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Abstract.
BACKGROUND: The discovery of miRNA/mRNA interactions in several biological samples prompted the researchers to explore
new biomarkers in tumors.
OBJECTIVE: We aimed to investigate the interactions of miRNA/mRNA in response to radiotherapy in the plasma samples of
rectal cancer patients.
METHODS: Five microarray datasets related to cancerous and non-cancerous individuals were first used to construct networks.
The databases of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were applied to analyze pathway
enrichment. The plasma samples were then collected from 55 patients with recently diagnosed rectal cancer and 10 healthy
subjects. For radiotherapy courses, the patients have consecutively received 30 sessions of local radiation for six weeks. At last, the
expression of selected genes and miRNAs was experimentally measured before and after radiotherapy by qPCR, and the protein
levels of the target genes were measured by ELISA assay. We evaluated the therapeutic responses based on the tumor regression
grade of the Dworak classification.
RESULTS: We identified 5 up-regulated and 5 down-regulated miRNAs and 8 up-regulated and 3 down-regulated genes of
the databases. There was a significant increase in tumor suppressor miRNAs, including miR-101-3p, miR-145-5p, miR-26a-5p,
miR-34a-5p, and a significant decrease in oncomiRs, including miR-221-3p and miR-17-5p, after radiotherapy compared to the
pre-treatment. Moreover, the up-regulated miR-17-5p and miR-221-5p and the down-regulated miR-101-3p and miR-145-5p were
directly related to rectal cancer through the interaction with the Wnt, RAS, PI3K, and TGF-β signaling pathways. An analysis of
receiver operating characteristics showed that miRNAs 221, 17, and 23 were response-related in locally advanced rectal cancer
patients.
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CONCLUSIONS: It seems that monitoring the miRNA/mRNA interactions during radiotherapy can be an appropriate diagnostic
tool to track the recovery process and respond to standard therapies.

