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Abstract

(1) Background: MicroRNAs (miRNAs) are candidate biomarkers of therapeutic response; this study
sequenced tumor miRNAs before and after neoadjuvant chemoradiation (CRT) in cohorts with
locally advanced rectal cancer undergoing total mesorectal excision. (2) Materials and Methods: A
total of 79 tumor samples, with 36 in the pre-operative (pre-OP) and 43 in the post-operative (post-
OP) group, underwent miRNA profiling with the NanoString nCounter Human v3 assay and
functional target/pathway analysis using miRDB and TargetScanHuman. (3) Results: NanoString
nCounter profiling of 798 miRNAs showed an overall higher expression in post-OP versus pre-OP
samples, with 93 miRNAs upregulated in the post-OP group. Target/pathway analyses of the top
upregulated miRNAs indicated enrichment across 37 KEGG pathways—including MAPK and Ras
signaling and proteoglycans in cancer—and qRT-PCR validated significant post-OP increases in six
miRNAs (miR-143-3p, miR-145-5p, miR-99a-5p, miR-125b-5p, miR-100-5p, and let-7c-5p). (4)
Conclusion: We found and validated significant differentially expressed (DE) miRNAs in the post-
OP group compared to the pre-OP group in patients with rectal cancer undergoing concurrent CRT.
These DE miRNAs might serve as the key molecules in CRT-induced suppression of tumor
progression and immunomodulation. The further role of DE miRNAs as significant biomarkers needs
to be explored in future studies.

Keywords: chemoradiation; microRNA; Nanostring; rectal cancer

1. Introduction

Colorectal cancer (CRC) ranks as the fourth most commonly diagnosed cancer and the second
primary cause of cancer mortality in the United States [1]. According to 2021 cancer statistics in Korea,
CRC is the second most frequently diagnosed cancer and contributes to the third highest cancer
mortality in South Korea [2]. Worldwide, colorectal cancer mortality has declined over the decades
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due to advancements in cancer prevention, earlier detection through screening, and improved
treatment modalities [3-5].

Rectal cancer accounts for approximately 40% of CRC cases and various neoadjuvant therapies
including neoadjuvant chemoradiation therapy (CRT) and neoadjuvant chemotherapy followed by
radical total mesorectal excision (TME) are recommended as one of the standard treatment options
inlocally advanced rectal cancer [6,7]. After neoadjuvant CRT, tumor and rectal tissues are influenced
by this treatment and there have been several investigations on the effect of neoadjuvant CRT in
terms of tumor microenvironment [8-11]. This effect of neoadjuvant CRT has the potential to
influence oncologic prognosis and outcomes.

MicroRNA (miRNA) are non-coding, single-stranded RNA molecules that are 21-23 nucleotides
in size [12]. miRNAs, present in plants, animals, and certain viruses, play a crucial role in RNA
silencing and the post-transcriptional regulation of gene expression [13,14]. In human and animal
cells, miRNAs predominantly function by destabilizing mRNA [15]. It is estimated that as much as
30% of human genes are regulated by miRNAs [16]. They are instrumental in the regulation of
biological processes, including apoptosis, cell differentiation, maturation, and cell proliferation
[17,18]. miRNAs are highly stable during storage, are secreted into physiological fluids with minimal
degradation, and are easily quantifiable using quantitative polymerase chain reaction, microarray, or
sequencing approaches [16]. Numerous prior research have suggested that miRNAs could serve as
indicators of cancer therapy response, potentially aiding in the formulation of novel ways to
surmount therapeutic resistance [19-22]. Recent studies have identified the significant function of
miRNA in contemporary oncology treatment and its association with radiation [19,21,22].

In the present study, we sequenced the miRNA from tumor tissues before and after treatment
among cohorts who underwent standard neoadjuvant CRT followed by TME in locally advanced
rectal cancer. We anticipated that evaluating changes in miRNA expression would provide a more
precise assessment of the impact of CRT on rectal cancer patients on a biochemical level. Ultimately,
our objective was to observe the variation in miRNAs that are influenced and expressed by radiation
therapy (RT).

