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Genetic variants in PIBK/AKT pathway are associated with
severe radiation pneumonitis in lung cancer patients
treated with radiation therapy

Yang Tang, Bo Liu, Jing Li, Huanlei Wu, Ju Yang, Xiao Zhou, Mingxiao Yi, Qianxia Li, Shiying Yu

& Xianglin Yuan

Department of Oncology, Tongji Hospital, Huazhong University of Science and Technology, Wuhan, Hubei Province, China

Keywords
AKT, lung cancer, PI3CA, PI3K, radiation
pneumonitis, SNP

Correspondence

Xianglin Yuan, Department of Oncology,
Tongji Hospital, Huazhong University of

Science and Technology, Wuhan, Hubei

Province, China.

Tel: +00862783663342;

Fax: +00862783663342;

E-mail: yxl@medmail.com.cn

Funding Information
This study was supported by grants from the
National Natural Science Foundation of China

(grants 81272492 and 81472921).

Received: 5 July 2015; Revised: 22 September
2015; Accepted: 23 September 2015

Cancer Medicine 2016; 5(1):24-32

doi: 10.1002/cam4.564

Introduction

Lung cancer is the leading cause of cancer-related mortal-
ity worldwide, with approximately 1.59 million deaths
The American Cancer Society
estimated that lung cancer accounts for 159,260 deaths
annually, which is approximately 28% of all male cancer
deaths and 26% of all female cancer deaths in the United
States [2]. For lung cancer patients, radiotherapy (RT)
with or without chemotherapy remains the cornerstone

globally each year [1].

treatment.

As the most common complication and the major dose-
limiting toxicity associated with radiotherapy, radiation
pneumonitis (RP) is a type of inflammation and subse-
quent fibrosis that occurs after irradiation, and might
hinder the tumor-controlling effects of radiotherapy by
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Abstract

PI3K/AKT pathway plays important roles in inflammatory and fibrotic diseases
while its connection to radiation pneumonitis (RP) is unclear. In this study,
we explored the associations of genetic variants in PI3K/AKT pathway with RP
in lung cancer patients with radiotherapy. Two hundred and sixty one lung
cancer patients with radiotherapy were included in this prospective study
(NCT02490319) and genotyped by MassArray and Sanger Sequence methods.
By multivariate Cox hazard analysis and multiple testing, GA/GG genotype of
AKT2: 1533933140 (HR = 0.272, 95% CI: 0.140-0.530, P = 1.3E—4, P_ = 9.1E—4),
and the GT/GG genotype of PI3CA: rs9838117 (HR = 0.132, 95% CI: 0.042-0.416,
P =0.001, P, = 0.006) were found to be strongly associated with a decreased
occurrence of RP > grade 3. And patients with the CT/TT genotype of AKT2:
rs11880261 had a notably higher incidence of RP > grade 3 (HR = 2.950, 95%
CI: 1.380-6.305, P = 0.005, P, = 0.025). We concluded that the genetic variants
of PI3K/AKT pathway were significantly related to RP of grade > 3 and may
thus be predictors of severe RP before radiotherapy, if further validated in larger
population.

limiting the radiation dose that can be applied and the
size of the irradiated volume [3, 4]. Further, RP can cause
poor quality of life or life-threatening symptoms in 5-50%
of all patients who are irradiated for lung cancer [5, 6].
Consequently, establishing reliable predictors for the
occurrence of RP is of great significance such that the
therapeutic effects of RT can be maximized while mini-
mizing its adverse effects. In addition to the patient- and
treatment-related factors reported by previous studies,
including Karnofsky performance status (KPS), chronic
lung disease, smoking status, chemotherapy, dosimetric
parameters, and plasma values of TGFB [5, 7-11], some
genetic variants were recently found to be associated with
the occurrence and development of RP [12, 13]. Single-
nucleotide polymorphisms (SNPs) of TGFP were found
by us to be related to RP previously [14]. However, the
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roles of genetic variants in downstream pathway of TGFf
in RP
investigation.

