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Abstract: Plasminogen activator inhibitor type 1 (PAI-1) and protease-activated receptor-1
(PAR-1) are crucial mediators of the intestinal microenvironment and are involved in
radiation-induced acute and chronic injury. To evaluate whether genetic polymorphisms of
PAI-1 and PAR-1 were predictors of radiation-induced injury in patients with rectal cancer, we
retrospectively evaluated 356 rectal cancer patients who had received pelvic radiotherapy and
analyzed the association of genetic polymorphisms of PA/-1 and PAR-1 with acute toxicities
after radiotherapy. Acute adverse events were scored, including dermatitis, fecal incontinence
(anal toxicity), hematological toxicity, diarrhea, and vomiting. The patients were grouped into
grade =2 and grade 0—1 toxicity groups to analyze the acute toxicities. Genotyping of six single
nucleotide polymorphisms (SNPs) of PA/-1 and PAR-1 was performed using TagMan assays.
A logistic regression model was used to estimate the odds ratios and 95% confidence intervals.
Of'the 356 individuals, 264 (72.5%) had grade =2 total toxicities; within this group, there were
65 (18.3%) individuals who reached grade =3 toxicities. There were 19.5% (69/354) and 36.9%
(130/352) patients that developed grade =2 toxicities for diarrhea and fecal incontinence, respec-
tively. The variant genotype GG of rs1050955 in PAI-1 was found to be negatively associated
with the risk of diarrhea and incontinence (P<<0.05), whereas the AG and GG genotypes of
rs2227631 in PAI-1 were associated with an increased risk of incontinence. The CT genotype
of PAR-1 rs32934 was associated with an increased risk of total toxicity compared with the
CC allele. Our results demonstrated that SNPs in the PA/-1 and PAR-1 genes were associated
with acute injury in rectal cancer patients treated with pelvic irradiation. These SNPs may be
useful biomarkers for predicting acute radiotoxicity in patients with rectal cancer if validated
in future studies.
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Introduction

Colorectal cancer is the third most frequently diagnosed cancer in males and the second
in females worldwide, with over 1.2 million new cases each year. The estimated
deaths ranked fourth in males and the third in females, with over 0.6 million deaths
due to colorectal cancer reported in 2008.! Approximately half of colorectal cancers
occur in the rectum, most of which are already advanced at the time of diagnosis. The
treatment for rectal cancer varies according to the disease stage, and radiotherapy is
a major modality. Approximately 50% of patients in early stages (stage I and stage II
for tumor, lymph node, metastasis [TNM] staging) received chemotherapy alone
or combined with radiotherapy; approximately 75% of patients in advanced stages
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(stage I1I and IV) were given chemotherapy or radiotherapy
pre- or postsurgery in 2008 according to the National Cancer
Database and the Surveillance, Epidemiology, and End
Results (SEER)-Medicare linked database.” Studies have
shown that radiotherapy reduced the local recurrence rate
and possibly improved the survival of rectal cancer patients,
but with increased radiation-related morbidity, especially as
a result of damage to the surrounding normal tissues.>> The
injuries to normal tissue impair the patient’s quality of life
and may even be life threatening.

Therefore, a major challenge has been how to decrease the
damage induced by radiotherapy to the surrounding normal
tissue, which is mainly observed as radiation-related intes-
tinal injury, including acute inflammation and late fibrosis.
Among the acute side effects, mucositis, vomiting, diarrhea,
pain, tenesmus, bleeding, and hematological dysfunction
were frequently reported.®’ In some cases, acute toxicities
occurring during or immediately after radiotherapy result
in dose reduction or the complete termination of therapy.
Furthermore, severe acute toxicity decreases the quality of
life of rectal cancer patients and is coupled with chronic
complications including irreversible fibrosis and fistulae.
In addition, the toxicities vary substantially among patients,
making it difficult to predict which toxicity will develop and
which patients are most at risk. There is therefore an urgent
need to investigate the molecular biomarkers that can iden-
tify patients who may develop severe side effects prior to
radiotherapy so that therapeutic strategies can be tailored and
optimized to maximize the treatment benefit and minimize the
toxicities. Currently, there are a few markers for predicting
these toxicities, most of which are based on the histopatho-
logical and radiophysical parameters, but these have shown
limited efficacy.®’ Furthermore, most investigations have
focused on late radiation-induced injury, with fewer studies
having investigated early toxicity.'*!! Therefore, we wanted
to perform studies based on our interest in the early injury to
normal tissue and to identify additional molecular markers for
predicting acute radiation injury in rectal cancer patients.

The exact mechanisms underlying the radiation-induced
intestinal injury are not fully understood. Pathologically,
early radiation enteropathy is characterized by epithelial
barrier breakdown and mucosal inflammation, resulting from
the complex interplay among pathophysiological processes,
including inflammation, epithelial regeneration, tissue
remodeling, and collagen deposition, as well as the activation
of the coagulation system and endothelial dysfunction.®'>!
This complex and integrated response involves a large
number of molecular pathways that can be activated by

