European Journal of Pharmacology 830 (2018) 17–25

Contents lists available at ScienceDirect

European Journal of Pharmacology
journal homepage: www.elsevier.com/locate/ejphar

Molecular and cellular pharmacology

Downregulation of Cyclin B1 mediates nagilactone E-induced G2 phase cell
cycle arrest in non-small cell lung cancer cells

T

Le-Le Zhanga,1, Zhe-Ling Fenga,1, Min-Xia Sua, Xiao-Ming Jianga, Xiuping Chena, Yitao Wanga,
⁎
⁎
Ao Lib, Li-Gen Lina, , Jin-Jian Lua,
a
b

State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences, University of Macau, Macao, China
College of Pharmacy and Bioengineering, Chongqing University of Technology, Chongqing, China

A R T I C LE I N FO

A B S T R A C T

Keywords:
Nagilactone E
Non-small cell lung cancer
Cyclin B1
Cell cycle
Apoptosis

Non-small cell lung cancer (NSCLC) is one of the most common forms and leading causes of cancer-related
mortality worldwide, and discovery of new eﬀective drugs still remains imperative to improve the survival rate.
Nagilactone E (NLE) is a natural product isolated from Podocarpus nagi seeds, which has been used as raw
materials for edible oil and industrial oil extraction. This study aimed to investigate the anticancer potential of
NLE against NSCLC A549 and NCI-H1975 cells. MTT assay revealed that NLE inhibited the proliferation of A549
and NCI-H1975 cells with IC50s of 5.18 ± 0.49 and 3.57 ± 0.29 μM, respectively. NLE treatment inhibited
clone formation in both cancer cell lines. Cell cycle analysis indicated that NLE treatment eﬀectively induced G2
phase cell cycle arrest in A549 and NCI-H1975 cells. NLE downregulated the phosphorylation of cdc2 (Tyr15)
and cdc25C (Ser216) as well as the expression level of the protein kinase Wee1 in concentration- and timedependent manners. In addition, NLE treatment decreased the protein level of Cyclin B1 as well as its nuclear
localization, which might decrease the activity of the Cyclin B1/cdc2 complex and induce G2 phase arrest. Longterm NLE treatment also induced caspase-dependent cell apoptosis, as evidenced by increase in Annexin V
positive cells and the cleavage of PARP. To sum, NLE inhibited proliferation, induced G2 phase arrest, and
triggered caspase-dependent apoptosis in NSCLC cells, suggesting it to be a potential leading compound for
cancer treatment.

1. Introduction
Non-small cell lung cancer (NSCLC) is one of the most common
forms and leading causes of cancer-related mortality worldwide (Siegel
et al., 2016; Torre et al., 2016). Advancements in molecular marker
diagnosis and relative targeted therapy have considerably improved the
treatment of patients with NSCLC (Herbst et al., 2008; Jänne et al.,
2015; Trusolino, 2016). However, acquired resistance limits the drug
eﬃcacy and hampers further therapeutic options, despite the high
tumor response rates at the initial treatment stage (Thress et al., 2015;
Yao et al., 2010). Meanwhile, numerous patients with NSCLC who
cannot beneﬁt from targeted therapy or immunotherapy still suﬀer
from poor prognosis because of the lack of eﬃcacy and the severe side
eﬀects of chemotherapeutics (Pilkington et al., 2015; Rajeswaran et al.,
2008). Thus, discovery of novel eﬀective anticancer agents still remains
imperative to improve the survival rate.
Podocarpus nagi (Thunb.) Pilg is an ancient gymnosperm that is
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broadly distributed throughout East Asia (Zheng et al., 2016). The seeds
of P. nagi, which have a high oil content of about 30%, have been used
as raw materials for edible oil and industrial oil extraction (Fu et al.,
1999). P. nagi seed oil contains rare non-methylene-interrupted fatty
acids, which have potentially beneﬁcial eﬀects against inﬂammation
and lipid metabolism (Berger et al., 2002; Chen et al., 2012). Previous
investigations on P. nagi have led to the discovery of structurally notable diterpenoids, including abietane-type, totarane-type, and ent-pimarane-type (Abdillahi et al., 2012). A number of these compounds
exhibit various biological activities, including anti-bacteria, antiatherosclerosis, anti-inﬂammation (Feng et al., 2017a; Gui et al., 2016;
Kubo et al., 1992). In our previous work, we isolated and identiﬁed nine
new norditerpenoids and dinorditerpenoids from the seeds of P. nagi,
and reported them to be cytotoxic agents and autophagy inducers in
cancer cells (Feng et al., 2017b).
In the present study, nagilactone E (NLE) isolated from the seeds of
P. nagi was investigated for its eﬀects on the cell proliferation, cell
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Fig. 1. Nagilactone E (NLE) inhibited the proliferation and colony formation of A549 and NCI-H1975 cells. (A) Chemical structure of NLE. (B) A549 and NCI-H1975
cells were treated with a series of concentrations of NLE for 48 h, and cell viability was determined by MTT assay. (C) Morphological changes of A549 and NCI-H1975
cells after NLE treatment. (D) Colony formation of the cells treated with NLE. ∗∗P < 0.01, compared with the 0 μM NLE treatment.

