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ABSTRACT

(-)-Guaiol, generally known as an antibacterial compound, has been found in 
many medicinal plants. Its roles in tumor suppression are still under investigation. 
In the study, we mainly focused on exploring its applications in dealing with non-
small cell lung cancer (NSCLC) and the underlying mechanisms. Here, we show that 
(-)-Guaiol significantly inhibits cell growth of NSCLC cells both in vitro and in vivo. 
Further high throughput analysis reveals that RAD51, a pivotal factor in homologous 
recombination repair, is a potential target for it. The following mechanism studies 
show that (-)-Guaiol is involved in cell autophagy to regulate the expression of RAD51, 
leading to double-strand breaks triggered cell apoptosis. Moreover, targeting RAD51, 
which is highly overexpressed in the lung adenocarcinoma tissues, can significantly 
increase the chemosensitivity of NSCLC cells to (-)-Guaiol both in vitro and in vivo. 
All in all, our studies provide an attractive insight in applying (-)-Guaiol into NSCLC 
treatments and further suggest that knockdown of oncogenic RAD51 will greatly 
enhance the chemosensitivity of patients with NSCLC.

INTRODUCTION

Non-small cell lung cancer (NSCLC) accounts for 
nearly 80-85% of total lung cancer [1], which is further 
divided into adenocarcinoma, squamous carcinoma 
and large-cell carcinoma based on the pathology [2]. 
The five year survival rates following lung resection 
for NSCLC are I A (73%), I B (54%), II A (48%), II B 
(38%), III A (25%), respectively [3]. NSCLC presents 
a heavy burden for countries worldwidely, for that it 
grows very fast and is often diagnosed in advanced stage 
[4]. Currently, patients with advanced-stage NSCLC 
are mostly treated with chemotherapeutic drugs, such 
as platinum agents (cisplatin, carboplatin), taxanes 
(paclitaxel, docetaxel), and oncogenetic mutation 

drivers-targeted agents (Apatinib, erlotinib, gefitinib, 
crizotinib) [5, 6]. Unfortunately, although the targeted 
therapeutic drugs have substantial impacts on cancer 
inhibition, the resistance of patients against these 
drugs usually develops within 1-2 years by activating 
compensatory signaling pathways or generating novel 
mutations [7]. Therefore, it is imperative to discover 
new drugs and to elucidate their potential mechanisms to 
help guide a more rational mechanism-based individual 
therapy for NSCLC patients.

(-)-Guaiol, the formula of which is C15H26O, is a 
key component of many medicinal plants, especially 
traditional Chinese medicines [8], and composes a large 
number of guaiane natural products [9, 10], which have 
been proved to possess pronounced antibacterial activities 
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[11]. Recently, some researchers have found that the 
derivatives of guaiane-type sesquiterpenoids play an 
important role in tumor inhibition [12, 13]. However, the 
underlying mechanisms are still unclear.

In the study, we provided sufficient evidence 
to support that (-)-Guaiol was a potential antitumor 
candidate for NSCLC patients. And mechanistically, we 
discovered that (-)-Guaiol significantly targeted RAD51 
for degradation, which was highly overexpressed in 
the lung adenocarcinoma tissues, by inducing cell 
autophagy, thus leading to the double strand breaks 
(DSBs)-triggered cell apoptosis in NSCLC cells. 
Besides, inhibition of RAD51 could greatly increase 
chemosensitivity of NSCLC cells to (-)-Guaiol. As a 
result, our data support that RAD51 is an oncogene in 
NSCLC tumorigenesis and it can serve as a potential 
target for (-)-Guaiol in the treatments of NSCLC 
patients. Alternatively, our results implicate that 
combination administration of specific RAD51 inhibitors 
and RAD51-targeted chemodrugs could help reduce the 
occurrence of acquired resistance, thus providing an 
attractive strategy for the treatments of NSCLC patients.

RESULTS

(-)-Guaiol inhibits cell growth, arrests cells in S 
phase and induces cell apoptosis in NSCLC cells 
both in vitro and in vivo

Firstly, to investigate the potential antitumor 
activities of (-)-Guaiol in NSCLC development, we 
carried out the CCK8 assays using A549 cells and H1299 
cells, taking normal lung cells BEAS-2B as a control. 
As demonstrated in Figure 1A, (-)-Guaiol dramatically 
inhibited cell growth of A549 cells and H1299 cells with 
IC50 values 121.7 μM and 211.5 μM, respectively. Whereas 
its IC50 value for BEAS-2B cells was 297.1 μM. Moreover, 
results from colony formation assays further confirmed 
that (-)-Guaiol suppressed the growth of A549 and H1299 
cells (Figure 1B and 1C). Afterwards, the biological role 
of (-)-Guaiol in inducing cell apoptosis was explored 
using flow cytometry assays. As shown in Figure 1D and 
1E, (-)-Guaiol significantly increased early apoptosis 
(early), late apoptosis (late) and total apoptosis (total) in a 
concentration dependent manner in both A549 and H1299 

Figure 1: In vitro evaluation of antitumor activity of (-)-Guaiol in NSCLC cells. A. Cell survival analysis of NSCLC cells 
(A549 and H1299) and normal lung cells BEAS-2B cells treated with different concentrations of (-)-Guaiol using CCK8 assays. Data from 
three independent experiments were represented as means ± STD. IC50 values were 121.7 μM for A549 cells, 211.5 μM for H1299 cells, 
and 297.1 μM for BEAS-2B cells, respectively. B-C. Colony formation assays of inhibition roles of (-)-Guaiol on A549 cells and H1299 
cells (B). Colony numbers from three independent experiments were statistically analyzed using ANOVA tests (C). D-E. Flow cytometry 
assays of cell apoptosis of A549 (D) and H1299 (E) cells treated with indicated concentrations of (-)-Guaiol. Data from three independent 
experiments were represented as means ± STD and subjected to ANOVA tests, respectively.
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cells. Additionally, results from cell cycle analysis showed 
that (-)-Guaiol obviously arrested cells in S phase in both 
A549 and H1299 cells (Supplementary Figure S1). Above 
all, the in vitro assays support that (-)-Guaiol is a novel 
antitumor agent.