pro- or anti-inflammatory cytokines. Among these factors,
transforming growth factor (TGF)-B is considered to be
a key cytokine involved in radiation-induced intestinal
damage.'* Radiation activates TGF-f via the generation of
reactive oxygen species, and the sustained overexpression
of TGF-B has been found in irradiated intestinal tissue.'®
TGF-P regulates the expression of several molecules that
contribute to acute and late radiation damage, among which
are plasminogen activator (PA) inhibitor type 1 (PAI-1) and
protease-activated receptor-1 (PAR-1). PAI-1 is a critical
mediator that triggers pathways leading to acute and late
normal tissue lesions after radiation.' PAI-1, belonging to a
family of serine protease inhibitors, has been widely studied
in fibrotic diseases, and its role in radiation-induced acute
side effects was recently observed in PAI-1 knockout mice,
in which a genetic deficiency of PAI-1 was associated with
decreased acute intestinal injury.'” In addition, the PAI-1
inhibitor limited the radiation-induced increase of CTGF,
COL1A2, and TGF-B.'8 PAR-1 is the most important mem-
ber of the PAR family, which plays a central role in blood
clotting, and it is also involved in radiation-induced intes-
tinal injury.” PAR-1 plays an important role in the tumor
microenvironment through regulating monocyte migration
and fibroblast chemokine production.?? PAR-1 can modu-
late the expression of PAI-1; in addition, both PAI-1 and
PAR-1 interact with inflammatory molecules and profibrotic
factors. Therefore, we hypothesized that PAI-1 and PAR-1
are important factors involved in radiation-induced injury in
rectal cancer and that different expression levels or genetic
polymorphisms of PAI-1 and PAR-1 may play a role in the
individual difference in toxicities after radiation.

During the last 10 years, nearly 100 studies have
addressed the possible associations between genetic varia-
tions and the risk of normal tissue toxicity after radiotherapy.
It has been speculated that genetic polymorphisms in genes
encoding drug- or radiation-related responses may influence
an individuals’ response to chemoradiotherapy.?'>> The pres-
ent study was designed to determine whether the different
genotypes of PAI-1 and PAR-1 are predictive of acute adverse
events (AEs) in patients with rectal cancer treated with pelvic
radiotherapy with or without chemoradiotherapy.

Materials and methods
Study subjects

In total, there were 398 rectal cancer patients who received
pelvic radiotherapy at the Fudan University Shanghai
Cancer Center (Shanghai, People’s Republic of China)
between January 2012 and October 2013. However, there

submit your manuscript

2292

Dove

OncoTargets and Therapy 2015:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

PAI-1, PAR-1, and tissue toxicity in rectal cancer

were 42 patients whose blood samples were not collected.
Thus, this study included 356 rectal cancer patients. All of
the patients were histopathologically diagnosed as having
rectal adenocarcinoma, and other histological types and all
metastases to the rectum were excluded. All patients had
a Karnofsky Performance Status score of =70 at the time
when they received radiotherapy, and all had adequate renal
and hepatic function. All of the patients were treated with
pelvic radiotherapy preoperatively, postoperatively, or after
pelvic recurrence, but without previous pelvic radiotherapy.
A pretreatment evaluation was performed within 2 weeks
before the initiation of chemoradiation, including a physical
examination, blood counts, hepatic and rectal examinations,
colonoscopy and biopsy, computed tomography of the
thorax and abdomen, and magnetic resonance imaging. All
patients were clinically staged based on the American Joint
Committee on Cancer (AJCC) seventh version manual.?
Written informed consent was provided by each participant
for inclusion in the study. This study was approved by the
Institutional Review Board of Fudan University Shanghai
Cancer Center. Detailed descriptions of the clinical and
treatment characteristics of the patients are presented in
Tables 1 and 2.

Treatment
All 356 patients received pelvic irradiation with intensity
modulated radiation therapy (IMRT) using 6 MV X-rays
from linear accelerators (Elekta, Stockholm, Sweden; Var-
ian Medical Systems, Palo Alto, CA, USA). The details of
delivering IMRT are described in our previously published
study.?* All patients were immobilized in the prone posi-
tion using a belly board and underwent planning computed
tomography in the treatment position. The image data were
transferred to the PINNACLE planning system (Philips
Radiation Oncology Systems, Milpitas, CA, USA), and
the IMRT plans were generated using the inverse planning
module. The position and isocenter of each patient were veri-
fied on electronic portal imaging device films. The median
total dose was 50 Gy (generally in the range of 45-54 Gy;
eight patients received less than 45 Gy because of severe
toxicity) with conventional fractionation, as daily fractions
of 1.8-2.0 Gy, from Monday to Friday. The concurrent
chemotherapy was either based on single 5-fluorouracil
(5-FU)/capecitabine, or on a combination with oxaliplatin
or irinotecan.

Monotherapeutic capecitabine was administered
at a dose of 825 mg/m? twice a day (bid), per os (po)
5 days per week during the course of irradiation. In the

Table | Frequency distribution of the clinical characteristics of
diarrhea toxicity

Variables Group I, n (%)* Group 2,n (%) P°
All subjects 69 (100) 285 (100)
Age (years)
Range 26-78 18-87
Mean© 55.9+11.8 54.6+11.8 0.427
=55 27 (39.1) 145 (50.9) 0.080
>55 42 (60.9) 140 (49.1)
Sex 0.093
Males 36 (52.2) 180 (63.2)
Females 33 (47.8) 105 (36.8)
Smoking status 0.073
Yes 10 (14.5) 70 (24.6)
No 59 (85.5) 215 (75.4)
Drinking status 0.328
Yes 6(8.7) 37 (13.0)
No 91.3 (91.3) 248 (87.0)
Radiotherapy 0.095
Preoperative 33 (47.8) 175 (61.4)
Postoperative 27 (39.1) 88 (30.9)
Recurrent 9 (13.0) 22 (7.7)
Total radiation dose 0.721
=50 Gy 41 (594) 176 (61.8)
>50 Gy 28 (40.6) 109 (38.2)
Concurrent chemotherapy® 0.368
No 5(7.2) 21 (7.4)
Fluorouracil based 40 (58.0) 182 (63.9)
Irinotecan combined Il (15.9) 25 (8.8)
Single drug 13 (18.8) 57 (20.0)
Tumor stage® 0.311
| 0(0) 5(1.9)
I 7 (12.1) 41 (15.8)
i 47 (81.0) 182 (70.0)
v 4 (6.9) 32(12.3)

Notes: *Group | indicates =2 grade toxicity; group 2 indicates grade 0 and grade |
toxicity; "two-sided j? test for the distribution between cases and controls; “data are
presented as the mean + standard deviation; “‘No” means radiation alone without
concurrent chemotherapy; fluorouracil-based regimen including capecitabine or
5-fluorouracil combined with oxaliplatin; irinotecan combined regimen means
irinotecan and capecitabine; single drug including 5-fluorouracil and capecitabine;
caccording to the 2010 version of the TNM staging of the AJCC.