As an important downstream of TGFp, PI3K/AKT path-
way was demonstrated to participate in the pathogenesis
of inflammation and fibrosis diseases. There is now strong
evidence that PI3K/AKT can regulate several determinant
events in the inflammatory response to injury [15]. Several
studies demonstrated that PI3K inhibitors or genetic loss
of PI3K cause reduction in recruitment and activation of
lymphocytes, neutrophils, macrophages, and eosinophils
in a variety of in vitro and in vivo researches [16, 17].
AKT can also regulate development and differentiation
of lymphocytes by FOXO [18]. Meanwhile, PI3K/AKT
pathway also plays important roles in pulmonary fibrosis
[19, 20]. In the pathogenesis of RP, lung epithelia cells
are demonstrated to transdifferentiate into fibroblast-like
cells by epithelial-to-menschymal transition (EMT) [4].
PI3K/AKT signaling pathway is a critical mediator of EMT
[21]. Moreover, PI3K/AKT can suppress the apoptosis of
fibroblasts and affect adhesion of fibroblasts with fibronec-
tin and collagen by interaction with other signaling path-
ways [19, 22]. However, to the best of our knowledge,
no studies have addressed the role of genetic variants of
PI3K/AKT signaling pathway in RP. So we supposed that
SNPs in PI3K/AKT were associated with the occurrence
and development of RP. To verify this hypothesis, we
selected seven potentially functional SNPs from three genes
in PI3K/AKT signaling pathway, PI3CA, AKT1, and AKT2
to discover their potential associations with the occurrence
of severe RP in lung cancer patients treated with radia-
tion therapy.

remain unclear, which deserves our further

Materials and Methods

Patient population

For our prospective study (NCT02490319), 301 lung cancer
patients were initially enrolled. All patients were treated
with radiation therapy at Tongji Hospital, Huazhong
University of Science and Technology (Wuhan, Hubei
Province, China) between 2008 and 2014. We included
the patients with a radiation dose of at least 45 Gy,
age > 18 years old, KPS > 60, and a life expectancy of
at least 6 months. Patients with previous thoracic irradia-
tion or severe cardiopulmonary diseases were excluded
from our study. Of the 301 patients, 261 patients (198
with non-small cell lung cancer and 63 with small-cell
lung cancer) were eventually included for the final geno-
typing analysis (Fig. 1). Samples from 169 patients were
firstly used to genotype the seven candidate SNPs by
MassArray to screen for the RP susceptibility variants.
And the significant SNPs were then genotyped by Sanger
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Sequencing in the remaining 92 patients. This study was
approved by the Review Board of Tongji Hospital. Written
informed consents were obtained from all patients for
the use of their clinical information and for obtaining
their blood and DNA.

Treatment and follow-up

All patients received radiotherapy with 6-MV X-rays from
a linear accelerator (Elekta Synergy, Elekta, Sweden). The
median total radiation dose was 54 Gy (range: 45 to 66 Gy),
with 1.5 to 2 Gy administered per radiation treatment.
IMRT (intensity-modulated radiation therapy) was admin-
istered to 62.1% of patients (n = 162). Computed tomog-
raphy simulation (CT/e, GE, Fairfield, CT) was performed
before the RT treatment was planned. The target volumes
and critical normal organs were delineated by the three-
dimensional planning system (Pinnacle Version 9.2, Andover,
MA, USA). The baseline clinical characteristics and treat-
ment details of the patients are shown in Table 1.

All patients enrolled in this study were examined during
and 1 month after radiotherapy. Then, the patients were
followed every 3 months for the first year and every 6 months
thereafter. At each follow-up visits, all patients were asked
to undergo a chest X-ray or CT and clinical information,
including symptoms, was collected. RP was graded by two
radiation oncologists according to the Common Terminology
Criteria for Adverse Events 4.0 as follows: Grade 0, no
change; Grade 1, asymptomatic and diagnosed by radio-
graphic findings only; Grade 2, symptomatic, not interfering
with daily activities; Grade 3, symptomatic, interfering with
daily activities or oxygen required; Grade 4, assisted ven-
tilation required; Grade 5, fatal.

Genotyping methods

We collected the patients’ blood 1 month before the initiation
of the radiation therapy. Genomic DNA was extracted with
a PureLink Genomic DNA Mini Kit (Invitrogen, K1820-01
Invitrogen, Waltham, MA, USA) from peripheral blood.
Haploview software was used to choose the SNPs in PI3K/
AKT pathway. We chose three core genes (PI3CA, AKTI,
AKT2) along PI3K/AKT pathway by the candidate gene ap-
proach [23]. All of the SNPs had minor allele frequencies
>5% in the Chinese population based on the HapMap HCB
data, and all correlated alleles were captured at r> > 0.8.
And we only selected the SNPs that are located at 5" or
3"-UTR gene region, predicted to be functional by bioinfor-
matics analysis and were found to be associated with cancer
by previous reports. Seven single-nucleotide polymorphisms
(SNPs) were selected eventually (Table 2). For all seven SNPs,
genotypes were firstly determined using the MassArray system
(Sequenom iPLEX assay, San Diego, CA). The sample DNA
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4
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Genotypes analysis
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MassArray
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by Sanger Sequencing
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Figure 1. Patient flow diagram.