2.2. NLE isolation

cycle, and related signaling pathways of NSCLC A549 and NCI-H1975
cells. The results revealed that NLE might be a potential leading compound for cancer treatment.

Air-dried seeds of P. nagi that collected from Lincang City, Yunnan
Province, China, were ground into powder and extracted with 95%
ethanol at room temperature thrice for two days. After the solvent was
evaporated, the residue was dissolved in water and sequentially extracted with petroleum ether, EtOAc, and n-butanol. The EtOAc fraction
was subjected to column chromatography over MCI gel (H2O/CH3OH,
1:0–0:1) to yield eight fractions (E1 to E8). Fraction E6 was subjected to
column chromatography over silica gel eluted with petroleum ether–acetone (14:1–1:1, v/v) to obtain six subfractions (E6A to E6F).
Nagilactone E (NLE) was recrystallized from subfraction E6C in
acetone. The structure of NLE was determined by comparing its 1H
NMR, 13C NMR, and HRESIMS results with those in previous reports
(Hayashi et al., 1980; Hayashi et al., 1972).
The accurately weighed NLE (crystal) was dissolved in methanolwater (1:1) solution (0.68 mg/ml) and sonicated for 1 h. After ﬁltered
by 0.22 µm Millipore membrane, 20 µl ﬁltration was injected into an
Agilent SB C18 column (250 × 4.6 mm, 5 µm), which was maintained
at 35 °C for gradient elution with water (A) and acetonitrile (B). The
elution program was set as follows: 0–15 min, 95–10% A; The detection
wavelength was set at 254 nm. Representative chromatogram was
analyzed using a Waters Empower system (Waters, MA, USA) and the
purity of NLE was determined as about 99.99% by the relative peak
area (Supplementary Fig. 1). 1H NMR spectrum was recorded on an
ASCEND 600 MHz/54 mm NMR spectrometers. The chemical shift (δ)
values were given in ppm with TMS as internal standard, and coupling
constants (J) were in Hz. The 1H NMR spectrum of NLE also supported

2. Materials and methods
2.1. Reagents
RPMI 1640 medium, fetal bovine serum (FBS), penicillin–streptomycin, phosphate-buﬀered saline (PBS), and trypsin-EDTA were purchased from Gibco (Carlsbad, CA, USA). DMSO, 3-(4,5-Dimethyl-2thiazolyl)-2,5-diphenyltetrazolium bromide (MTT), and paraformaldehyde (PFA) were acquired from Sigma (Saint Louis, MO, USA). Hoechst
33342 and propidium iodide (PI) were obtained from Molecular Probes
(Grand Island, USA) and Invitrogen (Carlsbad, CA, USA), respectively.
Annexin V-FITC apoptosis detection kit, crystal violet staining solution,
and nocodazole (NOCO) were purchased from Beyotime Biotechnology
(Shanghai, China). NE-PER nuclear and cytoplasmic extraction reagents
were procured from Thermo Scientiﬁc (Rockford, IL, USA). MG-132,
bortezomib (BORT), and Z-VAD-FMK (ZVF) were obtained from Selleck
Chemicals (Houston, TX, USA). Cycloheximide (CHX) was purchased
from Cell Signaling Technology (Beverly, MA, USA). Primary antibodies
against Cyclin B1 and β-Actin were acquired from Santa Cruz
Biotechnology (Dallas, CA, USA). Wee1, p-cdc2 (Tyr15), p-cdc2
(Thr161), p-cdc25c (Ser216), and p-Histone H3 (Ser10) were obtained
from Cell Signaling Technology, Inc. (Beverly, MA, USA).

