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Abstract. Drug resistance of non-small cell lung cancer 
(NSCLC) is highly correlated to the mutation of the epidermal 
growth factor receptor (EGFR). Although EGFR tyrosine 
kinase inhibitors (TKIs) are available clinically, the molecular 
complexity of NSCLC has made it necessary to search for 
alternative therapeutic approaches to overcome the drug 
resistance of NSCLC. In the present study, we identified a trit-
erpene molecule derived from the herbal plant Tripterygium 
wilfordii, celastrol, as a novel autophagy inducer. We demon-
strate that celastrol exhibited selective cytotoxic effect towards 
EGFR mutant NSCLCs. In addition, celastrol also facilitated 
the autophagic degradation of Hsp90 client protein including 
EGFR and Akt on both EGFR wild-type and mutant NSCLCs 
via calcium-mediated autophagy. Blockage of celastrol-induced 
autophagic degradation of EGFR by autophagic inhibitor or 
calcium chelator decreased celastrol-mediated cell death in 
gefitinib-resistant NSCLCs. Overall, our findings suggest that 
celastrol may be developed as an effective anticancer agent for 
treatment of gefitinib-resistant NSCLC in the future.

Introduction

The receptor tyrosine kinase (TK), epidermal growth factor 
receptor (EGFR) is involved in human physiological or meta-
bolic processes (1). Upon the binding of the endogenous ligands 
such as epidermal growth factor (EGF), transforming growth 
factor-α (TGF-α), amphiregulin, heparin-binding EGF, or 

betacellulin to the EGFR, homo- or hetero-dimerization of the 
EGFRs occur and lead to internalization and autophosphoryla-
tion of the intracytoplasmic EGFR tyrosine kinase domains. 
The phosphorylated tyrosine kinase then activates several 
downstream signaling pathways such as the RAS-RAF-MEK-
ERK-MAPK (RAS-MAPK), PI3K-AKT and JAK-STAT 
pathways, which are responsible for regulating both apoptosis 
and proliferation of cells (2). However, an increased gene copy 
number or mutation of EGFR could lead to the dysregulated 
activation of EGFR tyrosine kinase (TK), which finally 
contributes to the increased survival, proliferation, invasion 
and metastasis rate of tumor cells (3). In fact, more than 60% 
of metastatic non-small cell lung cancer (NSCLC) patients 
have overexpression of EGFR with poor prognosis (4).

Small molecule EGFR tyrosine kinases inhibitor (TKI) 
can inhibit the autophosphorylation, activation and signal 
transduction of EGFR. Erlotinib and gefitinib are the first-
generation oral synthetic anilinoquinazoline TKIs that bind 
reversibly to the EGFR TK domain (2). New generation of 
EGFR TKIs such as neratinib (5), afatinib (6) and dacomi-
tinib (7) are irreversible inhibitors of the ErbB family. EGFR 
mutations are commonly found in NSCLC and contribute to 
the early development of lung cancer (1). However, it should 
be noted that the sensitivity of the NSCLC to gefitinib and 
erlotinib is highly dependent on the type of EGFR mutations. 
For example, NSCLC cells with L858R mutant in EGFR are 
more sensitive to gefitinib than those with G719S mutant (8).

Importantly, acquired drug resistance to gefitinib and 
erlotinib is observed in NSCLC tumors with a point muta-
tion in the TK domain. For example, the threonine-790 to 
methionine (T790M) substitution point mutation was found in 
approximately 50% of cancer patients with acquired resistance 
to EGFR TKI therapy, suggesting that T790M may work as a 
biomarker for identifying patients who might be resistant to 
erlotinib or gefitinib treatments (1). Further studies supported 
the presence of T790M in gefitinib-sensitive cells confers 
resistance to gefitinib treatment (9). Therefore, cancers with 
T790M or other point mutations which may contribute to drug 
resistant of TKIs remain as an important clinical challenge.

Autophagy is a well-known cellular maintenance mecha-
nism responsible for the degradation of unwanted organelles 
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and proteins to maintain normal cellular biosynthesis during 
nutrient deprivation or metabolic stressful conditions. 
Disruption on the autophagic function of cells can promote 
tumorigenesis. In fact, various studies have demonstrated 
autophagy as a tumor suppressor mechanism via accelerating 
the removal of damaged organelles and proteins to maintain 
normal cell growth and stability of genome (10). It was showed 
that mice with deficient autophagic related gene beclin 1 
were more susceptible to tumor development, suggesting the 
tumor suppression role of autophagy (11). In fact, prolonged 
constitutive activation of autophagy may eventually lead to the 
induction of autophagic cell death, when turnover of cellular 
content overwhelm the capacity of the cell (9). Therefore, the 
induction of autophagic cell death has been an attractive anti-
cancers therapeutic approach recently. For example, a novel 
small molecule (STF-62247) was demonstrated to promote 
autophagic cell death in renal carcinoma cells, although the 
role of autophagy in cancer therapy remained controver-
sial (12).

