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Abstract: Background: Liquid biopsy has gained significant attention as a non-invasive
method for cancer detection and monitoring. IsomiRs and tRNA-derived fragments (tRFs)
are small non-coding RNAs that arise from non-canonical microRNA (miRNAs) processing
and the cleavage of tRNAs, respectively. These small non-coding RNAs have emerged as
pro-mising cancer biomarkers, and their distinct expression patterns highlight the need for
further exploration of their roles in cancer research. Methods: In this study, we investigated
the differential expression profiles of miRNAs, isomiRs, and tRFs in plasma extracellular
vesicles (EVs) from colorectal and prostate cancer patients compared to healthy controls.
Subsequently, a combinatorial analysis using the CombiROC package was performed to
identify a panel of biomarkers with optimal diagnostic accuracy. Results: Our results
demonstrate that a combination of miRNAs, isomiRs, and tRFs can effectively di- stinguish
cancer patients from healthy controls, achieving accuracy and an area under the curve
(AUC) of approximately 80%. Conclusions: These findings highlight the potential of a
combinatorial approach to small RNA analysis in liquid biopsies for improved cancer
diagnosis and management.

Keywords: miRNAs; isoforms; tRNAs; liquid biopsy; colon cancer; prostate cancer;
bioinformatics

1. Introduction

Cancer remains a leading cause of mortality worldwide, emphasizing the need for
effective early detection and monitoring strategies. Liquid biopsies have revolutionized
cancer diagnosis and monitoring by offering a non-invasive alternative to traditional
tissue biopsies. The assays relying on analyzing various biomolecules released by tumor
cells into bodily fluids, such as blood, urine, and cerebrospinal fluid, have emerged as
pro-missing tools in cancer research and clinical practice [1]. MicroRNAs (miRNAs) and
transfer RNAs (tRNAs) are two fundamental classes of non-coding RNAs (ncRNAs) with
diverse roles in cellular biology. MiRNAs are small regulatory RNAs known for their
abi- lity to post-transcriptionally modulate gene expression, while tRNAs are key players
in protein synthesis [2,3]. Recently, microRNAs and tRNAs have attracted attention as
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potential biomarkers in liquid biopsies due to their involvement in multiple aspects of
cancer biology [4].

miRNAs are short, single-stranded RNA molecules, approximately 21-25 nucleotides
in length, that play a pivotal role in regulating gene expression. They act as post-
transcriptional regulators by binding to the 3’ untranslated region (UTR) of target messen-
ger RNAs (mRNAs), leading to mRNA degradation or translational inhibition, impacting
various cellular processes [5,6]. The dysregulation of miRNAs is a hallmark of cancer and is
associated with tumor initiation, progression, and metastasis [6,7]. They are known for their
stability in various bodily fluids, making them ideal candidates for liquid biopsy-based
assays [5,8]. Detection methods such as reverse transcription-polymerase chain reaction
(RT-PCR) and next-generation sequencing (NGS) have enabled the identification of specific
miRNA signatures for different cancer types, providing valuable diagnostic and prognostic
information [5,6]. Recent advancements in sequencing technologies have demonstrated
that miRNA genes can produce a variety of sequence variants, diverging from canonical
miRNAs. These variants, known as isomiRs, can differ in sequence length (templated
isomiRs), end modifications (non-templated isomiRs), or nucleotide composition (poly-
morphic isomiRs). They arise from variations in the canonical biogenesis pathway or
non-canonical pathways [2,9-11]. IsomiRs can add a layer of complexity to liquid biopsy
analyses [7]. These isoforms exhibit tissue- and disease-specific expression patterns, further
enhancing the diagnostic potential of miRNAs in liquid biopsies [8]. Understanding the
functional implications of miRNA isoforms in cancer biology is an evolving area of interest.

tRNAs, on the other hand, are essential for protein synthesis, as they deliver amino
acids to the ribosome during translation, but emerging evidence suggests their involvement
in non-canonical functions. tRNAs and tRNA-derived fragments (tRFs) have been linked to
cellular responses to oxidative stress [12,13] and cancer [14-16]. tRFs are small non-coding
RNAs generated through specific cleavage of tRNAs and involved in various biological
processes [17-19]. The most frequently investigated tRFs are 5'-tRFs and 3’-tRFs, which
are generated from the 5" and 3’ ends of mature tRNAs, respectively. Additionally, tRFs
can also originate from the internal regions of tRNAs, known as internal tRNA-derived
fragments (i-tRFs) [20,21]. Aberrant tRNA expression and the presence of tRFs have been
observed in various cancer types [22,23]. These molecules are detectable in bodily fluids,
providing potential biomarkers for cancer diagnosis and monitoring [24,25].

