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Wentilactone A as a novel potential antitumor agent
induces apoptosis and G2/M arrest of human lung
carcinoma cells, and is mediated by HRas-GTP
accumulation to excessively activate the Ras/Raf/ERK/
p53-p21 pathway

C Lv1,5, Y Hong2,5, L Miao3,5, C Li4, G Xu4, S Wei1, B Wang*,4, C Huang*,1 and B Jiao*,1

Chemotherapy remains the common therapeutic for patients with lung cancer. Novel, selective antitumor agents are pressingly
needed. This study is the first to investigate a different, however, effective antitumor drug candidate Wentilactone A (WA) for its
development as a novel agent. In NCI-H460 and NCI-H446 cell lines, WA triggered G2/M phase arrest and mitochondrial-related
apoptosis, accompanying the accumulation of reactive oxygen species (ROS). It also induced activation of mitogen-activated
protein kinase and p53 and increased expression of p21. When we pre-treated cells with ERK, JNK, p38, p53 inhibitor or NAC
followed byWA treatment, only ERK and p53 inhibitors blockedWA-induced apoptosis and G2/M arrest. We further observed Ras
(HRas, KRas and NRas) and Raf activation, and found that WA treatment increased HRas–Raf activation. Knockdown of HRas by
using small interfering RNA (siRNA) abolished WA-induced apoptosis and G2/M arrest. HRas siRNA also halted Raf, ERK,
p53 activation and p21 accumulation. Molecular docking analysis suggested that WA could bind to HRas-GTP, causing
accumulation of Ras-GTP and excessive activation of Raf/ERK/p53-p21. The direct binding affinity was confirmed by surface
plasmon resonance (SPR). In vivo, WA suppressed tumor growth without adverse toxicity and presented the samemechanism as
that in vitro. Taken together, these findings suggest WA as a promising novel, potent and selective antitumor drug candidate for
lung cancer.
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Lung cancer is the leading cause of cancer-related deaths
worldwide.1 There are two main types of lung cancers, non-
small-cell lung cancer (NSCLC) and small-cell lung cancer
(SCLC). NSCLC is the common type of lung cancer and
constitutes about 80% of all lung cancer cases. Although
surgery is the only curative treatment of NSCLC, fewer than
20% of tumors can be radically resected.2 SCLC is less
common and accounts for 20% of cases, but as this type of
lung cancer grows quickly and is likely to spread, it is more
difficult to cure by surgical resection.3 Therefore, chemother-
apy remains common for patients with NSCLC or SCLC.4

Although systemic chemotherapy has been reducing the lung

cancer mortality, both dose-limiting toxicity and poor disease
progression remain inevitable.5 In recent decades, newly
effective therapeutic treatments or novel compounds that can
target certain molecular pathways used in the multistep
carcinogenesis process of NSCLC have been explored;
however, not for SCLC.6,7

The Ras family, containing H-(or Ha-) Ras, K-(or Ki-) Ras
and N-Ras, is commonly considered to be oncogenes; the
Ras/Raf/ERK pathway is thought to be functional downstream
of the epidermal growth-factor receptor (EGFR), which has
been associated with a more aggressive disease or poor
prognosis in a variety of cancer systems including lung
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cancer.8 However, it is now clear that oncogenic Ras can also
deregulate apoptosis. There has been an increasing appre-
ciation that Ras, and other oncogenes, paradoxically induce
both pro- and anti-apoptotic signaling. The ultimate outcome
of these contradictory signals depends greatly on the cell type
and environment. Throughout the past 10–15 years, reports
have suggested that activation of Ras proteins can have
detrimental effects on mammalian cells, ultimately leading to
death by apoptosis or other mechanisms.9 Furthermore,
activation of Raf and/or ERK has been observed to increase
cell death in studies of commonly used chemotherapy agents,
for example, cis-diamminedichloroplatinum (II) (cisplatin),10

paclitaxel11 and etoposide.12 Furthermore, combining che-
motherapy with EGFR inhibitors in NSCLC has not produced
a survival advantage. Therefore, the molecular mechanism of
anticancer agents interacting with the Ras/Raf/ERK pathway
is still unclear; clarifying it could lead to the identification of
newmolecular targets that might bemanipulated to trigger cell
death in cancer cells.
We have reported that a series of tetranorditerpenoids

including asperolides A–C, Wentilactones A and B isolated
from a marine-derived endophytic fungus, Aspergillus wentii
EN-48, have cytotoxic activities against various human tumor
cell lines.13–15 We report here that EN-48-56, known as
Wentilactone A (WA), exerts a significantly inhibitory effect on
the lung carcinoma cell lines NCI-H460 and NCI-H446 without
markedly inhibiting the proliferation of normal HUVECs.
Furthermore, WA has the opposite molecular mechanism to
EGFR inhibitors. It directly targets HRas-GTP and exces-
sively activates the Ras/Raf/ERK pathway, which initiates
apoptosis and G2/M phase arrest via p53-p21 participation
and stabilization. In vivo, WA is also effective in inhibition of
tumor xenograft growth and is safer than cisplatin. All of these
present the potential use of WA to treat NSCLC and SCLC.