2. Results

2.1. Identification of DE miRNA

To identify miRNA expression patterns related to the CRT, we performed NanoString nCounter
assays on tumor samples from the rectal cancer site. The expression of 798 miRNAs was compared
between pre-OP and post-OP samples. The results showed an overall tendency for higher miRNA
expression in the post-OP compared to the pre-OP group. Significant differences in miRNA
expression between the two groups were determined using criteria of |log2(fold change)! >2 and p-
value < 0.05. Compared to the pre-OP group, 93 up-regulated miRNAs were identified in post-OP
group. No significantly down-regulated miRNAs were found as none met the fold change criteria
(Figure 1, Table 1). Only the top 10 significantly up-regulated miRNAs were used for further analysis.

Table 1. Differentially expressed genes.

miRNA Log2FC T p-value *
hsa-miR-4286 4.1 12 2.1x10
hsa-miR-99a-5p 3.7 11 2x1010
hsa-miR-143-3p 3.5 9.1 3.6x10-
hsa-miR-145-5p 3.3 9.3 1.6x1015
hsa-miR-125b-5p 3.2 9.6 3.1x10-1
hsa-let-7i-5p 29 6.2 8x10°
hsa-miR-1-3p 2.8 7.5 1.8x1011
hsa-miR-100-5p 2.7 8.6 4.2x1014
hsa-miR-199a-5p 2.5 9.2 2.4x1015
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hsa-let-7c-5p 2.4 8.5 7.4x1014

* P-values were obtained by using an empirical Bayes moderated t-test as implemented in the limma package.
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Figure 1. The volcano plot depicts the upregulated (red) miRNAs that showed a log?2 fold change > 1 with p-
value of <0.05. The log2 fold change is on the x-axis, and the negative log of the p-value is on the y-axis. The
black dots represent the miRNAs that do not pass the filter parameters.

2.2. DE miRNAs Regulates Cancer Related Pathways

To understand function of the DE miRNAs, we selected top 10 miRNAs and identify target genes
using the miRDB and TargetScanHuman databases. A total of 4,622 genes were predicted in miRDB
and 7,022 genes in TargetScanHuman, with 3,381 overlapping genes identified (Figure 2A, Table S1).
Using these 3,381 genes, we performed KEGG pathway analysis with the DAVID web tool. We
identified miRNAs regulate genes in 138 KEGG pathways (Table 52). “MAPK signaling pathway”,
“proteoglycans in cancer”, “Ras signaling pathway”, “pathways in cancer” were among some of the

most significant pathways (Figure 2B).
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Figure 2. Results of miRNA target gene functional analysis (A) Venn diagram shows the number of predicted
target genes for the top 10 upregulated miRNAs in post-OP group identified by both miRDB and
TargetScanHuman. (B) Bar plot shows the most significant KEGG pathways identified through pathway

enrichment analysis of the 3,381 predicted target genes.

2.3. Validation of miRNA Expression
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To confirm the reliability of the bioinformatics analysis in identifying DE miRNA, qRT-PCR was
performed on 8 samples from the pre-OP group and 12 samples from the post-OP group as written
above and to validate the top 10 up-regulated miRNAs. hsa-miR-1-3p and hsa-miR-199a-5p were
excluded from further analysis due to reliability concerns, as their raw Ct values were above 35 in
most pre-OP group samples. Statistical comparison of the relative expression between the two groups
using the Wilcoxon test revealed that 6 out of the 10 miRNAs were significantly upregulated in the
post-OP group (Figure 3, Table 2).
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Figure 3. Expression pattern of the top 10 upregulated miRNAs by qRT-PCR. Boxplot showing the relative
expression levels of the top 10 upregulated miRNAs in pre-OP and post-OP samples as measured by qRT-PCR.