Besides, results from in vivo tumor chemotherapy 
assays showed that the volumes and weights of tumors 
from (-)-Guaiol treated group were statistically smaller 
and less than those from NaCl treated group, similar to the 
cisplatin treated group (Figure 2A-2C). Intriguingly, the 
body weights of nude mice from cisplatin treated group 
were more greatly reduced than those of (-)-Guaiol treated 
group, in comparison with NaCl treated group (Figure 
2D), implying that (-)-Guaiol might be safer than cisplatin 
for NSCLC patients. It is noteworthy that (-)-Guaiol has 
no toxicity to the kidney and liver of these nude mice (data 
not shown).

High throughput identification of differentially 
expressed genes in (-)-Guaiol treated A549 cells

In order to identify the potential targeted genes 
of (-)-Guaiol in NSCLC cells, we employed the high 
throughput analysis using Affymetrix Human PrimeView 
microarray. The experimental steps were shown in Figure 
3A. Based on the criteria that the fold change ≥2.0, 
we finally identified 474 upregulated genes and 391 
downregulated genes (data now shown). Afterwards, we 
selected 4 upregulated genes (IRAK2, EGFR, RBCK1, 
IL6), 9 downregulated genes (UHRF1, CDK1, MAP2K6, 
TP63, MAP3K8, BRIP1, FACN2, RAD51, PARP1) and 
4 genes (BMP2, Caspase 3, P53, P21), which are well-
known in participation in apoptosis but not identified in 
this work, to be confirmed using quantitative PCR (qPCR) 

assays. Consistently, the statistical analysis revealed that 
UHRF1 (**p=0.003), CDK1 (*p=0.014), MAP2K6 
(*p=0.029), TP63 (*p=0.019), MAP3K8 (*p=0.011), 
BRIP1 (*p=0.013), FANCD2 (**p=0.002), RAD51 
(**p=0.007), PARP1 (**p=0.007) were significantly 
downregulated in (-)-Guaiol treated A549 cells, in 
comparison with untreated cells. Moreover, IRAK2 
(*p=0.028), EGFR (*p=0.023), RBCK1 (*p=0.014) 
and IL6 (*p=0.027) were also dramatically upregulated 
whereas BMP2, Caspase 3 (Casp 3), P53 and P21 showed 
no statistical significance (Figure 3B).

Subsequently, using the online GO analysis database 
(http://amigo.geneontology.org/rte), we further analyzed 
the biological process, molecular function, cellular 
component and KEGG signaling pathways of those 
downregulated and upregulated genes. Interestingly, the 
downregulated genes were mostly involved in mitotic 
cell cycle, cell division, mitotic nuclear division and 
DNA replication in biological process category (Figure 
3C), functioned in protein binding, heparin binding, 
DSB binding, DNA replication origin binding and 
ATP-dependent DNA helicase activity in molecular 
function category (Figure 3D), composed of condensed 
chromosome kinetochore, chromosome centrometric 
region, nucleoplasm, nucleus and MCM complex in 
cellular component category (Figure 3E), participated 
in cell cycle, DNA replication, terpenoid backbone 
biosynthesis, systematic lupus erythematosus and viral 
carcinogenesis in KEGG category (Figure 3F). On 
the other hand, those upregulated genes were mainly 
participated in mesodermal cell differentiation, positive 
regulation of transcription from RNA polymerase 
II promoter, positive regulation of peptidyl-tyrosine 
phosphorylation, extracellular matrix organization, 

Figure 2: In vivo evaluation of tumor inhibition activity of (-)-Guaiol on NSCLC cells using the nude mice xenograft 
tumor model. A. Tumors dissected from tumor-bearing nude mice intraperitoneally injected with NaCl, cisplatin or (-)-Guaiol. B. 
Statistical analysis of tumor volumes (mm3) during the chemotherapeutic experiment. C. Statistical analysis of tumor weights (g) at the 
terminal time point. Error bars, STD. D. Statistical analysis of body weights (g) of nude mice treated with or without (-)-Guaiol at the end 
of the experiment. Data were represented as means ± STD.
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positive regulation of apoptotic process in biological 
process category (Figure 3G), involved in growth factor 
activity, vascular endothelial growth factor receptor 2 
binding, transcription factor activity and binding, cytokine 
activity and retinol dehydrogenase activity in molecular 
function category (Figure 3H), existed in extracellular 
space, cell surface, focal adhesion, cytosol and integrin 
complex in cellular component (Figure 3I), functioned 
in TNF signaling pathway, rheumatoid arthritis, mTOR 
signaling pathway, hypertrophic cardiomyopathy, 
ECM-receptor interaction in KEGG category (Figure 
3J). Whatever, these activities of downregualted and 
upregulated genes indirectly reflected the biological roles 
of (-)-Guaiol in NSCLC cells.

(-)-Guaiol targeted RAD51 to generate DSBs in 
NSCLC cells

According to the data from above high throughput 
analysis, we mainly focused on studying RAD51, a key 
homologous recombination repair (HRR) factor involved 
in forming a nucleoprotein filament by polymerizing onto 
single-stranded DNA at the processed DNA breaks via 
its strand transferase activity [14], as a potential target 
of (-)-Guaiol in NSCLC cells. Firstly, we employed the 
immunostaining assays to evaluate the expression of 
RAD51 in (-)-Guaiol treated A549 and H1299 cells. As 
shown in Figure 4A and 4B, RAD51 was significantly 
downregulated in 150 μM (-)-Guaiol treated NSCLC 
cells. Additionally, data from immunohistochemical (IHC) 

assays showed that RAD51 was also dramatically reduced 
in (-)-Guaiol treated tumor tissues (Figure 4C).

Subsequently, we explored whether downregulation 
of RAD51 by (-)-Guaiol would lead to the accumulation 
of DSBs in NSCLC cells. Data from immunostaining 
assays showed that the DSB biomarker, γH2AX [15], was 
increased depending on the concentrations of (-)-Guaiol 
in both A549 (Figure 4D) and H1299 (Figure 4E) cells. 
Moreover, the formation of γH2AX foci tested by confocal 
immunofluorescenc (IF) assays demonstrated that the 
DSBs generated in (-)-Guaiol treated H1299 cells were 
also elevated in a concentration-dependent manner (Figure 
4F). Taken above data into consideration, we think that 
(-)-Guaiol is a DNA-damaging agent by targeting RAD51.