Although miRNAs and tRNAs have been extensively studied as cancer biomarkers in
tissue biopsies, which are associated with risks and limitations, the potential of isomiRs
and tRFs in liquid biopsies remains largely unexplored. These small ncRNAs can offer
unique advantages due to their tissue-specific expression patterns and stability in biolo-
gical fluids [26,27]. IsomiRs are not merely artifacts, they actively participate in gene
re-gulation by interacting with the RNA-induced silencing complex (RISC) and shifting
the targetome due to alterations in their seed sequences, potentially leading to divergent
biological effects [28]. Similarly, tRFs have been implicated in various cellular processes,
including gene regulation and stress responses [20,29]. In the present study, we focused on
the expression profiles of microRNAs, isomiRs, and tRFs of plasma extracellular vesicles
(EVs) from colorectal and prostate cancer. RNA expression data were retrieved from the
Extracellular Vesicles database (EVAtlas) [30]. EVAtlas is an open-access repository re-
presenting an ideal framework because it makes available ncRNA-sequencing profiles
from 24 conditions, 8 liquid sources, and 7 ncRNA types. We employed CombiROC-based
combinatorial analysis of miRNAs and isomiRs (from now on—miRNAs/isomiRs) and tRFs
to identify the optimal combinations of these small RNAs as potential biomarkers in two
types of cancer. The application of this innovative approach to small RNA analysis in liquid
biopsies, specifically EVs, has great promise for cancer diagnosis and treatment. Addressing
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existing knowledge gaps and advancing the field of liquid biopsy-based cancer diagnostics
can lead to better patient outcomes and support the development of personalized medicine.

2. Results

Due to the tissue-specific and cancer-determined expression patterns of miRNA/
isomiRs and tRDs, the first step in our analysis was to identify all types of small ncRNAs
in samples from the four stages of colon cancer, as well as prostate cancer. We identified
a total of 3536 miRNAs/isomiRs and 6957 tRFs in colon cancer samples and 2965 miR-
NAs/isomiRs and 5322 tRFs in prostate cancer (Figures 1 and 2). To discover a circulating
miRNA and tRF signature for monitoring purposes, we hypothesized that candidate
biomarkers would be significantly differentially expressed in cancer samples compared
to healthy control samples. Notably, the significantly differentially expressed miRNA-
derived sequences were predominantly isomiRs rather than canonical miRNAs. This
finding underscores the importance of considering isomiRs in biomarker discovery, as they
may play unique roles in cancer biology and offer novel insights into disease mechanisms
(Figures 2A,C and 3A).
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Figure 1. Summary of the analysis findings.

2.1. Discovery of the miRNAs/isomiR and tRF Signatures of Colon Cancers

To determine the specific miRNA(s) associated with colorectal cancer, we compared
50 healthy control samples versus 100 patients with colorectal cancer (GSE71008) (Table 1).
The colorectal cancer cohort comprised 25 samples from each stage of the disease: stage 1,
stage 2, stage 3, and stage 4 (100 samples in total). Our analysis detected a total of 3537 miR-
NAs and isomiRs. Among the stages analyzed, the number of differentially expressed
sequences was highest at stage 3, with 157 (Figure 2). The analysis revealed that the number
of downregulated miRNAs and isomiRs exceeded the number of upregulated sequences in
all stages except stage 1. Stage 2 exhibited the highest number of downregulated miRNAs
and isomiRs, with only one sequence being upregulated. In contrast, stage 4 showed
the largest number of upregulated sequences. This differential expression highlights the
varying molecular profiles associated with each cancer stage, providing insights into the
progression of colorectal cancer. No common miRNAs or isomiRs were detected across all
stages of colorectal cancer. However, stages 2, 3, and 4 shared a total of 72 differentially
expressed miRNAs and isomiRs (Figure 4B).
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Figure 2. Distribution of total miRNAs/isomiRs and tRFs in colon cancer and prostate cancer.

