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Abstract

Heat shock protein 90 (Hsp90) is a fascinating target for cancer therapy due to its significant role in

the crossroad of multiple signaling pathways associated with cell proliferation and regulation. Hsp90

inhibitors have the potential to be developed into anti-cancer drugs. Here, we identified nicotinic-

mycoepoxydiene (NMD), a structurally novel compound as Hsp90 inhibitor to perform the anti-

tumor activity. The compound selectively bound to the Hsp90 N-terminal domain, and degraded

the Hsp90 client protein Akt. The degradation of Akt detained Bad in non-phosphorylation form.

NMD-associated apoptosis was characterized by the formation of fragmented nuclei, poly(ADP-

ribose) polymerase cleavage, cytochrome c release, caspase-3 activation, and the increased

proportion of sub-G1 phase cells. Interestingly, the apoptosis was accompanied with autophagy,

by exhibiting the increased expression of LC-3 and the decrease of lysosome pH value. Our findings

provide a novel cellular mechanism by which Hsp90 inhibitor adjusts cell apoptosis and autophagy

in vitro, suggesting that NMD not only has a potential to be developed into a novel anti-tumor

pharmaceutical, but also exhibits a new mechanism in regulating cancer cell apoptosis and

autophagy via Hsp90 inhibition.
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Introduction

Heat shock protein 90 (Hsp90) is a novel target for anti-cancer agents
because of its unique ability to be selectively associated with signaling
molecules with abnormal expression level in cancer cells that im-
plicated in the aberrant survival of cancer cells [1,2]. Hsp90 is required
for stabilizing many important proteins. Its inhibitors can simultan-
eously inhibit multiple signaling pathways that cancer cells depend
on for their growth and proliferation [3]. So the selective inhibition
of Hsp90 consequently inhibits the aberrant survival signaling path-
way, which can induce apoptosis in cancer. The discovery of natural
products that display anti-tumor activity by inhibiting Hsp90 function
brought about a promising new class of pharmaceuticals [4]. Hsp90
inhibitors have already shown promising anti-tumor activity in
preclinical model systems [5–8]. It has been shown that the

characterization of new Hsp90 inhibitors has the potential to lead to
the development of potent anti-cancer drugs and small molecular
probes [9].

Mycoepoxydiene (MED) was initially isolated from the marine
fungus Diaporthe phaseolorum HLY2 strain and was identified as a
lead compound with anti-cancer activity [10]. It has been suggested
that the main molecular target of MED is Hsp90, but the inhibitory
activity of MED toward Hsp90 is lower than those well-characterized
Hsp90 inhibitors such as geldanamycin (GA) [11–13]. Therefore, a
derivative of MEDwith a nicotinic moiety, nicotinic-mycoepoxydiene
(NMD) was rationally designed and synthesized with improved
potency compared with that of MED [14].

Our preliminary experiments found that the activity of NMD to-
ward Hsp90 degraded its client protein, e.g. Akt, associated with
HeLa cell apoptosis and autophagy. The autophagosomes were
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involved in mitochondrial clearance cascades in NMD-treated HeLa
cells. There are many reports that highlight the Hsp90 inhibitors in-
duced cancer cell apoptosis, but few reports have been focusing on
autophagy-associated apoptosis.

In this study, we provided insight into NMD’s anti-cancer mechan-
ism and revealed that NMD could serve as a potent therapeutic agent
against cancer. More importantly, NMD could be used as a probe to
uncover the mechanism of cellular autophagy and apoptosis. Our re-
sults provided the clues of NMD inhibition of cancer cell growth via
degrading the Hsp90 client protein. The degradation of Akt resulted in
the decreased level of Bad phosphorylation and initiated NMD-
induced mitochondria apoptosis and autophagy in HeLa cells.

