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To overcome drug resistance caused by apoptosis deficiency in patients with non-small cell lung carcinoma
(NSCLC), there is a need to identify other means of triggering apoptosis-independent cancer cell death. We
are the first to report that isogambogenic acid (iso-GNA) can induce apoptosis-independent autophagic cell
death in human NSCLC cells. Several features of the iso-GNA-treated NSCLC cells indicated that iso-GNA
induced autophagic cell death. First, there was no evidence of apoptosis or cleaved caspase 3 accumulation
and activation. Second, iso-GNA treatment induced the formation of autophagic vacuoles, increased LC3
conversion, caused the appearance of autophagosomes and increased the expression of autophagy-related
proteins. These findings provide evidence that iso-GNA induces autophagy in NSCLC cells. Third,
iso-GNA-induced cell death was inhibited by autophagic inhibitors or by selective ablation of Atg7 and
Beclin 1 genes. Furthermore, the mTOR inhibitor rapamycin increased iso-GNA-induced cell death by
enhancing autophagy. Finally, a xenograft model provided additional evidence that iso-GNA exhibited
anticancer effect through inducing autophagy-dependent cell death in NSCLC cells. Taken together, our
results demonstrated that iso-GNA exhibited an anticancer effect by inducing autophagy-dependent cell
death in NSCLC cells, which may be an effective chemotherapeutic agent that can be used against NSCLC in
a clinical setting.

L
ung cancer causes approximately 1.4 million deaths annually, as reported in 20081. Despite the fact that many
therapeutic approaches are available, deaths due to lung cancer have continued to increase in recent years.
Resistance to chemotherapy is one of the main obstacles for the treatment of lung cancers.

Platinum-based drugs are widely used to treat patients with NSCLC in clinical. However, drug-resistance
commonly develops in these patients. For instance, approximately 70% of NSCLC patients with advanced
unresectable or widespread incurable metastasis are candidates for neoadjuvant or palliative chemotherapy.
However, approximately two-thirds of these patients do not benefit from conventional chemotherapy2.
Subsequent research revealed that conventional chemotherapy is unable to induce apoptosis-dependent cell
death in 60% of these NSCLC patients. In these patients, apoptosis deficiency is a very important mechanism
for platinum-based drug-resistance in NSCLC2–3. Therefore, it is of great importance to develop new compounds
that can induce apoptosis-independent cell death with a lower frequency of resistance.

Chemotherapeutics often exert anti-cancer effects through induction of apoptosis-dependent cancer cell death.
Autophagic cell death, a new cell death pathway, has become another mechanism for cancer cell death induced by
chemotherapeutics in recent years4–8. Although autophagy has pro-survival functions in response to cancer
therapeutics, which could reduce drug efficacy9–13, studies of autophagy as an important mechanism for cancer
cell death have also been reported in recent years14,15, and various treatments have been shown to induce
autophagic cell death16,17. Despite the fact that the mechanisms of autophagy in caner is not well defined, cancer
treatment aimed at inducing autophagic cell death are becoming another choice for cancer treatment.
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The main physiological function of autophagy is to degrade cyto-
plasmic macromolecules and endogenous substrates to maintain cell
homeostasis. Autophagic vacuoles in the cytoplasm and intact nuc-
leus in the late stage of cell death are typical features of autophagic
cell death. In addition, during autophagy, some autophagy-related
proteins are also activated. For example, Atg6/Beclin1 is activated to
form autophagosome during the initiation stage of autophagy18, and
the Atg12-Atg5 complex and Atg8/LC3 played an important role in
mediating the autophagosome expansion19. Autophagy is a strictly
regulated cellular pathway that can be activated by various stimuli
through different signaling pathways. These stimuli include nutrient
deprivation, an excess of reactive oxygen species and DNA damage20.
Among the involved signaling pathways, the classic Akt/mTOR
pathway acted as a negative regulator of autophagy21.