Intersection of miRNAs/isomiRs (A) and tRFs (B) across colon cancer and prostate cancer groups
and healthy donors. Distribution of total detected miRNA /isomiRs (C) and tRF types (D) per stage

in colon cancer and prostate cancer.
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Figure 3. Distribution of the differentially expressed miRNAs/isomiR and tRF types in colon cancer
and prostate cancer. (A) miRNA and isomiRs (B) tRF types detected per stage in colon cancer and
prostate cancer.
Table 1. Information about the sample data used in the analysis.
Samples Groups Number of Samples Gender Age
P P Per Group  Total Male  Female Average Range
Stage 1 25 13 12 59 19-88
Colorectal Stage 2 25 1 12 13 39 15-71
Cancer Stage 3 25 & 13 ¥ 64 27-90
Stage 4 25 13 12 58 26-82
Hormone sensitive prostate
cancer (HSPC) 15
Prostate e 36 36 NA 69 49-87
Cancer Castration resistant prostate 21
cancer (CRPC)
Healthy Controls 50 50 25 25 54 25-79
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Figure 4. (A) Volcano plots of significantly differentially expressed miRNAs/isomiRs and tRFs. The
number of common, significantly differentially expressed miRNAs (B) and tRFs (C) between different
stages of colorectal cancer.

A total of 6957 tRFs were detected, with the highest number of differentially expressed
tRFs 384 identified in stage 3 (Figures 1 and 3B). Specifically, a greater number of tRFs
were downregulated compared to upregulated sequences across all stages. Stage 3 exhib-
ited the highest proportion of downregulated tRFs, with only 7 upregulated sequences.
Conversely, stage 4 demonstrated the greatest number of upregulated sequences. Sim-
ilar to miRNAs/isomiRs distribution, no common tRFs were detected across all stages;
however, stages 1, 3, and 4 shared a total of 21 differentially expressed tRFs. Further-
more, stages 2, 3, and 4 shared another set of 13 common tRFs (Figure 4C). To visualize
the differences observed and the significant changes in expression patterns, a volcano
plot was generated to illustrate the differential expression of miRNAs/isomiRs, and tRFs
across the various cancer stages (Figure 4A, upper eight plots). These findings highlight
the distinct expression patterns of miRNAs, isomiRs, and tRFs at different stages of col-
orectal cancer. Interestingly, the two most significantly differentially expressed miRNAs
with the highest abundance (stage 1 colorectal cancer) are the non-templated isomiRs:
miR-129-5p_chr7(+)_chr11(+)_t_0_-3_nont_0_+3_GGC and miR-99b-5p_chr19(+)_t_0_-
4_nont_0_+3_GGC. Among the miRNA families, the miR-99 family exhibited the lar-gest
number of significant differentially expressed variants, including three non-templated
isoforms. ROC curves identified miR-129-5p_chr7(+)_chr11(+)_t 0_3_nont 0_+3_GGC
as the most accurate biomarker for distinguishing stage 1 colorectal cancer. This was
followed by miR-99b-5p_chr19(+)_t_0_-4_nont_0_+3_GGC, miR-99a-5p_chr21(+)_t_0_-
3_nont 0_+2_AG, miR-100-5p_chr11(-)_t_0_-4 nont 0_+3_GGT, and miR-143-3p_

chr5(+)_t_0_-3_nont_0_+3_GTC among all significant differentially expressed miRNAs
(Supplementary Figures S1-53).
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The top 10 most significantly differentially expressed tRFs annotated with Valine (Val),
Glycine (Gly), and Glutamic Acid (Glu), as well as the top 3 most abundant diffe-rentially
expressed tRFs annotated with Glycine (Gly), were identified. Among all signi-ficant
differentially expressed tRFs, ROC curve analysis highlighted tDR-1:23-Val-AAC-1-M8-
G12U as the most accurate biomarker for differentiating stage 1 colorectal cancer, achieving
an AUC of 92% (Supplementary Figures S3-S5).

In stage 2 colorectal cancer, the top five most significantly differentially expressed miR-
NAs are non-templated isomiRs, three of which belong to the miR-30 family. Among them,
let-7i-5p_chr12(+)_t_0-2_nont_0_+1_G and miR-99a-5p_chr21(+)_t_0_2 nont_0_+1_G are
notable, with the latter being the isomiR with the highest abundance. The miRNA
families let-7 and miR-181-5p contain the largest numbers of significantly differentially
expressed variants, with 12 and 9 non-templated isoforms, respectively. Addition-
ally, the miR-99-5p family includes eight non-templated and one templated isomiRs.
ROC curve analysis identified miR-148b-3p_chr12(+)_t_0_-1_nont_0_+1_G as the most
accurate differentiator of stage 2 colorectal cancer. It was followed by miR-30d-
5p_nont_0_+2_CG, miR-30a-5p_nont_0_+2_CG, miR-25-3p_chr7(-)_t_0_-3_nont_0_+2_CG,

and miR-143-3p_chr5(+)_t_0_2_nont_0_+1_G among all significantly differentially ex-
pressed miRNAs (Supplementary Figures S1-S3).