was amplified by a multiplex PCR reaction, and the PCR
products were then used for a locus-specific single-base ex-
tension reaction. Finally, the resulting products were desalted
and transferred to a 384-element SpectroCHIP array. The
alleles were discriminated by mass spectrometry (Sequenom).
After analysis, three RP susceptibility SNPs, PI3CA:
rs9838117, AKT2: 1s33933140, and AKT2: 1s11880261
were then genotyped by Sanger Sequencing method in the
remaining 92 patients. The primer pairs for rs9838117 were
F: 5-CTCAGCAGGCAAAGACCG-3’; R: 5- CAAGAGTCCC
TTCCACCC-3', for rs33933140 were F: 5-CCCCAAATGT
TCCTCCTGC-3; R: 5-ACGCTCGCTGCCATCAC-3’, and
for rs11880261 were F: 5-AGAAATGCTGGACTGGCTG
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TAGG-3; R: 5-CAGAGGTCTCATAGCTGAAGTGGG-3".
The PCR products were then subjected to DNA sequencing
to detect mutations.

Statistical analysis

The end point for this study was the development of
RP > grade 3. The time to the end point was calculated
from the start of radiotherapy. Patients who did not
experience RP > grade 3 within 12 months of RT were
censored. The definition of smoker is the person who
has or had smoked for more than 6 months, including

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Table 1. Patient characteristics and association between Patient-, Tumor-, and Therapy-Related Characteristics and Grade > 3 Radiation Pneumonitis

(n=261).
Univariate analysis Multivariate analysis
No. of
Parameter patients HR 95% Cl P HR 95% ClI P
Gender
Male 198 1 1
Female 63 0.581 0.243-1.394 0.224 0.679 0.217-2.126 0.507
Age, years
<58 121 1 1
>58 140 2.121 1.048-4.292 0.037 2.185 1.021-4.678 0.044
Histology
SCLC 87 1 1
NSCLC 174 1.062 0.534-2.114 0.864 2.107 0.922-4.816 0.077
Squamous cell 77 0.857 0.361-2.033 0.726 1.057 0.407-2.735 0.911
Adenocarcinoma 79 1.132 0.509-2.521 0.761 2.406 0.939-6.163 0.067
Others 18 1.641 0.529-5.090 0.391 1.946 0.562-6.739 0.294
Stage
[l 26 1 1
-1V 235 0.700 0.273-1.797 0.459 0.703 0.250-1.981 0.505
KPS
80-100 197 1 1
<80 64 1.158 0.561-2.393 0.691 1.119 0.518-2.418 0.775
Smoking
Nonsmoker 159 1 1
Smoker 102 1.586 0.784-3.210 0.200 1.116 0.429-2.903 0.822
Surgery
No 136 1 1
Yes 125 0.600 0.311-1.156 0.127 0.611 0.268-1.394 0.242
Induction chemotherapy
No 10 1 1 1
Yes 251 0.635 0.153-2.642 0.533 0.689 0.151-3.149 0.631
CRT
No 192 1 1
Yes 69 1.560 0.794-3.064 0.197 1.849 0.882-3.874 0.104
IMRT
No 162 1 1
Yes 99 0.560 0.294-1.067 0.078 0.456 0.226-0.920 0.028
Radiation dose, cGy
<5400 115 1 1
>5400 146 1.940 0.958-3.925 0.066 1.381 0.641-2.978 0.410
'MLD, cGy
<1500 190 1 1
>1500 71 2.783 1.460-5.304 0.002 2.929 1.397-6.140 0.004
Va0
<24% 120 1 1
>24% 141 2.393 1.158-4.945 0.018 2.823 1.271-6.267 0.011
COPD
No 23 1 1
Yes 238 1.274 0.451-3.597 0.647 1.141 0.379-3.437 0.822

Multivariate analyses were adjusted for all of the factors in this table. KPS, Kamofsky performance status; CRT, concurrent chemoradiation; IMRT,
intensity-modulated radiation therapy; MLD, mean lung dose; V,,, volume of normal lung receiving 20 Gy or more radiation; COPD, chronic

obstructive pulmonary disease.

TEither MLD or V,, was used in the multivariate analyses, but not both.

former smoker and current smoker. And the nonsmoker
means the person who has never smoked or has/had
smoked for <6 months. SPSS 21.0 statistical software
(SPSS, Inc., Chicago, IL) was used for the statistical

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

analysis. Patients were divided into groups according to
their genotypes, and Cox proportional hazard analysis was
applied to estimate the hazard ratio (HR) and 95% con-
fidence intervals (CIs) of all factors possibly related to
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Table 2. Genes and single-nucleotide polymorphisms selected for
analysis.