Results

WA inhibits cell proliferation and colony formation in
NCI-H460 and NCI-H446 cells. As shown in Figure 1b, WA

inhibited cell growth in both cancer cell lines in a dose-
dependent manner. The IC50 value of WA toward NCI-H460
cell viability was 5.56±0.89mM, and that toward NCI-H446s
was 1.90±1.30mM after 48 h. However, WA did not show
markedly inhibition of HUVECs. Additional clonogenic assays
also indicated that WA suppressed the ability of a single-
carcinoma cell growth into a colony. Clonogenicity of both
cancer cell lines was reduced in a concentration-dependent
manner after exposure to WA (Figure 1c).

WA induces mitochondrial-related apoptosis in NCI-
H460 and NCI-H446 cells. We next assessed the effect of
WA on the induction of apoptosis in NCI-H460 and NCI-
H446. Apoptotic cells with nuclear condensation and
fragmentation can be visualized by DAPI staining. The
photographs in Figure 2a show the results of 48 h treatment
with 10 mM WA. Annexin V-FITC/PI double stain was used to
make a quantitative evaluation of apoptosis. Compared with
the control group (0.1% DMSO), 10 mM WA triggered
apoptosis of NCI-H460 and NCI-H446 cells in a time-
dependent manner; 29.65±7.91% and 47.34±7.36% apop-
tosis at 48 h was induced, respectively (Figure 2a).
To investigate the mitochondrial apoptotic events involved in

WA-induced apoptosis, we tested the changes of the mitochon-
drial membrane potential (DCm), bcl-2 family proteins, cyto-
chrome c release, proteolytic cleavage of procaspase and the
effect of a general caspase inhibitor (z-VAD-fmk). The loss of
DCm, which was measured by JC-1, can be tested after
exposure of cells to 10mM WA in both cells, especially in NCI-
H446 cells (Figure 2b). To further confirm whether WA-induced
cell apoptotic death was caspase dependent, a general caspase
inhibitor, z-VAD-fmk, was used. As indicated in Figure 2c, the
addition of z-VAD-fmk reduced the apoptotic response from
27.89 to 10.73% in NCI-H460 cells and from 54.79 to 10.32% in
NCI-H446 cells after 48h. Immunoblot analysis showed that
treatment of NCI-H460 and NCI-H446 cells with 10mM WA
increased bax and bad protein levels and, in contrast, decreased
bcl-2 andMcl-1 levels in a time-dependentmanner. Consistently,
cytochrome cwas released and cleavage of procaspase-3/7 and

Figure 1 The effects of Wentilactone A (WA) on cell growth inhibition and colony formation. (a) Chemical structure of Wentilactone A. (b) HUVEC and human lung
carcinoma cells (NCI-H460 and NCI-H446 cells) were treated with 0, 2.5, 5, 10, 20, 40, 80 mM of WA for 24 and 48 h, respectively. Cell viability was detected by MTT assay.
(c) Effect of WA on the number of colony-forming cells as evaluated by clonogenic assay. Colonies were stained with trypan blue. Values are means±S.D. from three
independent experiments
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PARP was also observed (Figure 2d), indicating activation of the
intrinsic apoptosis pathway in WA-induced cell death.

WA induces G2/M arrest. In order to examine whether cell-
cycle disturbance is responsible for WA-mediated cell growth
inhibition, cell-cycle distribution and related checkpoint
factors were studied. Cells were treated with 10mM WA for
24 and 48 h, respectively. The results showed that WA-
treated cells accumulated progressively in the G2/M phase
(Figure 3a). Compared with the control, treatment with WA
for 48 h resulted in an increased proportion of G2/M phase in
NCI-H460 cells from 10.44% (control) to 29.34% (48h, WA)
and from 5.43% (control) to 13.16% (48 h, WA) in NCI-H446
cells, about a 3-fold and 2.5-fold increase, respectively.
Besides, WA treatment resulted in a time-dependent
decrease in the protein expression of cyclin B1, cdc2,
p-cdc2, cdc25C and p-cdc25C (Figure 3b). Contrary to the
expectation, protein levels of p-cdc25C (Ser216) and p-cdc2
(Tyr15) were decreased after WA treatment, which might be
caused by the drastic decrease in the total expression of
cdc25C and cdc2. All the above suggest that G2/M phase
arrest also accounts for the antiproliferative effect of WA in
both cells and more significantly in NCI-H460 cells.