Celastrol, a triterpene extracted from the herbal plant 
Tripterygium wilfordii, has been shown to induce apoptotic 
cell death in gefitinib-resistant non-small cell lung cancer 
(NSCLC) cells (H1650 and H1975) with the loss of mitochon-
dria membrane potential, and promote degradation of two 
well-known client proteins of Hsp90, EGFR and AKT (13). 
Although the pharmacological role of celastrol has been identi-
fied in various diseases including cancers, rheumatoid arthritis, 
lateral sclerosis, lupus erythematosus, asthma and Alzheimer's 
disease, the mechanisms underlying celastrol-induced client 
proteins degradation remain uninvestigated (13). In the present 
study, we investigated the autophagic property of celastrol, and 
further studied the mechanisms governing the degradation of 
EGFR in gefitinib-resistant NSCLCs.

Our results demonstrated that celastrol induced substantial 
cytotoxic effect and mobilized cytosolic calcium in EGFR 
mutant NSCLCs. Celastrol also induced degradation of Hsp90 
client protein in both wild-type and mutant EGFR NSCLCs 
via mobilization of calcium and autophagy. Further analysis 
by immuno-fluorescence staining confirmed that celastrol 
induced autophagy and EGFR degradation simultaneously in 
H1975 gefitinib-resistant NSCLCs, suggesting the anticancer 
properties of celastrol via promoting the degradation of EGFR 
through calcium-mediated autophagy induction in resistant 
cancer cells.

Materials and methods

Reagents, chemicals and antibodies. All chemicals and 
reagents were purchased from Sigma-Aldrich unless otherwise 
stated. The following regents were used: 3-methyladenine 
(189490; Calbiochem, San Diego CA, USA), BAPTA/AM 
(196419; Calbiochem), celastrol (China Chengdu MUST, 
A0106), RIPA lysis buffer (9806; Cell Signaling Technology, 
Danvers, Ma, USA), Fluo-3, AM (F14218; Life Technologies, 
Carlsbad, Ca, USA), antibody against LC3B (2775; Cell 
Signaling Technology), EGFR (5735S; Cell Signaling 
Technology), Akt (9272; Cell Signaling Technology), anti-
β‑actin (sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), ZyMax™TRITC conjugated anti-mouse secondary 
antibody (PA1-28565; Invitrogen, Carlsbad, CA, USA). FITC 

conjugated anti-rabbit secondary antibody (F-2765; Invitrogen). 
Primer pairs for real-time PCR of EGFR: EGFR-forward, 
TTGCCGCAAAGTGTGTAACG and EGFR-reverse, GAG 
ATCGCCACTGATGGAGG.

Cell culture. All cells were obtained from the American Type 
Culture Collection (ATCC; Rockville, MD, USA) unless 
otherwise specified. All media were cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS) 
and the antibiotics penicillin (50 U/ml) and streptomycin 
(50 µg/ml; Invitrogen, Paisley, UK). All cell cultures were 
incubated at 37˚C in a 5% humidified CO2 incubator.

Cytotoxicity assays. All test compounds were dissolved 
in dimethyl sulfoxide (DMSO) at final concentrations of 
50 mmol/l and stored at -20˚C before use. Cytotoxicity was 
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (5.0 mg/ml) assay as previously 
described (14). Briefly, 4x103 cells were seeded/well in 96-well 
plates before drug treatment. After overnight culture, the cells 
were then exposed to different concentrations of celastrol 
(0.039-100 µmol/l) for 72 h. Cells without drug treatment were 
used as control. Subsequently, MTT (10 µl) was added to each 
well and incubated at 37˚C for 4 h followed by the addition of 
100 µl solubilization buffer (10% SDS in 0.01 mol/l HCl) and 
overnight incubation. A570 nm was determined from each well 
the next day. The percentage of cell viability was calculated 
using the following formula: Cell viability (%) = Atreated/Acontrol 
x 100. Data were obtained from triplicate independent experi-
ments.

