


Figure 1. Overview of the nf-Sarcopipe workflow. Sarcopipe is a modular 
Nextflow DSL2 pipeline designed for the integrated analysis of sRNA-seq and 
mRNA-seq data to identify miRNA–mRNA regulatory interactions associated with 
exercise adaptation and skeletal muscle remodeling. The workflow is organized into 
three modules: (I) Preprocessing, which includes quality control and adapter 
trimming (fastp), de novo miRNA discovery using BrumiR, machine learning–based 
filtering (BrumiR-RF), and reference-guided detection using miRDeep2; (II) miRNA 
Discovery, which performs redundancy reduction (CD-HIT), genomic annotation 
(BrumiR2Reference), expression matrix construction, and identification of core 
miRNAs based on intra-group presence; and (III) Target Prediction & mRNA 
Integration, which includes differential expression analysis (DESeq2) and integrative 
miRNA–mRNA network reconstruction using mRNA-seq expression data. 
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Figure 2. Overview and statistical characterization of circulating miRNA 
expression profiles analyzed with nf-Sarcopipe. (a) Schematic representation of 
the study design and data processing workflow. Public plasma sRNA-seq data from 
active (synchronized swimmers, n = 10) and sedentary (university women, n = 15) 
individuals were processed using nf-Sarcopipe, integrating both reference-guided 
(miRDeep2) and de novo (BrumiR-RF) miRNA detection strategies. (b) Venn 
diagrams summarizing core miRNA sets for each method and condition. For 
BrumiR-RF, candidate miRNAs clustered at 95% sequence identity were filtered 
using a presence threshold of 0.8. For miRDeep2, known miRNAs 
(miRBase-annotated) were filtered at a presence threshold of 0.8, while novel 
predictions were filtered at 0.3. Presence thresholds were selected to ensure 
sufficient representation of detectable miRNA features across samples while 
maintaining consistency between methods; accordingly, BrumiR-RF candidates were 
analyzed using a presence threshold of 0.8. miRDeep2 novel predictions were not 
considered in downstream analyses. (c) Stacked bar plot showing the number of 
differentially expressed miRNAs identified by each method. Differential expression 
analysis was performed using DESeq2 with Wald test statistics and 
Benjamini–Hochberg correction for multiple testing (adjusted p < 0.05). (d) Combined 
volcano plot displaying log2 fold change versus −log10 adjusted p-value for miRNAs 
detected by BrumiR-RF and miRDeep2. Top 10 Significant miRNAs from different 
algorithms are colored according to regulation direction, and point shapes indicate 
the detection method. (e–f) Principal component analysis (PCA) of 
variance-stabilized miRNA expression values (DESeq2 VST transformation). PCA 
was performed independently for (e) BrumiR-RF candidates and miRDeep2-known 
miRNAs (f) using the top 500 most variable features. (g) Heatmap hierarchical 
clustering of the 25 most significant BrumiR-RF candidate clusters and the 25 most 
significant miRDeep2 annotated miRNAs, using variance-stabilized expression 
values scaled by feature.  
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Figure 3. Prioritization and functional characterization of de novo miRNA 
candidates identified by nf-Sarcopipe. (a) Overview of the miRNA discovery and 
prioritization workflow. miRDeep2-derived miRNAs were subjected to differential 
expression analysis followed by extraction of seed regions (nucleotides 2–8), 
yielding a set of unique seeds for downstream target prediction. In parallel, 
BrumiR-derived candidates were filtered through core set definition, structural 
validation (BrumiR2Reference), and seed-based target prediction, resulting in a 
refined set of high-confidence de novo miRNA candidates. (b)  Stacked bar plot 
summarizing BrumiR-RF core candidates (presence ≥0.8) across conditions (active, 
sedentary, and shared) following structural validation using BrumiR2Reference. Dark 
and light segments indicate candidates supported or not supported by genomic 
mapping and secondary structure prediction (RNAfold), respectively. (c) Annotation 
of BrumiR-RF and miRDeep2 core miRNA candidates against MirGeneDB. Matches 
required ≥98% identity, ≥75% query coverage, and zero mismatches. BrumiR-RF 
candidates are shown before and after BrumiR2Reference structural validation. 
miRDeep2 candidates classified as Not annotated in MirGeneDB correspond to 
known miRNAs annotated in miRBase but lacking a qualifying MirGeneDB match.  