Materials and Methods

Materials

NMD was synthesized according to the previously described method
[15]. The following reagents were purchased from Sigma-Aldrich
(St Louis, USA): propidium iodide (PI), 4′,6-diamidino-2-
phenylindole (DAPI), GA, carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone (z-VAD-fmk), 5-(and-6)-chloromethyl-
2′-7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA),
dithiothreitol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 5,5,6,6′-tetrachloro-1,1,3,3′-tetraethyl-imidacar-
bocyanineiodide (JC-1), Pyrrolidinedithiocarbamic acid, ammonium
salt, monodansylcadaverin (MDC), and RNaseA.

Cell culture

Human liver cell line (LO2), cervical carcinoma cell line (HeLa), and
other tumor cell lines (AML-21, MD-MBA-231, U2Os, and HL-60)
were obtained from the cell line bank at the School of Life Sciences
at Xiamen University (Xiamen, China). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Carlsbad,
USA) supplemented with 10% new fetal calf serum (Gibco) at 37°C
in a 5% CO2-enriched and humidified environment.

Cell cycle analysis

HeLa cells were cultured in DMEM supplemented with 10% fetal bo-
vine serum in a 37°C incubator humidified with 5% CO2. The cells
were trypsinized at 24 h post-NMD treatment, then collected by cen-
trifugation, washed once with phosphate-buffered saline (PBS), and
re-suspended in PBS containing 5 µg/ml PI. The level of PI incorpor-
ation was quantitated by a FACScan flow cytometer (Beckman
Coulter, Pasadena, USA). Apoptotic cells were defined as those ar-
rested at the sub-G1 phase.

Cell survival rate analysis

The cells were treated with NMD for different durations. After that,
the cells were harvested and fixed in 70% cold ethanol, followed by
centrifugation and washing. The fixed cells were stained with PI
(50 µg/ml) and analyzed by a FACScan flow cytometer. With proper
gating of major population of cells by adjusting Forward Scatter, Side
Scatter, and Fluorescence 1 (FL1) level, the signals produced by cells
located in low FL1 signal regionwere identified as living cells. The pro-
portion of living cells in total cells was calculated as survival rate.

Western blot analysis

Nuclear and cytoplasmic proteins were extracted with Extraction Kits
(Beyotime, Beijing, China). The cultured cells were washed with PBS
and lysed with lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 0.5%

Triton X-100, and 1 mM EDTA; pH 7.4) supplemented with a prote-
ase inhibitor mixture. The samples containing the same amount of
total proteins were resolved on sodium dodecyl sulfate–polyacryl-
amide denaturing gels, transferred to nitrocellulose membranes, and
probed with the specific antibodies: anti-p-Bad (Ser136) (1:1000;
Cell Signaling, Beverly, USA), anti-p-Akt (Ser473) (1:1000; Cell Sig-
naling), anti-Akt (1:1000; Cell Signaling), anti-Bcl-2 (1:1000; Cell Sig-
naling), anti-Bad (1:1000; Cell Signaling), anti- poly(ADP-ribose)
polymerase (PARP) (1:1000; Cell Signaling), and anti-LC-3I/II
(1:1000; Santa Cruz, Santa Cruz, USA). Horseradish peroxidase-
conjugated Immuno-pure goat anti-mouse or anti-rabbit antibodies
were used as secondary antibodies (Pierce, Rockford, USA).

Mitochondrial membrane potential measurements

HeLa cells were treated with NMD for 24 h. The cell suspension
(0.5 ml) was then transferred into a sterile centrifuge tube and centri-
fuged at 400 g for 5 min. The supernatant was then removed, and the
cells were suspended in 0.5 µM JC-1 reagent, followed by incubation
at 37°C for 15 min. Relative fluorescence intensities were monitored
by flow cytometry. And both the red fluorescence (excitation at
550 nm and emission at 600 nm) and green fluorescence (excitation
at 485 nm and emission at 535 nm) were measured with a fluorescence
microscope (Zeiss, Oberkochen, Germany). In this assay, the ratios of
red fluorescence to green fluorescence decreased in the dead cells and
in the cells undergoing apoptosis when compared with that in the
healthy cells [16,17].