Table 2. Wilcoxon test of qRT-PCR result

miRNA Estimate p-value
hsa-miR-4286 -0.72111 0.39571
hsa-miR-143-3p -2.90002 0.027714
hsa-miR-145-5p -3.10603 0.015049
hsa-miR-99a-5p -2.85 0.015861
hsa-let-7i-5p -0.20001 0.816826
hsa-miR-125b-5p -2.69999 0.009722
hsa-miR-100-5p -3.25 0.002985
hsa-let-7c-5p -2 0.038708

3. Discussion

This study aimed to identify miRNA expression changes associated with CRT in rectal cancer.
Using NanoString nCounter assays, we compared miRNA expression patterns between pre-OP and
post-OP samples and observed an overall trend of increased miRNA expression in the post-OP
group. 34 miRNAs were significantly up-regulated and none showed significant down-regulation.
To understand the biological significance of the up-regulated miRNAs, the top 10 were selected for
target gene prediction using the miRDB and TargetScanHuman databases, which can identify a total
of 3,381 genes. KEGG pathway analysis of these genes revealed involvement in 37 pathways,
including several cancer-related pathways such as “MAPK signaling pathway,” “proteoglycans in
cancer,” “Ras signaling pathway,” and “pathways in cancer.” This pathway enrichment suggests that
these upregulated miRNAs may play important roles in suppressing genes involved in cancer
progression. To validate the findings from the DE analysis, qRT-PCR was conducted on a subset of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202512.0900.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2025 d0i:10.20944/preprints202512.0900.v1

5 of 11

samples, confirming that 6 of the top 10 up-regulated miRNAs were significantly elevated in the post-
OP group: hsa-miR-143-3p, hsa-miR-145-5p, hsa-miR-99a-5p, hsa-miR-125b-5p, hsa-miR-100-5p, and
hsa-let-7c-5p. Our study results showed several concordant or disparate results compared to
previous research works related to miRNA studies in rectal cancer [22,23].

Among the upregulated miRNAs, miR-143, miR-145-5p, miR-99a-5p, let-7c, miR-100-5p, and
miR-125b-5p have been reported as tumor suppressors in various cancer types. miR-143 and miR-
145-5p inhibit EMT-related genes, including CXCR4, vimentin, and snail-1, reducing cancer cell
invasion and proliferation in lung, prostate, and ovarian cancers [24-27]. miR-145 acts as a tumor
suppressor in various cancers and is downregulated in colorectal cancer. Increased miR-145
expression inhibits colorectal adenocarcinoma cell growth and metastasis through regulation of
mesothelin expression [28]. Similarly, miR-143 is frequently downregulated in colorectal cancer, and
its upregulation following CRT may contribute to enhanced therapeutic efficacy by suppressing
tumor cell proliferation and metastasis.

miR-99a-5p induces cellular senescence and enhances sensitivity to chemotherapy agents, such
as gemcitabine, potentially overcoming treatment resistance [29]. Although miR-99a is recognized as
a tumor suppressor with decreased expression observed in various cancer types [29,30], specific
studies in rectal cancer following CRT remain limited. Thus, the observed increase in miR-99a-5p
expression in this study suggests a potential role in suppressing tumor cell proliferation and
improving therapeutic response.

let-7c inhibits the expression of oncogenic genes such as N-RAS, C-MYC, and MMP-1, and
reduces proliferation and migration in several cancers [31,32]. Members of the let-7 miRNA family
are frequently downregulated tumor suppressors in multiple cancer types. Increased let-7c-5p
expression after CRT could similarly suppress tumor cell growth and metastasis [33].

miR-100-5p and miR-125b-5p also exhibit tumor-suppressive functions. miR-100-5p inhibits
tumor progression in non-small cell lung cancer and hepatocellular carcinoma by targeting oncogenic
regulators such as HOXA1, SMARCAS5, and PLK1 [34-36]. miR-100 has been linked to radiation
resistance in CRC cells, which means that its higher levels after treatment may affect how well the
treatment works [37].

miR-125b-5p suppresses malignant phenotypes in endometrial cancer [38] and serves as a
prognostic factor in CRC. However, studies on miR-125b present conflicting results; certain studies
have linked elevated miR-125b expression to increased tumor size and decreased survival, whereas
others reported that high miR-125b-2-3p levels correlate with improved 5-year survival rates [39,40].
These divergent findings suggest that the role of miR-125b may depend significantly on the tumor's
genetic background and therapeutic context.

