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Radiation/Paclitaxel Treatment of p53-Abnormal
Non-Small Cell Lung Cancer Xenograft Tumor

and Associated Mechanism
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Abstract

Background: Mutations in key tumor suppressor genes such as tumor protein 53 (TP53) and phosphatase and
tensin homolog deleted on chromosome ten (PTEN) are the main genetic alterations in cancers. TP53 mutations
have been found in most patients with non-small cell lung cancer (NSCLC), whereas PTEN mutations are rarely
found in lung cancer, though most NSCLCs lack PTEN protein synthesis. However, the signaling involved in
radio- and chemotherapy of NSCLC with wild-type PTEN and nonfunctional p53 is not clearly understood.
Methods: In this study, we established a xenograft tumor model with H358 NSCLC cells expressing wild-type
PTEN, but nonfunctional p53. Protein expression and phosphorylation of PTEN and its downstream signal
molecules in NSCLC tissues were detected by Western blot.
Results: We demonstrated that radiation and paclitaxel alone inhibited tumor growth, but a combined therapy of
radiation and paclitaxel was more effective in inhibiting NSCLC tumor growth. Interestingly, both radiation and
paclitaxel significantly increased PTEN protein expression and phosphorylation. Further identification of the affected
PTEN downstream molecules showed that Akt phosphorylation at Ser473 and Thr308 residues was significantly de-
creased, whereas Bax and cleaved caspase-3 levels were significantly increased in tumor tissues treated with both
radiation and paclitaxel. The combined treatment was more effective than either treatment alone in regulating the
studied molecules. We also found that paclitaxel, but not radiation, inhibited phosphoinositide 3-kinase (PI3K) activity.
Conclusions: Our study suggested that a PTEN-PI3K-Akt-Bax signaling cascade is involved in the therapeutic
effect of combined radiation/paclitaxel treatment in NSCLC without p53 expression. Our study also suggested
that PTEN is an ideal target in tumors with wild-type PTEN and a lack of functional p53.
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Introduction

Lung cancer is the leading cause of cancer-related mortality
in both men and women worldwide.1 Several histological

types have been identified and are classified into two groups:
small cell lung cancer and non-small cell lung cancer
(NSCLC). More than 80% of lung cancers are NSCLC.2 Only
30% of patients with NSCLC are diagnosed with early-stage
disease that is amenable for surgical and adjuvant therapy.3

Despite advances in surgical technology, the 5-year survival
rate for early-stage NSCLC is only 55%–80%.4 For unresectable

diseases, the 5-year survival rate is only 2%–5%.4 Chemother-
apy and radiotherapy are currently the main treatments for
late-stage NSCLC patients. Particularly, the application of ste-
reotactic body radiotherapy significantly improves the 5-year
survival rate.5 Paclitaxel is a natural compound originally iso-
lated from pacific yew tree bark and now used to treat a variety
of cancers, including lung cancer.6 Although a combination of
radiation and paclitaxel therapy has been evaluated in lung
cancer treatment in several clinical trials,7–9 the molecular
foundation responsible for radiation/paclitaxel therapy has
not yet been elucidated. Recently, significant progress has been
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made in understanding the molecular mechanism of lung
cancer. Recent efforts that target therapy against the molecules
involved in tumor progression and metastasis benefit overall
survival.10 Therefore, identification of the signal molecules in-
volved in the treatment of radiation/paclitaxel will benefit the
targeting therapy of NSCLC.