Gambogic acid (GA), a natural product from Garcinia hanburyi,
showed anticancer activity by inducing apoptosis-dependent can-
cer cell death22. GA has been approved by the State Food and Drug
Administration (SFDA) of China for phase II clinical trials to treat
lymphatic sarcoma, breast cancer and carcinoma cutaneum23.
However, isogambogenic acid (iso-GNA), another main compon-
ent of Garcinia hanburyi, had not been investigated for its bio-
logical function until we first reported that it exhibits anti-cancer
activities by inhibiting tumor angiogenesis23. In further studies of
the anti-tumor mechanism of iso-GNA, we found that it failed to
induce apoptosis even at high concentrations (in contrast with
GA). Surprisingly, iso-GNA could induce autophagic cancer cell
death in NSCLC cells. Our study elucidated the mechanism of the
anticancer activity of iso-GNA and indicated that iso-GNA may
be an effective chemotherapeutic agent against NSCLC in a clin-
ical setting.

Results
Anti-Cancer Activities of Iso-GNA. The viability of human cancer
cells treated with iso-GNA (Fig. 1A) was examined by MTT assay
in vitro. Iso-GNA showed a strong cytotoxic effect (Fig. 1B). The IC50

of iso-GNA was approximately 5–15 mM for several tumor cell lines.
Additionally, iso-GNA dose and time-dependently inhibited cell
viablity in both A549 and H460 cell lines (Fig. 1C, 1D). Then we
established a NSCLC (A549) xenograft mouse model to investigate
the anti-cancer ability of iso-GNA in vivo. The results showed that
intravenous administration (tail vein, 20 mg/kg) of iso-GNA caused
a significant reduction of tumor volume and weight (Fig. 1E and 1F).
The inhibitory rate for tumors in the iso-GNA-treated group was
76% compared with the untreated group. So, both the in vitro and
in vivo study showed that iso-GNA possessed good anti-cancer
activities.

Iso-GNA Induces Cancer Cell Death Via An Apoptosis-Independent
Pathway. To examine whether iso-GNA affected cell cycle and induced
apoptosis in tumor cell lines, we performed flow cytometry analysis. Iso-
GNA induced a slight G0/G1 phase accumulation but did not appear to
induce apoptosis in A549 cells. By contrast, cisplatin (positive control)
induced both an obvious G0/G1 phase accumulation and apoptosis
(Fig. 2A).

To further investigate whether iso-GNA could induce apoptosis in
NSCLC cells, we examined the apoptotic effect of iso-GNA in A549
and H460 cells using a PI/Annexin V flow cytometric assay (Fig. 2B.
S1A). We found that obvious apoptosis was caused by cisplatin(po-
sitive control)in a concentration-dependent manner. By contrast,
iso-GNA did not induce obvious apoptosis at the indicated concen-
trations, which could cause major cell death, suggesting that iso-

Figure 1 | Anti-Cancer Activities of Iso-GNA. (A) Structure of iso-GNA. (B) A549, H460, HepG2, Hela and HCT-116 cell were incubated with 0, 2.5, 5,

10 mM of iso-GNA for 24 h. MTT assay was employed to detect cell viability. (C) and (D) Human NSCLC A549 (C) or H460 (D) cells were

incubated with 0, 2.5, 5, 10 mM of iso-GNA for various times. MTT assay was employed to detect cell viability. (E) and (F) Mice were injected with or

without iso-GNA (20 mg/kg/2 days) after solid tumours grew to 70 mm3, the positive control group was treated with cisplatin (4 mg/kg/two

times per week). The solid tumor growth was inhibited by iso-GNA as measured by relative tumour volume(E) and weight (F). **p , 0.01, in comparison

with the untreated group.
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GNA failed to induce apoptosis. In accordance with the in vitro
observations, immunohistochemical analysis by TUNEL of tumor
sections from A549-bearing nude mice treated with iso-GNA
showed very little apoptosis (Fig. 1B). However, a number of
TUNEL-positive cells appeared in cisplatin-treated tumor sections.
Western blot further revealed that cisplatin-treated A549 and H460
cells accumulated cleaved caspase 3. By contrast, no cleaved caspase 3
accumulation was detected in A549 and H460 cells treated with iso-
GNA (Fig. 2C, S1C). Then caspase 3 enzyme activity assay was used
to detect whether caspase 3 was activated in A549 and H460 cells
treated with iso-GNA. As shown in Fig. 2D and S1D, iso-GNA did
not cause an obvious increase in caspase 3 activity, whereas cisplatin
caused an increase of caspase 3 activity as concentrations increased.
Furthermore, different concentrations of zVAD.fmk, an apoptosis
inhibitor, were exposed to A549 and H460 cells for 6 h, and then
10 mM iso-GNA or 30 mM cisplatin were incubated with the cells for
36 h. Subsequently, cells were collected and stained with trypan blue
to test the cell death ratio. We found that cell death caused by cis-
platin, but not iso-GNA, was obviously blocked by zVAD.fmk
(Fig. 2E and S1E). All these results indicated that cell death induced
by iso-GNA in A549 and H460 cells were apoptosis-independent.