Detection of apoptosis by immunofluorescent staining

To measure cytochrome c release, HeLa cells were seeded onto glass
coverslips that were pre-coated with 0.2 mg/ml gelatin overnight to
allow for adherence before NMD treatment. The cells treated with
NMD were collected and washed once with PBS, then fixed
with 4% paraformaldehyde for 30 min. After being washed twice
with PBS, cells were incubated with the anti-cytochrome c (1:100;
Cell Signaling) and anti-Bax antibodies (1:20; Cell Signaling) at 4°C
overnight. The secondary antibodies fluorescein isothiocyanate-
conjugated goat anti-mouse (Jackson immunoresearch, West Grove,
USA) and phycoerythrin-conjugated anti-rabbit antibodies (Jackson
immunoresearch) were used at 1:100 dilution at 4°C for 1 h. The
cells were then incubated in 50 µg/ml DAPI solution (containing
100 µg/ml RNaseA) for 5 min at room temperature in the dark.
After three times wash with PBS, the cells were observed using a fluor-
escence microscope (Zeiss).

Detection of autophagy by immunofluorescent staining

To detect the induction of autophagy morphologically in
NMD-treated cells, HeLa cells (1 × 106) were treated with NMD at
a final concentration of 10 µM for 6 and 12 h. Staining procedures
were performed as previously described [18], and LC-3 antibodies
were used to test the autophagy level of the cells. Images of LC-3 dis-
tribution in cells were captured using a Leica SP laser scan microscope
system (Leica, Heidelberg, Germany). And cell structural alteration
was examined by a transmission electron microscope (TEM;
JEM2100HC, JEOL, Tokyo, Japan) [19].

Cloning, expression, and purification of Hsp90

The full-length Hsp90α and N-terminal Hsp90 (1–236AA)
(N-Hsp90) were inserted into the expression vector pET28a, and
transfected into the bacteria host BL21. Then, the bacteria were
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cultured in LB medium in a 37°C incubator shaker at 250 rpm for
12 h, followed by IPTG induction accompanied with culture param-
eter adjustments including temperature shifted to16°C and shaking
speed slowed down to 120 rpm for an additional 24 h cultivation.
His tagged Hsp90 was purified with Ni-beads (GE healthcare, Bethes-
da, USA). All the procedures and methods had been described previ-
ously [14]. All Hsp90 and N-Hsp90 mentioned in this article were
Hsp90 α.

Analysis of the interaction between Hsp90 and NMD

Fluorescent measurements and the ForteBio Octet Red system were
used to analyze the interaction between N-Hsp90 and NMD.

Fluorescence intensities were recorded in the range of 290–500 nm
at 293, 303, and 310 K, respectively, using a Cary Eclipse (Varian, Salt
Lake City, USA). The experiments were performed in 2.0 ml of
5.0 µM N-Hsp90 solution (10 mM PBS buffer, pH 7.6) with succes-
sive additions of NMD solution (in 0.2% dimethyl sulfoxide, DMSO)
from 0.5 to 50.0 µM. All tests were repeated in triplicate.

The interaction betweenHsp90 andNMDwas tested with the For-
teBio Octet Red System (ForteBio, Inc., Menlo Park, USA). The bioti-
nylated protein targets (e.g. Hsp90) were immobilized onto Super
Streptavidin Biosensors, and the association and dissociation of the
molecule NMD was monitored in parallel to save time. The light
shift distance (nm) corresponding to association/dissociation time (in
second). The dissociation constant KD of NMD is calculated from the
association and dissociation curve of NMD binding with Hsp90.

MDC staining

HeLa cells (1 × 106) were cultured with NMD for different time dura-
tions. The cells were harvested at the end of each treatment and stained
with 50 µMMDC (diluted in PBS) at room temperature for 30 min in
the dark. Then, the samples were washed with PBS twice and spun
down at 106 g for 5 min to remove supernatant. The cells were then
mounted on a glass slide for fluorescent detection with a Leica SP
laser scan microscope system (Leica).