ERK and p53 regulate WA-induced apoptosis and G2/M
arrest. Mitogen-activated protein kinase (MAPK) signaling

cascades have been proved to have essential roles in the
regulation of a wide variety of cellular processes, including
cell growth, migration, proliferation, differentiation, develop-
ment, apoptosis and cell growth arrest.16 To further
investigate the possible mechanism of WA, the activations
of ERK, JNK and p38 MAP kinases were determined in both
cell lines. Immunoblot showed that the phosphorylations of
ERK, p38 and JNK were significantly increased after WA
treatment (Figure 4a), and pre-treatment with 20 mM
PD98059, SB203580 or SP600125 almost completely
blocked phosphorylation of ERK, p38 or JNK (Figure 4b).
However, only ERK inhibitor PD98059 significantly inhibited
WA-induced apoptosis and G2/M arrest, and brought
apoptosis-related and G2/M regulatory proteins to normal
levels. There was no significant difference between the WA-
treatment group and the JNK or p38 inhibitor pre-treatment
group (Figure 4c). Considering that p53, which is a critical
determinant in controlling both cell-cycle arrest and apopto-
sis,17,18 usually has crosstalk with MAPKs,19 and the
downstream regulator p21 is probably involved in G2/M
arrest through the p53-dependent pathway,20 we detected
p53 and p21 protein levels using western blot analysis. The
data showed that WA treatment caused a marked time-
dependent increase in the phosphorylation status of p53 and
in the level of p21 protein (Figure 4d). Then the role of p53 in
WA-induced apoptosis and G2/M arrest was studied. Cells

Figure 2 WA triggers mitochondrial-related apoptosis in NCI-H460 and NCI-H446 cells. (a) WA-induced morphological changes as indicated by DAPI staining.
Representative photomicrographs of control and 48 h 10 mM WA treatment groups are showed. Apoptosis in NCI-H460 and NCI-H446 cells was assessed after 12–48 h of
treatment with 10mM WA by Annexin V-FITC/PI binding and measured by flow-cytometry analysis. Numbers indicate the percentage of cells in each quadrant. **Po0.01
versus the drug-untreated group. (b) The mitochondrial membrane potential was measured using JC-1 by flow cytometry. Decrease in the ratio of the green fluorescence
(FITC) to the red fluorescence (PE) indicates loss ofDCm. (c) NCI-H460 and NCI-H446 cells were treated with 20 mM z-VAD-fmk, a caspase inhibitor, for 1 h before treatment
with 10mM WA for 48 h. Apoptosis was assessed by flow cytometry as mentioned above. *Po0.05, **Po0.01. (d) Western blot of cells analyzed for bax, bad, bcl-2, Mcl-1,
cleaved caspase-3/7, PARP, cytochrome c in cytosol and mitochondria after treatment with 10 mM WA for the indicated time periods. Results are representative of three
separate experiments. GPDH is shown as protein-loading control
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Figure 3 WA induces cell-cycle arrest in NCI-H460 and NCI-H446 cells. (a) Cells were treated with or without 10 mM WA for the indicated time periods and then the cell-
cycle distribution was measured using flow cytometry. The percentage of cells in each population was shown as mean±S.D. from three independent experiments. *Po0.05,
**Po0.01. (b) Western blot analysis of G2/M transition-related proteins after WA treatment

Figure 4 ERK and p53 regulate WA-induced apoptosis and G2/M arrest. (a) Cells were treated with 10mM WA for various incubation times, total and phosphorylated
MAPK members (JNK, p38, ERK) were detected using immunoblot assay. (b) Cells were pre-treated with 20mM MEK inhibitor (PD98059), JNK inhibitor (SP600125) or p38
inhibitor (SB203580) followed by treatment with or without 10 mMWA for 48 h. Total and activation forms of ERK, JNK or p38 were evaluated by western blotting; (c) Cells were
pre-treated with the indicated inhibitor for 1 h, then treated with 10mM WA for 48 h and analyzed for apoptosis, cell-cycle analysis and expression of bax, bcl-2, cleaved
caspase-7, PARP, cyclin B1 and cdc2. (d) p-p53 (Ser 15) and p21 protein levels were detected after WA treatment. (e) Cells were incubated for 1 h in the presence or absence
of PFT-a (20mM) and then 10mMWA was added followed by incubation for an additional 48 h. The induction of apoptosis and cell-cycle distribution were determined by flow
cytometry. Apoptosis and G2/M checkpoint-related proteins were detected by western blot. Values are means±S.D. from three independent experiments. *Po0.05,
**Po0.01
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were pre-treated with 20mM p53 inhibitor Pifithrin-a (PFT-a)
for 1 h before incubating WA for a further 48 h. As shown in
Figure 4e, pre-treatment with PFT-a prevented the WA-
induced apoptosis and reduced the accumulation of p21 and
G2/M phase cells, suggesting that WA initiated apoptosis
and G2/M phase arrest via p53-p21 participation and
activation. WA treatment also resulted in a marked time-
dependent reactive oxygen species (ROS) accumulation
(see Supplementary Material). ROS is known to be a
mediator of MAPKs, SAPKs, and so on.21 Numerous
investigations have documented that following exposure to
cytotoxic drugs, excessive production of ROS in cells usually
induced the loss of cell function and apoptosis/necrosis.22–24