The increased expression of these miRNAs after CRT may influence tumor cell proliferation,
invasion, and metastasis, contributing significantly to treatment responses and clinical outcomes.
Certain miRNAs are also implicated in regulating immune responses, potentially inhibiting immune
evasion mechanisms or enhancing immune cell activation within the tumor microenvironment.
Monitoring changes in these miRNA expressions could offer helpful tips for predicting therapeutic
efficacy and establishing personalized treatment strategies. Further studies considering genetic
backgrounds, treatment modalities, and patient-specific factors are required to clarify the distinct
roles of individual miRNAs.

Our KEGG pathway enrichment analysis of DE miRNAs identified after CRT highlighted four

s

significantly associated pathways: the “MAPK signaling pathway,” “proteoglycans in cancer,” “Ras
signaling pathway,” and general “cancer-related pathways.” These signaling cascades are not only
critical in tumorigenesis but also intimately involved in modulating the tumor immune
microenvironment following the therapeutic intervention.

The MAPK pathway regulates immune checkpoint molecules such as PD-L1, thereby
influencing T cell-mediated anti-tumor immunity after radiation exposure [41]. Proteoglycans
contribute to the regulation of immune cell trafficking and cytokine bioavailability, ultimately

impacting immune surveillance and tumor immune evasion mechanisms [42]. The “Ras signaling
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pathway,” frequently dysregulated in cancer, alters cytokine production and antigen presentation
capabilities, thus modulating both innate and adaptive immune responses [43]. The involvement of
the broader "pathways in cancer" network further highlights the complexity of immunological
responses triggered by CRT, where pro-tumor and anti-tumor immune mechanisms may coexist or
compete [44].

Recent studies have reported that CRT induces new somatic mutations and neoantigen
production in rectal cancer, leading to increased T cell infiltration and enhanced immune responses
[45,46]. Increased PD-L1 expression combined with elevated CD8+ T cell infiltration has also been
associated with significantly improved disease-free and overall survival [47]. The observed
upregulation of miRNAs and activation of immune-related pathways such as MAPK and Ras
signaling in the present study may reflect similar alterations in the tumor immune
microenvironment.

Changes in miRNA expression patterns following CRT may contribute to the reprogramming of
the immune microenvironment by regulating PD-L1 expression and enhancing CD8+ T cell
infiltration, potentially influencing treatment response and clinical outcomes. Specific miRNAs may
serve not only as biomarkers for treatment response but also as key modulators of immunogenicity
in rectal cancer. Further studies are needed to investigate the correlations among miRNA expression,
PD-L1 status, and immune infiltration markers, such as CD8+ T cells, in order to clarify the
underlying immunological mechanisms.

Although our research results showed some discrepancies compared with other past studies,
ours were verified through qRT-PCR and demonstrated some consistent results comparing to prior
studies [22,23]. The main limitation is that we could not observe the distinctive outcomes depending
on different tumor responses due to the sample sizes and we need to validate these findings in future
studies. Also recent changes in treatment trends in rectal cancer and its relation to different molecular
results need to be clarified.

In conclusion, we found and validated significant DE miRNAs (hsa-miR-143-3p, hsa-miR-145-
5p, hsa-miR-99a-5p, hsa-miR-125b-5p, hsa-miR-100-5p, hsa-let-7c-5p) in post-OP group compared to
pre-OP group in patients with rectal cancer undergoing concurrent CRT. We also discovered that DE
miRNAs regulate several significant cancer-related pathways. These miRNAs might serve as the key
molecules in CRT-induced suppression of tumor progression and immunomodulation. Future
studies need to explore the further role of miRNAs as biomarkers in the field of CRT.

4. Materials and Methods

4.1. Patients

We obtained institutional review board approval before study initiation (IRB no: UC18SNS0143).
Allincluded patients were diagnosed with biopsy-proven locally advanced rectal cancer and whole-
body staging work-up. They underwent preoperative CRT followed by radical TME surgery.
Preoperative (pre-OP) and postoperative (post-OP) samples were acquired from diagnostic biopsy
and TME surgery specimens, respectively. The study enrolled and evaluated a total of 79 cancer
samples, including 36 in the pre-OP group and 43 in the post-OP group. For the miRNA study, pre-
OP and post-OP samples were analyzed in 10-20 formalin-fixed, paraffin-embedded (FFPE) tissue
samples. In FFPE samples, the most representative regions of the tumor tissue (at least 60% of tumor
cells) were examined and included by a specialized pathologist. The characteristics of Pre-OP and
post-OP samples are described in Table 3.