(d) Distribution of final differentially expressed miRNA candidates according to their 
original core-set membership. BrumiR-RF candidates correspond to structurally 
supported de novo miRNAs with adjusted p < 0.05, whereas miRDeep2 candidates 
correspond to differentially expressed annotated miRNAs within the known core 
union. Shared candidates were recurrently detected in both groups but differed 
significantly in abundance. (e) Schematic representation of seed-mediated target 
interactions for representative BrumiR-derived miRNA de novo candidates. Seed 
regions (nucleotides 2–8) are aligned to complementary sequences within predicted 
mRNA 3′UTRs, illustrating canonical base-pairing interactions. Candidate clusters 
were renamed using a standardized nomenclature (hsa-miR-novel_A–G). 
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Figure 4. Correction of tissue-driven confounding reveals a robust 
transcriptional signature associated with physical activity. (a) Schematic 
overview of the study design, integrating RNA-seq data from whole blood (Active 
group) and skeletal muscle (Sedentary group), processed through a standardized 
pipeline. (b) Volcano plot of differential expression results after correction using a 
linear model including PC1 and PC2 as covariates. A limited number of genes 
remain significant (FDR < 0.05), indicating removal of confounding-driven signals. (c) 
Barplot illustrates the progressive reduction in candidate genes from 44,234 filtered 
transcripts, to 24,081 significant genes prior to correction, and finally to 36 genes 
after correction for confounding effects. (d) Heatmap of the corrected gene set (n = 
36), showing clear separation between Active and Sedentary individuals. Due to 
filtering and annotation constraints, a subset of genes (n = 15) is displayed. NA = Not 
Annotated; PT = Predicted Transcript. (e) Diverging barplot showing the direction 
and magnitude of differential expression for the 36 corrected genes. Positive values 
indicate genes upregulated in Sedentary individuals, while negative values indicate 
genes upregulated in Active individuals. (f) Curated functional enrichment analysis of 
the 36 corrected genes, highlighting pathways related to immune regulation, 
oxidative stress, inflammation, and cellular homeostasis. Only biologically relevant 
terms were retained after manual curation to exclude unrelated disease- or 
infection-driven pathways. 
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Figure 5. Integrated miRNA–mRNA regulatory landscape combining annotated 
and de novo miRNAs identified by nf-Sarcopipe. (a) Conceptual framework for 
coherent miRNA–mRNA integration. Inverse expression relationships were used to 
define biologically coherent interactions, where miRNA upregulation is associated 
with target mRNA repression and vice versa. (b) Progressive prioritization of 
miRNA–mRNA interactions identified by nf-Sarcopipe. Sequential reduction of 
candidate interactions through the target prediction workflow for BrumiR-derived de 
novo miRNAs and miRDeep2 annotated miRNAs. Bars indicate the number of 
differentially expressed miRNAs evaluated, miRNAs with at least one predicted seed 
match, target genes containing canonical seed matches, raw seed-matched 
miRNA–mRNA pairs, coherent interactions exhibiting inverse miRNA–mRNA 
expression patterns, and independently validated interactions retained after miRanda 
validation (BrumiR) or multiMiR validation (miRDeep2). The y-axis is displayed on a 
logarithmic scale. (c) Representative validated coherent miRNA–mRNA interactions. 
The strongest validated pairs from each discovery branch were ranked according to 
absolute miRNA log2 fold change. BrumiR-derived de novo interactions were 
exclusively associated with miRNAs upregulated in sedentary individuals, whereas 
validated miRDeep2 interactions included both active- and sedentary-associated 
miRNAs. (d) Gene Ontology Biological Process enrichment analysis performed 
separately on validated target genes regulated by de novo and annotated miRNAs. 