However, in this study, ROS is not the major mediator of WA-
induced cell death and growth inhibition in human lung
carcinoma cells but a ‘post-mitochondrial’ event and fails to
regulate MAPK signals (Supplementary Figure S1).25,26

WA induces cell-cycle arrest and apoptosis through a
Ras/Raf/ERK/p53-p21-dependent pathway. As described

above, it is essential to check whether Ras, a common
activator of the ERK signaling pathway, is involved in WA’s
toxic effect on NCI-H460 and NCI-H446 cells. The activation
of Ras was tested by precipitating the GTP-bound forms of
Ras using the Ras-binding domain (RBD) of Raf-1 as an
activation-specific probe.27 As observed in Figure 5a,
WA treatment did not alter the expression level of total
Ras; KRas-GTP of NCI-H446 cells and NRas-GTP in both
cells were almost not observed; and because of an activating
mutation of KRas (Q61H) in NCI-H460 cells, numerous
activated forms of KRas were detected; however, no obvious
changes of KRas-GTP were observed after the WA treat-
ment. WA only induced the activation of HRas in both cells,
and the phospho-c-Raf (p-c-Raf) presented consistent
changes with HRas-GTP (Figure 5a).
To investigate whether Ras is responsible for WA-

induced cell death or growth inhibition, we used small
interfering RNA (siRNA) to knock down HRas, and
observed that WA-induced apoptosis and G2/M arrest in
both cells were significantly abolished (Figure 5b).

Figure 5 WA targets HRas to activate the Ras/Raf/ERK/p53-p21 pathway. (a) Total Ras, HRas-GTP, KRas-GTP, NRas-GTP and p-c-Raf (Ser338) protein levels were
increased in both cells after 10mMWA treatment. (b) Cells transfected with HRas siRNA or not were treated with or without 10mMWA for 48 h, then cells were harvested for
western blot assay against HRas-GTP, p-c-Raf, p-ERK. Apoptosis, cell-cycle analysis and related-proteins were also detected at 48 h. Values were means±S.D. of three
independent experiments. *Po0.05, **Po0.01 versus control groups. (c) Binding affinity of WA to the HRas-GDP and HRas-GTP proteins determined by SPR. (d) 3D
structure of interaction between WA and HRas-GDP (left), HRas-GTP (middle) or HRas-RasGAP (right) in detail. WA is represented by the stick model. Hydrogen bond was
signed in red. (e) Starved cells were stimulated with 10% FBS or incubated with WA after 10min FBS stimulation for the indicated time points. HRas-GTP levels were
monitored using immunoblot assay
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In addition, HRas siRNA brought p-c-Raf, p-ERK, p-p53,
p21, PARP and cdc2 expressions to normal levels
(Figure 5b).
The results achieved above led us to consider whether

HRas is the potent target of WA. Thus, surface plasmon
resonance (SPR) biosensor analysis was used to test direct
binding of WA to HRas-GTP/GDP protein, and the binding
affinity of WA to the proteins was reflected by response unit
(RU) values. The binding between WA and HRas-GDP
showed no response (Figure 5c left), while WA binding to
HRas-GTP presented a significant and dose-dependent
increase in response unit with KD¼ 15.7 mM (Figure 5c right),
indicating that WA may have a specific binding affinity toward
Ras-GTP. But how does this binding induce HRas-GTP
accumulation? We further employed molecular docking to
investigate WA-HRas interaction at the atomic level. The 3D
structural model of Ras-GTP was obtained from the Protein
Data Bank (PDB ID: 4DLR). As shown in Figure 5d, WA
located at the GTP-binding site through hydroxyl oxygen
atoms forming two O-H hydrogen bonds with the HRas-GTP
residues Lys117 and Lys147, and the binding energy was
� 145.53 kcal/mol (middle); as for HRas-GDP (PDB ID:
3KUD), WA could also enter the GDP-bingding cavity, but no
hydrogen bonds could be formed (left). These docking results
confirmed the former SPR analysis. In addition, Lys117 and
Lys147 were just the two residues on the interface binding
pocket of HRas with Ras-specific GTPase activating proteins
(RasGAPs, or GAPs), and GAPs, which supply additional
catalytic residues (‘arginine finger’) such that a water molecule
is optimally positioned for a nucleophilic attack on the gamma
phosphate of GTP, hydrolyze a bound GTP molecule into
GDP.28 Therefore, referring to the HRas-RasGAP interaction
(PDB ID: 1WQ1, Figure 5d right), WA forming hydrogen
bonds with Lys117 and Lys147 residues might interfere with
RasGAP to convert Ras-GTP into GDP-bound form, which
might induce Ras-GTP accumulation. Finally, this model was
confirmed by using fetal bovine serum (FBS) stimulation.When
cellswere serum starved for 24h and then stimulatedwith FBS,
HRas was rapidly activated; HRas activation reached a
maximum after 10min (Figure 5e lane 2) and returned close
to the pre-stimulation level within 30min (Figure 5e and lane 3).
When WA was added after 10min of FBS stimulation,
we observed that HRas-GTP no longer returned to
pre-stimulation level and remained in continuous active
form (Figure 5e, lanes 5 and 6). This in vitro model further
confirmed the docking results that WA might enter the
HRas-RasGAP complex to interfere with the interaction of
HRas-GTP and RasGAP.
Collectively, these results suggest that WA led HRas-GTP

accumulation to excessively activate the Ras/Raf/ERK/p53-
p21 pathway, which induced apoptosis and G2/M arrest of
human lung carcinoma cells.