The top 10 most significantly differentially expressed tRFs were annotated with Hi-
stidine (His), Glycine (Gly), and Glutamic Acid (Glu), while the top 3 most abundant
differentially expressed tRFs were annotated with Glycine (Gly) and Glutamic Acid (Glu).
Among all significant differentially expressed tRFs, tDR-1:26-Glu-TTC-2-U26G demon-
strated the highest accuracy in differentiating stage 1 colon cancer, achieving an AUC of
79.8% based on ROC curve analysis (Supplementary Figure S3-S5).

In stage 3 colorectal cancer, the top five most significant differentially expressed
miRNAs identified were all non-templated isomiRs: miR-26a-5p_chr12(-)_chr3(+)_t_0_-
1_nont_0_+1_G and miR-30d-5p_nont_0_+2_CG, followed by miR-381-3p_chr14(+)_t_0_-
1_nont_0_+1_G, miR-148a-3p_chr7(-)_t_0_-1_nont_0_+1_G, and miR-125a-5p_chr19(+)_t_0_-
3_nont_0_+1_G. Notably, the last three isomiRs were also identified as the top per-
formers in ROC analyses, achieving the highest AUC values among the top five
isomiRs. The three most abundant differentially expressed miRNAs were miR-99a-
5p_chr21(+)_t_0_-2_nont_0_+1_G, miR-22-3p_chr17(-)_t_0_-1_nont 0_+1_G, and miR-181a-
5p_chrl(-)_chr9(+)_t_0_-3_nont_0_+1_G. Among the miRNAs with the largest number
of si-gnificantly differentially expressed variants, let-7, miR-181-5p, miR-99-5p, and miR-
1246 stood out with 12, 9, 9, and 8 isomiRs, respectively. Notably, all variants within
these miRNA families were non-templated, except for one templated variant each for
miR-99-5p and miR-1246, as well as the canonical form of miR-1246. ROC curve anal-
yses revealed that miR-22-3p_nont_0_+3_AGA was the most accurate discriminator of
stage 3 colorectal cancer, followed by miR-125a-5p_chr19(+)_t_0_-3_nont_0_+1_G, miR-381-
3p_chrl4(+)_t_0_-1_nont_0_+1_G, miR-148a-3p_chr7(-)_t_0_-1_nont_0_+1_G, and miR-218-
5p_chr5(-)_chr4(+)_t_0_-1_nont_0_+1_G among all significantly differentially expressed
miRNAs (Supplementary Figures S1-S3).

The top 10 most significant differentially expressed tRFs were annotated with Glycine
(Gly), Glutamic Acid (Glu), and Valine (Val), while the top 3 most abundant diffe-rentially
expressed tRFs were annotated with Glycine (Gly) and Glutamic Acid (Glu). ROC curves
identified tDR-1:33-Glu-CTC-1-M2-U20G as the most accurate differentiator of stage 1
from colorectal cancer with 84.3% AUC among all significant differentially expressed tRFs
(Supplementary Figures S3-55).

In stage 4 colorectal cancer, the top seven most significantly differentially expressed
miRNAs all originated from miR-1246, including both non-templated isoforms and the
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canonical form. The three most abundant significant differentially expressed miRNAs
were miR-99a-5p_chr21(+)_t_0_-2_nont_0_+1_G, miR-486-5p_chr8(-)_chr8(+)_t_0_-2, and
miR-22-3p_chr17(-)_t_0_-1_nont_0_+1_G. Among miRNA families, those with the most
significant differentially expressed variants were let-7, miR-99-5p, miR-181-5p, and miR-
1246, with 9, 8, 8, and 8 variants, respectively. All variants were non-templated isoforms
except for one templated isoform and the canonical form of miR-1246. ROC curve analysis
identified miR-1246_nont_0_+2_GA as the most accurate discriminator of stage 4 colore-ctal
cancer, followed by miR-99a-5p_chr21(+)_t_0_-1_nont_0_+3_AGA, miR-1246_nont_0_+1_G,
miR-100-5p_chr11(-)_t_0_-4_nont_0_+3_AGT, and miR-1246_chr2(-) among all significant
differentially expressed miRNAs (Supplementary Figures S1-53).