(-)-Guaiol is involved in the autophagy-lysosome 
pathway to regulate RAD51 expression in 
NSCLC cells

It is well-known that there are two main proteolytic 
systems in mammalian, one is the proteasome-
ubiquitination system, the other is lysosomal system 
or autophagy [16]. Therefore, to clarify the underlying 
mechanisms of (-)-Guaiol in downregulating RAD51 
in NSCLC cells, the autophagy inhibitor 3MA and 
proteasome inhibitor MG132 were put into practice, 
respectively. Surprisingly, results from immunostaining 
displayed that 3MA dramatically rescued the reduction 
of RAD51 in (-)-Guaiol treated A549 cells (Figure 5A) 
and H1299 cells (Figure 5B). However, RAD51 was still 

Figure 3: High throughput investigation of the differentially expressed genes in (-)-Guaiol treated NSCLC cells. A. 
The experimental steps for the high throughput analysis using the Affymetrix Human PrimeView microarray. B. Selective confirmation of 
results from high throughput analysis usingthe quantitative PCR (qPCR) assays. Data were represented as means ± STD and statistically 
analyzed using the Student’s t-test. C-F. The biological process analysis (C), molecular function analysis (D), cellular component analysis 
(E) and KEGG analysis (F) of downregulated genes identified from the above microarray. The top five categories were shown. G-J. The 
biological process analysis (G), molecular function analysis (H), cellular component analysis (I) and KEGG analysis (J) of upregulated 
genes identified from the above microarray. The top five categories were shown.
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significantly downregulated in MG132 and (-)-Guaiol 
treated A549 cells (Supplementary Figure S2A) and 
H1299 cells (Supplementary Figure S2B). Therefore, our 
data support that (-)-Guaiol regulates the expression of 
RAD51 via lysosomal pathway.

Afterwards, to further confirm the role of (-)-Guaiol 
in autophagy, we detected the canonical autophagy 
biomarker, LC3 II [17], using immunostaining assays. 
As shown in Figure 5C and 5D, the relative LC3 II 
expression was apparently increased in both A549 and 
H1299 cells, especially in 150 μM (-)-Guaiol treated 
cells. Moreover, the dynamic autophagy flux assays 
were used to exclude the possibility that the increase of 
LC3 II was resulted from the inhibition of autophagy at 
the lysosome degradative stage. As shown in Figure 5E 

and Supplementary Figure S3, both of the GFP-LC3 
(Green) and RFP-LC3 (Red) puncta in the cytoplasm 
were significantly increased in (-)-Guaiol treated A549 
cells, whereas there were no visible LC3 puncta in GFP-
RFP-LC3 (Mut) infected A549 cells. Above all, our data 
confirm that (-)-Guaiol plays an active role in inducing 
autophagy to reduce the expression of RAD51, leading to 
the accumulation of DSBs in NSCLC cells.

(-)-Guaiol dramatically induces DSBs-triggered 
cell apoptosis in NSCLC cells

Our above data had illustrated that (-)-Guaiol 
was a DNA-damaging agent by targeting RAD51 for 
degradation via autophagy. It has been widely recognized 

Figure 4: (-)-Guaiol is a DNA damaging agent by targeting RAD51 in NSCLC cells. A-B. Immunostaining of total protein 
extracted from (-)-Guaiol treated A549 (A) or H1299 (B) cells with indicated antibodies. C. Immunohistochemical (IHC) analysis of RAD51 
in tumor tissues from NaCl or (-)-Guaiol treated nude mice. The representative data were shown. Scale bar, 100 μm. D-E. Immunostaining 
of total protein extracted from (-)-Guaiol treated A549 (D) and H1299 (E) cells to test γH2AX expression, taking GAPDH as the internal 
reference. The gray values of γH2AX bands against GAPDH bands (defined as relative γH2AX level) from three independent experiments 
were subjected to ANOVA test. F. Immunofluorescence (IF) analysis of foci formation of γH2AX in H1299 cells treated with indicated 
concentrations of (-)-Guaiol. Representative results were shown. The percentage of γH2AX positive cells in 200 cells (γH2AX positive 
cells%) were statistically analyzed using ANOVA test.
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that the accumulation of DSBs in tumor cells will finally 
lead to cell apoptosis [18]. Therefore, we hypothesized 
that (-)-Guaiol induced DSBs-triggered cell apoptosis 
by targeting RAD51 for degradation via autophagy. 
To consolidate our speculation, we firstly examined 
whether 3MA could reverse the generation of γH2AX in 
(-)-Guaiol treated NSCLC cells. As shown in Figure 6A 
and 6B, 3MA dramatically inhibited the high expression 
of γH2AX induced in (-)-Guaiol treated A549 and H1299 
cells. Next, data from immunostaining assays showed 
that both LC3 II and γH2AX were reduced in RAD51 
overexpressed A549 cells treated with (-)-Guaiol (Figure 
6C), indicating that (-)-Guaiol inhibited tumor growth 
by targeting RAD51 for lysosome degradation to induce 
DSBs-triggered cell apoptosis. Moreover, data from 
flow cytometry assays showed that the cell apoptosis in 
(-)-Guaiol treated cells was statistically inhibited by 3MA 
(Figure 6D). Surprisingly, using the pan-caspase inhibitor 

Z-VAD, the cell apoptosis in (-)-Guaiol treated A549 cells 
was similarly suppressed as 3MA (Supplementary Figure 
S4A and S4B), implicating that the RAD51 deficiency 
generated DSBs triggered cell apoptosis in (-)-Guaiol 
treated NSCLC cells by increasing caspase activities.