18

European Journal of Pharmacology 830 (2018) 17–25

L.-L. Zhang et al.

Fig. 2. NLE induced G2 phase cell cycle arrest in A549 and NCI-H1975 cells. (A) Cells were treated with NLE for 24 h, and cell cycle distribution was analyzed
through ﬂow cytometry. (B) Cells were treated with NOCO (100 ng/ml) for 12 h, washed with PBS thrice, and further treated with NLE. The cell cycle distribution
was analyzed through ﬂow cytometry.

this compound is pretty
(Supplementary Fig. 2).

pure

with

no

detectable

by using an Axiovert 200 inverted microscope (Zeiss, Oberkochen,
Germany). The cells were further incubated with 1 mg/ml MTT solution
for 4 h at 37 °C. Then, the MTT solution was aspirated and discarded,
and 100 µl of DMSO was added to each well to dissolve the needle-like
formazan crystals formed by viable cells. The optical density at 570 nm
was measured by utilizing a microplate reader (Perkin Elmer, 1420
Multilabel Counter Victor 3, Wellesley, MA, USA).

impurity

2.3. Cell culture
Human NSCLC epidermal growth factor receptor (EGFR) wild-type
A549 and EGFR T790M mutant NCI-H1975 cells were selected to investigate the anti-cancer eﬀect of NLE. A549 cells were acquired from
American Type Culture Collection (Rockville, MD, USA), and NCIH1975 cells were purchased from Shanghai Cell Bank of Chinese
Academy of Sciences (Shanghai, China). The A549 and NCI-H1975 cells
were routinely cultured in RPMI 1640 medium supplemented with 10%
(v/v) FBS and 1% (v/v) penicillin–streptomycin (100 units/ml of penicillin and 100 µg/ml of streptomycin) in a standard humidiﬁed incubator under 5% CO2 at 37 °C.

2.5. Colony formation assay
The A549 and NCI-H1975 cells were seeded into six-well plates at
500 cells/well and incubated for 24 h, followed by 24 h treatment of the
speciﬁed concentrations of NLE. After being washed with PBS, the cells
were further cultured for another 10–14 days, with fresh medium introduced every two days. Then, the cells were ﬁxed in 4% PFA and
stained with crystal violet staining solution. The cell colonies were
photographed. After the images were captured, the dye was further
dissolved in 10% acetic acid, and the optical density at 595 nm was
measured by using a microplate reader.

2.4. MTT assay
The anti-proliferative eﬀect of NLE was detected by conducting MTT
assay. Exponentially growing A549 and NCI-H1975 cells were seeded
into 96-well plates at 4 × 103 cells/well and cultured for 24 h. After
48 h NLE treatment, morphological changes of the cells were captured
19
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Fig. 3. NLE aﬀected the G2 phase related proteins in concentration- and time-dependent manners. (A) Cells were treated with NLE for 24 h, and the expression levels
of the proteins were determined by Western blot analysis. (B) Cells were treated with NLE at various time points, and the expression levels of the proteins were
determined by Western blot analysis.

Buckinghamshire, UK).

