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The aim of this study was to investigate the potential biological activities of nutlin-3 in the regulation of growth 
and proliferation of non-small cell lung cancer (NSCLC) stem cells (CSCs), which may help in sensitizing to 
axitinib-induced apoptosis. Nutlin-3 induction of p53 expression was used to test its role in controlling the 
cell division pattern and apoptosis of NSCLC cells. A549 cells and H460 cells were pretreated with nutlin-3 
and then treated with either an Akt1 activator or shRNA-GSK3b, to investigate the potential role of p53 sen-
sitization in the biological effects of axitinib. We also determined the expression levels of GSK3b and p-Akt1 
in patients with NSCLC and determined their potential association with survival data using Kaplan–Meier 
plots and CBIOTAL. Increased p53 expression stimulated the induction of apoptosis by axitinib and pro-
moted asymmetric cell division (ACD) of NSCLC CSCs. The repression of Akt phosphorylation induced by 
nutlin-3 promoted the ACD of lung CSCs, decreasing the proportion of the stem cell population. In addi-
tion to the induction of apoptosis by axitinib through inhibition of Wnt signaling, nutlin-3 treatment further 
enhanced axitinib-induced apoptosis by inhibiting Akt1/GSK3b/Wnt signaling. The low expression of GSK3b 
and increased expression of p-Akt in patients with NSCLC were closely associated with the development of 
NSCLC. TP53 stimulates the induction of apoptosis in NSCLC by axitinib and the ACD of lung CSCs through 
its regulatory effects on the p53/Akt/GSK3b pathways.
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INTRODUCTION

It is well established that TP53 (p53) has a wide range 
of biological activities, including regulation of tumor 
formation and development, suppression of tumor recur-
rence, and inhibition of the self-renewal process of cancer 
stem cells (CSCs)1–3. Akt is an important regulatory pro-
tein of cell growth, proliferation, and survival4–5. Nutlins 
are cis-imidazoline analogs that inhibit the interaction 

between Mdm2 and the tumor suppressor p53, and they 
were initially discovered by screening a chemical library. 
There are three family members, and nutlin-3 is the agent 
most commonly used in anticancer studies. The nutlins 
exert their biological activity by inhibiting the interaction 
between Mdm2 and p53, which leads to stabilization of 
p53. This then results in a growth-inhibiting state of senes-
cence in cancer cells. These compounds are therefore 
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thought to be most effective in tumors that express nor-
mal or “wild-type” p53.

Recent studies have shown that Akt, the most impor-
tant molecule of the PI3K pathway, plays an important 
role in stem cell renewal and in regulating mitochondrial 
function6. Phosphorylation at Ser473 and Thr308 is nec-
essary for Akt activation7, which can promote or inhibit 
the expression of its downstream target proteins through 
phosphorylation, causing a cascade of reactions in the sig-
naling pathway. For example, Akt was shown to regulate 
the self-renewal of stem cells by promoting the expression 
of KLF3 and Kbx38. GSK3b is a multifunctional kinase 
that regulates the growth of cancer cells and modulates 
apoptotic signaling pathways. Most importantly, its acti-
vation can inhibit the Wnt signaling pathway and there-
fore control the renewal of stem cells. Moreover, studies 
have shown that there is crosstalk between the PI3K/Akt 
and Wnt/b-catenin signaling pathways, which implies 
that they can potentially synergistically regulate the self-
renewal of stem cells9. Activated forms of Akt can inhibit 
GSK3b and reduce the interaction between p53 and 
GSK3b, suggesting a potential role of Akt/Wnt signaling 
in the development of cellular drug resistance. Previous 
studies have shown that nutlin-3 is able to promote the 
expression of Notch signaling in TP53 wild-type cells10, 
but the relationship between nutlin-3 and Wnt signal-
ing was not elucidated. Many p53-related genes such as 
PTEN and HIF-1a were demonstrated to be able to reg-
ulate both pathways11,12. Based on this, we propose that 
nutlin-3 may be a potential regulator of Wnt signaling.

The process of asymmetric cell division (ACD) is 
based on the premise that human stem cells divide to cre-
ate one daughter cell of the same type to maintain their 
own numbers13–16, while the other daughter cell enters 
the active mitotic cycle14,17–19. In contrast, the stem cells 
undergoing symmetric cell division (SCD) divide into 
two identical daughter cells, which results in excessive 
expansion of stem cells. This means that symmetric cell 
division, as opposed to ACD, can lead to uncontrolled 
tumor cell growth. Under normal circumstances, tumor 
cells undergoing rapid proliferation are sensitive to radia-
tion and chemotherapy treatment. CSCs largely retain fea-
tures of normal human stem cells20, and after the rapidly 
proliferating tumor cells are killed, the CSCs in station-
ary phase are able to reenter the cell cycle and undergo 
cell division, leading to the formation of new tumors21–23. 
Lung CSCs appear to play a critical role in mediating drug 
resistance and cancer recurrence. It is clear that targeting 
this specific subpopulation of lung CSCs may provide a 
novel approach to more effectively treat lung cancer24.