Iso-GNA Induces Autophagy in A549 and H460 Cells. Because the
cytotoxic effect of iso-GNA was not due to caspase-dependent cell

death, we examined whether the cytotoxic effect of iso-GNA was
caused by autophagy. The expression level of the general
autophagosomal marker LC3-II was tested firstly in our study24. As
shown in Figure 3A and S2A, treatment with iso-GNA for 24 h in
A549 and H460 cells could increase the expression level of LC3-II,
and the increased expression level of LC3-II could be inhibited by 3-
MA (3-methyladenine), a specific autophagy inhibitor. In
accordance with the in vitro study, in vivo NSCLC xenograft
mouse model provided additional evidence that accumulation of
LC3 was increased in response to iso-GNA treatment (Fig. S2B).

In addition to LC3, SQSTM1/p62 is another frequently-used
autophagy marker. P62 protein linked LC3 and the ubiquitinated
proteins during autophagy. As polyubiquitinated substrates are
transferred into the intact autophagosome to degrade in autolyso-
somes, p62 is also degraded with p62-bound ubiquitinated substrate.
Therefore, p62 is identified as a negative marker of autophagic degra-
dation25, and the clearance of p62 may be a positive indicator of
autophagy. In our study, we observed p62 clearance in iso-GNA-
treated A549 cells (Fig. 3B).

Then, we used the RFP-LC3 (red fluorescent protein-fused LC3) to
detect autophagy. A549 cells stably expressing RFP-LC3 were
selected by G418 (Fig. S2C). As indicated in Figure 3C, iso-GNA
induced membrane aggregation of RFP-LC3 fluorescent spots, while
the untreated cells showed only diffuse RFP-LC3 fluorescent dots.

Figure 2 | Iso-GNA Induced Human NSCLC A549 Cell Death Was Apoptosis-Independent. (A) and (B) A549 (5 3 105 cells per well) cells were seeded

on 6-well plates for 24 h and then incubated with indicated concentrations of iso-GNA or cisplatin for 24 h. then (A) cells were stained with

PI before cell cycle analysis by flow cytometry. (B) Cells were stained with Annexin V-FITC/PI before cell apoptosis analysis by flow cytometry. (C)

Expression of caspase3 in A549 cells. Different concentrations of iso-GNA or cisplatin were incubated with A549 cells for 24 h, then western blot was

performed to analyze caspase3 expression. (D) Caspase3 activity in A549 cells. Different concentrations of iso-GNA or cisplatin were incubated with A549

cells for 24 h, and then subjected to analyze Caspase3 activity. (E) Caspase-independent cell death caused by iso-GNA. Different concentrations of

zVAD.fmk was added to A549 cells for 6 h before the treatment of 10 mM iso-GNA or 30 mM cisplatin for 36 h, then cells were stained with trypan blue to

analyze death ratio. Data of three independent tests were shown as means 6 s.d. *p , 0.5; **p , 0.01, in comparison with the untreated group. The whole

images of western blots are given in Supplementary Figure S6.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 7697 | DOI: 10.1038/srep07697 3



The LC3 recruitment effect was further confirmed by an immuno-
fluorescence assay. As exhibted in Fig 3F, the vehicle-treated cells
showed weak, punctate LC3 expression. By contrast, cells with iso-
GNA or rapamycin (positive control) showed green, punctate LC3
throughout the cytoplasm. This effect could be inhibited by the addi-
tion of 3-MA, demonstrating that LC3 accumulated in iso-GNA-
induced autophagy.