Enriched biological processes were predominantly associated with immune 
regulation, leukocyte migration, cytokine signaling, and inflammatory responses, 
reflecting systemic adaptations associated with physical activity. (e) Integrated 
regulatory network reconstructed from all validated coherent miRNA–mRNA 
interactions. The network combines interactions supported by miRanda (de novo 
miRNAs) and multiMiR (annotated miRNAs) following seed-based target prediction 
and inverse-expression filtering. Edge colors indicate whether the corresponding 
miRNA was upregulated in the active or sedentary group, whereas node colors 
distinguish annotated miRNAs, de novo miRNAs, and target genes. The final 
high-confidence network comprises 140 validated interactions connecting 122 
nodes. (f) Validated interactions between discovered miRNAs and 
sarcopenia-associated genes. A subset of validated interactions involving genes 
implicated in muscle growth, atrophy, extracellular matrix remodeling, and cellular 
senescence is shown. De novo miRNAs recovered by BrumiR target canonical 
regulators including FOXO3, IGF1, FBXO32, CDKN1A, and CDKN2A, illustrating the 
biological relevance of newly identified candidates within musculoskeletal regulatory 
pathways.  
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Supplementary Figure 1. Robustness of de novo candidate detection and 
evaluation of miRDeep2 novel predictions. (a) BrumiR-RF candidate miRNAs 
clustered at 85%, 90% and 95% sequence identity showing the overlap between 
active and sedentary core sets (presence ≥0.8). Increasing clustering stringency 
increases the total number of clusters while maintaining stable core set composition 
across conditions. Summary statistics include total clusters, proportion of singletons, 
ubiquitous clusters (detected in all samples), and core set sizes. (b) Core miRNA 
candidates identified by BrumiR-RF at 95% identity using a stringent presence 
threshold (≥1.0), showing reduced set size compared to the ≥0.8 threshold while 
preserving all of shared candidates.(c) Binary presence heatmap of miRDeep2 novel 
miRNAs detected at a relaxed presence threshold (≥0.3). The sparse and 
heterogeneous distribution of these candidates across samples indicates limited 
reproducibility compared to core miRNA sets used in downstream analyses. (d–e) 
Volcano plots showing differential expression results for BrumiR-RF candidates (d) 
and miRDeep2 known miRNAs highlighting the distribution of effect sizes and 
statistical significance across methods. 
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Supplementary Figure 2. Structural and sequence-based characterization of de 
novo miRNA candidates identified by nf-Sarcopipe. (a) Length distribution of 
miRNA candidates detected by BrumiR-RF and miRDeep2. BrumiR high-confidence 
de novo candidates show a broader size distribution enriched at 22–25 nucleotides, 
whereas miRDeep2-known miRNAs display a peak at 22 nucleotides, consistent with 
canonical Dicer processing. (b) Summary of the final high-confidence de novo 
miRNA candidates retained after BrumiR2Reference structural validation. For each 
candidate, the original CD-HIT cluster, group specificity, cluster size, and candidate 
classification are shown. Cluster size corresponds to the number of sequences 
grouped within each representative CD-HIT cluster. (c) Predicted secondary 
structures of the 7 precursor sequences for the BrumiR2Reference passfilter de 
novo miRNA candidates visualized using VARNA (red dots indicate miRNA site). 
Mature miRNA regions are highlighted within the stem region of the hairpin 
structures, and MFE values indicate stable folding compatible with canonical miRNA 
precursors. (d) 7-mer seed-space analysis of BrumiR passfilter candidates miRNAs. 
All possible 7-mer subsequences derived from mature miRNA sequences were 
compared against canonical human miRNA seeds from miRBase. The heatmap 
shows the presence or absence of matches across all possible 7-mer positions 
within each sequence. The canonical seed region (nucleotides 2–8) is highlighted 
and classified as either known or novel.  