The activation of p53 in adjuvant chemotherapy has 
emerged as a promising strategy and was tentatively 
applied in clinical trials25. Moreover, therapies targeting 

p53 and Akt1 are both significant for improving cancer 
patients’ prognosis4,26,27. Axitinib has been confirmed to be 
an inhibitor of Wnt signaling28. However, it is not cur-
rently used to treat lung cancer, and its effects on the 
self-renewal capacity of lung CSCs are unknown15,28. We 
hypothesized that nutlin-3 might be able to sensitize the 
tumor cells to anticancer treatment by repressing Akt/Wnt 
signaling activity, and the combined activities of axitinib 
and nutlin-3 were subsequently explored in this study.

MATERIALS AND METHODS

Patients and Materials

A total of 28 patients who underwent radical lung 
cancer surgery at the First Affiliated Hospital of Xi’an 
Jiaotong University and 10 healthy individuals were eval-
uated and enrolled from July 2014 to November 2016. 
Histopathologic evaluation was confirmed by two sepa-
rate pathologists, and the patients were not diagnosed 
with any other cancers. Written informed consent was 
obtained from each individual prior to study enrollment 
in accordance with the Declaration of Helsinki. The study 
protocol was approved and supervised by the ethics com-
mittee of the First Affiliated Hospital of Xi’an Jiaotong 
University.

A549 and H460 NSCLC cell lines were purchased 
from ATCC (Manassas, VA, USA), and their identity 
was confirmed by short tandem repeats polymerase chain 
reaction (STR-PCR) genotyping. Cells were cultured 
in medium comprising DMEM 1X (Cellgro; Corning, 
NY, USA), 10% fetal calf serum, and 1% penicillin/
streptomycin solution (Invitrogen, Carlsbad, CA, USA). 
PKH26 and dimethyl sulfoxide (DMSO) were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Nutlin-3 
was purchased from Invitrogen. Fumonisin B1 was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Axitinib was purchased from AbMole (Houston, 
TX, USA). The accutase enzyme was obtained from 
Gibco (Invitrogen). The culture medium used for CSCs 
was composed of DMEM/Ham’s F-12, 10 ng/ml of epi-
dermal growth factor (EGF), 10 ng/ml of human basic 
fibroblast growth factor (HbFGF), 1 μg/ml of hydrocorti-
sone, 4 μg/ml of insulin, and 1% penicillin/streptomycin 
solution. All cells were incubated in a humidified atmo-
sphere comprising 5% CO2 at 37°C. Antibodies against 
p53 (sc-6243) and vinculin (sc-7649), and the horserad-
ish peroxidase-conjugated secondary antibody of mouse 
origin were purchased from Santa Cruz Biotechnology.

Detection of Cell Proliferation Inhibition  
and Apoptosis

Cells were seeded in 96-well plates with 200 μl of 
DMEM medium per well and treated with different 
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concentrations of nutlin-3. Cell viability was measured 
using the MTT assay by adding 20 μl of a 5-mg/ml MTT 
solution per well and incubating at 37°C in the dark. After 
4 h, the supernatants were discarded, 150 μl of DMSO 
was added per well, and the absorbance at 490 nm was 
measured using a plate reader. Each experiment was 
repeated three times. Apoptosis levels were determined 
using the Annexin V–FITC kit (Invitrogen). Nutlin-3  
(10 µM) and axitinib (10 nM) were used to treat the cells. 
After discarding the supernatant, the cells were collected 
and resuspended, subjected to centrifugation at 1,200 
rpm for 5 min, then mixed with 5 μl of Annexin V–FITC, 
and 10 μl of PI (20 μg/ml) before uploading into the flow 
cytometry instrument.