As the formation of autophagic vacuoles with double-membrane
in the cytoplasm is a common feature of autophagy26, which can be
observed using transmission electron microscopy. Therefore, we
examined the subcellular structures of autophagic vesicles in iso-
GNA-treated A549 cells. The results show that multiple membrane-
covered vesicles appeared in the cytoplasm of iso-GNA-treated A549

cells (Fig. 3D), suggesting that iso-GNA caused the formation of
autophagic vacuoles.

Once autophagy is induced, the expression level of various autop-
hagy-related proteins connected with the initiation and elongation of
the autophagosome will be greatly upregulated27. Vesicle nucleation
in the initiating stage of autophagy is accomplished through the
activation of a complex composed of Beclin1/Atg6 and other pro-
teins. The subsequent vesicle elongation stage is achieved as a result
of two ubiquitin-like conjugation systems28. One of them, Atg7, is an
E1 ubiquitin conjugase–like enzyme that facilitates conjugation of
LC3 (ATG8) proteins to PE and acts as an E1 enzyme to form ATG5-
ATG12 complex and then from autophagic vacuoles28. We used
western blot to investigate whether the expression levels of the

Figure 3 | Evident Autophagy Was Observed in Iso-GNA Treated 549 cells. (A) LC3 expression in A549 cells. Different concentrations of iso-GNA were

incubated with A549 cells for 24 h. and 3-MA (2 mM) was treated as an autophagy inhibitor. (B) SQSTM1(p62) expression in A549 cells. Different

concentrations of iso-GNA were incubated with A549 cells for 24 h. (C) 10 mM iso-GNA were treated with A549 cells(expression RFP-LC3)for 24 h.

RFP-LC3 dots was observed by Leica aser-scanning spectrum confocal system. (D) 10 mM iso-GNA were treated with A549 cells for 24 h, then cells were

subjected to transmission electron microscopy to observe double-membraned vacuolation (arrows) (E) Various concentrations of iso-GNA were

treated with A549 cells for 24 h. then Beclin 1, Atg7 and Atg12-Atg5 complex expression level were detected by western blot. (F) A549 cells treated with

2 mM rapamycin, 10 mM iso-GNA with or with out 4 mM 3-MA for 24 h. Then LC3 immunofluorescence image in A549 cells were detected by a

fluorescence microscope. Data of three independent tests were shown as means 6 s.d. *p , 0.5; **p , 0.01, in comparison with the untreated group. The

whole images of western blots are given in Supplementary Figure S7.
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proteins described above were up-regulated as a result of iso-GNA-
induced autophagy. The data showed that the expression levels of
Beclin1, Atg7 and the Atg5-Atg12 complex were significantly up-
regulated in response to increasing concentrations of iso-GNA in
both A549 and H460 cells (Fig. 3E and S2D).

Severe Autophagy Contributes to Iso-GNA-Induced Cell Death.
To investigate whether cancer cell death induced by iso-GNA in
A549 cells was related to autophagy, both small molecular
autophagy inhibitor (3-MA) and autophagy related gene (Atg7 and
Beclin 1) ablation were employed. We found that autophagy level
and cell death caused by iso-GNA were obviously blocked by 3-MA
dose-dependently in A549 cells (Fig.S3A and 4A). Then we used
siRNA (Atg7 and Beclin 1) knock down to inhibit autophagy.
Western blot showed that siRNA could effectively inhibit the
expression of Atg7 and Beclin1 (Fig. 4B). The results showed that
both autophagy level and cell death ratio of knockdown cells were
much lower in A549 cells treated with iso-GNA than control cells
(Fig.S3D and 4C). The results described above effectively
demonstrated that autophagy is the main contributor to cell death
in iso-GNA treated A549 cells. To comprehensively validate
autophagy is responsible for cell death caused by iso-GNA, we
used bafilomycin A1, a lysosomal protease inhibitor, and
chloroquine, an autophagolysosome fusion inhibitor. Both of these
autophagy inhibitors inhibited the autophagy and cell death of A549
cells caused by iso-GNA (Fig. S3B, S3C, 4D and 4E). One thing needs
to be noted here: bafilomycin A1, and chloroquine as inhibiting
autophagosome degradation (late stage autophagy) which should
usually result in an accumulation of autophagosomes. But we
found that both of them could inhibit iso-GNA induced
autophagosomes accumulation (Fig. S3B, S3C). So iso-GNA
induced autophagosomes accumulation was kind of special and
the mechanisms need to be further studied. All the above
experiments were repeated in NSCLC H460 cells and similar

results were obtained (Fig. S4 and 5). These results demonstrated
that cell death caused by iso-GNA was autophagy-dependent.