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Supplementary Figure 3. Evidence of confounding effects and their correction 
in RNA-seq analysis. (a) Principal component analysis (PCA) of the 5,000 most 
variable genes showing strong separation between samples driven by tissue origin, 
with PC1 explaining 92.5% of the variance. (b) Volcano plot of differential expression 
analysis without correction, revealing a large number of significant genes consistent 
with a confounded signal dominated by tissue-specific effects. (c) PCA of the 36 
genes retained after correction (expression ~ group + PC1 + PC2), showing 
separation of samples according to biological condition rather than tissue origin, 
indicating effective removal of the dominant confounding effect. (d) Sensitivity 
analysis showing the effect of including additional principal components in the linear 
model. The number of significantly differentially expressed genes (FDR < 0.05) 
decreases from 36 (PC1 + PC2) to 9 (PC1 + PC2 + PC3) and 0 (PC1 + PC2 + PC3 
+ PC4), demonstrating over-adjustment and loss of biological signal when 
higher-order components are included. 
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Supplementary Figure 4. Extended analysis of predicted miRNA–mRNA 
interactions and pathway enrichment. (a) KEGG pathway enrichment analysis 
performed separately on validated target genes regulated by de novo and annotated 
miRNAs. The de novo miRNA targets were associated with several immune- and 
signaling-related pathways that did not remain significant after multiple-testing 
correction, whereas the annotated miRNA target set showed significant enrichment 
for the cytokine–cytokine receptor interaction pathway. (b) Reactome pathway 
enrichment analysis performed separately for validated targets of de novo and 
annotated miRNAs. Although no pathways remained significant after multiple-testing 
correction, the highest-ranking Reactome terms for de novo miRNA targets included 
interleukin-2/interleukin-15 signaling, G protein-coupled receptor signaling, 
β-catenin-related processes, and neutrophil degranulation, supporting the biological 
plausibility of the prioritized candidates. (c) Validation of predicted interactions 
involving a curated set of musculoskeletal genes associated with muscle growth, 
atrophy, extracellular matrix remodeling, mitochondrial metabolism, inflammation, 
and cellular senescence. Only interactions supported by miRanda (de novo miRNAs) 
or multiMiR (annotated miRNAs) are shown. Point size represents the number of 
canonical seed-matched sites, whereas color and shape distinguish the validation 
strategy and miRNA discovery branch.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Supplementary Table 1. Sample metadata and preprocessing summary for the 
plasma sRNA-seq dataset used for initial small RNA candidate discovery. The 
table summarizes sample metadata and preprocessing statistics for the only publicly 
available plasma small RNA-seq dataset suitable for candidate miRNA discovery in 
the context of exercise physiology. The dataset consists of young healthy female 
participants, including active synchronized swimmers and sedentary individuals, as 
originally reported by Li et al. (2020). Raw sequencing reads were processed using 
the nf-Sarcopipe preprocessing module, including FastQC quality assessment, 
adapter trimming and filtering with fastp, and miRNA and small RNA candidate 
annotation using BrumiR-core and miRDeep2. For each sample, the table reports 
sample identifiers, participant characteristics, tissue source (plasma), sequencing 
depth before and after trimming, and the number of small RNA candidates detected 
by each discovery method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Supplementary Table 2. Summary of raw library quality and fastp filtering 
statistics across the 25 small RNA-seq libraries. Summary of sequencing quality 
and preprocessing metrics obtained from FastQC and fastp reports for all plasma 
small RNA-seq libraries. For each sample, the table shows the number of raw reads, 
reads retained after adapter trimming, retention and loss percentages, reads 
discarded because of low quality or insufficient length, reads subjected to adapter 
trimming, FastQC adapter-content status, percentage of the most abundant 
overrepresented sequence, and estimated sequence duplication level. fastp statistics 
were extracted from the corresponding JSON reports generated using the same 
preprocessing parameters applied in the nf-Sarcopipe workflow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Supplementary Table 3. Unique structurally supported BrumiR-RF core 
candidate miRNAs identified after BrumiR2Reference analysis. The table 