The top 10 most significantly differentially expressed tRFs annotated with Glycine
(Gly) and Glutamic Acid (Glu), along with the top 3 most abundant differentially expressed
tRFs in the same categories, were identified. Among these, ROC curve analysis highlighted
tDR-1:33-Glu-CTC-1-M2-U13A as the most accurate biomarker for distinguishing stage 1
colorectal cancer, achieving an AUC of 81.4% (Supplementary Figures S3-S5).

2.2. Discovery of the miRNA/isomiRand tRF Signatures Related to Prostate Cancer

To identify the specific miRNAs and tRNAs associated with prostate cancer, we com-
pared 50 healthy control samples with 36 prostate cancer samples from the GSE71008
dataset. The prostate cancer samples were further classified into two groups: 15 samples
from patients with hormone-sensitive prostate cancer (HSPC) and 21 samples from patients
with castration-resistant prostate cancer (CRPC). A total of 2.965 differentially expressed
miRNAs were identified, including two canonical miRNAs and 32 isomiRs. Of these, 6 miR-
NAs were upregulated and 28 were downregulated in the prostate cancer group. A volcano
plot (Figure 4A, lower left plot) was generated to visualize the differe-ntial expression of
miRNAs. Additionally, 5.322 differentially expressed tRNA-derived fragments (tRFs) were
detected, of which only 55 were significantly differentially expressed, and all of these were
downregulated (Figure 4A, lower right plot).

The five most significantly differentially expressed individual isomiRs were miR-
1246_nont_0_+3_GAG, miR-1246_nont_0_+1_G, miR-1246_chr2(-)_t_+1_0_nont_0_+2_GA,
miR-1246_chr2(-)_t_+1_0_nont_0_+3_GAG, and miR-1246_chr2(-)_t_+1_0_nont_0_+1_G.
The top five most abundant, significant differentially expressed isomiRs were miR-433-
3p_chrl4(+)_t_0_-1_nont_0_+1_G, miR-128-3p_chr2(+)_chr3(+)_t_0_-1_nont_0_+1_G, miR-
92a-3p_chr13(+)_chrX(-)_t_0_-1_nont_0_+1_G, miR-6529-5p_chr3(-)_t_0_-2_nont_0_+1_G,
and miR-128-3p_chr2(+)_chr3(+)_t_0_-2_nont_0_+1_G. The miRNA with the highest num-
ber of significant differentially expressed variants was miR-1246, which had five non-
templated isoforms. ROC curves identified miR-451a_chr17(-)_t_0_+3 and miR-144-
5p_chrl7(-) as the most accurate discriminators of prostate cancer, with diagnostic accuracy
of approximately 80%. These were followed by miR-584-5p_chr5(-)_t_0_-2 nont 0_+1_T,
miR-144-5p_chr17(-)_t_0_+1, and miR-584-5p_chr5(-)_t_0_-1, among all significant differen-
tially expressed isomiRs (Supplementary Figures S1-53).

The top 10 most significantly differentially expressed tRFs, annotated with Glycine
(Gly) and Glutamic Acid (Glu), and the top 3 most abundant differentially expressed
tRFs, also annotated with these amino acids, were identified. ROC curve analysis
revealed that tDR-1:35-Val-AAC-1-M6-A34G exhibited the highest accuracy as a dif-
ferentiator, with an AUC of 83.7% among all significant differentially expressed tRFs
(Supplementary Figures S3-55).
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2.3. Biomarkers Identified Through Combinatorial Analysis

Combining the prognostic and diagnostic capabilities of two or more potential bio-
markers enhances the statistical robustness and yields improved results, not only in di-
stinguishing healthy individuals from cancer patients but also in differentiating between
various stages of the same cancer type. The combination of various molecules, includ-
ing isomiRs and tRFs, as biomarkers for colorectal cancer demonstrated robust results,
parti-cularly in stages 1 and 4. In stage 1, the most statistically significant combination
consisted solely of tRFs annotated with tRNAs of Glycine (Gly) and Glutamic acid (Glu),
achieving minimum accuracy, AUC, sensitivity, and specificity of 82%, 72%, 50%, and 83%,
respe-ctively (Table 2). The top combinations predominantly featured tRFs corresponding
to tRNAs-Val, -Gly, -Glu, and -His variants. In stage 2, the best combination included both,
isomiRs and tRFs (miR-30e-5p, let-7g-5p, and Gly), with minimum values for accuracy,
AUC, sensitivity, and specificity of 60%, 60%, 50%, and 56%, respectively. The top combina-
tions featured isomiRs and tRFs, with a dominance of miR-30d-5p, miR-30a-5p, tRNA-Glu,
and tRNA-Gly variants. For stage 3, the optimal combination comprised both isomiRs and
tRFs (miR-128-3p, Gly, and Val), with minimum accuracy, AUC, sensitivity, and specificity
of 78%, 83%, 100%, and 64%, respectively. The top combinations included isomiRs and
tRFs, with a dominance of miR-22-3p, miR-9-5p, and tRNA-Glu variants. In stage 4, the
best combination of isomiRs and tRFs (miR-125b-5p, miR-1246, and Gly) showed minimum
accuracy, AUC, sensitivity, and specificity of 87%, 75%, 50%, and 100%, respectively. The
top combinations featured isomiRs and tRFs, with a dominance of miR-99a-5p variants
(Table 2).