Iso-GNA-Induced Autophagic Cell Death With The Inhibition of
Akt/mTOR Pathway. Akt-mTOR pathway negatively regulates
autophagy and is the main upstream pathway of autophagy29.
Therefore we examined whether iso-GNA had effect on Akt-
mTOR pathway intermediates by western blot. The results showed
that the phosphorylation levels of both Akt and mTOR were
remarkably reduced in iso-GNA-treated A549 and H460 cells
(Fig. 6A and S5A). It is known that mTOR regulates protein
synthesis by changing the phosphorylation level of both p70 S6K
and 4E-BP1 during autophagy30. We therefore investigated the
phosphorylation level of these two protein by western blot. We
found the phosphorylation level of p70 S6K and 4E-BP1 were
dose-dependently decreaced by iso-GNA in both A549 and H460
cells (Fig. 6A and S5A). Rapamycin acts as an mTOR inhibitor and
induces autophagy by forming a rapamycin-FKBP12 complex. The
complex inhibits the activity of FRAP/mTOR31–32, and then inhibit
p70 S6K and 4E-BP133–34. Additionally, researchers have found that
rapamycin is able to inhibit cell proliferation in malignant glioma
cells35. This finding served as robust evidence for the important role
of autophagic cell death in autophagy-inducer-controlled
antineoplastic activity. Also, our study showed that co-treatment
with iso-GNA and rapamycin led to stronger LC3 conversion and
induction of cell death than iso-GNA or rapamycin treatment alone
in A549 and H460 cells (Fig. 6B, 6C, S5B and S5C). Positive feedback
from mTOR to Akt and Akt activation has been observed when
rapamycin resistance occurs36–38. Previous studies showed that
treatment with rapamycin and an Akt inhibitor to inhibit mTOR
pathway could produce synergistic effects on autophagy39.
Therefore, the synergistic effects on autophagy and Akt-mTOR
pathway inhibition by the combination of iso-GNA and rapamycin
could be a better approach for inducing autophagic cell death. Taken

Figure 4 | Iso-GNA Caused Cell Death in A549 Cells Was Autophagy-Dependent. (A) Different concentrations iso-GNA with 0, 2 or 4 mM 3-MA

were incubated with A549 cells for 24 h, then cells were stained with trypan blue to test death ratio. (B) Detection of Beclin1 or Atg7 expression by

western blot in Beclin1 or Atg7 knock down A549 cells. (C) Different concentrations of iso-GNA were added to normal, Beclin1 knock down or Atg7 knock

down A549 cells for 24 h, then trypan blue dye was employed to stain the cells and analyze the death ratio. (D) and (E) Different concentrations of

iso-GNA with/without bafilomycin A1 (D) or chloroquine (E) were treated with A549 cells for 24 h, trypan blue dye was employed to stain the cells and

analyze the death ratio. Data of three independent tests were shown as means 6 s.d. *p , 0.5; **p , 0.01, in comparison with the untreated group.

The whole images of western blots are given in Supplementary Figure S8.
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together, these findings suggested that Akt-mTOR-dependent
signaling pathways is inhibited in iso-GNA-induced autophagy.