Keywords: Radiotherapy, rectal cancer, gene, protein, microarray, microRNA

1. Introduction1

Many studies have investigated radiation’s effects on2

the cells’ biological behavior, like cell death, chromo-3

somal aberration, and mutagenesis. Observations have4

shown that the sensitivity of cells to radiation is dif-5

ferent. The cells with a high proliferation or division6

are more sensitive to radiation than cells with a low7

proliferation or division [1]. Studies showed that some8

cells are not capable of DNA damage repair (DDR)9

caused by radiation, and the damage can directly or10

indirectly cause cell death. In this setting, microRNA11

(miRNA) may play an essential role in regulating DDR-12

related processes and altering tumors’ sensitivity to ra-13

diation [2]. Therefore, evaluating miRNA expression14

in radiated patients can give us helpful information on15

how tumors can resist or sensitize the radiation [3]. For16

example, miR-21 has been known to progress in many17

diseases that may increase malignancy. The miR-2118

level increases in tumor cells after radiation [4]. Like-19

wise, Yan et al. showed that the miR-101 expression is20

significantly associated with poor clinical outcomes in21

colorectal cancer patients and can inhibit the expression22

of ataxia telangiectasia mutated (ATM) and DNA-PKC23

genes. Therefore, overexpression of this miRNA in tu-24

mor cells may increase their sensitivity to radiation [5].25

Moreover, He et al. showed that colorectal cancer26

(CRC) patients with a low serum miR-101 had a more27

reduced 5-year overall survival than patients with a high28

serum miR-101 level. Therefore, it might be a valuable29

marker for diagnosis and prognosis [6]. MiR-145 is30

another miRNA that exhibits tumor suppressor activity31

in several cancers, including colon cancer. The overex-32

pression of miR-145 in SW620 and DLD1-SNAI1 cells33

could sensitize these cells to radiation therapy [7]. In34

this setting, miR-145 and miR-101 are associated with35

biological processes such as proliferation, growth, and36

apoptosis. Yang et al. also found that overexpression37

of miR-100 could increase the sensitivity of CCL24438

cells to radiation. For the first time, they suggested that39

miR-100 may play an essential role in regulating col-40

orectal tumor cells [8]. Likewise, several studies have41

shown that many crucial proteins in colorectal cancer42

signaling, such as WNT, PI3K, EGFR, P53, TIMP, and43

epithelial-mesenchymal transition (EMT), can control44

colorectal cancer via miRNA. Zheng et al. observed that45

miR-106b overexpression led to cell radioresistance 46

through direct interaction with PTEN and P21 proteins, 47

increasing tumor cells’ survival and proliferation. They 48

detected that miR-106b could activate the PI3K/AKT 49

signaling pathway via PTEN inhibition [9,10]. 50

Generally, the discovery of miRNA/mRNA interac- 51

tions in several biological samples prompted the re- 52

searchers to explore new biomarkers in tumors [11]. 53

In this context, analysis of relevant miRNA/mRNA in- 54

teractions may be a suitable strategy for the early de- 55

tection, monitoring, and prognosis of different types 56

of cancer, including colorectal cancer [12]. Therefore, 57

it appears that changes in miRNA/target gene expres- 58

sion in response to radiotherapy can provide valuable 59

information on how to use adjuvant therapies to im- 60

prove radiation-based treatments. We aimed to develop 61

novel predictive miRNA/target gene pathways for rectal 62

cancer using a resourceful systematic approach. 63

2. Materials and methods 64

2.1. Microarray data analysis 65

Expression profiles of miRNAs (GSE125961 and 66

GSE112955) and mRNAs (GSE44172, GSE123390: 67

GPL17586, and GSE81986: GPL570) in rectal cancer 68

patients were extracted from the Gene Expression Om- 69

nibus (GEO) database (https://www.ncbi.nlm.nih.gov/ 70

geo/). The GEO2R tool was employed to identify the 71

differentially expressed genes and miRNAs [13]. The 72

differentially expressed miRNAs were defined accord- 73

ing to the following criteria: logFC> 1 and adj P -value 74

< 0.05. 75

2.2. Predicted target genes of candidate miRNAs 76

The target genes of miRNAs were identified us- 77

ing the online predictive programs, including miRmap 78

(https://mirmap.ezlab.org/app/), miRWalk2 (http://zmf. 79

umm.uni-heidelberg.de/apps/zmf/mirwalk2/), and Tar- 80

getscan Release 7.0 (http://www.targetscan.org). 81

2.3. GO term and KEGG pathway analysis by the 82

FunRich dataset 83

The pathway enrichment analyses of gene ontology 84

un
co

rre
cte

d p
roo

f v
ers

ion



Galley Proof 30/07/2021; 13:11 File: cbm–1-cbm210079.tex; BOKCTP/xhs p. 3

S. Khalighfard et al. / MiRNA/mRNA interactions in rectal cancer in response to radiotherapy 3

(GO) and Kyoto Encyclopedia of Genes and Genomes85

(KEGG) databases were executed using the FunRich86

dataset, the software for the functional classification of87

genes.88