Table 3. General clinical data of pre-OP and post-OP group.

Groups pre-OP (n=36) post-OP (n=43) p-value*
Age (year) 0.277
Median (range) 66 (18-80) 67 (44-84)
Gender 0.403
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Male: Female 21(58.3): 15 (41.7) 28 (65.1): 15 (34.9)
Clinical stage at initial diagnosis (cT) 0.93
1 0(0) 0(0)
2 3(8.3) 3(7)
3 22 (61.1) 28 (65.1)
4a/4b 11 (30.6) 12 (27.9)
Clinical stage at initial diagnosis (cN) 0.907
0 4(11.1) 5(11.6)
la/1b/1c 24 (66.7) 27 (62.8)
2a/2b 8(22.2) 11 (25.6)
Response to preoperative CRT 0.986
CR/PR 21 (58.3) 25 (58.1)
SD/PD 15 (41.7) 18 (41.9)
Pathological stage after surgery (ypT) 0.827
0/Tis 7 (19.4) 4(9.3)
1 3(8.3) 4(9.3)
2 9 (25) 15 (34.9)
3 15 (41.7) 18 (41.9)
4a/4b 2(5.6) 2 (4.6)
Pathological stage after surgery (ypN) 0.892
0 27 (75) 35(81.4)
la/1b/1c 6 (16.7) 5(11.6)
2a/2b 3(8.3) 3(7)
Total RT dose (Gy) 0.99
Median (range) 50.4 (50.4-60) 50.4 (50.4-60)
Chemotherapy regimen 0.986
Capecitabine: 5-FU/Leucovorin 23 (63.9): 13 (36.1) 25(58.1): 18 (41.9)

* P-values were obtained by using Pearson chi-square test and independent t-test.

4.2. RNA Extraction and Quantification

Total RNA was then extracted using a miRNeasy FFPE kit (QIAGEN). RNA yield and purity
were assessed using a DS 11 Spectrophotometer (Denovix Inc., DE, USA). According to the
manufactureres recommendations, NanoString recommends using more than >100 ng total RNA, as
this amount of input material generates a robust signal for most tissue/cell isolates. Therefore, more
than 300 ng of total RNA was added to the sample preparation reaction within the available 3 pL
volume. Finally, RNA quality was assessed using the Fragment Analyzer from Advanced Analytical
Technologies (IA, USA).

4.3. miRNA Microarray Expression by NanoString

nCounter miRNA expression assay (Nanostring Technologies, Seattle, WA) was performed
using more than 300 ng of miRNA and the Human miRNA v3 Assay Kit. The miRNA sample was
used for the miRNA tag ligation reaction, after which the tagged miRNAs were hybridized with the
human miRNA codeset for 18 hours at 65 °C and then processed according to the manufacturere
instructions.

Excess probes were removed using two-step magnetic bead-based purification on the nCounter
Prep Station (NanoString Technologies). Abundances of specific target molecules were quantified on
the nCounter Digital Analyzer by counting the individual fluorescent barcodes and assessing the
target molecules. For each assay, a high-density scan encompassing 280 fields of view was performed.
The data was collected using the nCounter Digital Analyzer after taking images of the immobilized
fluorescent reporters in the sample cartridge with a CCD camera.

4.4. miRNA Expression Analysis
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https://doi.org/10.20944/preprints202512.0900.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2025 d0i:10.20944/preprints202512.0900.v1

8 of 11

Nanostring data was normalized using the NanoTube (v.1.8.0) R package [48]. Raw counts were
scaled by comparing the geometric mean of positive control features between samples. Genes were
removed if at least 50% of samples had values less than 2 s.d. above the mean of negative controls.
Next, counts were scaled by comparing the geometric mean of housekeeping genes between samples.

Differential expression analysis between the pre-OP and post-OP groups was performed with
the limma (v.3.58.1) R package. Differentially expressed (DE) miRNA were identified with using
thresholds of a log fold-change (FC) of 21 and a p-value of <0.05.