Abbreviations: n, number; TNM, tumor, lymph node, metastasis; AJCC, American
Joint Committee on Cancer.

capecitabine + oxaliplatin group, patients were administered
oxaliplatin at a dose of 50 mg/m? by 2-hour intravenous infu-
sion once a week, and capecitabine was administered po at
625 mg/m? twice 5 days per week. In the capecitabine + iri-
notecan group, irinotecan was administered at 50—70 mg/m?
by intravenous infusion once a week, and capecitabine was
administered po at 625 mg/m? twice a day, 5 days per week.
The administered dose of 5-FU was 1,000 mg/m?.

The total mesorectal excision (TME) is a standard surgical
procedure in rectal cancer. All of the patients, who received
surgery in our center, were treated by the TME procedure.
During the surgery, there were no radiation-related surgical
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Table 2 Frequency distribution of the clinical characteristics of
fecal incontinence (anal toxicity)

Variables Group I, n (%)* Group 2,n (%) P°
All subjects 130 (100) 222 (100)
Age (years)
Range 18-78 25-87
Mean© 55.2£11.5 54.8+12.0 0.761
=55 57 (43.8) 113 (50.9) 0.201
>55 73 (56.2) 109 (49.1)
Sex 0.492
Males 76 (58.5) 138 (62.2)
Females 54 (41.5) 84 (37.8)
Smoking status 0.123
Yes 23 (17.7) 55 (24.8)
No 107 (82.3) 167 (75.2)
Drinking status 0.607
Yes 14 (10.8) 28 (12.6)
No 116 (89.2) 194 (87.4)
Radiotherapy 0.545
Preoperative 72 (55.4) 136 (61.3)
Postoperative 46 (35.4) 67 (30.2)
Recurrent 12 (9.2) 19 (8.6)
Total radiation dose 0.959
=50 Gy 80 (61.5) 136 (61.3)
>50 Gy 50 (38.5) 86 (38.7)
Concurrent chemotherapy® 0.846
No 11 (8.5) 15 (6.8)
Fluorouracil based 79 (60.8) 141 (63.5)
Irinotecan combined 15 (11.5) 21 (9.5)
Single drug 25 (19.2) 45 (20.3)
Tumor stage® 0.366
| 0(0) 5(2.5)
Il 17 (14.5) 31 (15.6)
1] 87 (74.4) 140 (70.4)
\% 13 (1L.1) 23 (11.6)

Notes: *‘Group | indicates =2 grade toxicity; group 2 indicates grade 0 and grade |
toxicity; *two-sided y? test for distribution between cases and controls; ‘data are
presented as the mean £ standard deviation; ““No” means radiation alone without
concurrent chemotherapy; fluorouracil-based regimen including capecitabine or
S-fluorouracil combined with oxaliplatin; irinotecan combined regimen means
irinotecan and capecitabine; single drug including 5-fluorouracil and capecitabine;
faccording to the 2010 version of the TNM staging of the AJCC.

Abbreviations: n, number; TNM, tumor, lymph node, metastasis; AJCC, American
Joint Committee on Cancer.

complications observed in the preoperative radiotherapy
patients.

Toxicity criteria

Acute AEs, including gastrointestinal toxicities (vomiting,
diarrhea, and incontinence), dermatitis, and hematologic tox-
icities, were evaluated weekly during the treatment using the
Common Terminology Criteria (CTC) toxicity criteria ver-
sion 3.0 scale according to the complaints of the patients and
the recordings by one radiotherapist.” Grade 0 indicated that
there were no AEs, grade 1 indicated a mild AE, and grade 5
indicated that the patient died from toxicity-related AE,

which did not happen in the present study. The patients were
separated into two groups according to the CTC version 3.0
scores; patients who experienced grade =2 toxicities were
categorized as group 1, and those with scores of 0—1 were
categorized into group 2. Grade 2 was set as a cutoff, because
the development of grade 2 toxicity was considered to impair
the patient’s quality of life. The grade of total toxicity indi-
cated the highest toxicity grade among the hematological
toxicity, vomiting, diarrhea, fecal incontinence (anal reac-
tion), and dermatitis.