2.4. Experimental design and sampling89

Fifty-five patients diagnosed with rectal cancer and90

ten healthy individuals were recruited from October91

2016 and over one year. All the included participants92

were informed about the study protocol, and the written93

consent was taken. This trial was registered in the Ira-94

nian Registry of Clinical Trial (Clinical trial number:95

IRCT2016072618745N9).96

The eligible cases were recruited after reviewing the97

medical records of patients who had previously been98

diagnosed with rectal cancer based on pathologic re-99

ports. Inclusion criteria comprised the age between 30–100

70 years, non-metastatic stage II or III rectal cancer101

patients, Karofsky Performance Status > 70 or Eastern102

Cooperative Oncology Group = 0–1, and no history103

of familial rectal cancer. Exclusion criteria were the104

patients with any immunocompromised states such as105

AIDS, history of viral hepatitis, and abnormal counts106

of white blood cells. For radiotherapy courses, the pa-107

tients have consecutively received 30 sessions of local108

radiation for six weeks (five times, weekly).109

Plasma samples were collected from healthy vol-110

unteers and patients with rectal cancer before and111

after radiotherapy. First, approximately 10 ml blood112

samples were taken from all participants using Vacu-113

tainer disposable blood collection tubes. The blood was114

then centrifuged at 3000 g for 5 min to separate the115

plasma. Moreover, peripheral blood mononuclear cells116

(PBMCs) were then isolated by the Ficoll-Hypaque117

technique. At last, the cells were suspended into 90%118

Foetal Bovin Serum (FBS) 10% Dimethyl sulfoxide119

(DMSO), and the plasma and PBMCs were preserved120

at −80◦C.121

2.5. ELISA assay122

VEGF (ab100663, Sensitivity: 10 pg/ml, Range:123

8.23–6000 pg/ml), SMAD4 (ab253211, Sensitivity:124

52.31 pg/ml, Range: 125–8000 pg/ml), ZEB2 (LS-125

F13506, Sensitivity: 0.312, Range: 0.312–20 ng/ml),126

TGFBR2 (MBS7223133, Detection Range: 1.0–25127

ng/ml, Sensitivity: 0.1 ng/ml), STAT3 (ab176655, Sen-128

sitivity: 15 µg/ml, Range: 15–1500 µg/ml), NOTCH1129

(ab155437, Sensitivity: 20 pg/ml, Range: 28.67–130

7000 pg/ml), TET2 (abIN6233837, Detection Range:131

0.313–20 ng/ml, Sensitivity < 0.188 ng/ml), MYC 132

(ELH-CMYC-1, Detection Range: 0.62–150 ng/ml, 133

Sensitivity: 0.62 ng/ml), PTEN (ab206979, Sensitivity: 134

39.9, Range: 125–8000 pg/ml), WEE1 (MBS9318404, 135

Detection Range: 3.12–100 ng/ml, Sensitivity: 136

1.0 ng/ml), and RB1 (MBS2509425, Detection Range: 137

3.13–200 ng/ml, Sensitivity: 1.88 ng/ml) were mea- 138

sured using ELISA kits under the manufacturer’s in- 139

structions. 140

The selected protein levels were determined by a 141

sandwich ELISA as follows: aliquots of 100 µl/well of 142

their primary antibodies (100 µl) were used to coat 96- 143

well plates and incubated overnight at 4◦C. The plates 144

were blocked with PBS containing 1% bovine serum 145

albumin (BSA) for 1 hour at room temperature, fol- 146

lowed by washing with washing buffer (PBS) contain- 147

ing 0.1% BSA plus 0.05% Tween 20. The supernatants 148

were diluted at 1:4 or 1:2 with PBS and dispensed into 149

the wells. After 2 hours of incubation at room tempera- 150

ture, the plates were washed, and 100 µl of a 1:10000 151

dilution of the secondary antibody were added to each 152

well. After 2–4 hours of incubation at room tempera- 153

ture, the plates were thoroughly washed. After washing 154

off the unbound antibody, 100 µl of TMB-peroxidase 155

substrate/chromogen solution were added to each well 156

and incubated at room temperature for 10–20 min. The 157

reaction was stopped with 100 µl of 1 M H3PO4. Ab- 158

sorbance at 450 nm was determined by an automated 159

ELISA reader [14]. 160

2.6. Real-time PCR analysis 161

The quantitative PCR (qPCR) was used to evaluate 162

the expression of miRNA and genes. First, the total 163

RNA was extracted from the plasma and PBMC sam- 164

ples. Then, the plasma (250 µL) and PBMC (500 µL) 165

samples were added to 750 µL TRIzol (Beijing Tian- 166

gen Biotech Co., Ltd.) in 2 ml microtubes. After that, 167

RNA extraction was performed according to the man- 168

ufacturer’s instructions. Then, 10 µl of the total RNA 169

was reverse-transcribed in a 20 µl reaction mix using 170

the miRcute miRNA cDNA First-Strand Synthesis kit 171

(Beijing Tiangen Biotech Co., Ltd.) and cDNA Synthe- 172

sis Kit Manual (TAKARA BIO INC. Cat. 6 30 v.0708) 173

following the manufacturer’s recommendations. Fi- 174

nally, the real-time PCR assay was done using an ABI 175

StepOne plus System (Applied Biosystems; Thermo 176

Fisher Scientific, Inc.) and the miRcute miRNA Fluo- 177

rescence Quantitative Detection kit (Tiangen Biotech 178

Co., Ltd.). The reactions were performed at 94◦C for 179

2 min, followed by 40 cycles of 94◦C for 20 s and 60◦C 180
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for 40 s. The SYBR Green method (AccuPower Green181