Downregulation of RAD51 reduces the 
therapeutic resistance of NSCLC cells 
to (-)-Guaiol both in vitro and in vivo

It has been reported that overexpression of RAD51 
increases the resistance of NSCLC patients to platinum 
agents, leading to a worse prognosis [19, 20]. Moreover, 
an increasing number of researchers have suggested that 
targeting RAD51 using specific antisense oligonucleotides 
or specific chemotherapeutic drugs or antibodies was 
a promising strategy to help lung cancer patients to 
reduce the chance for acquiring resistance to gefitinib, 

Figure 5: (-)-Guaiol regulates RAD51 expression via autophagy in NSCLC cells. A-B. Immunostaining of total protein 
extracted from A549 (A) or H1299 (B) cells treated with or without (-)-Guaiol, followed by the exposure to 5 mM 3MA in serum free 
medium for 6 h, with indicated antibodies. The relative RAD51 levels from three independent experiments were statistically analyzed using 
ANOVA test. C-D. Immunostaining of total protein from A549 (C) or H1299 (D) cells treated with indicated concentrations of (-)-Guaiol 
with indicated antibodies. The relative LC3 II levels from three independent experiments were statistically analyzed using ANOVA test. E. 
Representative confocal IF data from autophagic flux assays of stable A549 cells infected with GFP-RFP-LC3 WT or Mut lentivirus and 
treated with or without (-)-Guaiol. The LC3 puncta in cytoplasm were indicated by the white arrow. Scale bar, 5 μm.
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cisplatin, mitomycin C (MMC) and other therapeutic 
agents [21]. Taken above data into consideration, we 
further investigated the possibility of RAD51 inhibition 
in increasing the chemosensitivity against (-)-Guaiol in 
NSCLC cells. Firstly, data from flow cytometry analysis 
showed that RAD51 inhibition significantly increased 
the sensitivity of A549 cells to (-)-Guaiol, illustrated by 
the obvious elevation of cell apoptosis. Furthermore, the 
increased sensitivity could be reversed by the use of 3MA 
(Figure 7A), suggesting that autophagy inhibition would 
compromise the above chemosensitivity. Additionally, 
data from clonogenic survival assays using A549 cells 
stably downregualted RAD51 using shRNAs (Figure 
7B) or transiently deprived RAD51 using siRNAs 
(Supplementary Figure S5) showed that knockdown of 
RAD51 obviously increased the chemosensitivity of A549 
cells to (-)-Guaiol in vitro.

Subsequently, the in vivo chemosensitivity assays 
using tumor-bearing nude mice were performed (Figure 
7C). The tumor growth curves indicated by the tumor 
volumes (Figure 7D) and the tumor weights (Figure 
7E) both showed that A549/shRAD51 #1 cells were 
more sensitive to (-)-Guaiol, consolidating that RAD51 
inhibition would greatly enhance the chemosensitivity 
of NSCLC cells to (-)-Guaiol. Excitingly, consistent with 
data in Figure 2D, there was no statistical significance 
between the body weights of nude mice in (-)-Guaiol 
treated group and those in NaCl treated group (Figure 7F). 
All in all, in line with previous reports, our data suggest 

that RAD51 inhibition is a promising strategy to help 
reduce the chemoresistance of (-)-Guaiol in NSCLC cells.

RAD51 is highly overexpressed in lung 
adenocarcinoma tissues

RAD51 is commonly recognized as an oncogenic 
driver in a band of tumors [22] and is highly overexpressed 
in tumor tissues in patients with poor prognosis and low 
survival rate [19]. Moreover, the positivity of RAD51 
was closely related to squamous carcinoma and poor 
differentiation in NSCLC patients [20]. Therefore, next, we 
detected the expression of RAD51 in 100 cases of clinical 
samples, composed of 52 cases of normal lung tissues 
(N) and 48 cases of lung adenocarcinoma tissues (T), 
using tissue microarray (TMA), the detailed information 
of which was summarized in Supplementary Table S1. 
According to the criteria scoring RAD51 expression into 
four grades depending on the intensity and percentage of 
its staining in NSCLC cells (Figure 8A), the statistical data 
from Pearson Chi-square tests showed that the expression 
of RAD51 was dramatically overexpressed in the T 
tissues (54.2% for +++), in comparison with N tissues 
(only 19.2% for +++) (Figure 8B). The representative 
IHC data were shown in Figure 8C. Surprisingly, there 
is no statistical difference between RAD51 expression in 
T tissues and the clinical characteristics, including age, 
gender, tumor grade, tumor stage, tumor TNM stage and 
lymphatic metastasis (Supplementary Table S2).

Figure 6: (-)-Guaiol obviously promotes DSB-triggered cell apoptosis in NSCLC cells via autophagy. A-B. Immunostaining 
of total protein from A549 (A) or H1299 (B) cells treated with or without (-)-Guaiol, followed by the exposure to 3MA, with indicated 
antibodies. The relative γH2AX levels were statistically analyzed using ANOVA test. C. Immunostaining of total protein from A549 cells, 
transfected with GFP or GFP-RAD51 and treated with or without (-)-Guaiol, with indicated antibodies. D. Flow cytometry assays of cell 
apoptosis of A549 cells treated with or without (-)-Guaiol, followed by the exposure to 3MA. The percentage of total apoptotic cells (Cell 
apoptosis%) from three independent experiments were represented as means ± STD and statistically analyzed using ANOVA test.
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DISCUSSION

At present, the most attractive strategies for the 
treatment of NSCLC in clinical trials are the oncogenic-
molecular targeted chemotherapies [23]. The molecular 
subtypes of these oncogenic drivers which cause aberrant 
cellular proliferation, growth and survival include EGFR, 
KRAS, HER2, MYC, MET, EML4-ALK, BCL2, BRAF, 
ILGF-1, PI3K, DDR2, IGF-1R, FGFR, NTRK1 [24]. 
Moreover, in accordance with 2014 NCCN clinical 
practice guidelines in oncology (NCCN guidelines) for 
NSCLC, the analysis of mutations for EGFR and ALK 
is widely recommended in clinic [25]. Unfortunately, 
NSCLC patients usually acquire the resistance to these 
molecularly targeted drugs within 1-2 years by generating 
novel mutations that can prevent target inhibition 
(“gatekeeper” mutations) or activating compensatory 
signaling pathways (“bypass track” mutations) [7]. As a 
result, it is imperative to discover new chemotherapeutic 

drugs with higher efficiency in tumor inhibition and less 
side-effects. In the current study, we discovered that 
(-)-Guaiol, a component of a majority of medicinal plants, 
especially Chinese traditional herbs, significantly inhibited 
the growth of NSCLC cells both in vitro and in vivo. The 
mechanistic studies demonstrated that it targeted RAD51 
for lysosome degradation to induce DSBs-triggered cell 
apoptosis, possibly via caspase signalings. Moreover, 
downregulation of RAD51 could obviously enhance the 
sensitivity of NSCLC cells to (-)-Guaiol, which could be 
partially impaired by autophagy inhibition. Consequently, 
our results exhibit a new mechanism that is responsible 
for the tumor therapy and the reduction of the acquired 
resistance in patients with NSCLC.