WA inhibits tumor xenograft growth. The injected carci-
noma cells grew into palpable tumors in the nude
mice within 4 days (Figure 6a). Cyclophosphamide-treated
mice (20mg/kg per day) or cisplatin-treated mice (2.5mg/kg)
were used as positive control to assess the effect and toxicity
of WA. In mice treated with vehicle (1% DMSO in PBS) only,
the tumors grew exponentially. However, the tumor growth

in mice treated with WA (2.5, 5, or 10mg/kg per day) was
dose-dependently slowed. Tumor volume was significantly
reduced during WA treatment (Figures 6c and cc). The
inhibitory rates at the 20th day of the 2.5, 5 and 10mg/kg WA
treatment groups of NCI-H460 xenograft-bearing mice were
48.71%, 85.11% and 95.58%, respectively (Figure 6b); as for
the NCI-H446 xenograft-bearing mice, inhibitory rates were
33.78%, 80.84% and 87.12%, respectively (Figure 6bb).
It should be noted that compared with the more effective
Cisplatin-positive control of the two models (inhibition rates of
88.76% and 91.90%, respectively), 10 mg/kg WA treatment
showed equivalent effect and weight gain during the course
of therapy; however, significant weight loss was found in the
cisplatin-treated animals (Figures 6d and dd).
In addition, immunohistochemical staining showed signifi-

cant increase of active caspase-3 and decrease of cdc2
expression in tumors of theWA-treatedmice (Figures 6f and ff),
which was in accordance with the cell death and growth
inhibition results obtained from the in vitro analyses. Increase
in p-ERK and HRas-GTP (Figure 6f and ff) was also observed,
indicating the same cell signaling mechanism as that in vitro.
Furthermore, protein expression account was similar between
the 10mg/kg WA-treatment group and 2.5mg/kg cisplatin
group.

Discussion

In our study, WA significantly suppressed tumor cell growth
in vivo and in vitro. It induced G2/M phase arrest and
mitochondrial-related apoptosis via the Ras/Raf/ERK/p53-
p21 signaling pathway (Figure 7).
Tumor suppressor p53 is a short half-life regulator. The

function of p53 is achieved by increased expression at the
transcriptional level and post-translational stabilization to
escape ubiquitin-dependent degradation.29,30 Phosphoryla-
tion of p53 at serine 15 and 46 sites is the main post-
translational modification that is regulated by several different
protein kinases, including ataxia-telangiectasia-mutated
kinase31 and MAPK.32 The way of phosphorylation depends
on the types of cells and extracellular stimuli. We reported
here that WA caused a significant time-dependent phosphor-
ylation of p53 at serine 15 in both lung carcinoma cells. The
increased phosphorylation and accumulation of p53 may lead
to mitochondrial apoptosis by upregulating and derepressing
proapoptotic members of the bcl-2 family, such as bax, bak,
bad, bid, puma and so on, while on the other hand
downregulating and repressing antiapoptotic members, such
as bcl-2, bcl-xl, Mcl-1 and so on.33–39 Therefore, WA-induced
phosphorylation and accumulation of p53 should be respon-
sible for decreased bcl-2/Mcl-1, and increased bax/bad. In
addition, p53 utilizes and increases the transcription of its
downstream molecular p21 to modulate cdc2—the cyclin-
dependent kinase required to enter mitosis.18 P21 acts not
only as one of the transcription targets of p53, but also as an
inhibitor of cell-cycle progression through the G2/M check-
point.17,20 When phosphorylation of p53 was blocked by PFT-
a, apoptosis and cell G2/M arrest were almost abolished,
accompanied by recovery of p21 and cdc2 in both cell lines.
Therefore, we concludeWA-induced apoptosis and G2 phase
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arrest in human NCI-H460 and NCI-H446 lung carcinoma
cells is mediated by p53-p21 stabilization.
The diverse, even opposing, effects of ERK on cell behavior

have been reviewed in recent years,40 and ERK usually has
crosstalk with p53 signaling in aspects of cell autophagy and
apoptosis,41 whereas Ras protein is best known for its ability
to serve as a molecular switch regulating cell growth,
differentiation and survival. Gene mutations that result in
expression of constitutively active forms of Ras have been
linked to oncogenesis.42 However, considerable evidence has
gradually accumulated to support a paradoxical role for Ras
proteins in initiation of cell death pathways.43 Here we
observed that WA induced the activation of HRas in both
cells, and knockdown HRas with siRNA not only suppressed
the WA-induced G2/M arrest and apoptosis, but also brought
p-c-Raf, p-ERK, p-p53 and p21 to normal level, suggesting
that Ras mediated Raf/ERK/p53/p21 signaling and active Ras