Genes and single-

nucleotide
polymorphism Allelic change Functional consequence
PIK3CA
rs2699887 A/G Upstream variant 2KB
rs6443626 (@2) Utr variant 3 prime
rs9838117 G/T Utr variant 3 prime
AKT1
rs2498786 C/G Upstream variant 2KB
AKT2
rs11880261 (@2) Utr variant 5 prime
rs33933140 A/G Utr variant 3 prime
rs7254617 A/G Upstream variant 2KB

the risk of RP. Moreover, multivariate Cox regression
analysis was used for the adjustment of covariates. The
influences of the genotypes on RP risk were assessed by
Kaplan—Meier analysis and compared with log-rank tests.
For genotype analysis, P-values were corrected by the
Benjamini and Hochberg False Discovery Rate
correction.

Results

Patient characteristics and radiation
pneumonitis

Two hundred and sixty one patients were included in this
study with 198 males and 63 females. Their characteristics
are listed in Table 1. The median age of the population
was 58 years (range from 29 to 79 years); 174 patients
had NSCLC, and 87 had SCLC. In the study cohort, 90%

Y. Tang et al.

surgery before RT, almost all patients (96.2%) received
induction chemotherapy before radiotherapy, 26.4% had
concurrent chemoradiation, and 25.3% patients received
both induction chemotherapy and concurrent chemoradia-
tion. The median radiation dose was 54 Gy (range from
45 to 66 Gy), the median MLD was 13.50 Gy (range from
1.78 to 20.17 Gy), and the median V,; was 24.15% (range
from 0 to 42.00%). We used 15 Gy as the cutoff value
of MLD in our cohort because MLD > 15 Gy is an im-
portant domestic predictor of severe RP occurrence and
has been used by many published researches [14, 24]. The
characteristics of 169 patients, who were firstly genotyped
by MassArray to screen for RP susceptibility variants, are
listed in Table SI.

Within 12 months of radiotherapy, 37 patients (14.2%)
suffered RP > grade 3. The associations between patient-,
tumor-, and therapy-related characteristics and RP > grade
3 are listed in Tables 1. The univariate and multivariate
analysis by Cox regression model revealed that MLD, V,,
age, IMRT was significantly related to RP > grade 3.
Patients with elder age, MLD > 15 Gy, V,;, > 24% had
higher risk of RP > grade 3 compared with those coun-
terparts (HR = 2.185, 95% CI: 1.021-4.678, P = 0.044;
HR = 2.929, 95% CI: 1.379-6.140, P = 0.004; HR = 2.823,
95% CI: 1.271-6.267, P = 0.011, respectively). Moreover,
patients receiving IMRT were associated with decreased
incidence of RP (HR = 0.456, 95% CI: 0.226-0.920,
P = 0.028) (Table 1), which were consistent with the
results of other publications [5].

PI3CA and AKT2 SNPs and RP

Seven candidate SNPs in PI3K/AKT pathway were
screened by MassArray in 169 patients for RP suscep-

of patients had stage III-IV disease, 52.1% underwent  tibility variants (Table 2). Among them, PI3CA:
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Figure 2. Kaplan—Meier estimates RP-free survival (RP > grade 3) for each genotype. (A) PI3CA: rs9838117; (B) AKT2: rs11880261 (C) AKT2:
rs33933140. Patients with GT/GG genotype of PI3CA: rs9838117 (P = 0.0005), the CC genotype of AKT2: rs11880261 (P = 0.006), and the GA/GG
genotype of AKT2: rs33933140 (P = 0.0001) had significantly lower risks of RP > grade 3.
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Table 3. Association between genotypes and Grade > 3 RP.

SNPs in PI3K/AKT Pathway and RP

Univariate analysis

Multivariate analysis

Polymorphism No. of No. of :
and Genotype event total HR 95% Cl P HR 95% Cl P P
AKT2:rs33933140

AA 18 64 1 1

GA+GG 19 197 0.309 0.162-0.589 3.6E-4 0.272 0.140-0.530 1.3E-4 9.1E-4
AKT2: 511880261

CcC 9 117 1 1

CT+TT 28 144 2.726 1.286-5.778 0.009 2.950 1.380-6.305 0.005 0.025
PI3CA: rs9838117

T 4 8 1 1

GT + GG 33 253 0.191 0.067-0.540  0.002 0.132 0.042-0.416 0.001 0.006

Multiple analyses in this table were adjusted for all of the factors listed in Table 1. HR, hazard ratio; Cl, confidence interval.
P P-value corrected by Benjamini and Hochberg False Discovery Rate correction.