From the in vivo tumor chemotherapy assays, 
although there were no statistical difference in tumor 
volumes and tumor weights between (-)-Guaiol and 
cisplatin treated groups at the same concentration 8 mg/
kg, the body weights of nude mice treated with cisplatin, 

Figure 7: Knockdown of RAD51 significantly increases the sensitivity of NSCLC cells to (-)-Guaiol both in vitro and in vivo. 
A. Cell apoptosis analysis of stable A549 cells, infected with shCon. or shRAD51 #1, #2 lentivirus and treated with or without (-)-Guaiol, 
followed by the exposure to 3MA, were analyzed using flow cytometry assays. Cell apoptosis% from three independent experiments were 
represented as means ± STD and further statistically analyzed using ANOVA test. Downregulation of RAD51 by shRNAs were confirmed using 
immunostaining assays. B. Clonogenic survival analysis of stable A549 cells, infected with shCon. or shRAD51 #1 and treated with indicated 
concentrations of (-)-Guaiol. The relative cell survival% was statistically analyzed using Student’s t-test. C-F. In vivo chemosensitivity analysis 
of A549/shCon. and A549/shRAD51 #1 using the tumor-bearing nude mice. The tumors dissected from nude mice were shown (C). The tumor 
volumes (mm3) during the experiment were recorded and statistically analyzed (D). The tumor weights (g) of tumors in c were statistically 
analyzed (E). The body weights of nude mice (g) during the experiment were graphically depicted (F).
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rather than (-)-Guaiol, were significantly reduced when 
compared with NaCl group. These data implicated that 
(-)-Guaiol was likely to have less side-effects in clinical 
trials than cisplatin. Then the high throughput analysis 
of the potential targeted genes in (-)-Guaiol treated 
A549 cells identified 391 downregulated genes which 
were possibly involved in regulation of cell cycle, DNA 
replication, DNA binding and chromosome stability. 
Taking these into consideration, the potential target 
RAD51 from these downregulated genes was selected to 
be further studied.

Interestingly, results from western blotting assays, 
IHC and confocal IF assays confirmed that (-)-Guaiol 
significantly reduced RAD51 expression to generate 
detrimental DSBs, leading to cell apoptosis. These data 
thus prompted us to further investigate how (-)-Guaiol 
regulated RAD51 protein level. In mammalian cells, 
the ubiquitination-proteasome pathway and autophagy-
lysosome pathway are the two main ways in regulating 
protein stability [26, 27]. Therefore, in the study, the 
appropriate inhibitors of these two ways were put into 
practice to identify the underlying mechanisms for the 
downregulation of RAD51 in (-)-Guaiol treated cells. 
Interestingly, expression of RAD51 was specifically 

rescued by autophagy inhibitor 3MA, not by the 
proteasome inhibitor MG132, suggesting that (-)-Guaiol 
targeted RAD51 for the lysosome-mediated protein 
degradation. However, the detailed molecular mechanisms 
by which (-)-Guaiol regulates RAD51 expression via 
autophagy remain to be investigated in the further studies.

It is well-known that RAD51 is a pivotal regulator 
in homologous recombination repair which is one of 
the essential repair ways for lethal DSBs in mammalian 
cells [28]. Consequently, it is rational to think that 
downregulation of RAD51 will lead to the increase of 
DSBs in cells. In line with our hypothesis, 3MA, which 
restored the expression of RAD51 in (-)-Guaiol treated 
NSCLC cells, significantly inhibited the elevation 
of DSBs, which eventually activate cell apoptosis to 
eliminate dead cells [4]. Consistently, further data from 
flow cytometry assays confirmed the reduction of cell 
apoptosis in 3MA and (-)-Guaiol treated cells. Notably, the 
increased apoptotic cells in (-)-Guaiol treated cells were 
not completely inhibited by 3MA, implying that there 
were other factors mediating its antitumor activity. It is 
well known that the caspase activities play a pivotal role 
in cell apoptosis [29, 30]. Consequently, we investigated 
whether the DSBs-triggered cell apoptosis in A549 

Figure 8: RAD51 is highly upregulated in lung adenocarcinoma tissues. A. The criteria for the judgement of IHC results from 
tissue microarray (TMA). B. The two-tailed Pearson Chi-Square test of data from IHC assays. N, normal, T, tumor. C. Representative data 
of IHC results from TMA. Scale bars, 50 μm and 100 μm.
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cells was attributed to the increase of caspase activities. 
Surprisingly, data from flow cytometry assays showed 
that the cell apoptosis was greatly reduced in Z-VAD and 
(-)-Guaiol treated cells, in comparison with (-)-Guaiol 
treated cells, to the same extent as 3MA, implicating that 
(-)-Guaiol targeted RAD51 to the lysosome degradation, 
leading to the DSBs-triggered cell apoptosis via caspase 
activities. However, further studies on the specific caspase 
enzymes activated by (-)-Guaiol are still required.

Downregulation of RAD51 is beneficial for the 
enhancement of chemosensitivity to cisplatin, MMC 
[31], gefitinib, IressaR [27], emodin [32]. Consistently, 
inhibition of RAD51 significantly increased the 
sensitivity of A549 cells to (-)-Guaiol which supplies an 
alternative application of (-)-Guaiol in combination with 
RAD51 targeted small molecules in NSCLC treatments. 
Afterwards, we detected the expression of RAD51 in lung 
adenocarcinoma tissues using IHC assays and statistically 
analyzed the correlation of RAD51 with clinical properties. 
Surprisingly, although RAD51 was highly overexpressed 
in the adenocarcinoma tissues, its overexpression was 
not related with any clinical characteristics. Studies 
from other researchers have confirmed that high-level 
expression of RAD51 has been shown to be related with 
median survival time, tumor differentiation, clinical stage, 
squamous pathology and lymphatic metastasis [19]. We 
consider that this inconsistent result is attributed to the 
insufficient clinical properties in our present study, further 
investigations are still needed.