Table 2. Best biomarkers combination per condition.

Minimum Values

Cancer Type et Ul i Accuracy AUC  Sensitivity Specificity
tDR-1:33-Gly-GCC-1-C31G
Stage 1 tDR-1:34-Glu-CTC-1-M2-U16A ‘ 82% , V> ) 5°D ' 83% ’
tDR-1:29-Gly-CCC-1-M4-C13G
tDR-1:32-Gly-GCC-1-C31G
hsa-miR-30e-5p_nont_0_+2_CG 0% o - s6%
Stage 2 hsa-let-7g-5p_chr3(- J
)_t 0.2 nont 0_+1_G
Colorectal
Cancer tDR-1:34-Gly-GCC-2-M3-U16A
tDR-1:23-Val-AAC-1-M8-G12U
Stage 3 hsa-miR-128- 78% (= ’ 64%
3p_chr2(+)_chr3(+)_t_0_-
1 nont 0_+1_G
tDR-1:33-Gly-GCC-1-C31G
Stages  DsamiR-1246 nont 0 +2 GA (87%> - SOD -~

hsa-miR-125b-5p_chr11(-
)_chr21(+)_t_0_-1_nont 0_+1_G

Prostate Cancer

tDR-1:31-Glu-CTC-1-M2-A24C

tDR-1:35-Val-AAC-1-M6-A34G

hsa-miR-584-5p_chr5(-)_t_0_-
2 nont 0_+1_T

80% 80% 80% 64%

OO

@
OO,

In prostate cancer, the best combination included isomiRs and tRFs (of miR-584-5p,
Glu, and Val), yielding minimum accuracy, AUC, sensitivity, and specificity of 80%, 80%,
80%, and 64%, respectively. The top combinations were dominated by isomiRs and tRFs,
with miR-584-5p, miR-144-5p, Glu, and Val variations dominating (Table 2).
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3. Discussion

In our study, we utilized CombiROC to identify a comprehensive panel of bio-markers,
including miRNAs, isomiRs, and tRFs, to achieve optimal diagnostic accuracy for colorectal
and prostate cancers. Previous research has successfully employed CombiROC to determine
the effective combinations of miRNA markers from fluid samples for various cancers, such
as primary central nervous system lymphoma [31], lung adenocarcinoma [32], and lung
squamous cell carcinoma [33]. These studies have established that circulating miRNAs
can be reliable biomarkers for differentiating cancer patients from healthy individuals. In
our investigation, we expanded the scope of potential biomarkers beyond miRNAs by
incorporating the analysis of isomiRs and tRFs. Relying on the capabilities of CombiROC,
we computed all possible combinations of these small RNA mar-kers to identify the most
effective biomarker panels that enhance diagnostic accuracy. We further assessed the
performance of these marker combinations through ROC curve ana-lysis, which enabled
us to distinguish effectively between cancer patients and healthy controls, achieving an
accuracy rate of approximately 80%.

The role of specific miRNAs in colorectal cancer has been well-documented in tissue
biopsies, with some miRNAs acting as oncogenes or tumor suppressors, depending on their
expression context. Some of them can correlate with advanced stages of the disease, while
other miRNAs may be downregulated due to epigenetic modifications [34-36]. Here, we
report the dynamics of miRNAs and their sequence variants in liquid biopsy. Expression
analysis of miRNAs and their variants in EVs at successive stages of colorectal cancer
indicates that the accumulation of non-templated isoforms is significantly affected. Notably,
changes in the number and sequence of these isoforms are more pronounced in stages 2,
3, and 4 compared to stage 1. A striking observation is the substantial depletion of non-
templated isoforms that terminate with guanine (G) at the 3’ end. This trend is particularly
evident at stage 2, where most differentially expressed isoforms are downregulated, except
for one, and nearly all end with guanine. It remains unclear whether this phenomenon
results from cancer-related alterations in the biogenesis of these isoforms or their selective
packaging in EVs.