2.6. Cell cycle analysis
The cells were trypsinized, washed with PBS, immediately ﬁxed in
70% ethanol and stored overnight at 4 °C. After being washed with PBS,
the cells were stained with PI (20 μg/ml) for 30 min in the dark. Cell
cycle analysis was performed by using a FACSCanto™ ﬂow cytometer
(BD Bioscience, Franklin Lakes, NJ, USA). For cell cycle synchronization, the cells were treated with NOCO (100 ng/ml) for 12 h, then
washed with PBS thrice, and further treated with NLE.

2.8. Immunoﬂuorescence assay
The cells were seeded into confocal dishes and incubated for 24 h.
After NLE treatment, the cells were ﬁxed in 4% PFA, permeabilized
with 0.5% Triton X-100, and blocked with 5% BSA (Bovine Serum
Albumin). After being washed with PBS, the cells were incubated with
primary antibody against Cyclin B1 for 2 h and subsequently incubated
with anti-Rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488
Conjugate) for another 1 h. The nuclei of the cells were stained with
Hoechst 33342 for 5 min. Immunoﬂuorescence images were captured
by using a confocal laser scanning microscope (Leica TCS SP8, Solms,
Germany).

2.7. Western blot analysis
The cells were lysed by using RIPA lysis buﬀer supplemented with
1% phenylmethane-sulfonylﬂuoride and 1% protease inhibitor cocktail.
After centrifugation, the protein concentration of the lysates was
quantiﬁed by using the BCA™ Protein Assay Kit (Pierce, Rockford, IL,
USA). Equal quantities of the protein samples were subjected to electrophoretic separation through sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, thereafter transferred onto polyvinylidene ﬂuoride
membranes and blocked in 5% nonfat milk. The membranes were separated and probed with primary antibodies overnight at 4 °C and then
incubated with secondary antibodies for another 2 h at room temperature. Thereafter, the protein expression was visualized by using an
ECL Select Western blot detection reagent (GE healthcare,

2.9. Quantitative real-time PCR assay
The total RNA was isolated from the cells by using the TRIzol reagent from Life Technologies (Shanghai, China). The Transcriptor First
Strand cDNA Synthesis Kit (Roche, Germany) was used to synthesize
the cDNA. Quantitative real-time PCR (qPCR) was performed by using a
SYBR Green reagent (Roche, Germany) and analyzed by using the
Mx3005P multiplex quantitative PCR system (Agilent Technologies,
USA). GAPDH was used as the loading control, and the relative
20
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Fig. 4. NLE decreased protein levels of Cyclin B1 in A549 and NCI-H1975 cells. (A) A549 and NCI-H1975 cells were treated with NLE for 6 h. Nuclear and
cytoplasmic proteins were extracted by using NE-PER nuclear and cytoplasmic extraction reagents, and the expression levels of the proteins were determined by
Western blot analysis. (B) A549 and NCI-H1975 cells were treated with NLE for 6 h. Immunoﬂuorescence analysis was conducted by using a confocal laser scanning
microscope.

3. Results

expression of Cyclin B1 was quantitated through comparative threshold
cycle method (ΔΔCt) with GAPDH. The sequences of the primers were
as follows: Cyclin B1: 5′-GAAGATCAACATGGCAGGCG-3′ (forward) and
5′-GCATTTTGGCCTGCAGTTGT-3′ (Reverse); GAPDH: 5′- GCGACACC
CACTCCTCCACCTTT-3′ (forward) and 5′-TGCTGTAGCCAAATTCGTTG
TCATA-3′ (reverse).

3.1. NLE inhibited proliferation and colony formation of A549 and NCIH1975 cells
The structure of NLE is shown in Fig. 1A. MTT assay was used to
evaluate the anti-cancer potential of NLE in human NSCLC A549 and
NCI-H1975 cells. As shown in Fig. 1B, 48 h NLE treatment decreased
the viability of A549 and NCI-H1975 cells in a concentration-dependent
manner, with IC50s of 5.18 ± 0.49 and 3.57 ± 0.29 μM, respectively.
The morphological changes of the cells indicated that NLE inhibited the
proliferation of both cell lines without inducing obvious cell death
(Fig. 1C). Thereafter, colony formation assay was conducted to conﬁrm
the anti-proliferative activity of NLE. The results showed that 24 h NLE
treatment inhibited the colony formation of the NSCLC cells (Fig. 1D).