Measurement of intracellular free calcium. Changes in 
intracellular free calcium were measured by a fluorescent 
dye, Fluo-3, AM as previously described (15). Briefly, NSCLC 
cells were washed twice with RPMI-1640 media after 2 µM 
celastrol treatment for 0-4 h. The cell suspensions were then 
incubated with 5 µM Fluo-3, AM at 37˚C for 30 min. After 
the cells were washed twice with HBSS, the re-suspended cell 
samples were then subjected to FACS analysis. At least 10,000 
events were analyzed.

Endogenous LC3 and EGFR detection. The detection of 
endogenous LC3 was conducted using immunofluorescence 
staining method as described below. In brief, celastrol-treated 
cancer cells on coverslips were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) for 20 min at room temperature and 
then rinsed with phosphate-buffered saline (PBS). Immerse 
coverslips in methanol at room temperature for 2 min. After 
washing with PBS, the cells were then incubated with anti-
LC3 (1:200) in TBST (100 mM Tris HCl, pH 7.5, 150 mM 
NaCl, 0.05% Tween-20 and 5% BSA) overnight at 4˚C. After 
washing with PBS, the cells were incubated with anti-mouse 
secondary antibody (TRITC) 1:200 in TBST containing 5% 
BSA at 37˚C for 1 h in the dark. For detection of EGFR, 
the cells were incubated with anti-EGFR (1:200) in TBST 
(100 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20 and 
5% BSA) overnight at 4˚C. After washing with PBS, the cells 
were incubated with anti-rabbit secondary antibody (FITC) 
1:200 in TBST containing 5% BSA at 37˚C for 1 h in the dark. 
The coverslips were then mounted with FluorSave™ mounting 
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media (Calbiochem) for fluorescence imaging and localization 
of LC3 autophagosomes and EGFR expression were captured 
under the API DeltaVision Live-cell Imaging System (Applied 
Precision Inc., GE Healthcare Co., Issaquah, WA, USA). To 
quantify autophagy, guidelines were followed to monitor 
autophagy (16), the percentage of cells with punctuate LC3 
immunofluorescence staining was calculated by counting the 
number of the cells showing the increased punctuate pattern 
of LC3 fluorescence (≥10 dots/cell) in immunofluorescence-
positive cells over the total number of cells in the same field. 
A minimum of 1,000 cells from randomly selected fields were 
scored. To quantify EGFR expression, the intensity of green 
fluorescence FITC signal in cells was determined by API 
DeltaVision Live-cell Imaging System.

Annexin v detection by flow cytometric analysis. Apoptosis 
was detected by Annexin V staining kit (BD Biosciences, San 
Jose, CA, USA). In brief, cells were exposed to the indicated 
concentrations of celastrol for 24 h. Cells were then harvested 
and analyzed by flow cytometry using FITC-Annexin V and 
propidium iodide staining according to the manufacturer's 
instructions. Apoptotic cells were quantitatively counted by a 
flow cytometer (FACSAria III; BD Biosciences). Data acqui-
sition and analysis were performed with the CellQuest (BD 
Biosciences) from triple independent experiments.

Protein extraction and western blotting. The celastrol treated 
cells were lysed with RIPA lysis buffer. Protein concentra-
tions were determined using the Bio-Rad protein assay 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The cell 
lysates of samples were subjected to electrophoresis on SDS 
polyacrylamide gels and transferred to Hybond enhanced 
chemiluminescence nitrocellulose membranes (Amersham 
Biosciences, Piscataway, NJ, USA), which were then blocked 
with 5% non-fat dry milk protein for 1 h. Membranes were 
then incubated with the indicated primary antibodies over-
night at 4˚C. The binding of the antibody was visualized 
by peroxidase-coupled secondary antibody using the ECL 
Western Blotting detection reagents (Invitrogen). Band inten-
sities were quantified by using the software ImageJ (NIH, 
Bethesda, MD, USA).

Reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis. Total RNA was extracted from the cultured cancer 
cells using FavorPrep™ Total RNA purification mini kit 
(Favorgen Biotech Corp., Pingtung, Taiwan). The synthesis of 
the first strand of cDNA was followed based on the instruction 
of SuperScript® VILO™ Master Mix kit (Invitrogen, Grand 
Island, NY, USA). DNase-treated total RNA (1 µg) from cells 
was used for cDNA synthesis. Each RNA sample was incu-
bated with the 2 µl random primers and 1 µl Oligo(dT) primer 
provided by the kit at 65˚C for 10 min, and then cooled on ice 
for 2 min. Reaction mixture which contains reaction buffer, 
RNase inhibitor and reverse transcriptase was added to the 
tube and then incubated at 25˚C for 10 min and 55˚C for 30 min. 
The reaction was terminated by heating at 70˚C for 15 min. 
Quantitative real-time PCR were carried out on ViiA™ 7 
real-time PCR system (Applied Biosytems, Grand Island, NY, 
USA) using the FastStart Universal SYBR-Green Master Rox 
(Roche Diagnostics, Indianapolis, IN, USA) according to the 

