissue samples were fixed in 10% formaldehyde
solution, embedded in paraffin and sliced into 5-μm sections.
Antigen retrieval was conducted on formalin-fixed paraffin-
embedded (FFPE) tissue sections incubated in retrieval buffer for
5 min (Dako, Denmark). Tissue samples were then incubated with
an endogenous peroxidase blocker for 10 min and then incubated
with primary antibodies (CC3, Cell Signaling Technology, Danvers,
MA, USA) for 60 min at room temperature. DAKO EnVision™+
System-HRP was used as a secondary antibody (Dako, Denmark).
Tumor sections were incubated with biotinylated primary anti-
body (Dako, Denmark) for Ki67 immunohistochemical analysis.
Quantification of Ki67- and CC3-positive signals was conducted
using the Ariol system (Genetix, San Jose, CA, USA).

Statistical analysis
Data are presented as the means ± SD. Student's t test was used to
determine the significance between groups. Significance was
defined at the level of P < 0.05.

RESULTS
CMR inhibits cancer cell proliferation and induces cytoplasmic
vacuolation in lung cancer cells
The anticancer effect of CMR (molecular weight: 648.69) was
evaluated in H460, A549 and PC-9 cells. These cells were treated
with CMR (0, 2, 4, 8, 16 and 32 μM) for 24, 48 and 72 h, and cell
viability was then determined. We found that exposure to CMR
obviously decreased the viability of H460, A549 and PC-9 cells in a
dose-dependent manner, suggesting that CMR has cytotoxic
activity against lung cancer cells. The IC50 values of CMR in H460,
A549 and PC-9 cells were 10.8, 10.1 and 12.3 μM at 24 h; 6.1, 6.3
and 8.9 μM at 48 h; and 4.8, 5.7 and 7.9 μM at 72 h, respectively
(Fig. 1a). Microscopic observation showed that CMR treatment
induced extensive cytoplasmic vacuolation in H460, A549 and PC-
9 cells. A significantly higher percentage of cytoplasmic vacuo-
lated cells (36.6% ± 3.4% in H460 cells, 33.4% ± 3.0% in A549 cells
and 24.5% ± 4.1% in PC-9 cells) was observed when cells were
treated with 6 μM CMR compared to that of control cells or cells
that were treated with lower doses of CMR (Fig. 1b).

Low and medium doses of CMR caused paraptosis but not
apoptosis
It has been reported that cytoplasmic vacuolation induced by
paraptosis is due to ER stress [16, 21]. As shown in Fig. 2a,
immunofluorescent staining showed that the edges of all
cytoplasmic vacuoles in CMR-treated cells were stained with the
ER marker calreticulin (red color), indicating that the formation of
vacuoles originated from ER dilation. We also noticed that the
percentage of cytoplasmic vacuoles formed in these CMR-treated
cells increased in a dose-dependent manner.
We used transmission electron microscopy (TEM) to determine

the potential ultrastructural changes in H460 and A549 cells in
response to CMR treatment. We found that after 48 h of treatment
with 6 μM CMR, empty vacuoles with no visible materials observed
inside the vacuoles had formed. Swollen ER cisternae also
occurred. However, we did not observe DNA fragmentation or
chromatin condensation in the nuclei of lung cancer cells after
CMR treatment (Fig. 2b). In addition, Annexin V-FITC analysis
showed that CMR treatment did not induce significant apoptosis

in H460 and A549 cells, although slight increases in apoptotic cell
death were detected in both cell lines when the cells were treated
with 8 μM of CMR for 48 h (Fig. 2c).

CMR caused ER stress-dependent paraptosis of lung cancer cells
We next analyzed the protein expression levels of the ER stress
markers Bip and Chop in lung cancer cells following treatment
with CMR. We found that the expression of Bip and Chop proteins
significantly increased in parallel with increasing doses of CMR in
H460 and A549 cells. However, we did not detect any obvious
changes in the protein expression of ALG-2-interacting protein X
(Alix), which is an inhibitor of paraptosis [15], or the autophagy-
specific marker LC3B. We also determined the changes in protein
expression of three other ER transmembrane sensors, inositol
requiring enzyme 1 (IRE1), protein kinase RNA (PKR)-like ER kinase
(PERK) and activating transcription factor 6 (ATF6), and our results
showed that the expression of IRE1, p-PERK and ATF6 increased in
H460 cells when the cells were treated with 6 μM CMR. In A549
cells, however, we detected increased protein expression of IRE1
but not p-PERK or ATF6 in CMR-treated cells. On the other hand,
we did not detect any changes in apoptosis-related caspase-3
(neither the full-length protein nor cleaved fragments) or its
substrate PARP in H460 and A549 cells after CMR treatment
(Fig. 3a). Taken together, these results suggest that exposure to
low and medium concentrations of CMR induces paraptosis but
not apoptosis in NSCLC cells.
These observed changes in ER stress proteins indicate a

potential involvement of ER stress in the paraptosis process of
cells treated with CMR. We thus evaluated the role of an ER stress
protein on CMR-induced paraptosis in H460 cells. We found that
knocking down Bip by siRNA transfection (Fig. 3b) not only
decreased the cell-killing effect of CMR treatment (Fig. 3c) but also
reduced the percentage of cytoplasmic vacuoles (Fig. 3d) in H460
cells. Therefore, we suggest that CMR exposure induces paraptosis
through modulation of ER stress proteins.