Given the significant role of (-)-Guaiol in inhibiting 
NSCLC cell growth, there is still a long way in putting 
(-)-Guaiol into clinical practice. Some issues are raised in 
the study, for instance, whether it helps NSCLC patients 
to overcome the acquired resistance in present molecularly 
targeted drugs, whether (-)-Guaiol alone or together with 
other therapeutic drugs improves the overall survival ratio 
of NSCLC patients, whether there are side-effects like 
acquired resistance caused by (-)-Guaiol. More studies 
are required to clear these obstacles hindering on the 
road of applying (-)-Guaiol to benefit NSCLC patients in 
clinic. In summary, our studies not only provide a novel 
chemotherapeutic candidate with the same efficiency in 
tumor inhibition as cisplatin but with less side-effects, but 
also help to develop an attractive strategy in designing the 
therapeutic combination to increase the chemosensitivity 
of NSCLC patients.

MATERIALS AND METHODS

Cell culture and drug administration

The NSCLC cell lines (A549, H1299) purchased 
from American Type Culture Collection (ATCC) and 
the normal lung cells BEAS-2B, commercially obtained 
from the FuDan IBS cell center, were all maintained in 
complete Dulbecco’s Modified Eagle’ Medium (DMEM) 

(Gibco), supplemented with 10% FBS (Gibco), 100 
units/ml penicillin and 100 μg/ml streptomycin, at 
37°C in a humidified incubator with 5% CO2. The 
phenotype of cells used in the study were shown in 
Supplementary Figure S6. (-)-Guaiol, commercially 
obtained from Sigma, was diluted in methanol at a 
primary stock concentration 20 mM. 3MA, purchased 
from Sigma, was diluted in phosphate buffer saline 
(PBS, pH=8.0) at a stock concentration 0.5 M. MG132, 
a proteasome inhibitor [33], was diluted in DMSO at a 
final concentration 40 mM. The pan-caspase inhibitor 
Z-VAD-FMK (Z-VAD) was obtained from Selleck and 
diluted in DMSO at a stock concentration 5 mM. For the 
treatments, cells were treated with 150 μM (-)-Guaiol for 
24 h in serum free medium, unless otherwise indicated. 
For the inhibition of autophagy or proteasome, 5 mM 
3MA in serum free medium or 40 μM MG132 in 
complete medium were used after (-)-Guaiol treatment 
for another 6 h. For the caspase activity inhibition, 20 
μM Z-VAD was incubated with (-)-Guaiol in serum free 
medium for 24 h.

Plasmids construction and cell transfection

The full length of human RAD51 was amplified 
and ligated into the pEGFP-C3 vector (GFP) between 
Sal I and BamH I sites, denoted as GFP-RAD51. The 
siRNAs against non-specific sequence (siCon.) or different 
sequences of RAD51 (siRAD51 #1, #2) were purchased 
from Sigma. And the short hairpin RNAs (shRNA) 
targeting non-specific sequence (shCon.) or different 
sequences of RAD51 (shRAD51 #1, #2) were amplified 
and inserted into pLKO.1 vector (Addgene). Transfection 
of siRNAs or plasmids and establishment of stable cell 
lines were all performed according to our previous 
experimental procedures [34]. Primers of plasmids, 
siRNAs and shRNAs used in this work were summarized 
in Supplementary Table S3.

Antitumor activity analysis in vitro and in vivo

To investigate the potential roles of (-)-Guaiol in 
tumor inhibition, the in vitro colony formation assays and 
cell counting kit-8 (CCK8) assays were performed and the 
in vivo chemotherapeutic tumor-bearing nude mice assays 
were also carried out according to our previous protocols 
[34–36]. IC50 values of (-)-Guaiol on NSCLC cells and 
normal lung cells were evaluated using SPSS statistics. 
Notably, in the xenograft experiments, 8 mg/kg (-)-Guaiol 
was intraperitoneally injected three times per week, taking 
NaCl as a negative control and the cisplatin treatment (8 
mg/kg, Sigma) as a positive control.

High throughput gene expression assay

For the high throughput gene expression assay, 
total RNA extracted from A549 cells after treatments 
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was quantified by the NanoDrop ND-2000 (Thermo 
Scientific) and its integrity was assessed using Agilent 
Bioanalyzer 2100 (Agilent Technologies). Then the RNA 
was transcribed into cDNA, which was subsequently 
labeled with biotin and hybridized onto the Affymetrix 
Human PrimeView microarray. After washing and 
staining, the arrays were scanned by the Affymetrix 
Scanner 3000. Afterwards, the Affymetrix GeneChip 
Command Console (Version 4.0) was used to analyze 
array images to get raw data. Next, the Genespring 
software (Version 13.1, Agilent Technologies) was 
further used to achieve the basic analysis of the raw 
data. Differentially expressed genes were identified 
through fold change. The threshold set for up- and 
down-regulated genes was a fold change ≥2.0. Finally, 
the GO analysis including biological process, molecular 
function, cellular component and KEGG was performed 
to determine the possible roles of these differentially 
expressed genes using online PANTHER. Taking the 
-Log10 (pValue) as the X-axis, the top five categories in 
GO analysis were shown.