Detection of Cell Division Patterns

Serum-free suspension medium was used to suspend 
and filter cells, and we used the mixture of Diluent C  
and PKH26 ethanolic dye solution to incubate and stain, 
terminating with 2 ml of serum. On the fourth day, 1 ml 
of fresh stem cell culture medium was added. The cell 
spheres were counted, and the sphere formation effi-
ciency (MFE) was calculated on the seventh day. For 
EdU dye staining, cells of different groups were incu-
bated with 10 µM EdU for 30 min at room temperature, 
and then seeded on new plates containing fumonisin B1 
(FB1) or axitinib. After 48 h, cells were seeded onto 
coverslips and were visualized using the EdU Alexa 
Fluor 488 Imaging Kit (C10637; Life Technologies; 
New York, NY, USA) 1 day later28,29. The division of 
stem cells was observed, counted, and summed into  
asymmetric division (AD), symmetric division (SD), 
and undefined. Subsequently, the stem cell spheres  
were digested to yield single cells with pancreatin and  
accutase.

Protein Extraction and Western Blotting

For determination of protein concentrations, 1 ml of 
cell lysis buffer and phosphotransferase inhibitor were 
added to the reaction system and quantified using the 
Bradford method. Protein bands in the gel were trans-
ferred to a cellulose acetate membrane using the semi- 
dry transfer method. Monoclonal antibodies against 
vinculin (1:5,000; Cell Signaling Technology, Danvers, 
MA, USA), p53 (1:2,000), p-Akt (Thr308; 1:2,000; Cell 
Signaling Technology), and p-GSK3b (serine 9; phos-
phorylated Akt activation site; 1:1,500; Cell Signaling 
Technology) were individually incubated with the mem-
brane at 4°C overnight. On the following day, the mem-
brane was rinsed three times with PBST, incubated for 
1 h at room temperature with the secondary antibody 
(1:5,000 HRP labeling), rinsed three times with TBST, 
and the bands were then detected in a darkroom.

Immunohistochemistry

The high-pressure method was chosen for antigen 
retrieval, and a 3% hydrogen peroxide solution was used 
to block the endogenous peroxidase, and nonspecific 
binding was blocked with goat serum. The slides were 
refrigerated overnight at 4°C, and on the following day 
Reagents B and C were added. After rinsing, DAB dye-
ing was used, and the slides stained with hematoxylin 
showed purple.

Statistical Analysis

The results were shown as means ± SD. Comparisons 
between two groups were conducted using Student’s 
t-test. Data of different groups (³) were analyzed using 
ANOVA. Multiple comparisons between groups were 
performed using the S-N-K method. The inspection level 
was a = 0.05; if p < a, we considered that the difference 
had statistical significance (i.e., p < 0.05).

RESULTS

Nutlin-3 Promoted the Induction of Apoptosis  
by Axitinib in Lung Cancer Cells

We chose A549 and H460 cells as our experimental 
systems because these two cell lines express wild-type 
TP53 according to the cancer cell line database (http://
TP53.free.fr/Database/Cancer_cell_lines/NSCLC.html). 
We found that a concentration of 10 µM nutlin-3 effec-
tively inhibited the proliferation of A549 and H460 cells 
(Fig. 1A and B) in a dose- and time-dependent manner. 
Moreover, axitinib promoted apoptosis of lung cancer 
cells effectively, and nutlin-3 enhanced the apoptotic  
effects of axinitib (Fig. 1C and D). FACS analysis con-
firmed these findings (Fig. 1E).

Nutlin-3 and Axitinib Both Promoted the ACD

Both the PKH26-stained spheres and EdU-marked 
dividing stem cells revealed that 10 µM nutlin-3 effec-
tively increased the ACD proportion of CSCs. In the PKH 
dye-stained group, nutlin-3 effectively increased the ratio 
of ACD in CSCs (Fig. 2A and B) and decreased the ratio 
of SCD (Fig. 2C), decreasing the amounts of CSCs. 
Axitinib also increased the ratio of ACD in CSCs to some 
extent (Fig. 2A and B). In the EdU-stained group, similar 
results were observed as in the PKH group, and nutlin-3 
effectively increased the ratio of ACD in CSCs (Fig. 2A 
and B).

Nutlin-3-Induced Sensitization to Axitinib Reduced the 
Sphere-Forming Efficiency by Inhibiting Akt Activity

Axitinib decreased the levels of TCF-4, the key acti-
vator of Wnt signaling (Fig. 3A). Nutlin-3 increased the 
expression of p53 in lung cancer cells, which consequently 
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inhibited the phosphorylation of Akt-1 and expression of 
GSK3b (Fig. 3A). Nutlin-3 enhanced the ability of axi-
tinib to inhibit the renewal of CSCs (p < 0.05) (Fig. 3B 
and C). FB1 stimulated the activity of Akt1, which greatly 
increased the number of spheres compared to the con-
trol group (Fig. 3D). Akt inhibition by Akti-1/2 did not 
enhance the suppressive effect of combined nutlin-3 and 
axitinib treatment on sphere formation (Fig. 3D). Further 
studies revealed that Akti-1/2-mediated Akt inhibition 
decreased the number of spheres, and no significant dif-
ference was detected between the nutling-3 + axitinib and 
Akti-1/2 groups. These findings suggested that the nutlin-
3-induced sensitization to axitinib was dependent on Akt 
inhibition.