Data analysis

All data are presented as mean ± standard deviation and analyzed
using Student’s t-test. A P-value of <0.05 was considered statistically
significant.

Results

NMD interacts with Hsp90

We investigated whether NMD could bind to Hsp90 and regulate its
activity as an inhibitor of Hsp90. The binding of NMDwith N-Hsp90
and full-length Hsp90 was characterized by the experiment of fluores-
cence measurements and the ForteBio Octet Red system. It was found
that N-Hsp90 displayed maximal intrinsic fluorescence at 338 nm.
When N-Hsp90 was incubated with NMD, the fluorescence intensity
gradually decreased with increased concentrations of NMD (Fig. 1A).
In the ForteBio Octet Red system, the binding of NMD to Hsp90
exhibited an association curve (Fig. 1B). The two dissociation

Figure 1. Hsp90 interacts with NMD (A) The vertical axis and horizontal axis represent the fluorescence intensity and emission wavelength, respectively. The

excitation wavelength is 280 nm, whereas the emission peak for N-Hsp90 is 338 nm. The ratio of N-Hsp90 and NMD concentrations changed from 1:1 to 1:10.

(B) The vertical axis and horizontal axis represent the light shift distance (nm) and association/dissociation time (s), respectively. The dissociation constant KD of

NMD is calculated from the association and dissociation curve of NMD with Hsp90. (C) Ribbon structure of N-Hsp90 with a ball-and-stick structure of NMD. Water

molecules were not included in docking. The carbon and oxygen atoms of compound are yellow and red, respectively. The molecular docking model shows that

NMD binds to ATP binding pocket of N-Hsp90. The main interaction is at the residues K58, T184 of Hsp90, and the NMD molecule.
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constants (KD) were 11.5 and 8 µM, calculated from the fluorescent
spectrum and association/dissociation curve, which indicated that
NMD bound to Hsp90 with a high affinity. The internal coordinate
mechanics software was used to simulate the docking program of
NMD with Hsp90. The crystal structure of full-length Hsp90 is
from the protein data bank (PDB) (http://www.rcsb.org/pdb/home/
home.do) with ID: 2CG9 (data not shown). Molecular docking result
showed that NMD is in favor of binding Hsp90 at the N-terminus
(PDB ID: 2CCS). The hydrogen bonds among the residues K58,
T184, and NMD contributed to the main interaction (Fig. 1C).
Hydrogen bond and van der Waals’ force could be the main inter-
action factors between Hsp90 andNMD owing to a negative enthalpy
change (−63.69 kJ mol−1) and entropy change (−120.26 J mol−1

K−1), which also supported the molecular docking result.

NMD degrades client protein Akt and triggers

cytochrome c release

To illustrate the mechanism of NMD action on Hsp90, we further
measured the expression levels of Hsp90 at NMD-treated HeLa cells
by western blot analysis. After HeLa cells were treated for 24 h with
5, 10, or 15 µM NMD, the expression levels of Hsp90 were not
changed, while the expression levels of Hsp70 were up-regulated

and Akt expressions decreased significantly (Fig. 2A). The decreased
expression levels of Akt were also observed in other tumor cell lines
including HL-60, MDA-MB-231, AML21, and U2Os (Fig. 2B). Fur-
thermore, immunofluorescent staining and western blotting were used
to analyze pro-apoptotic proteins in cytosolic fractions. The results de-
monstrated that NMD exposure caused Bax to locate in the mitochon-
drion membrane (Fig. 2C), which led to cytochrome c (Cyt c) release
from the mitochondria and increased cytosolic staining of Cyt c in
HeLa cells (Fig. 2D,E).