Discussion
Here, we proposed that autophagy, but not apoptosis, most likely
served as a main mechanism for iso-GNA-induced cell death. Several
observations support our conclusions. First, no apoptosis was
induced in iso-GNA-treated A549 and H460 cells (Fig. 2A, 2B and
S1A). No obvious tunnel-positive cells or fields in iso-GNA-treated
A549 were observed through tunnel assay in vivo (S1B). We further
found that iso-GNA did not induce caspase 3 cleavage (Fig. 2C, S1C),
which was in accordance with caspase 3 enzyme activity analysis
(Fig. 2D, S1D). Most importantly, the cell death ratio caused by
cisplatin rather than iso-GNA was evidently decreased by an apop-
tosis inhibitor, zVAD.fmk. This finding served as convincing evid-
ence for non-apoptotic cell death in iso-GNA treated A549 and H460
cells (Fig. 2E and S1E). In addition, increased LC3 conversion,
enhancement of p62 clearance and massive autophagic vacuolization
(Fig. 3 and S2) in iso-GNA-treated cells suggested that autophagy
was induced by iso-GNA. The second observation indicating that cell
death induced by iso-GNA was autophagy-related was that cell death
was obviously blocked by co-treatment of autophagy inhibitors or
selectively ablation of Atg7 or Beclin1 through small interfering RNA
(Fig. 4, 5). In accordance with our study, other reports have similarly
indicated that autophagy may cause cancer cell death and autophagy
inhibitors can reduce the death ratio. For example, autophagy inhib-
itor could reduce the death ratio in PC12D cells treated with caf-
feine40, human osteosarcoma cells treated with the plant alkaloid
voacamine41, HeLa cells treated with the BCL2L1/BCL-XL inhibitor
Z3642, HCT-116 treated with Bacillus Calmette-Guerin together with
ionizing radiation43 and human ovarian carcinoma cells treated with

monofunctional platinum (II) complex8. Finally, another obser-
vation indicating that cell death induced by iso-GNA was autop-
hagy-related was the finding that the Akt-mTOR signaling
pathway was inhibited in iso-GNA-treated A549 and H460 cells
(Fig. 6A and S5A). In addition, iso-GNA-induced autophagic cell
death was inhibited by the mTOR inhibitor rapamycin (Fig. 6C
and S5C). Taken together, these data suggested the Akt-mTOR path-
way was inhibited in iso-GNA-induced autophagy. The Akt-mTOR
pathway is not only considered to be a negative regulator of autop-
hagy but is also an inducer of G1 phase cell cycle arrest21,44. The G0/
G1 phase cell cycle arrest observed in iso-GNA-treated A549 cells in
this study (Fig. 2A) may also have resulted from the inhibition of the
Akt-mTOR pathway by iso-GNA. Taken together, our data reveal
that autophagy played an important role in cancer cell death caused
by iso-GNA. Our study illustrated a clear mechanism of the antitu-
mor activity of iso-GNA. This finding is of great importance for the
development of effective methods to treat NSCLC patients whose
tumors exhibit apoptosis defects.

Apart from apoptosis, which is a well studied cell death mech-
anism in cancer cells, autophagy also serves as a results to DNA
damage45. Numerous apoptosis-targeting drugs have been
developed46, such as cisplatin, which is a conventional platinum drug
that induces apoptosis-dependent cell death in many human tumor
cells47. However, researchers have still endeavored to examine how
drugs target other cell death pathways because apoptosis resistance
frequently developed in cancer cells, and it was found that targeting
autophagic cell death may be an effective approach6,7,14,16. Reports
showed that several chemotherapeutic agents including paclitaxel,
doxorubicin and arsenic trioxide could induce non-apoptotic cancer
cell death48,49. Thus, targeting autophagy could be an alternative
approach for cancer treatment, especially for cancers with apoptosis

Figure 5 | Iso-GNA causes autophagy-dependent cell death in H460 cells. (A) Different concentrations of iso-GNA with 0, 2 or 4 mM 3-MA were added

to H460 cells for 24 h, then cells were stained with trypan blue to test death ratio. (B) Detection of Beclin1 or Atg7 expression by western blot in Beclin1 or

Atg7 knock down H460 cells. (C) Different concentrations of iso-GNA were added to normal, Beclin1 knock down or Atg7 knock down H460

cells for 24 h, then cells were stained with trypan blue to test death ratio. (D) and (E) Different concentrations of iso-GNA with/without bafilomycin A1

(D) or chloroquine (E) were treated with H460 cells for 24 h, trypan blue dye was employed to stain the cells and analyze the death ratio.