Autophagic flux assay

The autophagic lentiviruses expressing Stub-RFP-
Sens-GFP-LC3 wild type (GFP-RFP-LC3 WT) or mutant 
type (GFP-RFP-LC3 Mut) deficiency of glycine at 120 
site were commercially purchased from GENECHEM 
(Shanghai, China). According to the manufacture’s 
protocol, A549 cells were infected with the lentiviruses 
for 36 h and then selected with 2 μg/ml puromycin 
(Sigma) for 72 h. Finally, the efficiency was confirmed 
by observing the expression of GFP and RFP under the 
inverted fluorescence microscope (Leica). Then, the 
stable A549 GFP-RFP-LC3 WT or Mut cells were seeded 
into the 24-well plates with coverslips and treated with 
or without (-)-Guaiol the next day. Afterwards, the cells 
on the coverslips were fixed with 4% paraformaldehyde 
(PFA), perforated with 0.5% Triton X-100, and stained 
with 4’,6-diamidino-2-phenylindole (DAPI) for 2 min 
at room temperature away from light. Finally, the slides 
were sealed and pictured under the inverted confocal 
fluorescence microscope (Zeiss).

In vivo chemosensitivity analysis

According to our previous protocol [34], the male 
nude mice aged 4 weeks were subcutaneously injected 
with A549/shCon. cells (600 x 104 cells) on the left side 
and A549/shRAD51 #1 (600 x 104 cells) on the right side, 
respectively. When the tumor volumes were about 200 
mm3, NaCl or 8 mg/kg (-)-Guaiol was intraperitoneally 
injected at the indicated days. The tumor sizes and mice 
body weights were recorded during the experiment. 30 
days after the first drug injection, the mice were kindly 
put to death and the tumors were dissected in the SPF 

animal house of Shanghai Tenth People’s Hospital of 
Tongji University, approved by the Animal Experiment 
Management Committee of Shanghai. The tumor weights 
were finally recorded.

Quantitative PCR (qPCR), immunostaining and 
immunohistochemistry assays

The experimental procedures for qPCR, 
immunostaining and immunohistochemistry (IHC) 
assays in this research were all performed according to 
our previous reports [34, 35]. Additionally, the antibodies 
and primers used in the study were summarized in 
Supplementary Table S4 and Supplementary Table S5, 
respectively. By the way, the TMA used in the IHC study 
of RAD51 expression in NSCLC clinical samples was 
commercially purchased from Alenabio Ltd (LC10013a, 
Xi’an, China).

Statistical analysis

All the data in the study were represented as means 
± standard deviation (STD). The two-tailed Student’s t-test 
or ANOVA test were appropriately put into practice. And 
the Pearson Chi-square test was used to analyze the results 
from IHC assays. *p<0.05 and **p<0.01 were used to 
determine the statistical significance.

ACKNOWLEDGMENTS

This study is supported by Shanghai Young Science 
and Technology Talents Sailing Program (15YF1409300), 
Shanghai Municipal Science and technology project 
(14DZ1941802, 14ZR1439000) and Natural Science 
Foundation of China (81272292, 81371913, 81473627, 
81472624, 81472124 and 81502425).

CONFLICTS OF INTEREST

All the authors in the study declare no potential 
conflicts of interest.

REFERENCES

1. Loong HH, Mok K, Leung LK, Mok TS. Crizotinib in the 
management of advanced-stage non-small-cell lung cancer. 
Future Oncol. 2015; 11:735-745.

2. Travis WD, Brambilla E, Noguchi M, Nicholson AG, 
Geisinger K, Yatabe Y, Powell CA, Beer D, Riely G, Garg 
K, Austin JH, Rusch VW, Hirsch FR, Jett J, Yang PC, Gould 
M, et al. International Association for the Study of Lung 
Cancer/American Thoracic Society/European Respiratory 
Society: international multidisciplinary classification of 
lung adenocarcinoma: executive summary. Proc Am Thorac 
Soc. 2011; 8:381-385.



Oncotarget62596www.impactjournals.com/oncotarget

3. Lim E, Harris G, Patel A, Adachi I, Edmonds L, Song 
F. Preoperative versus postoperative chemotherapy in 
patients with resectable non-small cell lung cancer: 
systematic review and indirect comparison meta-analysis 
of randomized trials. J Thorac Oncol. 2009; 4:1380-1388.

4. Paul I, Jones JM. Apoptosis block as a barrier to effective 
therapy in non small cell lung cancer. World J Clin Oncol. 
2014; 5:588-594.

5. Horn L. Advances in the treatment of non-small cell lung 
cancer. J Natl Compr Canc Netw. 2014; 12:764-767.

6. Song M, Kim SH, Yoon SK. Cabozantinib for the treatment 
of non-small cell lung cancer with KIF5B-RET fusion. An 
example of swift repositioning. Arch Pharm Res. 2015; 
38:2120-2123.

7. Flemming A. Anticancer drugs: Finding the perfect 
combination. Nat Rev Drug Discov. 2015; 14:13.

8. Shu Z, Pu J, Chen L, Zhang Y, Rahman K, Qin L, Zheng 
C. Alisma orientale: Ethnopharmacology, Phytochemistry 
and Pharmacology of an Important Traditional Chinese 
Medicine. Am J Chin Med. 2016; 44:227-251.

9. Akbulut Y, Gaunt HJ, Muraki K, Ludlow MJ, Amer MS, 
Bruns A, Vasudev NS, Radtke L, Willot M, Hahn S, Seitz 
T, Ziegler S, Christmann M, Beech DJ, Waldmann H. 
(-)-Englerin A is a potent and selective activator of TRPC4 
and TRPC5 calcium channels. Angew Chem Int Ed Engl. 
2015; 54:3787-3791.

10. Huang AC, Sefton MA, Sumby CJ, Tiekink ER, Taylor DK. 
Mechanistic studies on the autoxidation of alpha-guaiene: 
structural diversity of the sesquiterpenoid downstream 
products. J Nat Prod. 2015; 78:131-145.

11. Choudhary MI, Batool I, Atif M, Hussain S, Atta Ur R. 
Microbial transformation of (-)-guaiol and antibacterial 
activity of its transformed products. J Nat Prod. 2007; 
70:849-852.

12. Park HW, Choi SU, Baek NI, Kim SH, Eun JS, Yang JH, 
Kim DK. Guaiane sesquiterpenoids from Torilis japonica 
and their cytotoxic effects on human cancer cell lines. Arch 
Pharm Res. 2006; 29:131-134.

13. Ratnayake R, Covell D, Ransom TT, Gustafson KR, Beutler 
JA. Englerin A, a selective inhibitor of renal cancer cell 
growth, from Phyllanthus engleri. Org Lett. 2009; 11:57-60.