manufacturer's instructions. The PCR mixture is comprised of 
10 µl SYBR master mix, 0.3 µl forward and reverse primers, 
2 µl template and 7.4 µl ddH2O makes up to 20 µl. The proce-
dure of RCR is 50˚C for 2 min, 95˚C for 10 min, followed by 
45 cycles of 95˚C for 15 sec, 60˚C for 60 sec. Expression of 
each EGFR transcription level was normalized with β-actin. 
CT values were indicated in the bar charts. Ranges of values 
obtained in three parallel analyses were <5% of the means.

Statistical analysis. The results were expressed as means ± SD 
as indicated. The difference was considered statistically 
significant when the p-value was <0.05. Student's t-test or 
one-way ANOVA analysis was used for comparison among 
the different groups.

Results

Celastrol exhibits selective cytotoxic effect and mobilizes 
cytosolic calcium towards EGFR mutant NSCLCs. The 
natural triterpenoid compound celastrol is a promising 
cytotoxic agent in a great variety of cancer models (17-20). 
It was previously reported that celastrol has the potency to 
combat gefitinib-resistant NSCLCs by inducing apoptosis 
through caspase-dependent pathways and Hsp90 client protein 
degradation. However, its underlying mechanisms are still 
rudimentary.

To investigate the detail mechanisms of the anticancer 
effect of celastrol on gefitinib-resistant non-small cell lung 
carcinoma (NSCLC) (17,21), we examined the specific cyto-
toxicity of celastrol (Fig. 1A) towards four NSCLC cell lines, 
including H1975, H1650, H820 and A549. Among these four 
NSCLCs, H1975 harbors L858R and T790M double mutation 
on EGFR, while H1650 possesses the in-frame mutation in 
exon 19, delE746-A750, H820 harbors exon 19 in-frame dele-
tion and T790M double mutation on EGFR, while only A549 
contains wild-type EGFR. As shown in Fig. 1B, celastrol 
displayed considerable more cytotoxicity against H1975 and 
H1650 NSCLC cells than the other NSCLC cell A549. The 
mean IC50 values were 0.65, 0.54 and 1.96 µM, respectively. 
The inhibitory effect of celastrol on A549 gefitinib-sensitive 
human lung cancer was relative lower implying that celastrol 
exhibited substantial cytotoxic effects towards gefitinib-resis-
tant NSCLCs.

A previous study demonstrated that celastrol could 
induce cell death via calcium release from the endoplasmic 
reticulum (22). To investigate whether celastrol can mobilize 
cytosolic [Ca2+] in NSCLCs, celastrol-treated H1975 and 
H1650 cells were stained with Fluo 3-AM for determination of 
cellular [Ca2+] level change. Flow cytometric analysis showed 
that H1975 and H1650 cells loaded with Fluo 3-AM displayed 
a marked increase in fluorescence intensity upon the treatment 
of 2 µM celastrol for 10 min (Fig. 1C and D) suggesting that 
celastrol significantly increased the cellular calcium level 
within a short time.

Celastrol induces cell death in gefitinib-resistant NSCLCs 
via calcium mobilization. As the celastrol-induced autophagy 
in gefitinib-resistant NSCLCs was due to calcium mobiliza-
tion (Fig. 2), we further addressed whether celastrol-induced 
cell death is due to the increase of [Ca2+] levels, we therefore 
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Figure 1. Celastrol increases cytotoxicity and cytosolic calcium level in gefitinib-resistant NSCLC cell lines. (A) Chemical structure of celastrol. (B) 
Celastrol exhibited specific cell cytotoxicity towards gefitinib-resistant NSCLC. The IC50 values shown in the table are mean values of three independent 
experiments of celastrol on gefitinib-resistant NSCLC H1650, H1975 and H820 cells, when compared with A549 which contain wild-type EGFR. (C and 
D) Celastrol mobilized cytosolic calcium level in gefitinib-resistant NSCLC H1975 and H1650 cells. Both H1975 and H1650 cells treated with DMSO or 
2 µM celastrol for 10 min to 4 h were subjected to flow cytometric analysis using 5 µM Fluo-3, AM dye. Intracellular Ca2+ level was determined in terms 
of the fluorescent activity of Fluo-3, AM by flow cytometric analysis. Data in the bar chart are the mean values ± SD of three independent experiments; 
error bars, SD. ***P<0.001.
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examined its cytotoxicity with the intracellular Ca2+ chelator 
(BAPTA/AM) using annexin V flow cytometry. As shown in 
Fig. 3, while celastrol significantly induced cell death to >40% 
in H1975 and H1650 cancer cells, addition of BAPTA/AM 
mostly recovered the celastrol-induced cell death. These 
results suggested that the increase of [Ca2+] level and its medi-
ated autophagy were required for celastrol-induced apoptosis.