2.10. Annexin V/PI staining assay
After 48 h NLE treatment, the cells were trypsinized, washed twice
with PBS, and collected by centrifugation. Cell apoptosis was determined through ﬂow cytometry by using the Annexin V-FITC apoptosis detection kit in accordance with the manufacturer's instructions.

2.11. Statistical analysis
3.2. NLE induced G2 phase cell cycle arrest in A549 and NCI-H1975 cells
The data were presented as mean ± S.D. Statistical analyses were
conducted by using one-way analysis of variance on SPSS 17.0 (SPSS
Inc., Chicago, IL, USA). ∗P < 0.05 and ∗∗P < 0.01 were regarded as
statistically signiﬁcant.

Considering that cell cycle arrest is a major cause that mediate cell
proliferation inhibition, we analyzed the cell cycle distribution after
NLE treatment. After 24 h of exposure to NLE at concentrations of 2, 4,
21
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Fig. 5. NLE did not inhibit transcription or promote degradation of Cyclin B1. (A) Cells were treated with NLE for 6 h, and the mRNA levels were detected by qPCR
assay. (B) Cells were treated with NLE for 6 h after 1 h pre-treatment of MG132 and bortezomib (BORT), and the protein expression levels were determined by
Western blot analysis. (C) Cells were treated with cycloheximide (CHX) alone or co-treated with CHX and NLE at various time points, and the protein expression
levels were determined by Western blot analysis. ∗∗P < 0.01.

and 8 μM, the fractions of A549 and NCI-H1975 cells at the G2/M phase
slightly increased (Fig. 2A). To further conﬁrm the eﬀects of NLE, the
cells were synchronized in the M phase by 12 h NOCO treatment
(100 ng/ml), washed with PBS, and treated with NLE for another 12 h.
As shown in Fig. 2B, most of cells in the NOCO treatment alone group
entered into G1 phase, whereas a high percentage of cells in the NOCO
and NLE treatment group remained in the G2/M phase.
Then, the key signaling proteins related with G2/M cell cycle proceeding were detected. The results showed that 24 h NLE treatment
obviously downregulated the expression level of Cyclin B1 and protein
kinase Wee1, as well as the phosphorylation of cdc2 (Tyr15) and
cdc25C (Ser216), without aﬀecting the phosphorylation of cdc2 at
Thr161 (Fig. 3A). The expression levels of CDK4 in A549 and NCIH1975 cells were decreased after 24 h treatment of NLE, while the
expression levels of Cyclin D1 and CDK6 didn’t show obvious changes
(data not shown). The time-dependent assays of the A549 and NCIH1975 cells further indicated that the relative proteins were obviously

downregulated as early as 1–6 h after NLE treatment (Fig. 3B). The
morphological images showed that the cells treated with NLE did not
become round, which is a visual feature of M phase arrest. In addition,
another mitosis marker, p-Histone H3 (Ser10), was downregulated after
NLE treatment (Fig. 3B), indicating that NLE induced G2 phase cell
cycle arrest.
3.3. NLE decreased Cyclin B1 protein levels
Previous studies have demonstrated the nuclear translocation of
Cyclin B1 is important for the function of the Cyclin B1/cdc2 complex
and the initiation of G2/M transition (Suzuki et al., 2007; Wang et al.,
2014). The nuclear and cytoplasmic proteins of the A549 and NCIH1975 cells were extracted by using NE-PER nuclear and cytoplasmic
extraction reagents. As shown in Fig. 4A, 6 h NLE treatment obviously
downregulated both the cytoplasmic and nuclear protein levels of Cyclin B1. Immunoﬂuorescence analysis further conﬁrmed these results.
22
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Fig. 6. NLE induced apoptosis in A549 and NCI-H1975 cells 48 h treatment. (A) Percentage of apoptotic cells were analyzed by Annexin V/PI staining assay. (B)
Protein level of PARP was determined by Western blot analysis. (C) Cells were co-treated with NLE and ZVF for 48 h, then percentage of apoptotic cells were analyzed
by Annexin V/PI staining assay. ∗∗P < 0.01, compared with the 0 μM NLE treatment.