CMR radiosensitizes lung cancer cells mainly through enhancing
paraptosis
We further evaluated the potential radiosensitization effects of
CMR on H460 and A549 cells. For this, we performed a clone
formation assay to determine the SER. The cells were pretreated
with 0, 2, 4 or 6 μM CMR and then irradiated with different doses
of IR. We found that pretreatment with CMR enhanced the
sensitivity of cells to radiotherapy, and the SER values reached
1.35 for H460 cells and 1.28 for A549 cells at a CMR dose of
6 μM, 1.14 for H460 cells and 1.19 for A549 cells at a dose of 4 μM,
and 1.12 for H460 cells and 1.10 for A549 cells at a CMR dose of
2 μM (Fig. 4a). We also determined the CI for CMR combined with
IR in H460 and A549 cells by treating the cells with constant ratios
of corresponding LD50 of CMR and IR. Our results showed that
combination treatment with IR and CMR led to an overall CI value
of <1.0, indicating a synergistic radiosensitization effect of CMR on
H460 cells (Fig. 4b). Apoptosis analysis further showed that, while
the percentage of apoptotic cells increased in a dose-dependent
manner in cells in response to IR treatment, pretreatment with
CMR had no effect on the apoptotic response to IR in H460 or
A549 cells (P > 0.05, Fig. 4c). However, we detected dramatically
increased cell populations with vacuole formation in irradiated
H460 cells (from 23.5% to 42.2%) and A549 cells (from 18.1% to
33.8%) when cells were pretreated with CMR. Notably, no such
change was observed in irradiated control cells that were not
cotreated with CMR (Fig. 4d). Consistent with the above
observations, Western blot analysis showed that the expression
of Bip and Chop proteins increased only in the cells treated with
the combination of CMR and IR. In addition, we also noticed that
when cells were pretreated with 6 μM CMR, the protein levels of
IRE1 and ATF6 and the phosphorylation level of PERK (p-PERK)
increased in H460 cells in response to IR exposure. However, in
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A549 cells, only IRE1 protein levels obviously increased in cells that
were cotreated with CMR and IR (Fig. 4e).

MAPK activation mediates paraptosis induced by CMR
To understand the detailed mechanism by which CMR treatment
induces paraptosis in NSCLC cells, we analyzed the signal
activation of the p38/Erk/JNK MAPK pathway in cells treated with
IR CMR, individually or in combination. Western blot analysis
revealed that treatment with IR or CMR alone upregulated the
phosphorylation levels of ERK, JNK and p38 in H460 cells
compared to those of the control cells. Of note, the most
significant change in these phosphorylation events was observed
in cells treated with the combination of IR and CMR (Fig. 5a).
Adding the MAPK pathway inhibitor U0126, which markedly
blocked the basal level of the phosphorylation of ERK proteins, to

the culture medium of H460 cells before treatment with IR, CMR or
the combination, blocked the basal protein expression and
increase in Bip and Chop proteins in response to the cotreatment
with IR and CMR (Fig. 5b), and it also decreased the percentage of
vacuolated cells in response to CMR alone (from 23.2% ± 2.1% to
11.8% ± 3.5%) or CMR combined with IR (from 41.3% ± 6.0% to
25.2% ± 4.1%, Fig. 5c).

The combination of CMR and radiation therapy inhibits tumor
growth in H460 xenografts
We further extended our study to an in vivo model. In this
experiment, H460 cells were inoculated into Nu/Nu mice to
establish xenografts, and the effects of CMR, IR or CMR combined
with IR on tumor growth were assessed. Our results showed that
treatment with a single dose of IR (10 Gy) or daily oral treatment