Nutlin-3 Increased the Ratio of  
Axitinib-Induced Apoptosis

Axitinib promoted the apoptosis of lung CSCs by 
inhibiting Wnt signaling and demonstrated an inhibi-
tory effect on stem cell self-renewal. Nutlin-3 enhanced 

the tumor suppressor effect of axitinib as evidenced 
by reduced sphere formation (Fig. 3E), which further 
increased the apoptosis induced by the addition of axi-
tinib (Fig. 1D).

Axitinib Exerted Much Stronger Inhibition of the  
Wnt-Supported Self-Renewal Ability of CSCs  
in Synergy With Nutlin-3

TP53 and Akt1 form complex interacting loops, and 
the genes involved in the downstream pathway of p53 
control the division pattern of CSCs, which influences 
the molecular targeted therapy strategy for the ablation 
of CSCs. Several previous studies have shown that Ser-9 
of GSK3b can be phosphorylated by activated Akt30–32. 
In this study, shRNA-GSK3b and FB1 were used to 
control the activity of Akt1 and GSK3b. FB1 treatment 
abolished the apoptosis-promoting effect of nutlin-3 and 
at the same time offset the nutlin-3-mediated sensitiza-
tion of lung cancer cells to axitinib-induced apoptosis 
(Fig. 1D).

Figure 1.  Nutlin-3 stimulated the apoptosis-promoting effect of axitinib in non-small cell lung cancer (NSCLC) cells. Inhibition of 
proliferation under different concentrations of nutlin-3 at different times in A549 cells (A) and H460 cells (B). (C) Axitinib, 10 nM, 
promoted lung cancer cell apoptosis, and 10 µM nutlin-3 exerted a synergistic effect. (D) Fumonisin B1 (FB1) treatment offset the 
nutlin-3-induced sensitization to axitinib promoted apoptosis. (E) Flow cytometry measurements of apoptosis. The data are shown as 
means ± SD from three independent experiments. *p < 0.01.
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FB1 therefore abated the inhibition of CSC self- 
renewal by nutlin-3, and nutlin-3 lost the sensitizing 
effect on axitinib-induced apoptosis. Moreover, FB1 
reduced the inhibition of CSCs by nutlin-3 and markedly 
reduced the inhibition of CSC self-renewal by nutlin-3 
and axitinib (Fig. 3D). Inhibition of GSK3b by shRNA 
led to similar results as nutlin-3 treatment, reducing the 
sensitization for axitinib (Fig. 3E). Upregulated p53 
inhibited CSC self-renewal by decreasing TCF-4 activity 
and increasing GSK3b expression, which consequently 
blocked Wnt signaling (Fig. 3F).

Low Expression of GSK3b and Increased p-Akt Levels  
in Clinical Tissue Samples Associated With Advanced 
Lung Cancer

We measured the protein levels of GSK3b and p-Akt in 
clinical tissue samples from 28 patients with NSCLC and 
in tissues from 10 healthy controls. The results of immu-
nohistochemical staining showed that GSK3b expression 
was lower in lung cancer tissues than in normal control 
tissues (Fig. 4A) and was even lower in lung cancers 
from more advanced disease. In contrast, expression of 
p-Akt1 was higher in NSCLC than that in control tissues 
(Fig. 4B), and higher levels of p-Akt1 were correlated 

with later clinical stages. Data from Kaplan–Meier plots 
(http://kmplot.com/analysis) showed that high levels of 
GSK-3b correlated with better outcomes and longer over-
all survival (OS) (Fig. 4C), while lower levels of Akt1 
were correlated with longer OS (Fig. 4D). Heat map 
analysis (http://www.cbioportal.org/) further suggested 
a possible mechanism of nutlin-3 action in NSCLC and 
cancer stem cells dominated by p53/Akt/Wnt signaling 
(Fig. 4E).