assay. The results indicated that NLE did not aﬀect the mRNA level of
Cyclin B1 in the NCI-H1975 cells and even upregulated the mRNA level
of Cyclin B1 in the A549 cells (Fig. 5A). Then, NLE combined with two
proteasome inhibitors were used. As shown in Fig. 5B, MG132 and
BORT treatment restrained the downregulation of Cyclin B1 compared
with that in the control group. However, the protein level of Cyclin B1

After NLE treatment, immunoﬂuorescence of Cyclin B1 in nuclear and
cytoplasm were markedly reduced (Fig. 4B).

3.4. NLE did not inhibit transcription or promote degradation of Cyclin B1
The mRNA level of Cyclin B1 was evaluated by conducting qPCR
23
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nuclear translocation played an important role in promoting mitosis
(Suzuki et al., 2007). Cyclin B1 has been reported to be overexpressed
in various tumors and is regarded as a poor prognostic factor for several
human cancers (Agarwal et al., 2009; Hassan et al., 2002; Soria et al.,
2000). Targeting Cyclin B1 to block cell cycle progression and cell
proliferation has been proposed for the treatment of human cancers
(Crombez et al., 2009; Kedinger et al., 2013). Our results indicated that
the G2 phase cell cycle arrest induced by NLE probably resulted from
the decreased expression of Cyclin B1. Furthermore, Cyclin B1 depletion has been proven to induce apoptosis in human tumor cell (Yuan
et al., 2004). Previous studies have shown that Cyclin B1/cdc2 mediated phosphorylation of caspase-9 at Thr125 and phosphorylation of
caspase-8 on Ser387 inhibited caspases activation and set the threshold
for induction of apoptosis during cell cycle progression. Depletion or
silencing of Cyclin B1 inhibited phosphorylation of caspase-9 and caspase-8 and promoted caspase-dependent apoptosis (Allan and Clarke,
2007; Matthess et al., 2010). Our results showed that co-treatment of
the pan-caspase inhibitor ZVF could obviously decrease NLE induced
apoptosis in A549 and NCI-H1975 cells, indicating that NLE induced
apoptosis was partially caspase-dependent and downregulation of Cyclin B1 might contribute to this process.
To clarify the mechanism responsible for the downregulation of
Cyclin B1, we evaluated whether NLE aﬀected the transcription or
degradation of Cyclin B1. The results indicated that NLE did not inhibit
the mRNA level of Cyclin B1. Proteasome degradation was the main
pathway for the destruction of Cyclin B1 (Dimova et al., 2012;
Kirkpatrick et al., 2006; Zeng and King, 2012). The anaphase-promoting complex or cyclosome controlled the cell cycle progression by
ubiquitylating numerous regulatory proteins, including Cyclin B1
(Dimova et al., 2012). Lys 48-linked ubiquitin chains represented the
conventional model that mediated the degradation of Cyclin B1 by
proteasome (Dimova et al., 2012; Kirkpatrick et al., 2006). NLE treatment did not induce obvious ubiquitination of Cyclin B1 (data not
shown), and the proteasome inhibitors were incapable to completely
restrain the NLE-induced downregulation of Cyclin B1. NLE did not
promote or accelerate the decrease of Cyclin B1 markedly. These results
implied that NLE might partially inhibit the translation of Cyclin B1.
However, further studies and more experimental data are needed to
conﬁrm this hypothesis and address the eﬀect of NLE on cyclin B1
synthesis.
In conclusion, NLE inhibited the proliferation of NSCLC A549 and
NCI-H1975 cells. NLE could downregulate the protein level of Cyclin B1
and induce G2 phase cell cycle arrest. Long-term NLE treatment induced cell apoptosis. Our results suggested that NLE possessed anticancer potential as a single agent.