NMD induces mitochondria apoptotic signaling

in HeLa cells

To explore whether NMD-induced Cyt c release was correlated with
mitochondrial dysfunction [20], we applied both fluorescence micros-
copy and flow cytometry to evaluate the mitochondrial membrane po-
tential (MMP) change by probingMMPwith the sensitive dye JC-1. It
was found that the color of JC-1 staining changed from orange to
green in HeLa cells after NMD treatment (Fig. 3A), indicating the
loss of MMP, but the control cells exhibited orange or red colors.
These results demonstrated that the MMP of HeLa cells were attenu-
ated by treatment with NMD, owing to the Bax re-location in mito-
chondrial membrane (Fig. 2C).

Figure 2. Hsp90 client protein degradation and Cyt c release in NMD-treated HeLa cells (A) HeLa cells were treated with NMD for 24 h at various concentrations.

NMD-induced degradation of Akt, p-Akt, p-Bad, and Hsp70 were detected by western blot analysis using the specific antibodies. GA served as the positive control,

and β-actin was used as a loading control. (B) NMD degraded Akt in other four tumor cells (HL-60, MDA-MB-231, AML21, and U2Os) was presented. (C) HeLa cells

were treated with NMD for 20 h, and immunofluorescence assay was performed to monitor Bax localization (×50–65 folds). (D and E) HeLa cells were treated with

15 µM or 10 µM NMD for 24 h, and Cyt c release from mitochondria was assessed by (D) western blot analysis and (E) immunofluorescence analysis.
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Figure 3. NMD induces mitochondria apoptosis in HeLa cells (A) HeLa cells were treated with vehicle control (DMSO), different concentrations of NMD or

valinomycin (positive control) for 24 h before staining with JC-1 and analyzed by fluorescence microscopy. Scale bar is 5 µm. (B) HeLa cells treated with NMD

for 12, 36, and 72 h at various concentrations were stained with PI. The distributions of the cell cycle stages were quantified by flow cytometry. (C) HeLa cells

treated with different concentrations of NMD for 24 h were stained with DAPI or vehicle control. Scale bar is 5 µm. (D) HeLa cells were treated with NMD for

12 h. The figure showed the TEM view of the nuclei and chromosome condensation (red arrow). Scale bar is 1 µm. (E and F) HeLa cells were treated for 12 h

with 5, 10 and 15 µM NMD, the pro-caspase-3 (∼32 kDa) and PARP (∼113 kDa) cleavage were assessed by western blot analysis. β-Actin was used as a loading

control. (G) HeLa cells were treated with NMD (10 µM) and z-VAD-fmk for 12 h. Scale bar is 5 µm. (H) HeLa cells were pre-treated for 1 h with 20 µM caspase

inhibitor, z-VAD-fmk and NMD, respectively, for 16 h, all groups were stained with PI. The level of relative cell survival (PI negative cells) was quantified by flow

cytometry.
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Besides the MMP dissipation and the release of Cyt c, NMD signifi-
cantly influenced the cell cycle distribution of HeLa cells. About 25%
cells were in the sub-G1 (sub-diploid apoptotic peak) phase after
NMD treatment for 36 h. The sub-G1 phase was increased up to 75%
within 72 h of exposure to NMD (Fig. 3B), and the cells underwent dra-
matic morphological changes, including nuclear envelope breakdown
(Fig. 3C) and chromosome condensation (Fig. 3D). The observed mor-
phological changes are consistent with those observed in apoptotic cells.

We investigated the additional mechanisms of apoptosis involved
in NMD-induced cell death. In NMD-treated HeLa cells, both
pro-caspase-3 (∼32 kDa) and nuclear enzyme PARP (93 kDa) were
cleaved into two fragments, respectively (Fig. 3E,F). The bands of
17 and 15 kDa were corresponding to cleaved caspase-3 (Fig. 3E); the

bands of 89 and 34 kDa were corresponding to 113 kDa of PARP
(Fig. 3F). The cleavage of pro-caspase-3 appeared in a bright green con-
densed form. Pre-treatment with z-VAD-fmk blocked the cleavage of
pro-caspase-3 (Fig. 3G) and rescued the cell death (Fig. 3H), which sug-
gested that NMD-induced apoptosis was caspase-dependent [21,22].