DISCUSSION

Genetic therapy targeting p53 has high safety and effi-
ciency in tumor treatment. Therapeutic vectors incorpo-
rating the p53 gene and adenovirus genes can specifically 
kill tumor cells through various mechanisms10,33. The drug 
can be used directly for thoracic and peritoneal perfusion 
to enhance its lethality and promote the apoptosis of can-
cer cells. This is one example of using p53 as a target 
in clinical treatment. Axitinib is a small molecule inhibi-
tor that is commonly used in clinical practice, and it can 
induce significant amounts of tumor apoptosis. However, 
the development of resistance often results in treatment 
failure or tumor recurrence34, and strategies to improve 
the efficacy of axitinib in clinical cancer treatment will be 

Figure 2.  Nutlin-3 and axitinib promote ACD of NSCLC cancer stem cells (CSCs). (A) Nutlin-3 and axitinib induced stem cells 
to divide asymmetrically as revealed by PKH staining. Treatment with nutlin-3 and axitinib increased the asymmetric cell division 
(ACD) of stem cells (B) and decreased the ratio of symmetric cell division (SCD) (C) compared to the control group. *p < 0.01 versus 
dimethyl sulfoxide (DMSO; vehicle control). (D) Division pattern defined by EdU DNA staining. Treatment with nutlin-3 and axitinib 
increased the ACD of stem cells (E) and decreased the ratio of SCD (F), similar to the results of PKH dyeing. *p < 0.01 versus DMSO 
(vehicle control).
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important for developing more effective chemotherapy 
strategies and prolonging patient survival in the future35,36. 
CSCs are a special type of generalized stem cells, dis-
playing a phenomenon called ACD. It is believed that one 
daughter cell of a CSC maintains its original features of 
a stem cell, while the other will proliferate by continu-
ous rapid division to produce more cancer cells. Among 
all CSCs, most undergo symmetric division and produce 
two offspring stem cells that have such a strong prolifera-
tion ability that the tumor has an increased capacity for 

self-renewal. This, in turn, promotes the growth, mainte-
nance, and recurrence of the tumor. Because of ACD, the 
tumor has different growth trends that can be changed by 
modulating cell polarity in the process of division, offer-
ing great hope for the treatment and control of the tumor 
at the source37.

This study investigated the potential interaction between 
p53 and Akt1 in axitinib-induced apoptosis of NSCLC. 
We found that p53 has a promoting effect on lung cancer 
cell apoptosis induced by axitinib. Furthermore, nutlin-3 

Figure 3.  Nutlin-3 increased expression of GSK3b by inhibiting Akt1 phosphorylation and sensitized the CSCs to the axitinib-
induced reduction of renewal ability in an Akt repression-dependent manner. (A) Axitinib reduced TCF-4 expression levels. p-Akt1 
and GSK3b play a critical role in nutlin-3-induced sensitization to axitinib. (B, C) Nutlin-3 inhibited CSC sphere-forming ability in 
conjunction with axitinib. (D) Nutlin-3 sensitized CSCs to axitinib-induced reduction of cell number, but the inhibition of Akt1 acti-
vated by FB1 and GSK3b-shRNA offset the increase in axitinib’s effect by nutlin-3. The data represent the means ± SD from three 
independent experiments. *p < 0.01. (E, F) Nutlin-3 inhibited the capacity of CSCs to renew themselves by inhibiting Akt phosphoryla-
tion and later rescued GSK3b. FB1 addition and GSK3b inhibition both abolished the sensitizing effect of nutlin-3 on axitinib-treated 
cells. The data represent the mean ± SD from three independent experiments. *p < 0.01.
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inhibited the symmetric division and the proportion of 
CSCs by regulating the activity of Akt1/GSK3b, which 
enhanced the effect of axitinib antitumor treatment. At 
the same time, these experiments provide further insights 
into the relationship between p53 and GSK3b in apo
ptosis of lung cancer cells. Therefore, p53 affects GSK3b 
by modulating Akt1 phosphorylation, and Akt1/GSK3b 
together play a decisive role in the regulation of the divi-
sion mode of CSCs. Wnt signaling is a major controller of 
CSC division. Qu et al. have found that axitinib can direct 
ACD by blocking Wnt/b-catenin signaling, and this inter-
action was independent of the GSK3b/APC complex28. 
In our studies, we confirmed that nutlin-3, a small mol-
ecule regulator of p53, could sensitize the cancer cells 
to axitinib chemotherapy through repression of the Akt1/
Wnt-mediated stem cell renewal. Interestingly, GSK3b 
may be involved in this regulation, which indicates that 
nutlin-3 might be a suitable adjuvant for axitinib therapy. 
Thus, the combination of nutlin-3 and axitinib may offer 
a potential novel strategy for cancer treatment. This novel 
approach has the potential to improve the effects of radia-
tion and chemotherapy by regulating the division mode 

of NSCLC stem cells and the biological characteristics 
of NSCLC.
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