Star qPCR Master Mix; Bioneer, Korea) was used for182

qPCR genes. All the PCR reactions were done in trip-183

licates [15,16]. The U6 and B-actin were used as the184

internal control for the normalization. The fold changes185

of candidate miRNAs and mRNAs were calculated by186

equation (2)(−∆∆CT) [17]. The primer sequences have187

been listed in Table 1.188

2.7. Evaluation of response to radiotherapy189

All the participants underwent surgical tumor resec-190

tion after neoadjuvant radiotherapy (30 sessions of local191

radiation for six weeks). The patients were classified192

based on TNM 8th edition [18], and the pathological193

responses were evaluated based on the tumor regression194

grade (TRG) Dworak classification [19]. According to195

this classification: the patients in grade 0 (TRG0) had196

not tumor regression, in TRG1; tumor mass was dom-197

inantly observed, in TRG2; the patients showed few198

tumor cells alongside dominant tumor cells; in TRG3,199

patients had very few tumor cells in fibrotic tissues,200

and finally in TRG4, no tumor cells expected to be201

observed.202

2.8. Statistical analysis203

The statistical analysis was carried out using Graph-204

Pad Prism 7.04 (San Diego, CA) and SPSS 18 (IBM,205

New York, USA) statistical analysis software. The one-206

sample K-S test was used to evaluate the normality of207

the data. The t-test and one-way ANOVA were used to208

analyze the data in two and multiple groups, respec-209

tively. Moreover, we made a receiver operating char-210

acteristic (ROC) curve to ascertain a cut-off for ex-211

pression of selected miRNAs and choose the cut-off212

point. It can provide the best sensitivity and specificity213

to discriminate between respondent and non-respondent214

patients to assess the potential practicality of selected215

miRNAs as a predictive tool. The ROC analysis was216

performed using SPSS version 20 (SPSS Inc., Chicago,217

Illinois, USA). The descriptive analysis for quantitative218

data was performed using mean ± SD. The statistical219

significance was defined as P < 0.05.220

3. Results221

3.1. Identification of differentially expressed miRNAs222

(DEMs) and differentially expressed genes223

(DEGs)224

The datasets of miRNAs (GSE125961 and GSE112225

955) and mRNAs (GSE44172, GSE123390: GPL17586,226

and GSE81986: GPL570) have included 102 samples 227

of rectal cancers. According to our analysis, 96 miR- 228

NAs were found to have differential expression in the 229

samples. About 75 of 1067 DEGs were identified as 230

novel genes. The top 5 up-regulated miRNAs, including 231

miR-17, miR-20a, miR-221, miR-23a, and miR-200c, 232

and the top 5 down-regulated miRNAs, including miR- 233

34a, miR-141, miR-145, miR-26a, and miR-101, were 234

represented in Table 2. Besides, the target genes of the 235

selected miRNAs were represented in Table 3. 236

3.2. Enrichment analysis of DEGs 237

To examine the biological functions of 75 DEGs, 238

GO and KEGG analyses were performed in the DAVID 239

database. The enrichment analysis of miRNAs and their 240

target genes included cell apoptosis, migration, and 241

proliferation pathways (Fig. 1). We demonstrated the 242

top 10 enriched pathways in Fig. 1. All of these genes 243

were selected for the qPCR for further validation. 244

3.3. Demographic data of the participants 245

The mean age was 57.3 ± 11.5 and 52.3 ± 12.5 years 246

old in the patients and healthy groups. Unlike the tumor 247

stage, there were no significant differences between 248

the patients and healthy groups concerning the baseline 249

characteristics such as sex, height, weight, body mass 250

index (BMI) (P > 0.05) (Table 4). 251

3.4. Verification of the differential expression of the 252

candidate oncomiRs 253

Fifty-five patients with localized rectal cancer and ten 254

healthy subjects were examined for evaluating the ex- 255

pression levels of miR-17, miR-200c-3p, miR-23a-3p, 256

miR-20a-5p, and miR-221-3p before and after radio- 257

therapy. Our results showed that the expression level of 258

miR-17-5p (p < 0.0001), miR-200c-3p (p < 0.0001), 259

miR-23a-3p (p = 0.0001), miR-20a-5p (p < 0.0001), 260

and miR-221-3p (p < 0.0001) before radiotherapy was 261

significantly different compared to the healthy subjects. 262

Except for miR-200c-3p (p > 0.9999) and miR-20a-5p 263

(p = 0.7929), the expression levels of miR-221-3p (p < 264

0.0001), miR-23a (p < 0.0001), and miR-17-5p (p < 265

0.0001) were significantly different compared to the 266

pre-treatment after radiotherapy (Fig. 2). There was no 267

significant difference in the expression levels of miR- 268

221-3p (p = 0.8694) and miR-17-5p (p = 0.2159) after 269

radiotherapy compared to the healthy subjects. On the 270

other hand, the expression levels of miR-20a-5p (p < 271
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Table 1
A list of primers for the RT-PCR

Genes/miRNAs Forward primer Reverse primer
PTEN TGGATTCGACTTAGACTTGACCT GGTGGGTTATGGTCTTCAAAAGG
VEGFA AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
SMAD4 ACGAACGAGTTGTATCACCTGG TGCACGATTACTTGGTGGATG
WEE1 GGGCAGAAGATGACCACATGA GCCAAGGGAAATCTGTAGAAGG
ZEB2 GCGATGGTCATGCAGTCAG CAGGTGGCAGGTCATTTTCTT
RB1 CTGGACGACTTTACTGCCATC TCCAACCGTGGGAATAATGCT
TGFBR2 GCTTTGCTGAGGTCTATAAGGC GGTACTCCTGTAGGTTGCCCT
STAT3 ATCACGCCTTCTACAGACTGC CATCCTGGAGATTCTCTACCACT
NOTCH1 CGCTGACGGAGTACAAGTG GTAGGAGCCGACCTCGTTG
TET2 ATACCCTGTATGAAGGGAAGCC CTTACCCCGAAGTTACGTCTTTC
MYC CACACCCACAATTCAGGAAGAG GACGTGCTACAAGGTGGCA
B-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
miR-17-5P GCCAGAAGGAGCACTTAGGGCA TGGTGACAGCTGCCTCGGGA
miR-221-3P TCCAGGTCTGGGGCATGAACCT GGGTAGCATTGGTGAGACAGCCA
miR-20a-5P ACACAGCTGGATGCAAACCTGCAA AACTCCAGCTTCGGCCTGTCG
miR-200c-3P GGCTGGGGACCTGAGGCGAT CGGGGGCCCTCGTCTTACCC
miR-23a-3P CCAGGCACAGGCTTCGGG GAACGGAGGGCACAGCTA
miR-101-3P ACAACATGGCTGCACCAACA TTAATATTTCAGCCTCACCAC
miR-145-5P ACAAGGTGGGAGCGAGTGGC CATCCGGCGACGTGTGGCA
miR-141-3P CCCCCATCCAGAGGGGTGAAGG GGCTCCCGGGTGGGTTCTCT
miR-26a-5P GCACATACTAAGGAGCCAAG TGCCTTTTCCTAGCAACTCC
miR-34a-5P TGAGGGCGGCTGGGAAAGTG TTCTCCCAGCCAAAAGCCGCC
U6 ATGCAGTCGAGTTTCCCACAT CCATGATCACGAAGGTGGTTT

Table 2
The candidate miRNAs in rectal cancer

miRNAs Adjusted p-value
UP-regulate

miR-17 1.00E−07

miR-20a 4.03E−04

miR-200c 1.06E−03

miR-221 6.14E−03

miR-23a 4.33E−01

Down-regulate
miR-141 2.34E−27

miR-145 0.01617
miR-26a 0.02410
miR-101 0.01018
miR-34a 0.00264

Table 3
The candidate genes in rectal cancer

Up-regulated AKT1, EGFR, IGF1R, MET, TGFBR2,
BCL2, ACVRIB, MAPK1, MAPK9, MYC,
SMAD4, MAP2K1, FZD9, FZD4, FZD6,
FZD10, MAP2KR1, KRAS, MAPK,
TGFB2, IGFIR, PI3KR1, IGFB1, IGFB2,
IGFBR2, APPL1, MAPK3, AKT2, STAT3,
BRAF, GRB2, TET2, JUN, NOTCH1,
DVL1, LEF1, BIRC5, ZEB2, VEGFA