4.5. Functional Analysis

Target genes of the top 10 upregulated miRNAs were predicted using miRDB and
TargetScanHuman databases [49,50]. Only genes predicted by both databases and with a miRDB
score 2 80 were selected for further analysis.

Functional enrichment analysis of predicted target genes was performed using Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis via the DAVID web tool [51].
Pathways with Benjamini-adjusted p-values < 0.05 were considered statistically significant.

4.6. qRT-PCR Validation

Total RNA, which includes miRNAs, was quantified using a NanoDrop™ spectrophotometer
(Thermo Scientific). To synthesize cDNA from total RNA, gene-specific primers were employed
following the TagMan miRNA assay protocol (Applied Biosystems). The reverse transcriptase
reactions included 1-10 ng of RNA samples, miRNA specific RT primer, dNTPs (deoxynucleotide
triphosphates), Multiscribe Reserve Transcriptase, Reverse transcription Buffer, RNase inhibitor. The

reaction mixtures were incubated in a thermal Cycler within a 384-well plate for 30 min at 16°C,
followed by 30 min at 42°C, 5 min at 85°C and then held at 4°C. The resulting synthesized cDNA

samples were stored at - 20°C until they were ready for further use.

Real-time PCR was performed using an Applied Biosystems Viia 7 system. Each 10 pL PCR
reaction included the RT product, TagMan Universal PCR master mix, and the primers and probe
mix specified by the TagMan MicroRNA Assay protocol. The primer details are provided in
Supplementary Table S3. The PCR reactions were carried out in a 384-well plate with an initial
incubation at 95°C for 20 s, followed by 40 cycles of 95°C for 1 s and 60° for 20 s. The Ct cut-off for
lower limit of detection was set at 35. U6 snRNA served as the endogenous control, and the
expression of each miRNA was normalized to the expression of U6 snRNA.

4.7. Validation of miRNA Using qRT-PCR

Validation of up-regulated DE miRNA was performed using qRT-PCR with 8 samples of pre-
OP groups and 12 samples of post-OP group. The characteristics of the Pre-OP and post-OP samples
used for validation are described in Table 4. Relative expression of miRNAs was calculated by the
delta-delta-cycle threshold (AACt) method. U6 snRNA was used as an endogenous control for
expression normalization, and AACt was calculated as the difference between pre-OP and post-OP
group ACt.

Table 4. General clinical data of miRNA validation cohorts (pre-OP and post-OP group).

Groups pre-OP (n=8) post-OP (n=12) p-value*
Age (year) 0.171
Median (range) 64 (44-76) 73 (50-77)
Gender 0.356
Male: Female 4 (50):4 (50) 9 (75):3(25)

Clinical stage at initial diagnosis (cT) 0.454

1 0 (0) 0(0)

2 1 (12.5) 0(0)
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3 4 (50) 7 (58.3)
4a/4b 3(37.5) 5 (41.7)
Clinical stage at initial diagnosis (cN) 0.53
0 6 (75) 2(16.7)
la/1b/1c 1(12.5) 7 (58.3)
2a/2b 1(12.5) 3(25)
Response to preoperative CRT 1
CR/PR 4 (50) 9 (75)
SD/PD 4 (50) 3 (25)
Pathological stage after surgery (ypT) 0.771
0/Tis 1(12.5) 1(8.3)
1 1(12.5) 2(16.7)
2 3(37.5) 6 (50)
3 3(37.5) 2(16.7)
4a/4b 0(0) 1(8.3)
Pathological stage after surgery (ypN) 0.4
0 6 (75) 9 (75)
la/1b/1c 1(12.5) 3(25)
2a/2b 1(12.5) 0(0)
Total RT dose (Gy) 0.613
Median (range) 50.4 (50.4-55.8) 50.4 (50.4-55.8)
Chemotherapy regimen 0.648
Capecitabine: 5-FU/Leucovorin 4 (50): 4 (50) 8 (66.7): 4 (33.3)

* P-values were obtained by using Fishere exact test and independent t-test.
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paper posted on Preprints.org. Table S1: Predicted target genes; Table S2: Kegg pathway analysis of predicted
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