The tumor suppressor gene tumor protein 53 (TP53) is a
key element in cell apoptosis, cell-cycle arrest, and in main-
taining genomic stability. p53 protein exerts its role through
activating the transcription of hundreds of genes by binding
to specific sequences at their promoters.11 TP53 mutations
are the most frequent gene abnormalities leading to inacti-
vation of p53, which were identified in up to 70% of
NSCLC.1,2 Phosphatase and tensin homolog deleted on
chromosome ten (PTEN) is also a key tumor suppressor
gene, and mutations of the PTEN gene have been widely
observed in a variety of malignancies.12 However, PTEN
mutations have been reported as occurring rarely in NSCLC
(*10%), but PTEN protein synthesis is found to be reduced
in most cases of lung cancer.13 PTEN and p53 are thought to
be involved in sustaining cellular homeostasis through
complex interactions between them. For example, p53
directly binds to the PTEN promoter and regulates its tran-
scription, whereas PTEN, in turn, stabilizes p53 by directly
binding to p53 and enhances p53 activity through either
phosphatase-dependent or phosphatase-independent mech-
anisms.14 Inactivation of p53 function often correlates with
increased malignancy, poor survival, and resistance to
treatment.15 Therefore, it is important to analyze PTEN sig-
naling in NSCLC tumor cells with lacking functional p53,
which may enhance our understanding on NSCLC carcino-
genesis. By considering that about 60% of NSCLC patients
have TP53 mutations, but have no PTEN mutations, the es-
tablishment of a therapeutic strategy that induces PTEN ex-
pression will benefit the survival of NSCLC patients.

Ionizing radiation (IR) is thought to kill cells by causing
direct DNA damage, specifically double-strand breaks. The
generation of reactive oxygen species (ROS) in the cell by IR
may also indirectly damage DNA. ROS can lead to several
types of DNA damage.16 It has been demonstrated that DNA
damage can activate PTEN,17 while ROS controls the ex-
pression of various tumor suppressor genes.18 For instance,
radiation has been revealed to significantly upregulate PTEN
gene expression.19,20 Various chemotherapeutic agents used
to treat cancer also mediate their effects through the pro-
duction of ROS, which induces DNA damage.18 For example,
paclitaxel has been reported as inducing DNA damage in
tumor cells.21,22 In cancer cells that lack PTEN function, the
phosphoinositide 3-kinase (PI3K)-Akt signaling pathway is
usually activated to enhance tumor cell survival.23 In normal
cells, functional PTEN dephosphorylates PI-(3,4,5)-triphos-
phate (IP3) generated by the activation of the PI3K, thereby
negatively regulating the PI3K-Akt-mTOR pathway and
leading to G1 cell-cycle arrest and apoptosis.13 IP3 is the
activator of phosphorylation of Akt at Ser473 and Thr308

residues.24 Akt negatively regulates apoptosis by negatively
regulating Bax levels.25

In this study, we established the xenograft tumor mouse
model by subcutaneously inoculating H358 cells into the right
hind limbs of Balb/C nude mice. H358 is a tumor cell line of
NSCLC with wild-type PTEN and null p53.26 The efficacy of
combined radiation and paclitaxel therapy was evaluated by

comparing the results of the combined treatment with radi-
ation and paclitaxel alone. The activation of PTEN and its
downstream signaling was investigated in tumor tissues.

Materials and Methods

Cell culture

H358, a human NSCLC cell line with wild-type PTEN and
null p53 expression (null p53), was obtained from American
Type Culture Collection and grown in RPMI-1640 medium
with 10% fetal bovine serum at 37�C, 5% CO2.

Animals

Balb/C nude mice (BALB/c, nu/nu) at the weight of 20–
22 g were provided by the Animal Center of Shanghai
Biological Science Institution and housed in rooms under
standard lighting conditions and temperature. Water and
food were provided ad libitum. All animal experiments were
conducted under an approved protocol from the Central
South University and performed in accordance with the an-
imal care guidelines of the Chinese Council.