SNP selection
We searched the National Center for Biotechnology Infor-

mation dbSNP database (http://www.ncbi.nlm.nih.gov/snp)
and SNPinfo (http://snpinfo.niehs.nih.gov/) for common

(minor allele frequency =5%) and potentially functional
single nucleotide polymorphisms (SNPs) in the PAI-1
and PAR-1 genes based on three criteria: 1) the SNP was
located in a regulatory region, such as the 5" end, the 3 end,
the 5" untranslated region (UTR), or the 3’'UTR; 2) there is
a minor allele frequency of =5% in Chinese Han Beijing
descendants; and 3) this frequency potentially affects these
genes’ functions, such as affecting transcription factor
binding site (TFBS) activity or the micro (mi)RNA binding
site activity. Then, the linkage disequilibrium among several
selected SNPs in a gene was evaluated pairwise using the

Haploview software program (http://www.broadinstitute.
org/scientific-community/science/programs/medical-and-

population-genetics/haploview/haploview), with only one

of the polymorphisms among several SNPs with a high
linkage disequilibrium (at a stringency of 7’=0.80) being
chosen (Figure 1C). As a result, seven SNPs (rs1801719,
rs2227744, and rs32934 in PAR-1; rs1050955, rs2227631,
rs1050813, and rs11178 in PAI-1) were selected. Because the
genotyping failed to use the probe for rs1050813, the final
analysis included only six SNPs. The SNP rs1801719 C/T
in the 3’UTR of PAR-1 is predicted to affect the expression
of miRNA, rs2227744 A/G and rs32934 C/T in the gene
located 5" to PAR-1 may affect the TFBS, rs1050955 A/G
and rs11178 C/T in the 3’'UTR of PAI-1 may affect miRNA
expression, and rs2227631 A/G in the gene located at the
5" end to PAI-1 can potentially affect the TFBS.

DNA sample preparation and genotyping
To avoid the influence of chemotherapy and radiotherapy
on genotyping, the blood samples were collected within
1 week before starting the chemoradiotherapy. Genomic
DNA was extracted from the white blood cells from whole
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Figure | Structural characteristics of the PAI-/ and PAR-| genes and the results of the LD analysis of the PAI-I gene.

Notes: (A) The PAI-I gene consists of nine exons, and the three SNPs evaluated in the present study are labeled. (B) The PAR-I gene consists of two exons, with three SNPs
in the area near the 5" end or 3’UTR labeled. (C) The pairwise LD among five selected SNPs of PAI-| with potential functional sites. The value within each diamond represents
the pairwise correlation between the SNPs (measured as r?). The red indicates high LD values, and the white reflects low values.

Abbreviations: UTR, untranslated region; LD, linkage disequilibrium; SNP, single nucleotide polymorphism.

blood samples. Blood samples from all patients were col-
lected and processed by the Institutional Tissue Bank at the
Shanghai Cancer Center. Genomic DNA was extracted with
a Blood DNA extraction kit (PerkinElmer Inc., Waltham,
MA, USA) using an automatic nucleic acid extraction system
(ChemagicSTAR; Hamilton Robotics ApS, Copenhagen,
Denmark). The purity and concentration of the DNA were
determined by spectrophotometric measurement of the
absorbance at 260 nm and 280 nm by an ultraviolet spectro-
photometer (BioTek Instruments, Winooski, VT, USA). The
DNA was diluted with ddH,O, and a total of 5 ng DNA was
used for genotyping. The TagMan SNP genotyping assays
were ordered from Applied Biosystems/Life Technolo-
gies (Thermo Fisher Scientific, Waltham, MA, USA). All
of the SNPs were genotyped using the TagMan real-time
polymerase chain reaction method with a 7900HT sequence
detector system (Applied Biosystems; Thermo Fisher Sci-
entific). To ensure high genotyping accuracy, strict quality
control procedures were implemented, and four duplicate
positive controls and four negative controls (ddH,O instead
of DNA) were used in each of the 384-well plates, and the
results were 100% concordant.

Statistical methods

The SPSS 20.0 software package was used for the statistical
data analysis. The chi-squared (}?) test was used to evaluate
the differences in the frequency distributions of the clinical
characteristics between group 1 (grade =2) and group 2
(grade 0-1), as well as to determine the differences in the
frequencies of genotypes between the two groups. Univariate

and multivariate logistic regression analyses were used to
calculate the crude and adjusted odds ratios (ORs) for the
risk of toxicities and the 95% confidence intervals (CIs).
Multivariate adjustments were made for age, sex, drinking
and smoking status, radiation dose, and concurrent chemo-
therapy. Student’s #-test was used to compare the differences
in the messenger (m)RNA expression levels between the
two groups. General linear modeling was used to evaluate
the trends in the transcript expression levels by genotypes.
A two-sided value of P<0.05 was considered to be statisti-
cally significant for all parameters.

Results

Patients’ characteristics

Analyses of 356 histopathologically-confirmed rectal cancer
patients who received pelvic radiotherapy were performed for
the total toxicity, hematological toxicity, diarrhea, vomiting,
fecal incontinence (anal toxicity), and dermatitis. There were
no significant differences (P>0.05) in the distributions of
age, sex, smoking, drinking, the pattern of radiation, and the
use of concomitant chemotherapy between the groups (Tables
1 and 2). More than 50% of the patients were male, over
50% of the patients received radiation before the operation,
approximately 30% of patients received radiation postopera-
tively, and the others received radiotherapy because of local
recurrence after surgery without previous pelvic radiation.
Over 90% of the patients had received concurrent chemo-
therapy, with most patients having received two-drug regi-
mens. The single drugs used included 5-FU and capecitabine.
FU-based regimens contained capecitabine + oxaliplatin
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or 5-FU + oxaliplatin. The irinotecan-containing regimen
refers to irinotecan + capecitabine. The patients were staged
according to the TNM staging of the 2010 AJCC guidelines;?
however, there were 36 patients who could not be staged
because of incomplete data.