Celastrol induces Hsp90 client protein degradation in both 
EGFR wild-type and mutant NSCLCs via calcium mobiliza-
tion and autophagy induction. Gefitinib is a TKI of EGFR, it 
can specifically block the activation of EGFR by binding to its 
ATP binding pocket, resulting in EGFR kinase inhibition (24) 

and the downstream kinases like Akt which hinder cancer cell 
growth and survival.

Various EGFR mutants have been found existing amongst 
NSCLCs. Celastrol demonstrated marked inhibitory effect on 
both EGFR wild-type and mutant NSCLC cells. Therefore, we 
investigated whether this inhibitory effect on NSCLCs is due 
to the degradation of EGFR. As shown in Fig. 4A, celastrol 
potently promoted the degradation of mutant EGFR in H1975 
cells. Moreover, the downstream targets of EGFR, Akt, were 
also inhibited with concomitant increase of autophagic LC3-II 
conversion. To determine whether the degradation of EGFR 
is mutant-specific, we examined the degradation of wild-type 
EGFR from A549 cells. As shown in Fig. 4B, the wild-type 

Figure 2. Celastrol induces autophagy via calcium mobilization in gefitinib-resistant NSCLC cells. (A and B) Calcium chelator BAPTA/AM abolished 
celastrol-induced autophagic effect in gefitinib-resistant NSCLC H1975 and H1650 cells. H1975 cells were treated with DMSO or 2 µM celastrol, while H1650 
cells were treated with DMSO or 1 µM celastrol for 24 h in the presence or absence of 10 µM calcium chelator BAPTA/AM. The cells were then fixed and 
visualized for endogenous LC3-II expression by fluorescence microscopy using LC3-II antibody plus TRITC-conjugated anti-mouse secondary antibody. Bar 
charts indicated the quantitation of cells with increased autophagic puncta formation. Fluorescence images were captured at x60 magnification; scale bar, 
15 µm. Data are mean values of three independent experiments; error bars, SD. ***P<0.001.
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EGFR was significantly degraded in A549 lung cancer cells, 
suggesting there was no selectivity on celastrol-induced EGFR 
degradation in NSCLCs.

To verify whether the celastrol stimulated degradation of 
EGFR through cytosolic calcium mobilization and autophagy 
induction, we employed BAPTA/AM and 3-MA to co-incu-
bate with celastrol on both H1975 and A549 cells. BAPTA/
AM and 3-MA markedly prevented the celastrol-mediated 

degradation of either wild-type or mutant EGFR, and abol-
ished the celastrol-suppressed Akt expression in both H1975 
and A549 NSCLCs, revealing that the inhibition on EGFR 
activation by celastrol benefit from calcium mobilization and 
autophagy induction. As expected, BAPTA/AM or 3-MA 
was able to suppress celastrol-induced LC3-II conversion in 
H1975 and A549 (Fig. 4). Taken together, celastrol was able 
to significantly suppress the activity of wild-type and mutant 

Figure 3. Celastrol induces apoptosis in gefitinib-resistant NSCLC cells via calcium mobilization. (A and B) Calcium chelator, BAPTA/AM abrogated the 
celastrol-induced cell death in gefitinib-resistant NSCLC cells. H1975 or H1650 cells were incubated with DMSO (Ctrl) or 1 µM celastrol in the presence 
or absence of 10 µM calcium chelator BAPTA/AM, respectively for 24 h. Celastrol-induced cell death was then measured by flow cytometric analysis using 
annexin V staining kit. Bar chart data are the mean values ± SD of early apoptosis (Q3) and late apoptosis (Q2) from three independent experiments; error 
bars, SD. ***P<0.001, **P<0.01.
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EGFR and Akt which is necessary for the survival and growth 
of NSCLCs via calcium-mediated autophagy induction.