Tumor growth delay study

Approximately 5 · 106 H358 tumor cells were subcutane-
ously injected into the right hind limbs of mice. After the
tumors had grown to 7–8 mm in diameter, the mice were
randomly divided into four groups: control, paclitaxel alone,
radiation alone, and radiation plus paclitaxel treatment
group. Each treatment group consisted of 10 animals. The
mice in the control group were given a saline injection and
sham irradiation. The mice in the radiation alone and radia-
tion plus paclitaxel groups were irradiated with a 4 MeV
linear accelerator (Varian) at a dose rate of 2 Gy/min centered
on a tumor mass with other body parts covered. Three doses
were given at 6 Gy each for 3 continuous days. After radia-
tion, the mice in the paclitaxel alone and radiation plus pac-
litaxel groups were injected with paclitaxel (i.p.) at a dose of
8 mg/kg once a week for 5 weeks. The tumors were mea-
sured in two dimensions every 2 days, and tumor volume (V)
was calculated using the following formula: V = (1/2) S2 · L
(S, the shortest dimension; L, the longest dimension).27 The
animals were euthanized when they exhibited signs of mor-
bidity or when the subcutaneous tumor reached a size that
required sacrifice (35 days after radiation). The tumor speci-
mens were snap frozen and maintained at - 80�C.

Tumor tissue homogenate and Western blot

The tumor tissues were homogenized, and Western blot
was performed as previously described.28 The antibodies for
site-specific phosphorylation of the PI3K p85/p55 subunit,
phospho-Akt Ser473, phospho-Akt Thr308, total Akt, PTEN,
phospho-PTEN (Ser380/Thr382/383), Bax, cleaved caspase-3
(CC3), and the peroxidase-labeled secondary antibody were
purchased from Cell Signaling Technology. To control for
loading efficiency, the blots were stripped and reprobed with
a-tubulin antibody (Sigma-Aldrich). The images were scan-
ned with Adobe photoshop (Adobe) and quantified with
NIH Image J (see http://rsb.info.nih.gov). Expressions of
all proteins were evaluated relative to a-tubulin expression
(i.e., relative density = subunit/a-tubulin levels). Background
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correction values were subtracted from each lane to mini-
mize the variability across membranes.

Silencing of PTEN expression
and Hochest33342 staining

The target sequence for PTEN RNAi was previously re-
ported.29 The PTEN and control siRNA duplex sequences
were purchased from Qiagen. H358 cells were passaged 24
hours before transfection. Cells in six-well plates were
transfected with control siRNA or PTEN siRNA using Lip-
fectamine 2000 following the user manual (Invitrogen).
Forty-eight (48) hours later, the cells were irradiated for 4 Gy
and continually cultured for 24 hours or incubated with
1 mM of H2O2 for 24 hours. The cells were then subjected to
Hochest33342 staining as previously described.27

Statistical analysis

Data were analyzed using Statistical Package for the Social
Science, version 14.0. The tumor growth data were analyzed
by one-way analysis of variance followed by the Bonferroni
paired t-test to assess the statistical significance of difference
between different treatment groups. Statistical analysis for
Western blot data was done with the two-tailed Student’s
t-test. All data are presented as mean – standard error of the
mean. A p < 0.05 was considered statistically significant.

Results

Combination of radiation and paclitaxel treatment
significantly inhibited H358 tumor growth

After the H358 tumor reached 7–8 mm in diameter, the
mice were given direct irradiation on the tumor mass fol-
lowed by a paclitaxel injection. Tumor growth was subse-
quently measured. As shown in Figure 1, although tumor
growth was inhibited in paclitaxel-injected mice, it is less

efficient than radiation alone and the combined treatment,
suggesting that H358 cells were resistant to paclitaxel. Re-
latively, radiation was much better at inhibiting tumor
growth at later time points compared with a paclitaxel in-
jection (p < 0.05 from day 19). However, the combined
treatment of radiation and paclitaxel was much more effec-
tive than either radiation alone or paclitaxel alone groups
while significantly inhibiting tumor growth at 13 days post
first radiation. The inhibition was increasingly more signifi-
cant with time ( p < 0.05 from day 13 to 19, p < 0.01 from day
21 to 29, and p < 0.001 from day 31 to 35 vs. control group).