Associations between the different

genotypes and radiation-induced AEs

The influence of the different PAI-1 and PAR-1 genotypes
on the occurrence of normal tissue injuries was examined.
The crude ORs (95% CI), P-values, and data corrected for
age, sex, radiation dose, radiation pattern, smoking, drinking,
and the regimens of concurrent chemotherapy were obtained
separately in terms of the total toxicity, diarrhea, fecal
incontinence hematological toxicity, and dermatitis. There
were no significant differences between the patients with
different genotypes of the six SNPs in terms of hematologi-
cal toxicity or dermatitis (data not shown). For total toxicity,
positive associations were found only in a recessive model
of 12227631 (adjusted OR=1.995; 95% CI=1.166-3.415;
P=0.012 for GG versus AA/AG) and for one variant allele of
1s32934 (adjusted OR=1.778; 95% CI=1.034-3.059; P=0.037
for CT versus CC) (data not shown).

The associations were more obvious for diarrhea and
fecal incontinence (anal toxicity). An overview of the geno-
type data for diarrhea is presented in Table 3. For PAI-1
rs1050955, the variant genotypes were protective against
severe diarrhea (adjusted OR=0.394, 95% CI=0.181-0.858,
P=0.019 for GG versus AA; and adjusted OR=0.476, 95%
CI=0.247-0.916, P=0.026 for AG/GG versus AA in a domi-
nant model [the combination of heterozygous and variant
homozygous genotypes versus the wild-type genotype]).
There were two SNPs that showed associations with incon-
tinence, which were PAI-11rs2227631 and PAI-1 rs1050955,
as listed in Table 4. A positive and significant association
was found between PAI-1 1s2227631 and fecal incontinence
(adjusted OR=3.172, 95% CI=1.490-6.751, P=0.003 for GG
versus AA; and adjusted OR=2.541, 95% CI=1.249-5.170,
P=0.010 for AG/GG versus AA), and borderline significance
was shown for one variant allele (adjusted OR=2.108, 95%
CI=1.001-4.440, P=0.05 for AG versus AA). In a recessive
model (the variant homozygous genotypes versus the variant
heterozygous genotype combined with the wild-type geno-
type) for PAI-1rs2227631, the variant genotypes were asso-
ciated with an increased risk of fecal incontinence (adjusted
OR=1.772; 95% CI=1.126-2.789; P=0.013 for GG versus
AA/AG). For PAI-1rs1050955, a protective and significant
association was found with regard to the development of

obvious incontinence, indicating a protective effect of
this genotype (adjusted OR=0.474; 95% CI=0.248-0.922;
P=0.028 for GG versus AA). In both dominant and recessive
models for PAI-1 rs1050955, a protective borderline signifi-
cant association with incontinence was observed (adjusted
OR=0.606, 95% CI=0.342-1.075, P=0.087 for AG/GG ver-
sus AA in a dominant model, and adjusted OR=0.620, 95%
CI=0.383—1.006, P=0.053 in a recessive model).

Although there were significant results for PAI-1
1s2227631, PAI-1 rs1050955, and PAR-1 rs32934, there
were no significant associations of PAI-1 rs11178, PAR-1
rs2227744, or PAR-1 rs1801719 with the risk of severe
acute toxicity.

Discussion

Genetic polymorphisms have been extensively investi-
gated for their roles in predicting the chemosensitivity and
radiosensitivity of patients. Recent studies have suggested
that some polymorphisms in genes related to DNA repair,
drug metabolism, cell cycle regulation, and inflamma-
tion were associated with the response to radiotherapy or
chemoradiotherapy.?'**?¢2” Compared with late radiation-
induced injury, there have been fewer published studies on
acute injury. In the present study, we investigated the associa-
tions of six SNPs in PA/-1 and PAR-1 with radiation-induced
acute normal tissue injury in rectal cancer patients treated
with pelvic radiotherapy. To the best of our knowledge, this is
the first report of an association between SNPs in the PAI-1/
PAR-1 genes and the risk of developing severe toxicity in
rectal cancer patients treated with radiotherapy.

In the present study, we considered grade =2 toxicity
as obvious clinical toxicity, while stratifying the patients
with grade 0-1 classifications into the control group,
because developing grade =2 toxicity will strongly influ-
ence the patients’ quality of life. Our findings suggest that
the SNP rs1050955 and 12227631 in PAI-1 and rs32924
in PAR-1 are associated with the risk of developing acute
injury in patients with rectal cancer receiving pelvic radia-
tion. Thus, following validation in more individuals and/
or other populations, such genetic polymorphisms could be
useful biomarkers for the susceptibility to radiation-induced
toxicity in rectal cancer patients who are being considered
for radiotherapy.

PAI-1, as an important inhibitor of PAs and inflammation-
related genes, has been mapped to chromosome 7q22, and
consists of nine exons of genomic DNA (Figure 1A). The
PA system plays a vital role in radiation toxicity. It has been
reported that PAI-1 was more highly expressed in cancer
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Table 3 Logistic regression analysis of the association between the genotype and diarrhea toxicity