NMD suppresses cell survival and initiates cell

autophagy

In NMD-treated cells, LC-3, which participates in the autophagy
pathway, was activated after 6 h of treatment, and lasted for 24 h
since the treatment beginning (Fig. 4A). The results from immuno-
fluorescent staining further illustrated that LC-3 activation was in-
itiated at 6 h after NMD treatment (Fig. 4B).

Figure 4. NMD regulates cell fates of HeLa cells (A) HeLa cells were treated for the indicated times with 15 µM NMD. Expression level of LC-3I/II in the presence of

proteasome and autophagy inhibitorswas assessed bywestern blotting. β-Actin was used as a loading control. (B) HeLa cells were treated for the indicated timewith

10 µM NMD. The expression level of LC-3 was detected by immunofluorescence staining. NMD increased the expression level of LC-3, which appears as bright red

dots, in both laser scanning confocal microscopy (top panel, 6 h) and fluorescent microscopy (bottom panel, 12 h). LC-3 is red and nuclei are blue. (C) MDC staining

of autophagic vesicles. HeLa cells were treated with NMD for 12 h. (D and E) TEM view of the (D) autophagosome (yellow arrows) and (E) mitochondrial

autophagosome (orange arrows). (F) HeLa cells treated with various concentrations of NMD for 24 h were stained with PI, and the level of relative cell survival

(PI negative cells) was quantified by flow cytometry.
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To confirm this result, we performed MDC staining and TEM to
monitor the autophagic vacuoles. MDC is an acidotropic dye that
stains late stage autophagosomes or autophagic vesicles. After HeLa
cells were treated with NMD for 12 h, both MDC staining (Fig. 4C)
and TEM imaging (Fig. 4D) showed the presence of autophagic va-
cuoles. Interestingly, TEM identified a population of mitochondria
that exhibited autophagic vacuoles (Fig. 4E). These results suggest
that NMD acts on Hsp90 and induces HeLa cell autophagy including
dysfunctional mitochondria. We further explored whether
NMD-induced autophagy caused cell death or suppressed cell sur-
vival. From the result of PI staining, we confirmed that NMD sup-
pressed HeLa cell survival after 24 h of treatment (Fig. 4F).

NMD-induced autophagy is sensitive to chloroquine

in HeLa cells

To illustrate the mechanism of NMD-induced autophagy, the expres-
sion levels of lysosomal-associated membrane protein 1 (LAMP1) and
autophagy-related genes (BECN1) were analyzed in NMD-treated
HeLa cells. The BECN1 expression is not sensitive to NMD treatment,
while the expression of LAMP1 was significantly increased in
NMD-treated HeLa cells (Fig. 5A). Furthermore, autophagy in-
hibitors (chloroquine, bafinomycin A1, and 3-MA) were added into
NMD-treated HeLa cells. The results showed that NMD-induced
autophagy is sensitive to chloroquine inhibition, but the other autop-
hagy inhibitors including the bafinomycin A1 and 3-MA were less
effective (Fig. 5B,C). We further found that both rapamycin and
NMD-induced autophagy could be inhibited by chloroquine
(Fig. 5D). From these results, we deduced that NMD-induced autop-
hagy was in a lysosome-dependent manner.

Discussion

We demonstrated for the first time that the Hsp90 inhibitor NMD in-
itiated the client protein degradation associated apoptosis and autop-
hagy in HeLa cells. Hsp90 chaperones many client proteins, which
play key roles in cell survival signaling pathway and many of them

are onco-proteins. Apoptosis induced by NMD was associated with
the degradation of Akt, one of Hsp90 client proteins. Akt signaling in-
activates several pro-apoptotic factors, including Bad and other
survival-related transcription factors. Akt phosphorylates Bad both
in vitro and in vivo, and Akt-mediated Bad phosphorylation effective-
ly blocks Bad-induced cell death [23,24]. In this study, we found that
the degradation of Akt was associated with the decreased levels of its
phosphorylated form, which might result in the decreased level of Bad
phosphorylation. The activation of Bad is directly correlated with the
re-location of pro-apoptotic protein Bax in mitochondria membrane
which was followed by the loss of MMP and Cyt c release. All of
these events finally contributed to the initiation of mitochondrial-
dependent apoptosis.