sent death signals to cells by WA treatment. In light of the
balance and interplay of multiple signaling networks involved
in various signaling contexts of different cell type and stimuli,
it is not surprising that Ras/ERK regulation is complex. But we
can simply explain the dual, even opposing, functions of the
proteins by the notion that: ultimate growth or death is based
on signal intensity and duration. It is just like there is a baseline
under which cell growth capacity is in proportion to the signal
intensity; if sustained and strengthened signal accumulates to
overcome the baseline, growth is inversely related to signal
intensity and finally converts to death.21 Thus, under growth
condition or other relatively weak stimuli toward Ras/ERK,
elevated activation of Ras/ERK confers a growth advantage to
tumor cells. However, exposure of these cells to damaging
agents that induce prolonged substantial increase of active
Ras/ERK level results in initiation of apoptosis. As in the case
of our study, Ras was constantly activated. The activation

Figure 6 Effect of WA on tumor growth in xenograft models. Mice were treated with vehicle (1% DMSO) or drugs according to the protocol in panel (a); (b–f) and (bb–ff)
are the results from NCI-H460 xenograft bearing mice and NCI-H446 xenograft bearing mice, respectively. (b and bb) Average tumor mass at sacrifice. *Po0.05, **Po0.01
versus control group. (c and cc) Transplant tumor volume after the injection. (d and dd) Body weight of nude mice. (e and ee) Tumor image from various treatment groups.
(f and ff) Western blot assay for HRas, HRas-GTP and representative photomicrographs of xenograft tumor sections for IHC analysis for p-ERK, cdc2 and active caspase-3
expression (� 200). Significantly increased HRas-GTP, p-ERK, active caspase-3 and decreased cdc2 expressions were observed in the WA-treated tumors compared with
the vehicle control groups
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prolonged to 48 h at least, which in turn created and sent a
damage signal to cells. In addition, compared to the IC50

(5.56±0.89 and 1.90±1.30 mM, respectively) and apoptosis
rate (29.65±7.91% and 47.34±7.36% apoptosis at 48 h,
respectively) of the two lung carcinoma cells, we noticed that
NCI-H446 presented more sensitivity to WA treatment than
NCI-H460 cells, which is probably because NCI-H460 cells
have an activating mutation in KRas (Q61H). The mutation
leads to an elevated basal level/activity of Ras/Raf/ERK
signaling, and higher baseline to overcome.
It is well accepted that small-molecule drugs generally exert

their therapeutic functions by binding to the cavities of proteins
to influence their biological activities.44 In our study, it seemed
only HRas (one of the Ras isoforms) was selectively chosen to
act as the mediator of WA-induced apoptosis and G2/M
arrest. Therefore, whether WA directly binded to HRas needs
to be clarified. SPR analysis showed that WA might have a
specific binding affinity toward HRas-GTP. Molecular docking
further indicated WA could insert HRas-GTP, forming hydro-
gen bonds with HRas-GTP at Lys117 and Lys147 residues,
which interfered with the GAP catalytic activity and then
induced Ras-GTP accumulation. We know that GAPs and
guanine-nucleotide-exchange factors bind to Ras proteins
and regulate their activity by modulating guanine nucleotide
cycling. Guanine-nucleotide-exchange factors activate Ras

by promoting exchange of GDP for GTP. Conversely, GAPs
have the opposite function and lead to inactivation of Ras by
facilitating hydrolysis of GTP to GDP.45 As shown in
Figure 5e, after 10% FBS stimulation, starved cells could
elevate HRas-GTP levels rapidly through guanine-nucleotide-
exchange factor regulation, followed by GAPs facilitating
hydrolysis of GTP to GDP in a short time.46,47 Addition of WA
inhibited the return of HRas-GTP to pre-stimulation level
and maintained HRas-GTP in continuous active form,
which suggested that WA weakened or even eliminated the
catalytic activity of GAP. This model also confirmed the
molecular docking results.
In vivo, WA treatment significantly reduced tumor growth in

the two models. 10mg/kg WA treatment showed equivalent
effect with 2.5mg/kg Cisplatin. It is well known that cisplatin is
a chemotherapeutic agent used in the treatment of a wide
range of human malignancies, including NSCLC and SCLC.
Though Cisplatin combination chemotherapy is the corner-
stone of treatment of many cancers, serious adverse effects
offset the productivity of treatment and renders the che-
motherapy unsustainable.48,49 As we observed in this study,
significant weight loss was found in the cisplatin-treated
animals. In contrast, the weight gain of WA-treated mice
indicated the potential clinical benefit of WA in reduced
adverse toxicity and the feasibility for upward adjustment of

Figure 6 (Continued)
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dosage for improved treatment outcomes compared with
cisplatin.
Taken together, our results demonstrate that WA directly

targets HRas-GTP and excessively activates the Ras/Raf/
ERK pathway, which initiates apoptosis and G2/M phase
arrest via p53-p21 participation and stabilization during
human lung carcinoma cell proliferation (Figure 7). Moreover,
administration of WA significantly suppressed the growth of
lung carcinama xenograft by inducing apoptosis and G2/M
arrest via the same cell signaling pathway in the tumor cells.
Our studies thus provide a rationale for the development of
WA as a chemotherapeutic agent against NSCLC/SCLC in
the clinical setting.