Variant Genotypes Group I, n (%) Group 2,n (%) P* Crude OR P Adjusted OR (95% Cl) P®
(N=69) (N=285) (95% CI)
PAR-1 rs1801719 0.605
CcC I (1.4) (.1 1.000 1.000
CT 12 (17.4) 36 (12.9) 1.00 (0.095-10.544)  1.00 1.044 (0.095-11.462) 0.972
TT 56 (81.2) 239 (86.0) 0.703 (0.072-6.885)  0.762  0.713 (0.070-7.291) 0.776
Dominant model CT/TT 68 (98.6) 275 (98.9) 1.00¢ 0.742 (0.076-7.243)  0.797  0.761 (0.075-7.737) 0.818
CCICT 13 (18.8) 39 (14.0) 1.000 1.000
Recessive model TT 56 (81.2) 239 (86.0) 0.316¢ 0.703 (0.352-1.404) 0.318  0.686 (0.337-1.394) 0.298
PAR-1 rs32934 0.523
CcC 23 (33.8) 110 (39.3) 1.000 1.000
CT 38 (55.9) 135 (48.2) 1.346 (0.757-2.394)  0.312  1.168 (0.642-2.124) 0.611
TT 7(10.3) 35(12.5) 0.957 (0.378-2.419)  0.925  0.827 (0.320-2.137) 0.695
Dominant model CT/TT 45 (66.2) 170 (60.7) 0.406  1.266 (0.726-2.209) 0.406  1.095 (0.615-1.951) 0.757
CC/ICT 61 (89.7) 245 (87.5) 1.000 1.000
Recessive model TT 7(10.3) 35(12.5) 0.616¢ 0803 (0.340-1.896) 0.617 0.754 (0.314-1.812) 0.528
PAR-1 rs2227744 0.339
AA 5(7.4) 26 (9.3) 1.000 1.000
AG 34 (50.0) 113 (40.2) 1.565 (0.558-4.387) 0.395  1.712 (0.600—4.888) 0.315
GG 29 (42.6) 142 (50.5) 1.062 (0.376-2.996) 0.910  1.056 (0.369-3.023) 0919
Dominant model AG/GG 63 (92.6) 255 (90.7) 0.621¢  1.285(0.474-3.478) 0.622  1.330 (0.485-3.650) 0.580
AA/AG 39 (574) 139 (49.5) 1.000 1.000
Recessive model GG 29 (42.6) 142 (50.5) 0.243¢  0.728 (0.427-1.242) 0244  0.674 (0.389-1.168) 0.160
PAI-1 rs2227631 0.364
AA 9(134) 43 (15.2) 1.000 1.000
AG 27 (40.3) 135 (47.9) 0.956 (0.417-2.189) 0.914  0.983 (0.424-2.277) 0.968
GG 31 (46.3) 104 (36.9) 1.424 (0.625-3.243)  0.400  1.452 (0.629-3.352) 0.382
Dominant model AG/GG 58 (86.6) 239 (84.8) 0.708<  1.159 (0.535-2.513) 0.708  1.186 (0.541-2.600) 0.670
AA/AG 36 (53.7) 178 (63.1) 1.000 1.000
Recessive model GG 31 (46.3) 104 (36.9) 0.156¢  1.274 (0.857-1.894) 0.157  1.471 (0.849-2.549) 0.169
PAI-1 rs1 1178 0.224
CcC 12 (18.2) 73 (26.1) 1.000 1.000
CT 31 (47.0) 135 (48.2) 1.397 (0.677-2.883) 0.366  1.400 (0.671-2.919) 0.370
TT 23 (34.8) 72 (25.7) 1.943 (0.9004.198) 0.091  2.087 (0.950—4.586) 0.067
Dominant model CT/TT 54 (81.8) 207 (73.9) 0.180°  1.587 (0.804-3.133) 0.183  1.626 (0.815-3.243) 0.168
CC/ICT 43 (65.2) 208 (74.3) 1.000 1.000
Recessive model TT 23 (34.8) 72 (25.7) 0.135¢  1.545(0.871-2.740) 0.137  1.656 (0.920-2.982) 0.093
PAI-1 rs1050955 0.089
AA 18 (26.1) 44 (15.8) 1.000 1.000
AG 34 (49.3) 140 (50.2) 0.594 (0.306—1.153)  0.124  0.533 (0.266—1.065) 0.075
GG 17 (24.6) 95 (34.1) 0.437 (0.206-0.929)* 0.031* 0.394 (0.181-0.858)* 0.019%
Dominant model AG/GG 51 (73.9) 235 (84.2) 0.045<* 0.530 (0.284-0.992)* 0.047* 0.476 (0.247-0.916)* 0.026*
AA/AG 52 (75.4) 184 (65.9) 1.000 1.000%
Recessive model GG 17 (24.6) 95 (34.1) 0.134°  0.633 (0.347-1.155)  0.136  0.620 (0.337-1.142) 0.125

Notes: ¥95% Cl on one side of |, or P<<0.05. Group | indicate =2 grade toxicity; group 2 indicates grade 0 and grade | toxicity. *Chi-squared test for genotype distributions
between cases and controls; *adjusted for age, sex, smoking and drinking status, total radiation dose, diabetes, the pattern of radiation, and the regimen of concurrent
chemotherapy in logistic regression models; “for dominant genetic models (the combination of heterozygous and variant homozygous genotypes versus the wild-type
genotype); ‘for recessive genetic models (the variant homozygous genotypes versus variant heterozygous genotypes combined with the wild-type genotype).

Abbreviations: n, number; N, total number; OR, odds ratio; Cl, confidence interval.

cell lines and normal endothelial cells after radiation, and
the expression was also increased in the rectal mucosa of
mice and humans after radiotherapy.'®?*3! These findings
suggested that PAI-1 might play a critical role in radiation-
induced intestinal damage. As a target of TGF-f3, PAI-1
has been widely studied in the process of fibrosis in late
radiation-induced injury, and radiation-induced acute side

effects were also observed using a PAI-1 knockout mouse
m0d31.16’17’32

Our present data indicate that PA/-1 variants might have
an impact on the risk of acute radiation injury in patients
with rectal cancer. It has been demonstrated that rs1050955
is located at an miRNA binding site of the PAI-1 gene,
which may regulate the interaction between the miRNA and
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Table 4 Logistic regression analysis of the association between the genotype and incontinence (anal toxicity)