Down-regulated APC, MSH2, MSH6, TP53, MSH3,
TCF7L2, AXIN2, CTNNB1, PTEN,
FOXO3, PDCD4, WEE1, E2F2, TCF7,
BAK1, APC2, E2F1, GSK3B, RB1, SP1,
RB1, GSK3B, SP1, AP1, TCF7, FRAT2,
FRAT1, ESR1, ESR2, BAK1, DDB2, E2F3,
ESRRG

Table 4
Demographic characteristics of the participants in the present study

Variables Patients Control P -value
Sex (%)

Male 30 (59.7) 6 (60)
Female 25 (40.3) 4 (40)

Age (years)
(mean ± SD)

57.3 ± 11.5 52.3 ± 12.5 0.2

Height (Cm)
(mean ± SD)

170.9 ± 7.5 168.7 ± 7.4 0.9

Weight (Kg)
(mean ± SD)

76.4 ± 7.5 79.4 ± 10.4 0.7

BMI (kg/m2)
(mean ± SD)

27.5 ± 4.0 28.2 ± 4.4 0.8

Tumor stage (%)
Stage 2 26 (47.3)
Stage 3 29 (52.7) 0.4

BMI: Body mass index.

0.0001), miR-23a-3p (p = 0.0002), and miR-200c-3p 272

(p < 0.0001) were significantly different after radio- 273

therapy compared to the healthy subjects, indicating 274

fewer effects of radiotherapy on the expression levels 275

of these miRNAs (Fig. 2). 276

3.5. Verification of the differential expression of the 277

candidate tumor suppressor miRNAs 278

The expression levels of miR-26a-5p (p < 0.0001), 279

miR-101-3p (p < 0.0001), miR-145-5p (p < 0.0001), 280

miR-34a-5p (p < 0.0001), and miR-141-3p (p < 281

0.0001) were significantly different before radiotherapy 282
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Fig. 1. Pathways enrichment analysis related to deriver miRNAs and their target genes.

compared to the healthy subjects. Except for miR-141-283

3p (p > 0.9999), the expression levels of miR-26a-5p284

(p < 0.0001), miR-101-3p (p < 0.0001), miR-145-285

5p (p < 0.0001), and miR-34a-5p (p < 0.0001) were286

significantly different after radiotherapy compared to287

the pre-treatment, indicating the positive effects of the288

radiotherapy on the expression levels of these miRNAs289

(Fig. 3).290

3.6. Confirmation of selected oncoproteins and tumor 291

suppressor proteins by ELISA 292

The results showed that the expression levels of onco- 293

proteins, including VEGF, SMAD4, ZEB2, TGFBR2, 294

STAT3, NOTCH1, TET2, and MYC, were significantly 295

increased in the cancerous samples compared to the 296

normal group. Likewise, a similar trend was consistent 297

as the advanced stage of disease (Table 5). In contrast, 298
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Fig. 2. The expression level of the selected miRNAs, miR-17-5p (a), miR-221-3p (b), miR-20a-5p (c), miR-200C-3p (d), and miR-23a-3p (e),
before and after radiotherapy in rectal cancer patients compared to the healthy subjects. The relative expression of selected miRNAs was normalized
using U6 as the reference RNA. ∗P < 0.05 is considered as a significant level.
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Fig. 3. The selected miRNAs’ expression, miR-141-3p (a), miR-145-5p (b), miR-26a-5p (c), miR-101-3p (d), miR-34a-5p (e), before and after
radiotherapy in rectal cancer patients compared to the healthy subjects. The relative expression of selected miRNAs was normalized using U6 as
the reference RNA. ∗P < 0.05 is considered as a significant level.
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Table 5
The protein levels of selected tumor suppressor and oncoproteins in
rectal cancer patients in response to radiotherapy

Normal Pre-rad Post-rad
VEGFA (pg/ml) 88.3 ± 9.5 339 ± 47∗ 98.3 ± 17#

SMAD4 (pg/ml) 134 ± 21 456 ± 49∗ 143 ± 16#

ZEB2 (ng/ml) 5.3 ± 2.0 17 ± 4.0∗ 7.0 ± 5.0#

TGFBR2 (ng/ml) 6.5 ± 2.0 21 ± 3.0∗ 7.6 ± 1.6#

STAT3 (µg/ml) 56 ± 5.0 135 ± 32∗ 63 ± 19#

NOTCH1 (pg/ml) 115 ± 12 444 ± 39∗ 125 ± 21#

TET2 (ng/ml) 1.5 ± 0.3 16 ± 3.0∗ 2.1 ± 1.2#

MYC (ng/ml) 21 ± 6 132 ± 26∗ 27 ± 11#

PTEN (pg/ml) 888 ± 48 416 ± 33∗ 834 ± 44#

WEE1 (ng/ml) 76 ± 12 26 ± 10∗ 68 ± 15#

RB1 (ng/ml) 166 ± 15 75 ± 11∗ 157 ± 23#

∗P < 0.05 compared to the normal group. #P < 0.05 compared to
the pre-treatment group.