Immunofluorescence staining demonstrates that celastrol 
simultaneously induces autophagy and EGFR degradation 
in H1975 in dose-dependent manner. We further monitored 
the consequences of celastrol-induced autophagic activity 

in EGFR degradation of H1975 NSCLCs using fluorescence 
microscopy. As shown in Fig.  5A, while the red puncta 
formation (red TRITC signal) represented the endogenous 
LC3-II conversion conferred by celastrol-induced autophagic 
activity, merged images with green f luorescent image 
(green FITC signal) denoted as EGFR expression indicated 
autophagic activity of celastrol was highly associated with 

Figure 4. Celastrol induces Hsp90 client protein degradation in both EGFR wild-type and mutant NSCLCs via calcium mobilization and autophagy induction. 
(A and B) Both calcium chelator BAPTA/AM and autophagic inhibitor 3-MA suppressed celastrol-mediated degradation of Hsp90 client proteins: EGFR 
and Akt, as well as LC3-II conversion on EGFR wild-type and mutant NSCLCs. EGFR mutant H1975 cells were treated with DMSO or 0.5, 1, 2 and 4 µM of 
celastrol, whereas EGFR wild-type A549 cells were treated with DMSO or 1, 2 and 4 µM of celastrol for 24 h in the presence or absence of 5 µM BAPTA/AM 
or 5 mM 3-MA, respectively. Cell lysates were then harvested and analyzed by western blot detection of EGFR, AKT and LC3 conversion (LC3-I, 18 kDa; 
LC3-II, 16 kDa) and β-actin. Protein band intensities were quantified using densitometry analysis and normalized to β-actin. Data were expressed as a fold 
change relative to the DMSO-treated control. Bar chart represents data of three independent experiments. Error bars, SD. ***P<0.001.
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the EGFR degradation. Our results demonstrated a dose-
dependent increase in the percentage of cells with endogenous 
LC3-II puncta formation (red TRITC signal) after celastrol 
treatment, simultaneously accompanied a dose-dependent 
decrease of fluorescence intensity of EGFR signal (Fig. 5B). 
In addition, real-time PCR revealed the unchanged EGFR 
transcription in both wild-type and mutant EGFR NSCLCs 
upon celastrol treatment (Fig.  5C), confirming that the 
celastrol-induced autophagy in H1975 cells may contribute 
to EGFR degradation.

Celastrol induces the degradation of EGFR via calcium-
mediated autophagy induction. We further addressed how 
calcium mobilization and its mediated autophagic activity 
would eventually contribute to EGFR degradation in H1975 
NSCLCs using fluorescence microscopy. As shown in Fig. 6A, 
while 2 µM of celastrol induced vigorous autophagic effect in 
H1975 cancer cells reflected by red TRITC endogenous LC3-II 
puncta formation signal, the corresponding green fluorescent 
image (green FITC signal) embodied in the same cell region 
had immensely faded. In contrast, addition of the Ca2+ chelator 

Figure 5. Degradation of EGFR is directly proportional to celastrol-induced autophagy in H1975 NSCLCs. (A) H1975 cells were treated with DMSO or 
0.5-2 µM of celastrol for 24 h. Endogenous LC3 puncta (red) formation was visualized by fluorescence microscopy after staining with LC3-II antibody fol-
lowed by TRITC-conjugated anti-mouse secondary antibody, whereas EGFR was visualized by staining with EGFR antibody followed by FITC-conjugated 
anti-rabbit secondary antibody. FITC-EGFR (green) signal intensity and TRITC-LC3 (red) puncta were scored and quantified using ImageJ software. (B) Bar 
charts indicated the quantitation of cells with increased autophagic puncta and EGFR green fluorescence intensity. Fluorescence images were captured at x60 
magnification; scale bar, 15 µm. (C) Real-time PCR study of EGFR transcription level in celastol-treated H1975 and A549 cells. Data are mean values of three 
independent experiments; error bars, SD. ***P<0.001.
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(BAPTA/AM) and the autophagic inhibitor 3-methyladenine 
(3-MA) fully recovered the celastrol-induced EGFR depletion, 
as well as abolished the compound-induced autophagy activity 
(Fig. 6B). Importantly, blockage of celastrol-induced autophagy 
and its mediated EGFR degradation by 3-MA would eventu-
ally increase the survival rate of H1975 and H1650 cancer cells 
(Fig. 7). The above evidence suggested that celastrol activates 
cytosolic [Ca2+] mobilization to induce autophagy, thereby 

promotes the EGFR degradation and circumvents the EGFR-
resistant phenotype in mutant EGFR NSCLCs.