rs9838117, AKT2: rs33933140, and AKT2: rs11880261
were found to be significantly associated with the
occurrence of RP > grade 3 (Table S3). The above three
SNPs were then genotyped by Sanger Sequencing method
in the remaining 92 patients, bringing the total popula-
tion of 261 patients genotyped for these three SNPs.
Figure 2 is a plot of the RP-free survival percentage
for RP > grade 3 for each genotype of PI3CA: rs9838117,
AKT2: 1533933140, and AKT2: rs11880261 determined
by the Kaplan—Meier method. Patients with the GT/GG
genotype of PI3CA: rs9838117 (P = 0.0005, Fig. 2A),
the CC genotype of AKT2: rs11880261 (P = 0.006,
Fig. 2B), and the GA/GG genotype of AKT2: rs33933140
(P = 0.0001, Fig. 2C) had significantly lower risks of
RP > grade 3. Furthermore, multiple Cox proportional
hazard analyses with adjustments for all of the charac-
teristics listed in Table 1 revealed that the GA/GG
genotype of AKT2: rs33933140 (HR = 0.272, 95% CI:
0.140-0.530, P = 1.3E-4, P, = 9.1E-4), and the CG/
GG genotype of PI3CA: rs9838117 (HR = 0.132, 95%
CIL: 0.042-0.416, P = 0.001, P, = 0.006) were strongly
related to a decreased occurrence of RP > grade 3.
Moreover, patients with the CT/TT genotype of AKT2:
rs11880261 had a notably higher incidence of RP > grade
3 (HR = 2.950, 95% CI: 1.380-6.305, P = 0.005,
P = 0.025) (Tables 3).

AKT2: rs33933140 and dosimetric factors

Patients were divided to four groups based on the dosi-
metric factors-V,; or MLD and rs33933140 genotypes in
order to evaluate the impact of the rs33933140 genotypes
on RP in different dosimetric groups. Patients with AA
genotype of AKT2: rs33933140 and MLD > 15 Gy or
V,, > 24% had the highest risk of RP grade > 3 com-
pared with other groups (P < 0.0001 and P < 0.0001,
respectively, Fig. 3A, B). Interestingly, for the patients

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

with  AKT2: 1s33933140 GA/GG  genotype and
MLD > 15 Gy or V,; > 24%, they had the same incidence
of RP > grade 3 with the patients who received MLD
<15 Gy or V,, < 24%, suggesting the dominant and
independent role of rs33933140 genotypes in severe RP.

Discussion

Current study evaluated the genetic variants of PIK3CA,
AKT1, and AKT2, all of which are genes in PI3K/AKT
pathway, to discover their potential associations with the
occurrence of RP in lung cancer patients with radiotherapy.
Among them, three SNPs, PI3CA: rs9838117, AKT2:
1s33933140, and AKT2: rs11880261, were found to be sig-
nificantly associated with the occurrence of RP > grade 3.
Patients with the TT genotype of PI3CA: rs9838117, the
AA genotype of AKT2: rs33933140, and the CT+TT geno-
type of AKT2: rs11880261 had a significantly increased risk
of RP after radiotherapy for lung cancer. We also discovered
that the association between rs33933140 and RP grade > 3
was independent of MLD and V,;, and further identified
a group of patients with the highest risk of severe RP
(patients with AA genotype of 1533933140 and
MLD > 15 Gy or V,, > 24%). To the best of our knowl-
edge, it is the first study to address the associations between
genetic variants in PI3K/AKT pathway and RP risk.

The occurrences of RP > grade 3 were 14.2%, which
were similar to those reported previously [14.] Due to the
prospective nature of our study, the incidence rate of RP
was relatively higher than in some retrospective studies
[6]. We also confirmed that age, MLD, and V,, was closely
related to the risk of RP. In our cohort, patients with
age > 58, MLD > 15 Gy, and V,, > 24%, and without
receiving IMRT had a greater risk of developing RP
grade > 3, which verified the associations between the
patient- and radiation dosimetric-related factors and the
occurrence of severe RP.
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Figure 3. Kaplan-Meier estimates effect of genotype in rs33933140 and dosimetric parameters on RP-free survival (RP > grade 3). (A) rs33933140
and MLD; (B) rs33933140 and V,,. Patients with AA genotype of AKT2: rs33933140 and MLD > 15 Gy or V,, > 24% had the highest risk of RP
grade > 3 compared with other groups (P < 0.0001 and P < 0.0001, respectively).