Data of three independent tests were shown as means 6 s.d. *p , 0.5; **p , 0.01, in comparison with the untreated group. The whole images of western

blots are given in Supplementary Figure S9.
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defects7,8,14,16. Additionally, some previous reports showed that cell
death could be induced in a autophagy-dependent pathway when
apoptosis is inhibited. For instance, the death of mouse L929 cells was
controlled by Atg7 and Beclin1 when caspase was inhibited15.
Etoposide-induced cell death in murine embryonic fibroblasts was
inhibited by RNAi targeting Atg5 and Beclin150. Thus, it is important
to note the effect of iso-GNA on autophagic cell death when the
apoptosis machinery is absent in some cancers.

In summary, our current study revealed that iso-GNA induces
apoptosis-independent autophagic cell death in human NSCLC cells
and inhibits the Akt-mTOR pathway. Iso-GNA may be an effective
chemotherapeutic agent against NSCLC in a clinical setting.

Methods
Reagents, cell lines and cell culture. Iso-GNA was obtained as described in our
previous study23 to a purity of greater than 98%. For all in vitro assays, Iso-GNA
(20mM) was dissolved in DMSO ( dimethyl sulphoxide), preserved at room
temperature and then diluted to required concentration when needed. For all animal
studies, Iso-GNA was dissolved in sodium chloride injection (154 mmol/L, pH 5 6.5)

containing 3% sterile ethanol (100% sterile ethanol, then diluted to 3% ethanol with
sodium chloride). DMSO, MTT, cisplatin, bafilomycin A1, chloroquine, zVAD.fmk,
3-MA, DAPI and rapamycin were obtained from Sigma Aldrich. Antibodies were
obtained from the following sources: Atg5 (Abcam), Atg7 (Abcam), Akt (Cell
Signaling Technology), Beclin 1 (Santa Cruz), b-actin (Santa Cruz), SQSTM1/p62
(Sigma), LC3 (Abcam), phospho-Akt (Cell Signaling Technology), mTOR
(Millipore), phospho-mTOR (Millipore), caspase 3 (Millipore), p70 S6K (Santa
Cruz), phosphop70 S6K (Santa Cruz), 4E-BP1 (Santa Cruz), phospho-4E-BP1 (Santa
Cruz), HRP-labeled anti-rabbit and mouse secondary antibody (Santa Cruz), Atg7
siRNA I and Beclin1 siRNA I (Cell Signaling Technology). A549 and H460 cell lines
were obtained from ATCC (the American Type Culture Collection). HepG2, HeLa,
and HCT-116 cell lines were obtained from the Shanghai Institute of Cell Biology.
Cells were cultured in a humidified atmosphere containing 5% CO2 (37uC). The
culture medium RPMI 1640 (Containning 10% fetal bovine serum, 100 mg/ml
streptomycin and 100 U/ml penicillin) was obtained form ATCC.

Cell viability assays. (1) MTT Assay: Described in our previous study23 (2) Trypan
Blue Exclusion Assay. 6-well culture plates were used for cell culture. After incubated
for 24 hours, various concentrations of iso-GNA were added to cells for another
24 hours. Both alive and dead cells were collected after wash with PBS, and then
stained with trypan blue dye (0.4 mg/ml in PBS) for 6 min. Then cells were counted
with a hemocytometer to calculate the death ratio.

Figure 6 | Iso-GNA induced autophagic cell death through the inhibition of Akt/mTOR Pathway. (A) Western blot was used to detect the p-Akt,

Akt, p-mTOR, mTOR, p-p70 S6K, p70 S6K, p-4E-BP1 and 4E-BP1 expression in various concentrations of iso-GNA treated A549 cells.

(B) 0, 10 mM of iso-GNA with or without 1 mM rapamycin were added to A549 cells for 24 h, western blot was employed to detect the LC3 expression

level. (C) The indicated concentration of iso-GNA with or without 1 mM rapamycin were treated with A549 cells for 24 h, trypan blue dye was

employed to stain the cells and analyze the death ratio. Data of three independent tests were shown as means 6 s.d. *p , 0.5; **p , 0.01, in comparison

with the control group. The whole images of western blots are given in Supplementary Figure S10.
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Cell cycle analysis. 6-well culture plates were used for cell culture. After incubated for
24 hours, various concentrations of iso-GNA were added to cells for another
24 hours. The alive cells were collected and washed with PBS for two times, then fixed
with 75% (v/v) pre-cold ethanol at 4uC for 12 hours. Cells were washed with PBS for
three times and then stained with PI staining buffer (PI, 50 mg/ml) for 20 min. The
cell cycle were then subjected to flow cytometry to analyze cell cycle. Approximately
30,000 cells were evaluated for each sample.