Discussion

The present study demonstrated the potential of celastrol in 
NSCLC intervention through direct and non-selective EGFR 
clearance via induction of autophagy in an intracellular 

Figure 6. Celastrol induces the degradation of EGFR via calcium-mediated autophagy induction. (A) H1975 cells were treated with DMSO and 2 µM celastrol 
for 24 h in the presence or absence of 10 µM calcium chelator BAPTA/AM or 5 mM of autophagic inhibitor 3-MA. Endogenous LC3 puncta (red) formation 
was visualized by fluorescence microscopy after staining with LC3-II antibody followed by TRITC-conjugated anti-mouse secondary antibody, whereas 
EGFR was visualized by staining with EGFR antibody followed by FITC-conjugated anti-rabbit secondary antibody. FITC-EGFR (green) signal intensity and 
TRITC-LC3 (red) puncta were scored and quantified using ImageJ software. (B) Bar charts indicated the quantitation of cells with increased autophagic puncta 
and EGFR green fluorescence intensity. Fluorescence images were captured at x60 magnification; scale bar, 15 µm. Data are mean values of three independent 
experiments; error bars, SD. ***P<0.001.
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calcium-dependent manner. The cytotoxicity induced by 
celastrol upon our NSCLC cellular models is probably due 
to suppression of EGFR and downstream survival signaling 
after induction of EGFR loss. Since EGFR is responsible for 
eliciting downstream survival signaling for DNA synthesis 
and cell proliferation (25), therapeutic EGFR protein degrada-
tion effect induced by celastrol-mediated autophagy is likely 
playing the causative role in mediating apoptosis. Moreover, 

EGFR loss is unlikely associated with other transcriptional 
manipulations, because pre-autophagy blockage significantly 
rescued EGFR degradation and resumed the viability of the 
celastrol-treated cancer cells. So et al (26) also illustrated 
that pharmaceutical induction of autophagy, by protein kinase 
CK2 (CK2) inhibitor, downregulated EGFR and led eventu-
ally to NSCLC cell death. Although CK2 inhibitor may trigger 
autophagy through different signaling pathways from celas-

Figure 7. Autophagy inhibitor abolishes celastrol-mediated cell death in NSCLCs. (A and B) Autophagy inhibitor, 3-MA abrogated the celastrol-induced cell 
death in gefitinib-resistant NSCLC cells. H1975 or H1650 cells were incubated with DMSO (Ctrl) or 1-2 µM celastrol in the presence or absence of 5 mM 
3-MA, respectively for 24 h. Celastrol-induced cell death was then measured by flow cytometric analysis using annexin V staining kit. Bar chart represents 
the mean values ± SD of total viable cells (Q4) from three independent experiments; error bars, SD. ***P<0.001, **P<0.01.
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trol, at least it provides supporting evidence of the feasibility 
of using agent to induce direct autophagic-mediated EGFR 
elimination.

Almost 90% of all histological types of lung cancers 
belongs to NSCLC (27) [http://www.cancer.org/cancer/
lungcancer-non-smallcell/detailedguide/non-small-cell-
lung-cancer-what-is-non-small-cell-lung-cancer] (3/11/2016), 
and around 60% of patients are overexpressing EGFR (27). 
Therefore, developing an effective intervention strategy 
targeting EGFR of NSCLC will greatly enhance the survival 
of patients. In this connection, a well-known EGFR molecular 
targeting strategy mainly based on the use of EGFR inhibitors 
have been evolved, which is the use of a small molecule TKI 
inhibitor. However, the clinical application of these inhibitors 
encountered many constraints. For example, the monocloncal 
antibodies cetuximab (erbitux) and panitumumab (vectibix) 
have been suggested as pharmaceutical intervention for 
NSCLC (28). These antibody inhibitors target specifically to 
the mutated EGFR which in turn shut down the downstream 
survival signaling for the cancer cells (29-32). However, the 
antibody-dependent cell-mediated cytotoxicity induced by 
the monoclonal immunoglobulin G proteins could be compli-
cated (33). The use of gefitinib (Iressa) and erlotinib (Tarceva) 
to suppress the tyrosine kinase activities of EGFR also faced 
several limitations. For example, drug-resistant mutants of the 
cancer cells developed from compensation of parallel signaling 
pathways has become a major concern for maintaining the effi-
cacy of these small molecules (24,34). In addition, inhibitors 
which target the downstream signaling molecules, rather than 
EGFR per se, by manipulating their post-translational modi-
fications, such as isoprenylation of RAS (35,36), have been 
described. However, these signaling proteins usually compose 
of multiple modifications which greatly reduce the therapeutic 

potential of the post-translational modifiers (37). Celastrol, 
when compared with the above single molecules, could be a 
more efficient therapeutic method targeting the EGF/EGFR 
pathway without the mentioned practical drawbacks. In 
particular, the therapeutic effects of celastrol is unrelated to 
the genetic variations of EGFR making itself suitable for long-
term treatment for cancer cells easily developed with drug 
resistance. Of note, celastrol is a bioactive component consti-
tuting the Chinese herbal medicine (CHM) Radix tripterygii 
wilfordii (38). The herb is prescribed for a variety of disorders 
associated with immunological dysfunctions (39), and tumori-
genesis (40), implying the safety of using celastrol for further 
clinical development.