As a complication after the thoracic irradiation, RP is
characterized by inflammation and subsequent fibrosis of
the lung. It is well-known that proinflammatory and fibro-
genic cells and cytokines induced by irradiation are involved
in the pathogenesis of RP. However, the molecular mecha-
nisms of RP pathogenesis are poorly defined and remain
under intensive research. Genetic variants of PI3CA, which
is the catalytic domain for PI3K and AKT2 were found to
be notably related to severe RP in our cohort. The PI3Ks
are intracellular lipid kinases and can catalyze the phos-
phorylation of phosphatidylinositol 3,4-bisphosphate (PIP2)
to phosphatidylinositol 3,4,5-triphosphate (PIP3), allowing
the phosphorylation of AKT [25-27]. The PI3K/AKT pathway
has been proved to be involved in multiple cellular processes
including cell proliferation, apoptosis, survival, inflammation,
and fibrosis. It is well-known that the PI3K/AKT pathway
can regulate several determinant events in the inflammatory
response to injury. Several studies demonstrated that the
PI3K inhibitors or genetic loss of PI3K causes reduction in
recruitment and activation of lymphocytes, neutrophils,
macrophages, and eosinophils in a variety of in vitro and
in vivo researches. Moreover, PI3Ks play important roles
in T and B cell development, survival, proliferation, and
differentiation [28, 29]. Activated AKT, composed of three
major isoforms AKT1, 2, 3, can also regulate FOXO tran-
scription factors, which are crucial regulators of immune
homeostasis[18]. Meanwhile, PI3K/AKT pathway also plays
important roles in pulmonary fibrosis. Upexpression of PI3K
in myofibroblasts and bronchiolar basal cells was found in

30

idiopathic pulmonary fibrosis [30]. In the pathogenesis of
RP, lung epithelial cells are demonstrated to transdifferenti-
ate into fibroblast-like cells by epithelial-to-menschymal
transition (EMT). PI3K/AKT signaling pathway is a critical
mediator of EMT. Moreover, PI3K/AKT can suppress
FoxO3a, which is a critical promoter of the apoptosis in
fibroblasts [31]. PI3K/AKT can also affect adhesion of
fibroblasts with fibronectin and collagen leading to deposi-
tion of extracellular matrix by interaction with integrin
pathways [19]. Moreover, inhibition of PI3K was proved
to prevent the proliferation and differentiation of human
lung fibroblasts into myofibroblasts in vitro and the PI3K
inhibitors, WO2013117503 and W02013117504 have been
used to treat idiopathic pulmonary fibrosis in Phase I study
[32, 33]. Generally speaking, the above evidence suggested
that the PI3K/AKT pathway is a vital regulator in inflam-
mation and fibrosis, indicating the biological plausibility of
the relevance of PI3K/AKT to RP found in our research.

Our study suggested in addition to the radiation dosi-
metric factors that SNPs in PI3CA: rs9838117, AKT2:
133933140, and AKT2: rs11880261 genotyping assays can
be used as predictive biomarkers of RP risk before RT.
Thus, patients with these RP susceptibility genotypes will
greatly benefit from early prediction and prevention of RP
by genotyping before the initiation of RT. And this study
will help us to choose the patients without RP susceptibility
genotypes and elevate their radiation dose appropriately
for a better control of tumor. Especially for the patients
with favorable genotypes, elevated MLD and V,; will not

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



Y. Tang et al.

increase their incidence of severe RP, which could assist
the oncologist to adjust the radiation dose personally.
Moreover, our findings suggest the possible role of PI3K/
AKT pathway in the pathogenesis of RP, which will aid
in the discovery of target to treat RP in future research.

However, because of the relatively small population in
this study, our findings need to be confirmed by larger,
multicentered studies. Due to the substantial ethnic vari-
ation in SNP frequencies, our results, which were dem-
onstrated in a Han Chinese population, should be validated
in different races. Moreover, 1s9838117, rs33933140, and
rs11880261 warrant further investigation to identify the
causative SNPs and their molecular mechanisms. To this
end, a luciferase reporter vector (pGL3-basic) containing
the rs33933140 SNP in the AKT2 3’-UTR region, is cur-
rently being developed to discover the molecular impact
of the rs33933140 SNP on AKT2 expression. Furthermore,
we need to explore the potential role of PI3K/AKT path-
way in the pathogenesis of RP, which would provide novel
insight into the treatment of RP. On the other hand, it
is well-known that the PI3K/AKT pathway is one of the
most important signaling pathways in cancer progression.
So we performed statistical analysis on the association
between these three SNPs and TTP (Time To Progression)
after radiotherapy. However, we did not find significant
relations between them by Cox regression analysis (Table
S4). In the future study, we will do more research on
discovering the impact of SNPs in PI3K/AKT pathway
on the cancer progression in our cohort.

In conclusion, this is the first study to evaluate the
associations between genetic variations in the PI3K/AKT
pathway and RP. Three SNPs in PI3K/AKT pathway, PI3CA:
1s9838117, AKT2: 1533933140, and AKT2: rs11880261 were
found to be significantly associated with the occurrence
of RP > grade 3 and may thus serve as predictors of RP
if it is further validated in larger population. Our study
also provides support for the further research about the
roles of PI3K/AKT pathway in the pathogenesis of RP.