in the proteasome inhibitors and NLE co-treatment groups was still
markedly decreased compared with that in the proteasome inhibitors
alone group. Besides, CHX was used to completely inhibit the synthesis
of new proteins, and the degradation of the generated proteins was
monitored. In the CHX alone group, the protein level of Cyclin B1 decreased gradually over time. By contrast, the addition of NLE didn’t
promote or accelerate the decrease of Cyclin B1 (Fig. 5C).
3.5. NLE induced apoptosis in A549 and NCI-H1975 cells after long-term
treatment
We investigated whether NLE induced apoptosis after long-term
treatment. Annexin V/PI double staining analysis indicated that NLE
induced apoptosis in the A549 and NCI-H1975 cells, as evidenced by
increased population of Annexin V positive cells (Fig. 6A). Speciﬁcally,
19.9 ± 2.2% A549 cells and 32.1 ± 1.4% NCI-H1975 cells became
Annexin V positive after 48 h NLE treatment at 8 μM. NLE treatment
upregulated the cleavage fragment of PARP, which is an indicator of the
induction of apoptosis (Fig. 6B). Moreover, A549 and NCI-H1975 cells
were co-treated with NLE and the pan-caspase inhibitor ZVF, and cell
apoptosis was analyzed by Annexin V/PI staining assay. The results
showed that co-treatment of ZVF could obviously decrease NLE-induced
apoptosis in both cell lines (Fig. 6C).
4. Discussion
Norditerpenoids and dinorditerpenoids are structurally notable diterpenoids isolated from the genus Podocarpus. To date, a number of
norditerpenoids and dinorditerpenoids have been isolated and identiﬁed, and some of them have been reported for their anti-proliferative
activity against various cancer cell lines (Evans et al., 1999; Reynolds
et al., 2006; Shrestha et al., 2001; Wang et al., 1997). However, none of
these studies have clariﬁed the mechanisms of their anti-cancer eﬀect.
In our investigation of the anti-cancer constituents from the seeds of P.
nagi, nine new norditerpenoids and dinorditerpenoids were demonstrated to be cytotoxic agents and autophagy inducers in cancer cells
(Feng et al., 2017b). We also discovered that among the known compounds, NLE possessed the most potent cytotoxic activity against
NSCLC cells. EGFR is one of the most important targets that directly
impact therapy strategies of NSCLC in clinic (Korpanty et al., 2014).
T790M mutation is a second-site point mutation that substitutes methionine for threonine at position 790 in the kinase domain of EGFR
and is associated with acquired resistance to the tyrosine kinase inhibitors which are eﬀective to patients harboring sensitive mutations of
EGFR (Bean et al., 2007). EGFR wild type and EGFR T790M mutation
represent two intractable cases in NSCLC treatment. Thus, EGFR wildtype A549 and EGFR T790M mutant NCI-H1975 cells were selected for
investigation, and our results showed that NLE possessed anti-cancer
eﬀects against both cell lines.
DNA damage has been regarded as one of the main causes of G2
phase cell cycle arrest (Sancar et al., 2004). Ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and Rad3-related (ATR) are key
kinases that are activated in response to DNA damage (Falck et al.,
2005). However, NLE did not activate ATM or ATR, as well as their
downstream signaling events (data not shown). Cell cycle progression is
regulated by several couples of cyclins and cyclin-dependent kinases.
Among them, the activation of the Cyclin B1/cdc2 complex plays an
essential role in regulating the cell entry of mitosis from the G2 phase
(Smits and Medema, 2001). Protein kinases Wee1 and Myt1 facilitate
the inhibitory phosphorylation of cdc2 at Tyr15 and Thr14, and cdc25c
phosphatase subsequently dephosphorylate these sites at the end of the
G2 phase (Hunter, 1995; Mcgowan and Russell, 1993). Herein, NLE
decreased the protein level of Wee1, and activated cdc25c via inhibition
of phosphorylation of cdc25c (Ser216). Nevertheless, the activation of
the Cyclin B1/cdc2 complex initiated from the binding of Cyclin B1 to
cdc2. Cyclin B1 was initially localized in the cell cytoplasm, and its
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