Expression of both EGFR and Akt were hampered after 
celastrol treatment. Since, nuclear EGFR is the transcription 
factor for Akt, it could be a result of the loss of Akt expres-
sion signaling after the treatment. However, it should not be 
neglected that Akt is also an oncogenic protein and can be 
eliminated by the celastrol-induced upregulation of autophagy. 
In fact, emerging studies suggest the use of autophagy 
inducers for promoting oncogenic protein degradation to 
ameliorate tumorigenesis. An autophagy-deficient animal 
model demonstrated that the autophagic-mediated removal of 
Nucleoporin p62 (p62) repressed tumor progression of hepa-
tocellular carcinoma (HCC) (10). Although, p62 functioned as 
an adaptor protein assisting autophagy (41), it is a substrate of 
the catabolic process (41-43) and an oncogenic protein medi-
ating the nuclear factor-κB (NF-κB) signaling to facilitate 
tumorigenesis (44-46). In addition, HCC patients can be diag-
nosed by the expression level of alpha-1 antitrypsin protein 
(A1AT) in a blood sample (47). The hepatic load of its mutant, 
alpha1-antitrypsin Z (ATZ), is critical to the development of 
hepatic fibrosis which is the clinical prerequisite of HCC. The 

Figure 8. Schematic diagram for autophagic degradation of EGFR.
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autophagy-inducing drug carbamazepine (CBZ) can reduce 
hepatic fibrosis by diminishing the accumulation of ATZ in 
liver (48). In the case of colon cancer, the natural flavonoid 
quercetin, a CHM-derived compound, that is commonly found 
in fruits and vegetables  (49-52), exhibited similar clinical 
benefit. By targeting specifically to the mutated Ras protein, 
the use of quercetin selectively degraded the oncogenic form 
of Ras in colon adenocarcinoma rendering the transformation 
and proliferation of the cancer cells in vitro (53). The quercetin-
induced Ras degradation is mechanistically mediated by the 
proteasomal system which may imply the co-involvement of 
autophagy, since the two protein quality control machineries 
are closely inter-twined. Another in vitro treatment study for 
acute promyelocytic leukemia (APL) using all-trans retinoic 
acid and arsenic trioxide also suggested the therapeutic effi-
cacy of autophagy-mediated oncogenic protein degradation. 
The oncogenic protein promyelocytic leukemia/retinoic acid 
receptor alpha (PML/RARA) critically underpinning the 
remission of APL were markedly eliminated by autophagy 
triggered by the two compounds (54). Gastrointestinal stromal 
tumors (GIST) driven by mutated KIT proto-oncogene receptor 
tyrosine kinase (KIT) is sensitive to autophagy enhancer treat-
ment as well. NVP-AUY922, a heat shock protein 90 (Hsp90) 
inhibitor, induced specific KIT degradation through autophagy 
upregulation which further suppress GIST cell growth (55). 
All these encouraging preclinical findings, alongside our 
discoveries reported here, strongly suggested the therapeutic 
potential of autophagy-mediated oncogenic EGFR protein 
degradation in cancer therapy. 

In conclusion, the CHM-derived celastrol represent a new 
pharmaceutical candidate for NSCLC intervention which 
acted through the direct autophagic degradation of EGFR 
(Fig. 8). The non-selective degradation nature of celastrol 
targeting both mutant and wild-type EGFR suggested that an 
in-depth examination, aimed to clarify the effects of celastrol 
on normal cell, is needed. Our findings also provided insight to 
the therapeutic development for other EGFR-driven cancers, 
such as gastric and colorectal cancers, which overcome the 
frequently and increasingly occurring drug-resistance prob-
lems. Most importantly, we generally depicted the possibility 
of managing tumorigenesis by degrading oncogenic proteins 
with the use of autophagy enhancers. The CHM origin of 
celastrol also encouraged the search of other novel autophagy 
enhancers from medicinal herbs, a rich source of compara-
tively safe natural compounds, for cancer therapy.
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