A significant observation from this study is the similarity among stages 2, 3, and 4
of colorectal cancer, characterized by 72 common differentially expressed isomiRs. No-
table variants include those of miR-128-3p, miR-125-5p, miR-99a-5p, let-7a-5p, let-7b-5p,
miR-30a-5p, miR-30d-5p, miR-30e-5p, and miR-22-3p. This study confirms the differen-
tial expression of miR-128-5p and miR-125-5p, aligning with the findings of Yuan et al.
(2016) [37]. Importantly, it reveals that only specific isomiRs contribute to their expression,
while canonical forms are excluded. Several of these miRNAs have been linked to tumor
progression and metastasis in colorectal cancer. For instance, miR-99a-5p, let-7a-5p, and
let-7b-5p are associated with advanced disease stages and distant metastasis [38]. Additio-
nally, miR-22-3p has been shown to suppress cell proliferation, migration, and invasion
in colorectal cancer [39]. Another important finding is the presence of miR-1246 in stages
3 and 4, represented by various isomiRs. Recent studies involving liquid biopsies have
identified miR-1246 as a potential biomarker for colorectal cancer [40]. This miRNA is
re-cognized for its oncogenic role across multiple cancer types, including colorectal, breast,
and pancreatic cancers [41]. It has been validated through PCR techniques and has shown
promise in distinguishing between chemosensitive and chemoresistant patients with co-
lorectal cancer [42,43]. Furthermore, both miR-30a-5p and miR-99a-5p are characterized as
exosomal miRNAs that play crucial roles in regulating key genes involved in tumor growth
and suppression [44]. Their influence on tumor dynamics emphasizes the potential of these
miRNAs as therapeutic targets and biomarkers in colorectal cancer ma-nagement.
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Regarding tRFs detected in analyzed datasets, variants of tRNA-Glu are among the
top candidates for potential biomarkers and are significantly differentially expressed across
all stages. The literature suggests that the overexpression of tRNA-Glu-GCC in the blood
can contribute to the increased proliferation of colorectal cancer cells [45].

In line with previous studies on exosomal biomarkers in prostate carcinoma, we ide-
ntified several differentially expressed miRNAs, notably the upregulated miR-125a-5p
and miR-219a-5p, each associated with a specific non-templated isomiR [37]. Another
study highlighted the role of miR-1246, revealing that its overexpression in a prostate
cancer cell line inhibited tumor growth, proliferation, invasiveness, and migration [46].
Furthermore, the overexpression of miR-451a was shown to significantly suppress prostate
cell proliferation, migration, and invasion [47], while decreased expression of miR-451a
was associated with metastasis, as it was observed in metastatic prostate cancer tissues and
cell lines [48]. Additionally, the overexpression of miR-144 induced tumor cell death, with
several studies confirming its role in high-grade tumors through involvement in va-rious
cellular pathways [49-51].

Recent studies have validated the existence and significance of tRFs in prostate cancer,
highlighting their potential utility in both tissue samples and liquid biopsies [52]. Notably,
specific tRFs derived from tRNA-Glu-TTC and tRNA-Val-CAC have garnered attention for
their roles in this context [53,54].

4. Materials and Methods

In our study, we focused on two different types of cancer, colorectal and prostate
cancer. To analyze the molecular profiles of the EVs associated with these cancers, we
collected samples from the EVAtltas database [30]. We used the raw sequencing reads and
data published under the GEO repository for the above cancer types with ID accession:
GSE71008 (Table 1) [37].