summarizes 27 unique BrumiR-RF core candidates retained after structural 
validation. For candidates with multiple predicted genomic loci, the locus associated 
with the most stable precursor, defined as the lowest minimum free energy (MFE), 
was retained. Reported coordinates correspond to the predicted genomic location of 
the precursor hairpin. The mature sequence (5′→3′) represents the predicted mature 
miRNA, whereas precursor length indicates the length of the predicted hairpin 
sequence. Known exact match = 1 identifies candidates with an exact 
mature-sequence match to miRBase and/or MirGeneDB, whereas de novo exact = 
1 identifies structurally supported candidates lacking an exact reference match and 
retained as high-confidence de novo miRNA candidates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Supplementary Table 4. Characteristics of the final high-confidence de novo 
miRNA candidates identified by nf-Sarcopipe. Final BrumiR-derived de novo 
miRNA candidates retained after structural prioritization and differential expression 
analysis. For each candidate, the table reports the provisional miRNA identifier, 
original cluster, mature sequence length, mature sequence, canonical seed 
sequence (positions 2–8), differential expression statistics (log2 fold change, 
adjusted p value, and regulation), canonical seed match to known human miRNAs in 
miRBase, corresponding matched miRNA family (when applicable), and the results 
of the comprehensive 7-mer seed-space analysis, including the total number of 
possible 7-mers, the number of known matching 7-mers, the matched 7-mer 
sequences, and the corresponding miRNA families identified across all positions of 
the mature sequence.  
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Supplementary Table 5. Metadata and sequencing quality metrics for the 
RNA-seq datasets used in the integrative analysis. The table summarizes sample 
metadata and sequencing quality metrics for RNA-seq datasets retrieved from the 
Gene Expression Omnibus (GEO) using GEOquery (GEPREP) and processed with 
the nf-core/rnaseq pipeline using the GRCh38 human reference genome. For each 
sample, the table reports sample identifiers (SRA accession), sex, exercise 
condition, activity status, health status, tissue source (whole blood or vastus lateralis 
muscle biopsy), and sequencing depth before and after adapter trimming using fastp 
for paired-end reads. The difference column indicates the number of reads removed 
during trimming. The datasets include RNA-seq samples from healthy young active 
female skaters prior to exercise and healthy sedentary female individuals, derived 
from previously published studies indicated in the reference column. The lower panel 
shows the percentage of reads retained after trimming, highlighting consistently high 
sequencing quality across samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Supplementary Table 6. Functional classification of sarcopenia-associated 
genes.Genes were grouped into biologically relevant categories associated with 
sarcopenia, including muscle atrophy, mitochondrial dysfunction, inflammation, 
fibrosis, regeneration, neuromuscular junction integrity, and cellular senescence. 
This classification is based on well-established molecular mechanisms reported in 
the literature, where aging skeletal muscle is characterized by increased proteolysis 
(e.g., FBXO32, TRIM63), chronic inflammation (e.g., IL6, TNF), and fibrosis (e.g., 
COL1A1, TGFB1), together with reduced mitochondrial function (e.g., PPARGC1A) 
and impaired regenerative capacity (e.g., PAX7, MYOD1). References supporting 
each functional category are provided in the corresponding column. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







Supplementary Table 7 (page 1 & 2). Curated list of microRNAs associated with 
exercise responses in humans. The table summarizes microRNAs (miRNAs) 
previously reported to be associated with exercise responses in young and older 
adults, including both cardiorespiratory endurance and strength exercise paradigms. 
For each miRNA, the table reports the study population or condition, functional 
annotations from miRBase, functional associations described in the literature, 
exercise modality, intervention type (acute or chronic), direction of expression 
change (↑ upregulated, ↓ downregulated), sample source (e.g., plasma, serum, 
exosomes, skeletal muscle, or whole blood), and the original reference reporting the 
observation. This curated catalog provides a literature-based reference framework to 
contextualize exercise-associated miRNAs and to facilitate comparison with 
candidate miRNAs identified using the nf-Sarcopipe workflow. 