Radiation/paclitaxel significantly upregulated PTEN
expression and phosphorylation and reduced
PI3K activity in H358 tumor tissues

Previous studies have demonstrated that radiation sig-
nificantly upregulates PTEN expression in cultured cells.19,20

To explore whether the antitumor effect of combined treat-
ment was mediated by PTEN signaling-induced apoptosis,
we measured the levels of total PTEN (Fig. 2A) and phos-
phorylated PTEN protein (Fig. 2B) after treatments. Al-
though paclitaxel and radiation alone had significantly
increased total PTEN and phospho-PTEN levels, the com-
bined treatment was more effective and resulted in a 2.5- and
3.2-fold increase in protein levels compared with either of the
two single treatments, respectively. PI3K is a key down-
stream molecule of PTEN.13 We further tested PI3K activa-
tion determined by site-specific phosphorylation of the PI3K
p85/p55 subunit.24 Radiation alone exhibited no significant
effect on PI3K activity, whereas paclitaxel significantly re-
duced PI3K activity. The combined treatment resulted in
62% reduction in PI3K activity (Fig. 2C).

Radiation/paclitaxel significantly reduced Akt
phosphorylation in H358 tumor tissues

PI3K is the main activator of Akt and PI3K-produced IP3
activates Akt through phosphorylation of Akt at Ser473 and
Thr308 residues.24 As shown in Figure 3, all treatments sig-
nificantly decreased the levels of Akt phosphorylation at
Ser473 and Thr308 residues (Fig. 3A, B). The combined treat-
ment was more effective in downregulating Akt phosphor-
ylation than either treatment alone. In contrast, all treatments
had no effect on total Akt levels (Fig. 3C), suggesting that
Akt activity, but not Akt expression, was downregulated.

Radiation/paclitaxel significantly upregulated Bax
and CC3 levels in H358 tumor tissues

Akt is an important survival factor. Thus, inhibition of Akt
activity should induce apoptosis. We measured Bax protein
level and caspase-3 activation (cleaved 17 and 19 kDa frag-
ment). Although paclitaxel and radiation alone increased Bax
(Fig. 4A) and CC3 levels (Fig. 4B), the combined treatment
was more effective.

Silencing of PTEN expression in cultured H358 cells
inhibited apoptosis induced by radiation and 1 mM
H2O2 treatments

To further investigate the role of PTEN in tumor cell ap-
optosis induced by radiation and reactive oxygen stress, we
knocked down PTEN expression and observed apoptosis in

FIG. 1. Tumor growth delay by radiation/paclitaxel treat-
ments. H358 cells (5 · 106) were injected (s.c.) into the flanks
of nude mice. The measurement of tumor sizes was con-
ducted every 2 days. Bars represent – standard error of the
mean. *p < 0.01 between combination treatment and control
groups. #p < 0.05 between radiation alone and control group.
Taxol, paclitaxel; Rad, radiation. n = 10.
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H358 cells under the treatment of radiation (4 Gy) and H2O2

(1 mM). Results demonstrated that PTEN siRNA transfection
significantly inhibited PTEN expression (Fig. 5A). The knock-
down of PTEN expression significantly inhibited radiation-
induced apoptosis (Fig. 5B, C). Similarly, the knockdown of
PTEN expression significantly inhibited H2O2-induced apo-
ptosis in H358 tumor cells (Fig. 5D, E). This result suggested
that radiation- and oxygen-stress-induced apoptosis in H358
cells was mediated by PTEN gene expression.

Discussion

Cancer patients with wild-type p53 usually have a better
survival rate compared with patients with mutated p53
when treated with chemotherapy.30 However, about 70% of
NSCLCs have been reported to have TP53 gene mutations. In
contrast, PTEN mutations are rarely found in lung cancer,
but most NSCLCs lack PTEN protein synthesis. Importantly,
p53 and PTEN regularly interact with each other. This raises
a question of whether anticancer agents could effectively
establish their therapeutic effect on NSCLC via PTEN, but
independent of p53. The current study answered this ques-
tion. The therapeutic effect could be effectively established
by a combination of radiation and paclitaxel through the
upregulation of PTEN expression, PTEN activity, and activ-
ity of downstream molecules in NSCLC without p53.
Although the antitumor effect of radiation and paclitaxel has