the expression levels of tumor suppressor proteins, in-299

cluding PTEN, WEE1, and RB1, were significantly de-300

creased in the advanced stages compared to the primary301

stages and the normal subjects (Table 5).302

3.7. Verification of the differential expression of the303

candidate genes304

We examined the expression levels of the VEGF,305

SMAD4, ZEB2, TGFBR2, STAT3, NOTCH1, TET2,306

and MYC oncogenes in the patients before and after307

radiotherapy compared to the healthy subjects (Fig. 4).308

Our results showed that the expression levels of these309

genes were significantly different before radiation from310

that of the normal subjects. Similarly, there was a sig-311

nificant difference in their expression levels after radio-312

therapy compared to the pre-treatment (Fig. 4a).313

Finally, we have compromised the expression levels314

of PTEN, WEE1, and RB1 tumor suppressor genes315

before and after radiotherapy compared to the healthy316

subjects. The expression levels of these genes were317

significantly different before radiotherapy from that318

of the normal subjects. Their expression levels were319

very different after radiotherapy than the pre-treatment,320

indicating the positive effects of radiotherapy on these321

tumor suppressor genes (Fig. 4b).322

3.8. Expression evaluation of miRNAs in response to323

radiotherapy324

The ten miRNAs were studied among the partici-325

pants to validate their potential role as a predictor of326

response to radiotherapy. The patients were categorized327

into TRG3/4 and TRG1/2 groups as respondents and328

non-respondents, respectively. Interestingly, the patients329

who were in TRG3/4 (65.4%) group had significantly330

lower miR-221 (p = 0.019), miR-17 (p = 0.025), and 331

miR-23 (p = 0.038) expression levels. In contrast, they 332

showed significantly higher miR-26 expression levels 333

(p = 0.005). No significant differences were observed 334

for the other miRNAs. 335

ROC analysis was performed to investigate the po- 336

tential utility of miR-221, miR-17, miR-23 and miR-26 337

as predictive biomarkers of response to radiotherapy. 338

The AUC value for expression of miR-221, miR-17, 339

and miR-23 was 0.717 (95% CI = 0.552–0.882; p = 340

0.009), 0.695 (95% CI = 0.549–0.842; p = 0.018) and 341

0.659 (95% CI = 0.513–0.806; p = 0.054), respectively 342

(Fig. 5a). 343

Moreover, miR-221 and miR-17 provided a better 344

predictive profile with an AUC value of 0.795 (95%CI: 345

0.651–0.920) (Fig. 5b). For the miR-26, the AUC was 346

0.735 (95% CI = 0.596–0.894) (Fig. 5c). In the op- 347

timum truncation point, the sensitivity and specificity 348

were 86.1% and 57.9% for miR-221, 69.4%, and 68.4% 349

for miR-17. For the combination of both oncomiRs, 350

the sensitivity and specificity were 66.7% and 84.2%, 351

respectively. The analysis of predictive power of ra- 352

diosensitivity for the miR-26 represented the sensitivity 353

and specificity of 75% and 73.7%, respectively. 354

4. Discussion 355

Our results showed the tumor suppressor miR- 356

NAs’ expression, including miR-101-3p, miR-145-5p, 357

miR-26a-5p, and miR-34a-5p, and also the expression 358

of oncomiRs, including miR-221-3p and miR-17-5p, 359

changed significantly after radiotherapy compared to 360

the pre-treatment in the rectal cancer patients. More- 361

over, there was a significant difference in the expression 362

level of the oncoproteins and the tumor suppressor pro- 363

teins after radiotherapy compared to the pre-treatment. 364

The analyses also showed that the up-regulated miR- 365

17-5p and miR-221-5p and the down-regulated miR- 366

101-3p and miR-145-5p were directly related to rectal 367

cancer via the Wnt, RAS, PI3K, and TGF-β signaling 368

pathways. 369

Previous studies have shown that miRNAs could pre- 370

dict and determine treatment response to cancer treat- 371

ments. They can also increase the sensitivity of tumors 372

to radiation by inhibiting target genes. In this setting, 373

miRNAs may modify current therapeutic strategies and 374

make them more targeted and effective. Therefore, miR- 375

NAs are not only biomarkers involved in cancer pre- 376

diction, prognosis, diagnosis, and monitoring, but also 377

they can be used as therapeutic targets in many can- 378
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Fig. 4. The expression of the selected oncogenes (a) and tumor suppressor genes (b) before and after radiotherapy in rectal cancer patients
compared to the healthy subjects. The relative expression of genes was normalized by using b-actin as the internal control gene. ∗P < 0.05
compared to the healthy group. #P < 0.05 compared to the pre-treatment group.