4.1. Identification and Classification of miRNAs/isomiRs & tRFs

Recently, we contributed to the miRNA field by developing miRGalaxy, an open-
source, Galaxy-based framework for in-depth miR and isomiR analysis from NGS data [55].
We will use the miRGalaxy pipeline for our study by performing minor changes on the
pipeline to accommodate the detection and identification of tRFs. The first steps of a quality
check (QC) and adapter trimming remain the same, and the default options were used
in the ArmDB tool—miRBase (v22) as a miR source database, Homo sapiens hg38 genome,
and 6nt extensions of the RefSeq miR sequences [56]. Then, alighment was performed
with Bowtie by using the gtRNADB (v21) database as a reference for the detection of tRFs,
and the unmapped reads re-aligned with Bowtie by using the custom ArmDB database
as a reference for the detection of miRNAs [57,58]. The quantification of tRFs was per-
formed in R (4.1.2) and miRNAs by using the isoRead tool according to the miRGalaxy
pipeline. The tDRnammer tool (1.3.1) provided consistent and stable names for annotating
tRFs. In addition, tRFs were classified into groups (5'-tRFs, 3'-tRFs) based on the classi-
fication system established by Kumar et al. [18]. This system was further enriched with
two additional groups: ‘internal’ tRFs (i-tRFs), defined as fragments with cleavage from 30
to 52 nucleotides, and tRFs, which include part of the V-loop, following Sprinzl et al.’s tRNA
position numbering system as implemented in the tDRnammer tool [59,60]. Finally, tRFs and
miRNAs with a low number of counts were filtered in R by using the function filterbyexp, black
and white cases were also retained, allowing 0 values in a maximum of 50% of the samples
group, and differential expression was performed by using Deseq2 in R [61]. Differentially
expressed miRNAs and tRNAs were analyzed together using a cutoff of p adjusted value
(padj) <0.05 and 1 < | Log2FC | < 10. Biomarker candidates of miRNAs and tRFs were then
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tested using Cox regression analysis and receiver operating chara-cteristics (ROC) curves indi-
vidually and combined using the ROCR package “https:/ /cran.r-project.org/web/packages/
ROCR/ROCR.pdf” (accessed on 7 February 2025) in R/Bioconductor.

4.2. Combinatorial Analysis and Evaluation of Biomarkers

The combination of potential biomarkers consists of miRNAs and tRFs performed by
using CombiROC package in R (4.1.2), which determines the optimal combinations of the
biomarkers from complex omics data. During the combinatorial analysis, the maximum
number of combinations was set to three. The ‘signalthr” parameter of the ‘combi’ function
was determined using density plots, while ‘combithr’, set to three, was the most stringent
value for achieving more precise results. All optimal combinations with sensitivity or
specificity below 20 were discarded using the CombiROC package [31]. In addition, due
to CombiROC using a GLM model approach, 500 runs of the model were performed by
splitting the input data into training (70% of data) and test sets (30% of data) for validation,
using the Monte Carlo Simulation method to improve the reliability of the results. The
evaluation of the statistical model was conducted by calculating metrics such as accuracy,
AUC, sensitivity, and specificity using the confusionMatrix function from the caret pa-ckage
in R. As input datasets for the combinatorial analysis, the counts of the top 20 si-gnificantly
differentially expressed miRNAs and tRFs with the highest AUC values were used.

5. Conclusions

In conclusion, this study provides a comprehensive combinatorial analysis of isomiRs
and tRFs as potential biomarkers for detecting two cancer types and the four cancer
stages through liquid biopsies. By using advanced bioinformatics tools, we emphasize
the importance of considering the synergistic effects of different RNA species. Unlike
conve-ntional biomarkers, isomiRs and tRFs offer highly refined indicators of disease
status, ca-pturing the dynamic and heterogeneous nature of cancer [7]. Their detectability
in bio-fluids such as blood or urine enables the real-time monitoring of molecular changes,
empowering clinicians to adapt therapeutic strategies to the evolving molecular landscape
of tumors.

The joint analysis of isomiRs and tRFs has proven more effective in identifying robust
and informative biomarkers than analyzing each RNA type in isolation. This combinatorial
approach holds great potential to enhance the accuracy and sensitivity of cancer diagnosis
and treatment.

However, further research is imperative to unravel the biological mechanisms dri-ving
the dysregulation of isomiRs and tRFs in cancer. Additionally, the inconsistent nomencla-
ture of tRFs across studies has confused and hindered cross-study comparisons [17,62]. A
standardized and universally accepted nomenclature for tRFs is urgently needed. Finally,
large-scale clinical studies are critical to validate the practical utility of these biomarkers in
real-world settings.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /ncrnal1010017/s1, Figure S1: Top 5 differentially expressed miRNAs with
the highest AUC per condition; Figure S2: Normalized counts distribution of top 5 differentially
expressed miRNAs with the highest AUC per condition; Figure S3: Most abundant significant
differentially expressed miRNAs/isomiRs and tRFs per condition; Figure S4: Top 5 differentially
expressed tRFs with the highest AUC per condition; Figure S5: Normalized counts distribution of top
5 differentially expressed tRFs with the highest AUC per condition; Table S1: Results of combinatorial
analysis; Table S2: Results of significantly differentially expressed miRNAs/isomiRs and tRFs.
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