been evaluated in lung cancer patients in clinical trials,7–9 the
molecular mechanism involved in the treatment, particularly
its correlation with p53 or PTEN, remains unknown. In this
study, we established a tumor xenograft animal model by
using NSCLC cells expressing wild-type PTEN, but not p53.
With this animal model, we confirmed the therapeutic effect
of combined radiation and paclitaxel treatment on NSCLCs
lacking functional p53. Although radiation alone signifi-
cantly inhibited tumor growth, combined therapy was more
effective. Importantly, we elucidated the molecular mecha-
nism involved in the treatment of NSCLC with radiation and
paclitaxel. Our study, therefore, suggests that antitumor
therapy can be established by targeting PTEN expression
and/or activity in NSCLC patients with the p53 mutation.

It is widely accepted that radiation causes initial DNA
damage by directly breaking double-stranded DNA and
damages DNA further by inducing ROS production. DNA
damage activates a lot of genes, which subsequently leads to
DNA repair in normal tissue, while also activating tumor
suppressor genes to induce cell apoptosis underlying radio-
therapy and chemotherapy. For example, radiation-induced
DNA damage can activate PTEN.17,18 PTEN possesses a
carboxy terminal, noncatalytic regulatory domain with three
phosphorylation sites (Ser380, Thr382, and Thr383). Phosphor-
ylation at these sites increases PTEN stability and positively
affects PTEN’s biological activity.31,32 Therefore, it is not
surprising that in this study, radiation increased PTEN

FIG. 2. Western blot of phosphatase and
tensin homolog deleted on chromosome
ten (PTEN) and phosphoinositide
3-kinase (PI3K) activity. (A) Total PTEN
levels. (B) Phospho-PTEN levels. (C)
Phospho-PI3K p85/p55 subunit. *p < 0.05,
#p < 0.01, **p < 0.001 versus control. Taxol,
paclitaxel; Rad, radiation. n = 10.
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protein level and PTEN activity. Interestingly, paclitaxel was
previously revealed as exerting its therapeutic role by
blocking mitosis through stabilizing spindle microtubule
dynamics33 and by inhibiting integrins’ and HSP90’s func-
tions.34 A recent study demonstrated that paclitaxel can in-
duce caspase-independent mitotic death relating to p73, but
not p53 activation.35 Our study is the first which demon-
strates that paclitaxel exerts an antitumor effect on NSCLC
without p53 expression via initiating PTEN signaling. Pacli-
taxel has been demonstrated as inducing DNA damage in
tumor cells.21,22 We, therefore, proposed that paclitaxel-
induced DNA damage also activates PTEN. Generally, PTEN

dephosphorylates PI3K-produced IP3 and subsequently
regulates the PI3K-Akt-mTOR pathway.13 In this study, we
also observed that paclitaxel, but not radiation, activated
PI3K, identified by the site-specific phosphorylation of the
PI3K p85/p55 subunit.24 However, how paclitaxel activates
PI3K is currently unclear.

Although different kinases are responsible for Akt phos-
phorylation at serine 473 and threonine 308 residues, PI3K-
mediated full activation of Akt requires phosphorylation on
both residues.24 In this study, Akt phosphorylation on both
Thr308 and Ser473 was significantly decreased in radiation
alone, paclitaxel alone, and in their combination. The Akt

FIG. 3. Western blot of Akt expression
and phosphorylation. (A) Akt Ser473

levels. (B) Akt Thr308 levels. (C) Total
Akt levels. *p < 0.05, #p < 0.01, **p < 0.001
versus control. Taxol, paclitaxel; Rad,
radiation. n = 10.