We also showed that the novel compound NMD-induced apop-
tosis through mitochondrial disruption, which was different from
the lead compound MED [25]. Hsp90-mediated NMD regulation
on cell survival and apoptosis could be mediated by the degradation
of the client protein Akt. Our results suggested that this novel com-
pound was valuable for pharmaceutical industry as an anti-cancer
drug candidate and a useful tool for further scientific research.

Cancer cell survival and apoptosis were believed to involve differ-
ent signaling cascades, and most researches focused on cancer cell
death pathways andmechanisms [7,26]. However, few studies concen-
trated on the transition state between survival and apoptosis. In this
study, we found that autophagy mediated the transition between the
cell survival and apoptotic signaling cascades in NMD-treated HeLa
cells. Six hours after NMD treatment, there was no change in cell via-
bility and the cell population in the sub-G1 phase was undetectable
(Fig. 3B). However, HeLa cells at this point exhibited typical morph-
ology of autophagy (Fig. 3), which was consistent with the results of
Vucicevic et al. [27]. The Bax re-location in the mitochondria initiated
Cyt c release, and subsequently induced cell apoptosis. The disruption
of theMMP also activated lysosome-dependent autophagy to degrade
the collapsed mitochondria.

During apoptosis, condensed chromosomes appeared after the oc-
currence of autophagosomes, which suggested that mitochondria with

Figure 5. NMD-induced autophagy is sensitive to chloroquine in HeLa cells (A) HeLa cells were treatedwithNMD, after 16 h culture, the expression levels of LAMP1

and BECN1 were measured by western blotting. GAwas used as a positive control. (B) HeLa cells were treated with NMD and 3-MA, separately or together for 16 h,

the expression level of LC-3wasmeasured bywestern blotting. Proteosome inhibitorMG-132was used as a control. (C) HeLa cells were co-treatedwithNMDand the

inhibitors of chloroquine (Chl) and bafilomycin A1 (bA1) for 16 h, the expression level of LC-3 was measured by western blotting. β-Actin was included as a loading

control. (D) HeLa cells were co-treated with NMD and the inhibitors of chloroquine (Chl), the expression level of LC-3 was analyzed by western blotting, rapamycin

was used as the positive control. β-Actin was included as a loading control.
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membrane potential dissipation can induce both apoptosis and autop-
hagy. Autophagy is not a cell fate controller, but it mediates the cell’s
transition from survival to apoptosis. We deduced that autophagy
may provide energy or material that is essential for apoptosis execu-
tion, by ‘burning up’ the cell debris (dissipation of mitochondrial
membrane). The transition state of cancer cell (from survival to
death) is similar to a melting pot in which autophagy, proliferation
suppression, and apoptosis initiation all occur under NMD treatment.
The encouraging results obtained in our laboratory demonstrated that
LO2, a normal human liver cell line, is less sensitive to the cytotoxicity
of NMD than many tumor cell lines. After LO2 cells were treated with
NMD for 24 or 48 h, the result of MTS orMTT showed a very similar
survival rate with the control DMSO group (data not shown), which
suggested that the NMD may have advantages in target selectivity.
However, the safety of NMD needs to be evaluated before it can be
developed into a drug candidate. Exploring the relationship between
apoptosis and autophagy is beneficial in understanding the complicated
cell proliferation and death events. Compared with other Hsp90 inhibi-
tors that had potencies as anti-tumor drug in clinical trial [28], NMD
may not be a good inhibitor, but it exhibits themechanisms of apoptosis
and autophagy at cellular level, which may provide a clue for further in
depth research. NMD not only has a potential to be a novel anti-tumor
pharmaceutical, but also exhibits a newmechanism in regulating cancer
cell apoptosis and autophagy via inhibiting Hsp90.
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