14. San Filippo J, Sung P, Klein H. Mechanism of eukaryotic 
homologous recombination. Annu Rev Biochem. 2008; 
77:229-257.

15. Kuo LJ, Yang LX. Gamma-H2AX - a novel biomarker for 
DNA double-strand breaks. In vivo. 2008; 22:305-309.

16. Schneider JL, Cuervo AM. Autophagy and human disease: 
emerging themes. Curr Opin Genet Dev. 2014; 26:16-23.

17. Kuma A, Matsui M, Mizushima N. LC3, an autophagosome 
marker, can be incorporated into protein aggregates 
independent of autophagy: caution in the interpretation of 
LC3 localization. Autophagy. 2007; 3:323-328.

18. Liu XX, Sun C, Jin XD, Li P, Zheng XG, Zhao T, Li Q. 
Genistein sensitizes sarcoma cells in vitro and in vivo 

by enhancing apoptosis and by inhibiting DSB repair 
pathways. J Radiat Res. 2016.

19. Qiao GB, Wu YL, Yang XN, Zhong WZ, Xie D, Guan XY, 
Fischer D, Kolberg HC, Kruger S, Stuerzbecher HW. High-
level expression of Rad51 is an independent prognostic 
marker of survival in non-small-cell lung cancer patients. 
Br J Cancer. 2005; 93:137-143.

20. Takenaka T, Yoshino I, Kouso H, Ohba T, Yohena T, 
Osoegawa A, Shoji F, Maehara Y. Combined evaluation of 
Rad51 and ERCC1 expressions for sensitivity to platinum 
agents in non-small cell lung cancer. Int J Cancer. 2007; 
121:895-900.

21. Nogueira A, Assis J, Catarino R, Medeiros R. DNA repair 
and cytotoxic drugs: the potential role of RAD51 in 
clinical outcome of non-small-cell lung cancer patients. 
Pharmacogenomics. 2013; 14:689-700.

22. Yu SS, Tu Y, Xu LL, Tao XQ, Xu S, Wang SS, Xiong YF, 
Mei JH. Effects of Rad51 on survival of A549 cells. Asian 
Pac J Cancer Prev. 2015; 16:175-179.

23. Gower A, Wang Y, Giaccone G. Oncogenic drivers, targeted 
therapies, and acquired resistance in non-small-cell lung 
cancer. J Mol Med (Berl). 2014; 92:697-707.

24. Bhardwaj B, Revannasiddaiah S, Bhardwaj H, Balusu 
S, Shwaiki A. Molecular targeted therapy to improve 
radiotherapeutic outcomes for non-small cell lung 
carcinoma. Ann Transl Med. 2016; 4:50.

25. McCoach CE, Doebele RC. The minority report: targeting 
the rare oncogenes in NSCLC. Curr Treat Options Oncol. 
2014; 15:644-657.

26. Popelka H, Uversky VN, Klionsky DJ. Identification of 
Atg3 as an intrinsically disordered polypeptide yields 
insights into the molecular dynamics of autophagy-related 
proteins in yeast. Autophagy. 2014; 10:1093-1104.

27. Ko JC, Ciou SC, Cheng CM, Wang LH, Hong JH, 
Jheng MY, Ling ST, Lin YW. Involvement of Rad51 in 
cytotoxicity induced by epidermal growth factor receptor 
inhibitor (gefitinib, IressaR) and chemotherapeutic 
agents in human lung cancer cells. Carcinogenesis. 2008; 
29:1448-1458.

28. Richardson C. RAD51, genomic stability, and 
tumorigenesis. Cancer Lett. 2005; 218:127-139.

29. Li GY, Fan B, Su GF. Acute energy reduction induces 
caspase-dependent apoptosis and activates p53 in retinal 
ganglion cells (RGC-5). Exp Eye Res. 2009; 89:581-589.

30. Adamiec-Mroczek J, Zajac-Pytrus H, Misiuk-Hojlo M. 
Caspase-Dependent Apoptosis of Retinal Ganglion Cells 
During the Development of Diabetic Retinopathy. Adv Clin 
Exp Med. 2015; 24:531-535.

31. Ko JC, Tsai MS, Weng SH, Kuo YH, Chiu YF, Lin YW. 
Curcumin enhances the mitomycin C-induced cytotoxicity 
via downregulation of MKK1/2-ERK1/2-mediated Rad51 
expression in non-small cell lung cancer cells. Toxicol Appl 
Pharmacol. 2011; 255:327-338.



Oncotarget62597www.impactjournals.com/oncotarget

32. Chen RS, Jhan JY, Su YJ, Lee WT, Cheng CM, Ciou SC, 
Lin ST, Chuang SM, Ko JC, Lin YW. Emodin enhances 
gefitinib-induced cytotoxicity via Rad51 downregulation 
and ERK1/2 inactivation. Exp Cell Res. 2009; 
315:2658-2672.

33. Lee DH, Goldberg AL. Proteasome inhibitors: valuable new 
tools for cell biologists. Trends Cell Biol. 1998; 8:397-403.

34. Yang Q, Pan Q, Li C, Xu Y, Wen C, Sun F. NRAGE  
is involved in homologous recombination repair to resist 
the DNA-damaging chemotherapy and composes a ternary 
complex with RNF8-BARD1 to promote cell survival  
in squamous esophageal tumorigenesis. Cell Death  
Differ. 2016.

35. Zhen N, Yang Q, Wu Q, Zhu X, Wang Y, Sun F, Mei W, 
Yu Y. A novelly synthesized phenanthroline derivative is a 
promising DNA-damaging anticancer agent inhibiting G1/S 
checkpoint transition and inducing cell apoptosis in cancer 
cells. Cancer Chemother Pharmacol. 2016; 77:169-180.

36. Yang Q, Wang R, Xiao W, Sun F, Yuan H, Pan Q. 
Cellular Retinoic Acid Binding Protein 2 Is Strikingly 
Downregulated in Human Esophageal Squamous Cell 
Carcinoma and Functions as a Tumor Suppressor. PLoS 
One. 2016; 11:e0148381.