Fig. 5. Receiver operating characteristic (ROC) curve to evaluate the potential efficacy of (a) miR-221, miR-17, and miR-23, (b) the combination
of miR-221 and miR-17, and (c) miR-26 to differentiate patients with response to radiotherapy (TRG 3/4) from non-respondent (TRG 1/2). TRG:
tumor regression grade.

cers [20,21]. Our results showed that changes in miRNA379

expression in response to tumor radiation could pro-380

vide helpful information on using adjuvant therapies381

to improve radiation-based treatments [22]. In this set-382

ting, four main pathways can be activated by the growth383

factor receptors in response to radiation.384

The first pathway is PI3K/AKT, which modifies the385

expression of BAX, BIM, BCL2, and FOXO in re-386

sponse to radiation. PTEN is a tumor suppressor pro-387

tein that plays a crucial role in regulating this pathway.388

Our results showed that the PTEN level was signifi-389

cantly different after radiotherapy compared to the pre-390

treatment. In this setting, the miR-21 has been shown391

to target and inhibit PTEN protein. This miRNA plays392

a central role in the occurrence or progression of cancer393

and may increase malignancy [23]. Moreover, Zheng394

et al. investigated the role of miR-106b in the sensitiv-395

ity of human colorectal cells to radiotherapy. They ob-396

served that the increased expression level of miR-106b397

led to radiation resistance through direct interaction 398

with PTEN and P21 proteins and improved cell survival 399

and proliferation under radiation. They also observed 400

that miR-106b could activate the PI3K/AKT signaling 401

pathway by restricting PTEN protein and enhancing 402

cell proliferation [9]. Similar to our results, Drebber et 403

al. observed that the expression levels of miR-21 and 404

miR-145 were increased and decreased, respectively, 405

in tumor tissues. Their observations indicated reduced 406

miR-21 and an increase in miR-145 after treatment in 407

rectal tumors [4]. Thus, these miRNAs can be used to 408

monitoring patients with radiotherapy. 409

The second pathway involves MAPK that promotes 410

cell proliferation controlled by RAS and RAF activa- 411

tions. Our results showed that the expression levels of 412

miR-17-5p, miR-200c-3p, miR-23a-3p, miR-20a-5p, 413

and miR-221-3p were significantly different after radio- 414

therapy than the pre-treatment. Moreover, high levels of 415

miR-17-3p expression were related to a shorter disease- 416
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free survival [24]. Likewise, elevated plasma levels of417