Variant Genotypes Group I, n (%) Group2,n (%) P* Crude OR P Adjusted OR (95% CI) P*
(N=130) (N=222) (95% CI)
PAR-1 rs1801719 0.634
cC 1 (0.8) 3(14) 1.000 1.000
CcT 20 (15.6) 27 (12.4) 2222 (0.215-22.974) 0.503  2.344 (0.220-24.946) 0.480
TT 107 (83.6) 187 (86.2) 1.717 (0.176-16.709) 0.642  1.787 (0.178-17.958) 0.622
Dominant model CT/TT 127 (99.2) 214 (98.6) 1.00¢ 1.780 (0.183-17.298) 0.619  1.868 (0.187-18.692) 0.595
CC/ICT 21 (16.4) 30(13.8) 1.000 1.000
Recessive model TT 107 (83.6) 187 (86.2) 0.514¢  0.817 (0.446-1.499) 0.514 0.808 (0.437-1.495) 0.498
PAR-1 rs32934 0.802
CcC 46 (35.9) 85 (39.0) 1.000 1.000
CcT 65 (50.8) 108 (49.5) 1.112 (0.693-1.784)  0.659  1.039 (0.638-1.692) 0.878
TT 17 (13.3) 25 (11.5) 1.257 (0.616-2.563)  0.530  1.183 (0.574-2.439) 0.648
Dominant model CT/TT 82 (64.1) 133 (61.0) 0.572<  1.139 (0.725-1.791)  0.572  1.067 (0.670-1.699) 0.784
CC/ICT 111 (86.7) 193 (88.5) 1.000 1.000
Recessive model TT 17 (13.3) 25 (11.5) 0.618 1.182(0.612-2.285) 0.618  1.158 (0.594-2.257) 0.667
PAR-1 rs2227744 0.597
AA 12 (9.3) 18 (8.3) 1.000 1.000
AG 58 (45.0) 88 (40.4) 0.989 (0.443-2.205) 0.978  1.043 (0.461-2.361) 0919
GG 59 (45.7) 112 (51.4) 0.790 (0.357-1.751)  0.562  0.785 (0.351-1.756) 0.556
Dominant model AG/GG 117 (90.7) 200 (91.7) 0.738<  0.878 (0.408-1.886) 0.738  0.892 (0.410-1.937) 0.772
AA/AG 70 (54.3) 106 (48.6) 1.000 1.000
Recessive model GG 59 (45.7) 112 (51.4) 0.310° 0.798 (0.516-1.234) 0.310  0.758 (0.487-1.182) 0.222
PAI-1 rs222763 | 0.009%*
AA Il (8.5) 41 (18.8) 1.000 1.000
AG 58 (45.0) 104 (47.7) 2.079 (0.993—4.352)  0.052  2.108 (1.001—4.440)* 0.050%*
GG 60 (46.5) 73 (33.5) 3.064 (1.450-6.473)* 0.003* 3.172 (1.490-6.751)* 0.003*
Dominant model AG/GG 118 (91.5) 177 (81.2) 0.010°* 2.485 (1.228-5.029)* 0.011* 2.541 (1.249-5.170)* 0.010%
AA/AG 69 (53.5) 145 (66.5) 1.000 1.000
Recessive model GG 60 (46.5) 73 (33.5) 0.016%* 1.727 (1.106-2.698)* 0.016* 1.772 (1.126-2.789)* 0.013%*
PAI-I rsl 1178 0.345
CcC 25 (20.3) 60 (27.1) 1.000 1.000
CcT 61 (49.6) 104 (47.1) 1.408 (0.801-2.473)  0.234  1.382 (0.782-2.442) 0.266
TT 37 (30.1) 57 (25.8) 1.558 (0.835-2.907) 0.164  1.609 (0.855-3.031) 0.141
Dominant model CT/TT 98 (79.7) 161 (72.9) 0.160°  1.461 (0.860-2.482) 0.161  1.460 (0.854-2.494) 0.166
CC/ICT 164 (74.2) 86 (69.9) 1.000 1.000
Recessive model TT 57 (25.8) 37 (30.1) 0.392¢  1.238(0.759-2.019)  0.393  1.294 (0.787-2.130) 0.310
PAI-1 rs1050955 0.105
AA 28 (21.5) 33 (15.3) 1.000 1.000
AG 68 (52.3) 105 (48.6) 0.763 (0.424-1.375)  0.369  0.703 (0.385-1.285) 0.253
GG 34 (26.2) 78 (36.1) 0.514 (0.270-0.979)* 0.043* 0.474 (0.248-0.922)* 0.028%*
Dominant model AG/GG 102 (78.5) 183 (84.7) 0.139<  0.657 (0.376—1.149)  0.141  0.606 (0.342—1.075) 0.087
AA/AG 96 (73.8) 138 (63.9) 1.000 1.000
Recessive model GG 34 (26.2) 78 (36.1) 0.055¢  0.627 (0.388-1.012)  0.056  0.620 (0.383-1.006) 0.053

Notes: ¥95% Cl on one side of |, or P<0.05. Group | indicates =2 grade toxicity; group 2 indicates grade 0 and grade | toxicity. *Chi-squared test for genotype distributions
between cases and controls; *adjusted for age, sex, smoking and drinking status, total radiation dose, diabetes, the pattern of radiation, and the regimen of concurrent
chemotherapy in logistic regression models; “for dominant genetic models (the combination of heterozygous genotypes and variant homozygous genotypes versus the wild-
type genotype); for recessive genetic models (the variant homozygous genotypes versus the variant heterozygous genotypes combined with the wild-type genotype).