Materials and Methods
Reagents. DMEM, RPMI 1640 medium, FBS, trypsin-EDTA, penicillin and
streptomycin were purchased from Biowest (Maine et Loire, France). Annexin
V-FITC/PI apoptosis detection kit, DAPI, JC-1 detection kit and cell-cycle
detection kit were provided by Nanjing KeyGen Biotech Co Ltd. (Nanjing, China).
GAPDH was obtained from Tianjin Sungene Biotech (Tianjin, China). Rabbit
polyclonal anti-active caspase-3 antibody (AB3623) for immunohistochemistry
was provided by Millipore (Chemicon International, Temecula, CA, USA).
Anti-GTPase HRas antibody (ab16881) was from Abcam (Hong Kong, China);
K-Ras, N-Ras antibodies and H-Ras siRNA were from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). All the other antibodies were purchased from Cell
Signaling Technology (Beverly, MA, USA). Ras activity was assessed using the
Ras activation assay kit from Upstate Biotechnology (Temecula, CA, USA).
z-VAD-fmk, PD98059, SP600125, SB203580 and PFT-a were bought from
Beyotime Institute of Biotechnology (Nantong, Jiangsu, China). Recombinant
human HRas-GDP (purify490%) was purchased from Cusabio Biotech Co. Ltd
(Wuhan, China). Human recombinant protein Ras-GTP (purify Z90%) was
obtained from Abcam (Hong Kong, China).

Chemical preparation and cell culture. WA, isolated from a marine-
derived endophytic fungus A. wentii EN-48,13 was dissolved in 100% DMSO
and stored at � 20 1C, then diluted with cell culture media before using. The
final DMSO concentration did not exceed 0.1%. Human large cell lung
carcinoma cell line NCI-H460, small-cell lung cancer cell line NCI-H446 and
human umbilical vein endothelial cell line HUVEC were obtained from the cell
bank of the Shanghai Institute of Cell Biology (Shanghai, China). NCI-H460
and NCI-H446 cells were cultured in RPMI-1640 medium; HUVECs were

maintained in DMEM. All cells were supplemented with 10% FBS and
antibiotics (100 mg/ml streptomycin and 100 U/ml penicillin) in a humidified 5%
CO2 incubator at 37 1C.

Cell viability assay. Cells were seeded into 96-well plates at 4� 104 cells/ml,
incubated for 24 h, and then treated with the indicated concentrations of WA
(0, 2.5, 5, 10, 20, 40 and 80mM) for 24 and 48 h. Cell viability was determined
using the MTT assay.

Clonogenic assay. NCI-H460 cells and NCI-H446 cells (500 cells/well) were
seeded in six-well plates and cultured for 24 h, followed by various concentrations
of WA treatment (0, 5,10, 20 and 40mM) for 10–14 days. After washing with PBS,
colonies were fixed in methanol and stained with trypan blue.

DAPI staining. Cells were fixed with 1% paraformaldehyde for 30min at room
temperature. After washing with PBS, 300 nM DAPI was added to the fixed cells
for 5min and examined by fluorescence microscopy. Apoptotic cells were
identified by condensation and fragmentation of nuclei.

Cell apoptosis assay. Cell apoptosis was determined by Annexin V-FITC/PI
assay. After treatment, cells were collected and resuspended with 500ml binding
buffer at a concentration of 106/ml cells. After adding 5ml Annexin V-FITC, cells
were mixed and incubated at room temperature in the dark for 5–15min. To the
samples was added 5 ml PI and resuspended before analysis with a FACScalibur
flow cytometer. Results were calculated by using the CellQuest software.

Mitochondrial membrane potential (DWm) assay. Change of
mitochondrial membrane potential (DCm) was examined by fluorescent lipophilic
cationic probe JC-1. Following treatment with 10 mM WA for the indicated time
points, cells were stained with JC-1. Fluorescence was monitored at wavelengths
of 490 (excitation)/540 nm (emission) and 540 (excitation)/590 nm (emission) pairs.
Changes in the ratio between 590 (red) and 540 nm (green) fluorescence
intensities were an indicator of the mitochondrial membrane potential.

Cell-cycle analysis. Cells were harvested, washed twice with PBS, fixed in
70% ethanol and stored at 4 1C overnight, then washed with PBS, incubated with
RNase at 37 1C for 30min and stained with PI (1 mg/ml) in the presence of RNase
A for 30min. Cell-cycle phase analysis was performed by using a FACScalibur
flow cytometer.