FIG. 4. Bax and cleaved caspase-3 (CC3)
levels. (A) Bax levels. (B) CC3 levels (17
and 19 kDa). *p < 0.05, **p < 0.001 versus
control. Taxol, paclitaxel; Rad, radiation.
n = 10.
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phosphorylation levels were obviously associated with the
PTEN activity, suggesting that a decrease in Akt phosphor-
ylation is PTEN activity dependent. The PI3K-Akt pathway
is involved in the regulation of cell survival, apoptosis, and
growth.8 Therefore, decreased Akt activity may be respon-
sible for the antitumor effect of radiation and paclitaxel on
NSCLC through inducing tumor cell apoptosis. Bax is an
apoptotic protein negatively regulated by Akt, but positively
regulated by p53.25 Caspase-3 is one of the most widely
studied effector caspases. Activated caspase-3 plays pivotal
roles in both the death receptor pathways induced by cas-
pase-8 and the mitochondrial pathway involving caspase-9.36

We, therefore, measured the Bax protein and CC3 levels in
NSCLC tissues. As expected, the levels of Bax and activated
caspase-3 were significantly upregulated in radiation alone,
paclitaxel alone, and the combined treatment. Moreover, Bax
and activated caspase-3 levels positively correlated with
PTEN activity, but negatively correlated with the tumor
growth and Akt phosphorylation. Our study suggested a
PTEN-PI3K-Akt-Bax signal pathway, which mediated the

therapeutic effect of radiation and paclitaxel in p53-dys-
functional NSCLC (Fig. 6).

Although p53 is the key target of irradiation and most
chemotherapy agents,37 we found in this study that PTEN is
a direct target of radiation and paclitaxel in NSCLC tumor
cells lacking functional p53. The therapeutic effect of radia-
tion and paclitaxel was mediated by the upregulation of
PTEN activity and its downstream signaling. We proposed
that radiation leads to direct DNA damage or indirect DNA
damage by ROS, and paclitaxel also induces DNA damage.
DNA damage then either stimulates PTEN expression or
decreases PTEN degradation by upregulating its phosphor-
ylation. The activated PTEN inhibits PI3K activity, and
subsequent Akt activity. The loss of Akt activity results in
high Bax levels, which induces tumor cell apoptosis (Fig. 5C).
Interestingly, paclitaxel also inhibited PI3K activity in an
unknown mechanism. Our in vitro study demonstrated that
the silencing of PTEN expression in H358 cells significantly
inhibited radiation and H2O2-induced cell apoptosis (Fig. 5).
Therefore, our study not only confirmed the therapeutic role
of radiation and paclitaxel in p53-abnormal NSCLC, but also
elucidated its molecular mechanism. Importantly, our study
suggested that PTEN can be a key therapeutic target inde-
pendent of p53.

In conclusion, combined radiation and paclitaxel treat-
ment is more effective in inhibiting tumor growth in NSCLC
with p53 abnormality than radiation and paclitaxel treatment
alone. Both radiation and paclitaxel achieve a therapeutic
effect by inducing tumor cell apoptosis via the activation of
PTEN-PI3K-Akt-Bax signaling. PTEN can be an ideal target
in treating NSCLC with lack of p53.
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FIG. 5. Knockout of PTEN expression
inhibited radiation and H2O2-induced
apoptosis in H358 cells. (A) Western blot
of PTEN protein expression in cultured
H358 cells transfected with control
siRNA (RNAi-control) or PTEN siRNA
(RNAi-PTEN). (B) Representative of
Hochest33342 staining of H358 cells
treated with radiation and transfection of
control siRNA and PTEN siRNA. A
significant decrease in apoptosis was
observed in irradiated H358 cells
transfected with PTEN siRNA compared
with control siRNA (C). (D)
Representative of Hochest33342 staining
of H358 cells treated with 1 mM H2O2 and
transfection of control siRNA and PTEN
siRNA. A significant decrease in
apoptosis was observed in H2O2-treated
H358 cells transfected with PTEN siRNA
compared with control siRNA (E).
*p < 0.001 versus control. n = 5.

FIG. 6. Schematic representation of the signaling pathways
involved in radiation/paclitaxel treatment in non-small cell
lung cancer without p53. Radiation (RT) produces reactive
oxygen species (ROS), which leads to DNA damage. DNA
damage stimulates PTEN activation, subsequently inhibits
PI3K-Akt activity, which results in high Bax and activated
caspase-3 levels and tumor cell apoptosis.
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