Acknowledgments

This study was supported by grants from the National
Natural Science Foundation of China (grants 81272492
and 81472921).

Conflict of Interest

The authors have no conflict of interest.

References

1. Lancet, T. 2013. Lung cancer: a global scourge. Lancet
382:659.

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

10.

11.

12.

13.

14.

SNPs in PI3K/AKT Pathway and RP

. Siegel, R, J. Ma, Z. Zou, and A. Jemal. 2014. Cancer

statistics, 2014. CA Cancer J. Clin. 64:9-29.

. Ehta, V. I. M. 2005. Radiation pneumonitis and

pulmonary fibrosis in non-small-cell lung cancer:
pulmonary function, prediction, and prevention. Int. J.
Radiat. Oncol. Biol. Phys. 63:5-24.

. Yarnold, J., and M. C. Vozenin Brotons. 2010.

Pathogenetic mechanisms in radiation fibrosis.
Radiother. Oncol. 97:149-161.

. Marks, L. B., S. M. Bentzen, J. O. Deasy, F. M. Kong,

J. D. Bradley, I. S. Vogelius, et al. 2010. Radiation dose
volume effects in the lung. Int. J. Radiat. Oncol. Biol.
Phys. 76(3 Suppl):70-76.

. Marks, L. B., X. Yu, Z. Vujaskovic, W. Jr Small, R.

Folz, and M. S. Anscher. 2003. Radiation-induced
lung injury. Int. J. Radiat. Oncol. Biol. Phys.
13:333-345.

. Zhang, X.-J., J.-G. Sun, J. Sun, H. Ming, X.-X. Wang,

L. Wu, et al. 2012. Prediction of radiation pneumonitis
in lung cancer patients: a systematic review. J. Cancer
Res. Clin. Oncol. 138:2103-2116.

. Vogelius, I. R. B. S. 2012. A literature-based meta-

analysis of clinical risk factours for development of
radiation induced pneumonitis. Acta Oncol. 51:975-983.

. Palma, D. A, S. Senan, K. Tsujino, R. B. Barriger, R.

Rengan, M. Moreno, et al. 2013. Predicting radiation
pneumonitis after chemoradiation therapy for lung
cancer: an international individual patient data meta-
analysis. Int. J. Radiat. Oncol. Biol. 85:444-450.

Zhao, L., L. Wang, W. Ji, X. Wang, X. Zhu, J. A.
Hayman, et al. 2009. Elevation of plasma TGF-betal
during radiation therapy predicts radiation-induced lung
toxicity in patients with non-small-cell lung cancer: a
combined analysis from Beijing and Michigan. Int. J.
Radiat. Oncol. Biol. Phys. 74:1385-1390.

Palmer, J. D., N. G. Zaorsky, M. Witek, and B. Lu.
2014. Molecular markers to predict clinical outcome
and radiation induced toxicity in lung cancer. J. Thorac.
Dis. 6:387-398.

Andreassen, C. N., and J. Alsner. 2009. Genetic variants
and normal tissue toxicity after radiotherapy: a
systematic review. Radiother. Oncol. 92:299-309.

Yang, M., L. Zhang, N. Bi, W. Ji, W. Tan, L. Zhao,

et al. 2011. Association of P53 and ATM
polymorphisms with risk of radiation-induced
pneumonitis in lung cancer patients treated with
radiotherapy. Int. J. Radiat. Oncol. Biol. Phys.
79:1402-1407.

Yuan, X., Z. Liao, Z. Liu, L. Wang, S. L. Tucker, L.
Mao, et al. 2009. Single nucleotide polymorphism at
rs1982073: T869C of the TGFB1 gene is associated with
the risk of radiation pneumonitis in patients with non —
small-cell lung cancer treated with definitive
radiotherapy. J. Clin. Oncol. 27:3370-3378.

31



SNPs in PI3K/AKT Pathway and RP

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

32

Hawkins, P. T., and L. R. Stephens. 2014. PI3K
signalling in inflammation. Biochim. Biophys. Acta —
Mol. Cell. Biol. Lipids 1851:882-897.

Foster, J. G., M. D. Blunt, E. Carter, and S. G. Ward.
2012. Inhibition of PI3K signaling spurs new therapeutic
opportunities in inflammatory/autoimmune diseases and
hematological malignancies. Pharmacol. Rev.
64:1027-1054.

Ghigo, A., F. Damilano, L. Braccini, and E. Hirsch.
2010. PI3K inhibition in inflammation: toward
tailored therapies for specific diseases. BioEssays
32:185-196.

