Supplementary Methods
Method S1. Provenance and frozen inputs
Public GEO, UCSC, miRBase, and database-derived inputs were retained with source URLs and, where downloaded files were available, SHA-256 checksums. The miRTarBase Reporter Assay export was frozen as a dated portal snapshot (8 September 2026), because the endpoint was not version tagged. The official miRDB v6.0 pages for the seven-miRNA panel were frozen on 16 September 2026. The completed locked-holdout screening form was frozen before rank access with SHA-256 8f7ecc1f89a3819365fdfc5ccbf7799d6d13ac7042874c0023d93fe779160ae5.
Method S2. Functional perturbation analysis
At mean-control RPKM ≥1, four ordinary-least-squares models were fitted to identical genes: C, C+U, C+W, and C+U+W. C comprised expression, maximum benchmark 3′UTR length, canonical-site count, and local AU context. Median pooled out-of-fold R² was calculated across 100 deterministic repetitions of 10-fold cross-validation. Repetition percentiles are stability intervals, not confidence intervals.
Method S3. Positive–unlabeled benchmarks
CLEAR-CLIP, CLASH, and reporter-supported targets were evaluated against the remaining genes in each canonical-site candidate universe. Unlabelled genes were not called negatives. Endpoints included PU-AUC, one-sided Mann–Whitney tests, BH adjustment within prespecified families, and top-decile/top-quintile enrichment.
Method S4. Locked construct-level holdout
A rank-free 33-pair manifest was screened under frozen criteria requiring the exact mature miRNA, human target, cognate human 3′UTR reporter, wild-type repression, and loss or material weakening after cognate-site mutation. Twenty-one pairs were included; 12 were observable in the prespecified consensus universe. Missing pairs remained missing.
Method S5. Runtime and resource benchmark
Synthetic architecture-mode inputs contained two ordered isoforms per gene and were generated from fixed seeds recorded in Table S6. Runs used APAmiRank v0.2.18, Python 3.12.14, 250 bootstrap iterations, and 1,000 opportunity iterations. Wall time and child-process maximum resident set size were recorded once per size; values are descriptive and hardware-specific.
Method S6. External-predictor comparison
miRDB v6.0, generated by MirTarget v4 against miRBase 22, was selected as an accessible version-locked external predictor. Official web results were parsed for the seven panel miRNAs. Native miRDB ranks were converted to within-miRNA percentiles. Absence from a miRDB result page was treated as not predicted, not as a biological negative. The comparison uses method-native universes and therefore cannot support a superiority claim.
Method S7. Thermodynamic-mode boundary and release smoke test
All biological validation in the manuscript used architecture mode. RNAhybrid v2.1.2 and RNAup from ViennaRNA v2.7.2 are optional thermodynamic-mode dependencies. Thermodynamic mode remains experimental because software execution does not constitute biological validation. A version-locked release smoke test was executed on Linux through Slurm job 3121510 using APAmiRank v0.2.18 at commit 87defcb3970686d604746d6f4cfec92e93506c8b, Python 3.11.16, Snakemake 9.27.0, RNAhybrid 2.1.2, and RNAup from ViennaRNA 2.7.2. The test completed with status PASS, produced three site records and two gene records, recorded zero RNAhybrid and RNAup parse failures, and verified ten manifest outputs. The resulting manifest SHA-256 was d86fa00ec7a907ed1e88a160e3690aef7147126594e50b53c2eb758fd7c21026. This record verifies installation, dependency invocation, parsing, workflow completion, and output-manifest integrity; it does not provide biological validation of thermodynamic scoring.
Method S8. Reproducible execution
The development repository is available at https://github.com/deren0demirel-a11y/APAmiRank. The analysed and HPC-verified release is tagged v0.2.18 at commit 87defcb3970686d604746d6f4cfec92e93506c8b under the BSD 3-Clause license. The release package includes the environment specification, exact execution and benchmark commands, deterministic random seeds, GitHub Actions tests, processed matrices, complete rank tables, checksums, example input/output files, and a sanitized HPC release-verification record. The archived release and supporting research package will be available at Zenodo [ZENODO DOI].