Fig. 1 CMR inhibited cell viability and induced cytoplasmic vacuolization in lung cancer cells. a Cells were treated with CMR at the
indicated concentrations, and cell viability was determined using a CCK-8 assay. Data represent the average of three experiments. Error bars
indicate standard deviation. b Phase-contrast images of H460, A549 and PC-9 cells following incubation with CMR at the indicated
concentrations for 48 h and the percentage of CMR-induced cytoplasmic vacuolation in H460, A549 and PC-9 cells; * indicates statistical
significance.
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with CMR (50 mg/kg for 7 days) inhibited in vivo H460 tumor
growth with TGI of 36.7% and 76.4%, respectively. Interestingly,
we noticed that the combination treatment of IR and CMR caused
significantly enhanced tumor growth inhibition up to 95.7%
(Fig. 6a). The tolerability analysis measured mouse body weight
and showed that treatments with CMR or CMR combined with IR
did not cause obvious body weight changes during the
experiment, suggesting that treatment with IR combined with
CMR was well tolerated (Fig. S1).
Western blot analysis showed that CMR treatment or the

combination treatment led to an upregulation of Bip and Chop
and activation of p-Erk in xenograft tumor tissues (Fig. 6b). We also
noticed that, although treatment with IR or CMR alone reduced
Ki67 staining in H460 xenograft tumors, combination treatment

further decreased the level of Ki67 staining in tumor cells.
Exposure to CMR, however, did not increase the IR-induced
positive staining of cleaved caspase 3 (CC3) in the tumor tissues
(Fig. 6c and Table S1).

DISCUSSION
Radiation therapy is an important component of cancer treatment,
and more than 50% of cancer patients will receive radiotherapy
during clinical management of the disease. Radiotherapy also
contributes to 40% of the curative treatments for cancer patients.
For NSCLC patients, concurrent chemotherapy and radiation
therapy is the standard care for local advanced patients; however,
the clinical outcomes remain unsatisfactory, with a median

Fig. 2 Effects of CMR on paraptosis of lung cancer cells without an apoptotic response. a The cytoplasmic vacuolation induced in H460 and
A549 cells was observed by immunofluorescence staining with calreticulin antibody, and the cells with obvious cytoplasmic vacuolation were
counted as positive cells. At least 100 cells from each experiment were counted at random to calculate the percentage of positive cells. The
scale bar represents 50 μm, and all images are at the same magnification; * indicates statistical significance. b Transmission electron
microscopy of lung cancer cells treated with CMR. The scale bar represents 5 μm, and all images are at the same magnification. c Apoptosis
analysis. Cells were treated with CMR (0, 2, 4, 6 and 8 μM) for 48 h and analyzed by flow cytometry.
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progression-free survival of 5–6 months. Recently, a multicenter,
open-labeled, randomized phase II trial showed that targeted
therapy with an EGFR inhibitor combined with radiation provides
a statistically significant PFS improvement (23.4 vs. 9.0 months)
compared to that of chemotherapy plus radiotherapy in
unresectable stage III NSCLC with an activating EGFR mutation,
indicating that lung cancer patients with an EGFR mutation can
benefit from this new therapeutic strategy [22], although nearly

60% of NSCLC patients cannot benefit from this treatment
because patients have tumors that do not harbor an EGFR
mutation. However, the success of the combination of IR with
EGFR-targeting chemotherapy suggests the clinical potential of
developing a novel radiotherapeutic strategy for NSCLC patients.
Studies have revealed that natural products can sensitize cancer

cells to radiation therapy [23, 24]. The mechanisms by which the
natural components synergize with IR to facilitate cancer cell

Fig. 3 Effects of CMR on paraptosis depend on endoplasmic reticulum stress. a Total cell lysates were collected and analyzed for Bip, Chop,
Alix, LC3B, p-PERK, IRE1, ATF6, caspase 3 and PARP proteins. Anti-β-actin antibody was included as a loading control. Cells were treated with
CMR (0, 2, 4 or 6 μM) for 48 h. b H460 cells were transiently transfected with Bip siRNA or scramble-siRNA as a control. Western blot analysis
showed the inhibitory effect of siRNA on Bip protein in cells collected 72 h after transfection. Bip-siRNA-2 was selected for Bip knockdown in
the CCK-8 and immunofluorescence staining assays; * indicates statistical significance. c A CCK-8 assay was performed on siRNA-transfected
cells treated with CMR as described above. d Immunofluorescence staining of siRNA-transfected cells treated with CMR. The scale bar
represents 50 μm, and all images are at the same magnification.
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1.5% 8.8%

1.9%

1.6% 11.9%

2.0%

0.8% 5.0%

2.0%

1.3% 5.9%

2.2%

0.7% 3.1%

10.5%

0.8% 4.0%

11.2%

d

Fig. 4 CMR radiosensitizes lung cancer cells by enhancing paraptosis. a H460 and A549 cells were pretreated with 6 μM CMR for 2 h and
then irradiated with the indicated doses. Clonogenic survival assays were performed as described in the Materials and Methods. Data
represent the average of three experiments. b The CI was determined in H460 and A549 cells treated with IR and CMR. c Apoptotic analysis
was conducted 48 h after treatment by flow cytometry. d Cytoplasmic vacuolation induced in H460 and A549 cells was observed by
immunocytochemistry; * indicates statistical significance. The scale bar represents 50 μm, and all images are the same magnification. e Cell
lysates were collected 48 h after radiation and analyzed for Bip, Chop, p-PERK, IRE1 and ATF6 proteins. Cells were treated with 6 μM CMR
followed by radiation with 0, 1, 2 or 4 Gy.