Birkenkamp, K. U., and P. J. Coffer. 2003. FOXO
transcription factors as regulators of immune
homeostasis: molecules to die for? J. Immunol.
171:1623-1629.

Yan, Z., Z. Kui, and Z. Ping. 2014. Reviews and
prospectives of signaling pathway analysis in idiopathic
pulmonary fibrosis. Autoimmun. Rev. 13:1020-1025.
Miyoshi, K., S. Yanagi, K. Kawahara, M. Nishio, H.
Tsubouchi, Y. Imazu, et al. 2013. Epithelial pten
controls acute lung injury and fibrosis by regulating
alveolar epithelial cell integrity. Am. J. Respir. Crit. Care
Med. 187:262-275.

Barber, A. G., M. Castillo-Martin, D. M. Bonal, A. J.
Jia, B. A. Rybicki, A. M. Christiano, et al. 2015. PI3K/
AKT pathway regulates E-cadherin and Desmoglein 2
in aggressive prostate cancer. Cancer Med. 4:1258-1271.
Nho, R. S., M. Peterson, P. Hergert, and C. A.
Henke. 2013. FoxO3a (Forkhead Box O3a) deficiency
protects idiopathic pulmonary fibrosis (IPF) fibroblasts
from type I polymerized collagen matrix-induced
apoptosis via caveolin-1 (cav-1) and Fas. PLoS ONE
8:1-16.

Kwon, J. M., and A. M. Goate. 2000. The candidate
gene approach. Alcohol Res. Health 24:164-168.

Kim, T. H., K. H. Cho, H. R. Pyo, J. S. Lee, J. L. Zo,
D. H. Lee, et al. 2005. Dose-volumetric parameters for
predicting severe radiation pneumonitis after three-
dimensional conformal radiation therapy for lung
cancer. Radiology 235:208-215.

Fruman, D. A. R. C. 2014. PI3K and cancer: lessons,
challenges and opportunities. Nat. Rev. Drug Discov.
13:140-156.

Li, Q., J. Yang, Q. Yu, H. Wu, B. Liu, H. Xiong, et al.
2013. Associations between single-nucleotide
polymorphisms in the PI3K-PTEN-AKT-mTOR pathway

Y. Tang et al.

and increased risk of brain metastasis in patients with
non-small cell lung cancer. Clin. Cancer Res.
19:6252-6260.

27. Stjernstrom, A., C. Karlsson, O. J. Fernandez, P.
Soderkvist, M. G. Karlsson, and L. K. Thunell. 2014.
Alterations of INPP4B, PIK3CA and pAkt of the PI3K
pathway are associated with squamous cell carcinoma of
the lung. Cancer Med. 3:337-348.

28. So, L., and D. A. Fruman. 2012. PI3K signalling in
B- and T-lymphocytes: new developments and
therapeutic advances. Biochem J. 442:465-481.

29. Okkenhaug, K. 2013. Signaling by the phosphoinositide
3-kinase family in immune cells. Annu. Rev. Immunol.
31:675-704.

30. Conte, E., E. Gili, M. Fruciano, M. Korfei, E. Fagone,
M. Iemmolo, et al. 2013. PI3K pl110y overexpression in
idiopathic pulmonary fibrosis lung tissue and fibroblast
cells: in vitro effects of its inhibition. Lab. Invest.
93:566-576.

31. Nho, R. S., P. Hergert, J. Kahm, J. Jessurun, and C.
Henke. 2011. Pathological alteration of FoxO3a activity
promotes idiopathic pulmonary fibrosis fibroblast
proliferation on type I collagen matrix. Am. J. Pathol.
179:2420-2430.

32. Conte, E., M. Fruciano, E. Fagone, E. Gili, F. Caraci,
M. Iemmolo, et al. 2011. Inhibition of PI3K prevents
the proliferation and differentiation of human lung
fibroblasts into myofibroblasts: the role of class I P110
isoforms. PLoS ONE 6:€24663.

33. Norman, P. 2014. Evaluation of W02013117503 and
WO2013117504: the use of PI3K inhibitors to treat
cough or idiopathic pulmonary fibrosis. Expert Opin.
Ther. Pat. 24:719-722.

Supporting Information

Additional supporting information may be found in the
online version of this article:

Table S1. Patient Characteristics (N = 169).
Table S2. Association between Patient-, Tumor-, and
Therapy-Related Characteristics and Grade > 3 Radiation
Pneumonitis (N = 169).

Table S3. Association between genotypes and Grade > 3
RP (N = 169).

Table S4. Association between genotypes and TTP
(N = 261).

© 2015 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