miR-221 could be used as a potential biomarker to pre-418

dict poor overall survival in CRC patients [25]. Similar419

to our results, Let-7 [26], miR-145 [27], and miR-143420

have been identified as tumor suppressors that can in-421

hibit RAS and RAF expressions [28]. Studies have also422

shown that the Let-7 family can increase tumor cell423

sensitivity to radiation by decreasing the RAS family424

genes [29]. According to our results, the up-regulation425

of miR-143 and miR-145 may improve the rectal cells’426

radiosensitivity. Thus, these miRNAs may be used as427

biomarkers to predict therapy responses.428

The third pathway is the transformation of epithelial-429

mesenchymal transition cells, leading to cancer cell430

metastasis. Several miRNAs are involved in EMT regu-431

lation, such as the miR-200 family. Our results showed432

that the expression level of miR-200c-3p was signifi-433

cantly different after radiotherapy compared to the pre-434

treatment. Sun et al. found that miR-429, a member of435

the miR-200 family, was significantly down-regulated436

in colon cancer [30]. According to our results, Hur et437

al. found that miR-200 was abnormally expressed in438

metastatic colon tumors correlated with reducing the439

expression of the target genes, such as ZEB1, ETS1, and440

FLT1 genes. This issue could up-regulate E-cadherin441

and down-regulate Vimentin sequentially, leading to the442

EMT signaling pathway [31]. Observations have also443

shown that factors such as ZEB1 have an active role444

in the EMT pathway through the interaction of miR-445

200 and miR-141 [10]. Therefore, the down-regulation446

of miR-200 might improve the radiosensitivity of the447

colorectal cells.448

The fourth pathway is the P53, identified as a mu-449

tated tumor suppressor in 50–75% of all colorectal can-450

cers. P53 can induce several miRNAs’ expression and451

maturation, including Let-7a, miR-133a, miR-34, and452

miR-16 in colon cancer cells [32]. Our results showed453

that the expression levels of miR-26a-5p, miR-101-3p,454

miR-145-5p, miR-34a-5p, and miR-141-3p were signif-455

icantly different after radiotherapy compared to the pre-456

treatment. Similar to our results, the miR-34 family can457

play a central role in the cell cycle, proliferation, apop-458

tosis, and angiogenesis, which targets the CDK4/6, cy-459

clin E2, E2F2, BCL2, and SIRT proteins. Moreover, the460

miR-34 expression is decreased in colorectal cancers,461

which may be due to the deletion of 1p36 or miR-34462

promoter’s methylation [32]. Therefore, the increased463

expression of miR-34 and Let-7a in tumor cells can464

increase the sensitivity to radiotherapy.465

Overall, our results provided helpful information466

on inhibiting the expression of proteins involved in467

miRNAs’ cancer-related pathways. Although some of 468

these interactions are only predicted, this dual computa- 469

tional approach can provide critical information for con- 470

ducting new validation studies. We showed that over- 471

expressed miRNAs, such as miR-221-3p, and down- 472

expressed miRNAs, such as miR-101-3p and miR-26a- 473

5p, could interact more genes in the signaling path- 474

ways. Generally, our observations may hypothesize 475

that miRNAs can enhance proliferation and inhibit cell 476

death. These results can support future studies that may 477

determine the sensitivity, specificity, and efficacy of 478

selected miRNAs, representing particular interactions 479

with genes and molecular pathways in rectal cancer. 480

Additionally, the previous studies showed that pa- 481

tients with the complete response could undergo less 482

invasive strategies such as “wait and watch” ap- 483

proaches [33]. The supporting literature indicated that 484

such an approach could increase the quality of life in pa- 485

tients who were responsive to neoadjuvant chemoradio- 486

therapy [33]. Contrarily, the patients with resistance to 487

neoadjuvant chemoradiotherapy should manage prop- 488

erly based on their response rate to the treatments. This 489

issue can result in modifying the irradiation dose or ad- 490

ministration of different chemotherapeutic agents. Like- 491

wise, understanding the underlying mechanisms for re- 492

sistance can improve the efficacy of radiation therapy 493

by overcoming radioresistance. In the current work, we 494

observed that from 10 selected miRNAs, four associated 495

with the response to radiotherapy. In this respect, we 496

observed that the miR-221, -17, and -23 were response- 497

related miRNAs in patients with locally advanced rectal 498

cancer. This profile has not been previously evaluated 499

as a tool for treatment monitoring in locally advanced 500

rectal cancer to the best of our knowledge. However, 501

some other novel miRNAs were reported by which the 502

response to chemoradiotherapy was predicted [34,35]. 503

In this respect, it was demonstrated that the miR-31 was 504

associated with poor overall survival and a higher rate 505

of resistance in locally advanced rectal cancer [34]. Be- 506

sides, it was demonstrated that post-surgical expression 507

of miR-345 was more elevated in rectal cancer patients 508

resistant to chemoradiotherapy [36]. 509

Moreover, Campayo et al. reported that the overex- 510

pression of miR-21, miR-99-b, and miR-375 was ob- 511

served among the patients who showed a poor response 512

rate to the chemoradiotherapy. Consistently, they pro- 513

vided similar findings regarding the possible role of 514

let-7b in enhancing radiosensitivity in rectal cancer pa- 515

tients [37]. Interestingly, we observed that post-surgical 516

higher expression of tumor suppressor miRNAs, miR- 517

26, was associated with better radiosensitivity. This is- 518
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sue can imply that the target pathways of these miR-519

NAs can be a possible target for targeted therapy for520

improving the efficacy of chemoradiotherapy.521

4.1. Limitation and clinical application522

Although we assessed a panel of the biomarkers to523

predict the response to treatment in locally advanced524

rectal cancer patients, our low sample size may dimin-525

ish the validity of the findings. The clinical decision on526

the management of rectal cancer is substantially made527

based on the different variables before initiation of any528

clinical intervention. However, the current decision-529

making system is not accurate enough. As a result,530

around 30% of the patients showed no clinical response531

to performed neoadjuvant interventions [38]. About 70532

miRNAs are associated with treatment resistance in533

rectal cancer patients [39,40]. The possible valuable534

role of miRNAs in the clinic can be range from the535

biomarker to candidate for the targeted therapy. So far,536

multiple techniques developed to facilitate the clinical537

applications of miRNAs in patient management. These538

procedures can comprise antisense oligonucleotides or539

antagomirs, locked nucleic acids, peptide nucleic acids,540

the newest miRNA sponges and miRNA masking tech-541

niques, and an increased tumor suppressor miRNAs542

by miRNA mimics or viral vector-encoded miRNA re-543

placement [40]. Despite their considerable impact on544

patient management, these techniques have been stud-545

ied on a limited scale of rectal cancer patients. We could546

not find any active clinical trial regarding using these547

techniques on patients with locally advanced rectal can-548

cer based on our search. Therefore, more studies should549

be conducted to assess the impact of these strategies in550

managing radioresistance patients.551

5. Conclusion552

We indicated that the interactions of selected miR-553

NAs and target genes were associated with cell apop-554

tosis, migration, and proliferation that can play crucial555

roles in rectal cancer. They may also be new candidate556

biomarkers to monitor conventional radiotherapy.557

Abbreviation558

DDR DNA damage repair;559

miRNA microRNA;560

ATM ataxia telangiectasia mutated;561

CRC colorectal cancer; 562

EMT epithelial-mesenchymal transition; 563

GEO Gene Expression Omnibus, GO, gene on- 564

tology; 565

KEGG Kyoto Encyclopedia of Genes and Geno- 566

mes; 567

PBMCs peripheral blood mononuclear cells; 568

FBS Foetal Bovin Serum; 569

DMSO Dimethyl sulfoxide; 570

BSA bovine serum albumin; 571

qPCR quantitative PCR; 572

TRG tumor regression grade; 573

ROC receiver operating characteristic; 574

DEMs differentially expressed miRNAs; 575

DEGs differentially expressed genes; 576

BMI body mass index. 577
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