Abbreviations: n, number; N, total number; OR, odds ratio; Cl, confidence interval.

mRNA, thus potentially resulting in a change in the PAI-1
gene function. It is known that miRNA can genetically regu-
late target genes by base pairing with target mRNAs at the
3’-UTR, leading to the translational repression. The variant
AG or GG genotype in PAI-1 rs1050955 was associated
with a decreased risk of diarrhea and incontinence compared
with the AA genotype. These results suggest that the variant

allele G of rs1050955 in PAI-1 could be a biomarker for
predicting the acute effects of radiation-induced normal
tissue damage.

Different from PAI-1 rs1050955, PAI-1 rs2227631
showed a positive association with obvious incontinence.
The rs2227631 is near the 5" end of PAI-1 (Figure 1A) and
may regulate the function of PA/-1 in a different way from
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rs1050955, which is located in the 3’-UTR of PAI-1. There
are different forms of PAI-1 in the tissues and peripheral
blood: latent and active. Only a lower level of active PAI-1
attenuates the toxicity after radiation, and a change in the
expression of latent PAI-1 has no effect.!® It is likely that
PAI-1 12227631 and rs1050955 may modulate different
forms of PAI-1, and further functional studies should be per-
formed to determine whether this is the case. The mechanisms
underlying the observed PAI-1 induction after radiation
remain unclear, but a p53/Smad3-dependent pathway may
be one possible mechanism.!®*? Indeed, PAI-1 could be
induced by both TGF-f and radiation in a manner dependent
on the TP53 gene.*? In addition, PAI-1 can also be strongly
induced by lipopolysaccharide, and the biological effects of
PAI-1 induced by lipopolysaccharide appear to be mediated
by several cytokines, such as tumor necrosis factor-a, inter-
leukin (IL)-1, and IL-6.* One mechanism underlying how
PAI-1 is involved in radiation-induced injury may be that
PAI-1 induces a strong antiapoptotic effect on endothelial
cells by increasing the expression of antiapoptotic factors,
such as Bcl-2 and Bel-XL."7 Another possible mechanism
may be associated with the immune reaction, since PAI-1
is a target of TGF-B, which is an important inflammatory
cytokine involved in acute inflammatory reactions and the
fibrotic response, including radiation-induced injury.

PAR-1, which can mediate the production of PAI-1, is
abundantly expressed throughout the gastrointestinal tract
and is strongly overexpressed in radiation-induced intestinal
injury.**® Endothelial cells, epithelial cells, immune cells,
and a variety of stromal cells in the intestine express PAR-1.
Evidence from preclinical studies suggests that PAR-1 is
involved in the pathogenesis of early and delayed radiation
enteropathy.!*¥ Pharmacological blockade of PAR-1 was
found to reduce early radiation-induced intestinal toxicity.*
PAR-1-mediated responses include increase vascular perme-
ability, the release of vasoactive mediators, the expression of
adhesion molecules, and the production of proinflammatory
cytokines. The activation of PAR-1 in the intestine induces
epithelial apoptosis and a loss of barrier function.*’

Our data provide evidence that the CT genotype in
PAR-1 rs32934 is associated with an increased risk of total
toxicity after radiation. However, its significance was not
found when the separate toxicities (anal, hematological, etc)
were analyzed. The rs32934 SNP is near the 5" end of the
PAR-1 gene (Figure 1B) and has a potential function as a
TFBS, which may affect the transcription of PAR-1. Higher
expression of PAR-1 increased the risk of radiation toxicity,
and blockade of PAR-1 ameliorated early intestinal toxicity

in a mouse model."” PAR-1-mediated radiation toxicity
may occur through a direct increase in the vascular perme-
ability and modulation of cell apoptosis, including changes
in endothelial cells, epithelial cells, fibroblasts, and tumor
cells, and indirectly via increases in the release of active
molecules, such as vasoactive mediators, adhesion molecules,
and proinflammatory cytokines.*’

A limitation of the present study is that only potentially
functional SNPs were assessed in the analysis. Therefore,
we might have overlooked SNPs, such as those in introns,
which may also be associated with the risk of acute injury
after radiotherapy. Introns constitute a large part of a gene,
and the number of intronic SNPs is much higher than that of
potentially functional SNPs, so analyzing all of the intronic
SNPs is daunting work and may need to be investigated in
the future following the further development of high-output
technologies. The current applications of next-generation
sequencing and genome-wide association studies present
a comprehensive and powerful method for screening and
testing new SNPs, respectively. Although genome-wide
association studies have been proven to be a powerful tool
to identify new loci that may affect radiosensitivity, they
require a large sample size, and the identified hits must be
further validated.

Another feature of the present study that could have
influenced the results is the Chinese ethnicity of our study
subjects. Many of the SNPs reported in Caucasian popula-
tions or Japanese subjects are not consistent with those of
Chinese populations.**> Qur findings may support the value
of these SNPs in assessing the risk of radiation-induced
normal tissue injury in Chinese subjects, but these findings
require further validation in additional studies and/or by other
investigative teams in additional patients.

Conclusion

In conclusion, our results demonstrated that SNPs in PAI-1
and PAR-1 are associated with acute injury in rectal can-
cer patients who received pelvic radiation. In particular,
rs2227631 and rs1050955 in PAI-1 were obviously associ-
ated with diarrhea and fecal incontinence. Once validated,
these SNPs may be useful biomarkers for acute toxicity in
patients with rectal cancer and may be useful for identifying
patients who may develop severe side effects prior to their
receiving radiotherapy so that the therapeutic strategies can
be individually tailored to monitor, treat, or avoid toxicity.
PAI-1 and PAR-1 may represent therapeutic targets to
prevent or reduce the side effects of pelvic radiotherapy.
Further experiments are necessary to explore the molecular
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mechanisms involved in radiation-induced acute injury in
patients with rectal cancer.
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