Annexin V-FITC/PI Apoptosis Assay. 6-well culture plates were used for cell
culture. After incubated for 24 hours, various concentrations of iso-GNA were added
to cells for another 24 hours. Then cells were collected and digested into single cell
suspensions with EDTA-free trypsin and then subjected to the Annexin V/PI
Apoptosis Detection kit (Invitrogen) for stainning according to the manufacturer’s
instructions. The stained cells were analyzed by flow cytometry in one hour after
staining.

Western blot. Both alive and dead cells were collected and washed with pre-cold PBS.
The total cell protein lysates was obtained using RIPA Lysis Buffer. After
denaturalization, about 25 mg lysates were loaded on SDS-PAGE. After
electrophoresis on SDS-PAGE, the gels were transferred to PVDF (polyvinylidene
difluoride) membranes electrophoretically at 4uC for 2.5 hours. Then 5% skim milk
in 1 3 PBST was employed to blocked the PVDF membranes.The first antibodies
were then diluted in blocking buffer and incubated with membranes at 4uC for
12 hours. Then, the membranes were washed with 1 3 PBST (3 3 15 min) and then
incubated with secondary antibodies for 2 hour. Immunoreactivity detection was
accomplished by using enhanced chemiluminescence reagents (Millipore).

TUNEL Assay. To examine the apoptosis cells in tumor section, we used the In Situ
Cell Death Detection Kit (Roche Applied Science) by following the manufacturer’s
instructions, then the tissue section was detected and imaged under a fluorescence
microscope.

Transfection and LC3-RFP counting. The plasmid was transfected to A549 cells
using Lipofectamine 2000 (Invitrogen) according to instructions of the manufacturer.
G418 (Sigma-Aldrich) was used to select stable transformants. Cells stably expression
LC3-RFP were cultured in EBSS (Sigma-Aldrich) culture to induce autophagy
(Figure. S2C). A549 cells stably expressing RFP-LC3 were treated with iso-GNA for
24 hours and then subjected to a Leica aser-scanning spectrum confocal system to
count RFP dots. RFP-LC3 positive cells were these cells which contained 10 or more
RFP punctate dots.

Autophagy detection by GFP-LC3 expression. The plasmid was transfected to A549
or H460 cells using Lipofectamine 2000 (Invitrogen) according to instructions of the
manufacturer. At 24 h after transfection, iso-GNA with or without autophagy
inhibitors was added to the cells. After incubation for 12 hours, the GFP-LC3 positive
cells were detected and imaged under a fluorescence microscope.

Transmission electron microscopy and Immunohistochemistry. Described in
previous study51.

Tumor xenograft model. Tumors were initiated by subcutaneous injection of
tumour cell suspension (A549, 18000 cells per mouse) into the front of right backside
of mice. When A549 tumour xenografts reached about 70 mm3 in size, the mice were
divided into three groups of six each randomly. The test group received intravenous
(i.v.) injections of iso-GNA (20 mg/kg in a volume of 200 ml) via tail vein evry two
days. The control group received intravenous (i.v.) injections of an equal volume of
vehicle. The positive group were treated with cisplatin (4 mg/kg, IP) two times per
week. The tumour volume were recorded every 3 days and were calculated with the
formulas: tumour volume (mm3) 5 (length 3 width2) 3 0.52. Animals were
sacrificed 24 d after injection.

Statistical analysis. Statistics results of multiple experiments were shown expressed
as means 6 s.d. Student’s t-test and one-way ANOVA test were employed for data
analysis. Significance was determined with P values of #0.05.

Ethics statement. All the methods were carried out in accordance with the approved
guidelines and the entire experimental procedures were carried out under the
guidance of Institutional Animal Care and Use Committee of Sichuan University
(Chengdu, China).
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