Western blot analysis. Cells were lysed in western blotting lysis buffer at
4 1C for 30min. After 12 000 g centrifugation for 15min, the protein content of
supernatant was quantified using a BCA protein assay kit (Beyotime Institute of

Figure 7 Overview of pathways for WA-induced apoptosis and cell-cycle arrest in NCI-H460 and NCI-H446 cells
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Biotechnology). Equal amounts of the protein samples were separated by SDS-
PAGE, and transferred to nitrocellulose membranes using an electro-blotting
apparatus (Bio-Rad, Hercules, CA, USA). Then the membranes were blocked in
blocking buffer (TBST plus 5% skimmed milk), and incubated with primary
antibodies overnight at 4 1C. After that the membranes were washed with
TBST and incubated with horseradish peroxidase-conjugated secondary
antibodies for 1.5 h at 4 1C. Protein expression was visualized using
the chemoluminescence reagent (Millipore, Bedford, MA, USA) and detected on
a photographic film.

Measurement of RAS activation. The activity of the Ras protein was
determined by precipitating the GTP-bound forms of Ras using the RBD of Raf-1
as an activation-specific probe.27 Cells were lysed and the cleared lysate was
subjected to a RAS-GTP assay as per the manufacturer’s instructions (Upstate
Biotechnology, Lake Placid, NY, USA). The amount of RAS in the bound fraction
was determined by western blot analysis with the anti-Ras antibody.

siRNA transfection. Cells were plated in six-well plates at 1.5� 105 cells/
well, grown for 24 h, then transfected with 100 pmol of siRNA for 6 h using
Lipofectamine 2000 reagent and OPTIMEM reduced serum medium (Invitrogen,
Carlsbad, CA, USA). The cells were assayed 48 h after transfection.

SPR biosensor analysis. SPR biosensor analysis was used to verify the
binding of WA to Ras-GDP/GTP protein, which was analyzed by the Center for
Bio-information Technology, Chinese Academy of Sciences Shanghai, using an
SPR-based Biacore 3000 instrument. In brief, the protein was immobilized on a
CM5 sensor chip in 7000 response units (RU) according to the standard primary
amine-coupling procedures, the immobilization buffer and the running buffer was
2% DMSO in PBS. Equilibration of the base line was performed by a continuous
flow of 2% DMSO through the chip surface for 1B2 h. WA was diluted into
different concentrations with a constant DMSO concentration of 2%, and then
injected into the protein binding channels at a flow rate of 10 ul/min followed by
washing with the running buffer.

Molecular docking. The protein crystallographic structures were down-
loaded from the Protein Data Bank. Protein Protocol in Discovery Studio 2.5 was
used to prepare the protein. Molecular docking was performed with program
GOLD version 3.0.1. During GOLD docking, the default parameters of genetic
algorithm (GA) were applied to search reasonable binding conformation and
ChemScore function was used to evaluate docking results.

Mouse xenograft model. The mouse-xenograft model was established by
injection of 2� 106 cells s.c. into the right armpit of 5-week old BALB/c male
athymic mice (National Rodent Laboratory Animal Resource, Shanghai, China).
The mice were randomized into 5 groups (6–7 mice per group): vehicle control
(1% DMSO), 2.5mg/kg Cisplatin, 20 mg/kg Cyclophosphamide and 5, 10, 20mg/kg
WA group when xenografts were palpable. Vehicle or drugs were administered
intravenously everydays days until sacrifice; body weight and tumor size were
measured and recorded at the same time. Tumor size was measured using
electronic caliper, and the tumor volumes were calculated using the formula:
length�width2/2. On 20 days, mice were killed; tumors were collected, weighed,
and photographed. Tumor inhibition effect was calculated using the following
equation: tumor suppression (%)¼ (1-T/C)� 100, where T is the average tumor
weight of the treated group and C is that of the control group. The institutional
and national guidelines for the care and use of animals were followed and
the Ethical Committee of the Second Military Medicine University approved the
current study.

Immunohistochemical analysis. Tumors were harvested, fixed in 10%
neutral buffered formalin at 4 1C for 24 h, and then embedded in paraffin. Tumor
slides were deparaffinized and rehydrated using xylene and alcohol;
for immunoperoxidase labeling, endogenous peroxidase was blocked with 3%
H2O2 for 10 min at room temperature. Primary antibodies were reacted with the
tissue overnight in a humid chamber at 4 1C and washed with PBS. Then slides
were incubated with horseradish peroxidase-conjugated secondary antibodies for
1.5 h at 4 1C. Immunoreactive sites were visualized using 3,30-diaminobenzidine
staining for 5 min. Sections were counterstained with hematoxylin, dehydrated
and mounted with coverslips. The slides were viewed under a Nikon H500S
microscope (Nikon Inc, Melville, NY, USA). For the immunohistochemical

quantification QC, five randomly images from each tumor were analyzed. The
large necrotic areas in the xenograft were excluded from analysis.
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