CMR increaes radiosensitivity in NSCLC
SR Zhang et al.

831

Acta Pharmacologica Sinica (2020) 41:825 – 834



killing are usually by enhancing apoptosis, affecting the cell cycle,
and/or attenuating angiogenesis [25–29]. In this study, we
demonstrated that CMR, a type of Diels–Alder adduct from
Mulberry leaves, enhances the radiosensitivity of NSCLC cells by
inducing paraptosis. Previous studies have shown the anticancer
activity of CMR in various human cancer cell lines, but little is
known about its effects on lung cancer. Our current data showed
that CMR significantly induced cell killing. Of interest, we found
that CMR treatment induced ER dilation and cytoplasmic
vacuolation in NSCLC H460 cells. Immunofluorescence analysis
and TEM imaging further showed that in CMR-treated cells, the ER
underwent swelling and fusion. In addition, CMR treatment
enhanced the expression of ER stress markers, including the
transcription factors Bip and Chop. This evidence indicates that
CMR kills cancer cells through paraptosis. However, we noticed
that CMR treatment did not cause activation of caspase-3 and
PARP, which indicates that apoptosis is not a cause of CMR-
induced cell death in these cancer cells. In the combination
treatment experiment, we also demonstrated that the synergistic
effect of CMR on IR-induced cell killing in NSCLC cells involved
paraptosis but not apoptosis. Thus, CMR treatment triggers
paraptosis in NSCLC cells, which results in significant cancer cell
death and a synergistic cell-killing effect of cells in response to IR.
Of note, however, we noticed that the expression of all three ER
transmembrane sensors, IRE1, PERK and ATF6, was enhanced in
CMR-treated H460 cells, while only IRE1 protein expression was
increased in A549 cells, indicating the potential of different ER
sensors to be induced by ER stress in distinct lung cancer cells [30].

Paraptosis is a nonapoptotic pathway whose main features are
extensive cytoplasmic vacuolation and the absence of significant
cell membrane blebbing and nuclear shrinkage. Paraptosis is a
molecular pathway that is independent of caspases, and although
studies have not fully explored the detailed molecular mechanism
of paraptosis, it is proposed that the MAPK pathway may also
participate in the development and the process of paraptosis
[15, 31, 32].
We also found in our study that CMR treatment activated the

MAPK pathway. However, our results showed no changes in Alix
protein expression in CMR-treated cells, which is contrary to the
results reported in Han’s study [32]. The discrepancy in Alix
involvement in CMR-triggered paraptosis suggests the potential
involvement of other molecular signaling pathways in paraptosis
in lung cancer cells.
Regarding the activation of MAPK signaling, previous studies

have shown that exposure of cells to IR and to a variety of other
toxic stresses induces simultaneous compensatory activation of
multiple MAPK pathways [33]. Interestingly, we observed that
radiation treatment combined with CMR enhanced the MAPK
pathway and increased the percentage of cytoplasmic vacuola-
tion, which could explain the synergistic effect of CMR combined
with irradiation. Most importantly, we found that paraptosis in
CMR-treated cancer cells or in cancer cells treated with the
combination of CMR and IR was inhibited when the cells were
exposed to the specific phospho-Erk inhibitor U0126, indicating
the role of MAPK activation in CMR-induced cell killing and
paraptosis in NSCLC cells.

Fig. 5 MAPK activation mediates CMR-induced paraptosis. a Total cell lysates were collected from H460 cells after the indicated treatments
and analyzed for phosphorylation and total Erk, JNK and p38 proteins. Anti-β-actin antibody was included as a loading control. b H460 cells
were treated with CMR and radiation, with or without U0126. Cell lysates were collected and analyzed for phosphorylation and total Erk, JNK
and p38 protein, as well as Chop and Bip. c Cytoplasmic vacuolation induced in H460 cells with the indicated treatments was observed by
immunocytochemistry; * indicates statistical significance. The scale bar represents 50 μm, and all images are at the same magnification.
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In conclusion, we report for the first time that the anticancer
activity and radiosensitization effect of CMR induces paraptosis.
Our data suggest that CMR could be considered a potential
anticancer agent and radiation sensitizer in future cancer
therapeutics.
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