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Supplementary Table S1: Exhaustive Performance Metrics for All Predictors and Analysis Groups.
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Complete set of performance statistics, including mean and standard deviation (SD), for all calculated metrics across 10000 bootstrap iterations. Area Under the ROC Curve (AUROC), Area Under the PR Curve (AUPRC), True Positives (TP), False Positives (FP), True Negatives (TN), False Negatives (FN), sensitivity (recall), specificity, positive predictive value (PPV, precision), negative predictive value (NPV), F1-score, F2-score, accuracy, Matthews Correlation Coefficient (MCC), Youden's J Index, and the mean optimal classification threshold. This dataset forms the basis for all summary tables and figures presented in the main text.
Supplementary Figure S1: Complete set of plots (ROC, PR, all 5 distributions) for each VEP for the 5 harmonized regions (5’UTR, 3' UTR, Intronic, Non-coding Exons and Upstream) [image: ] 

Supplementary Figure S2. MobiDeep MLP architecture and example prediction
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Upper panel: MobiDeep's Multi-Layer Perceptron (MLP) Architecture: consists of an input layer taking 5 genomic, epigenomic and conservation features (ReMM v0.4, GPN-MSA, CADD 1.7, Cactus241way, and PhyloP), followed by three dense hidden layers with ReLU activation, and a final output layer with a sigmoid activation function to predict the probability of pathogenicity. Key hyperparameters used for training (Optimizer, Loss, Learning Rate, L2 Regularization, Adam Betas).

Lower panel: Example Prediction for NM_003024.3(ITSN1):c.3661+1376T>C: visual representation of how a specific variant (NM_003024.3(ITSN1):c.3661+1376T>C) is processed by the MLP. The input layer shows the raw scores for each of the 5 features. These inputs propagate through the three hidden layers, and the final output layer provides the predicted probability of pathogenicity (P(Pathogenic)) [0-1].


















Supplementary Figure S3. Optuna Hyperparameter Optimization
[image: ]
(A) Optuna slice plot showing the relationship between individual hyperparameters and the objective value (AUPRC). (B) Bar chart quantifying the importance of each hyperparameter, with learning_rate_init identified as the most influential. (C) Learning curve illustrating the model's training and cross-validation negative log-loss, confirming good generalization without overfitting. (D) Permutation-based feature importance, highlighting ReMM as the most predictive feature for the final optimized model.
Supplementary Table S2. Detailed Performance Metrics of MobiDeep in Training and Test set across stratified cross-validation runs.
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Metrics: AUROC, area under the receiver operating characteristic curve; AUPRC, area under the precision-recall curve; F1, F1-score; MCC, Matthews correlation coefficient. Confusion matrix: True negatives/false positives/false negatives/true positives. Threshold: Optimized decision threshold for each fold. Values represent mean and SD standard deviation across folds


























Supplementary Table S3: RNU 4-2 variants scoring by MobiDeep vs Clinvar classifications
[image: ]
MobiDeep performance results for a set of 30 variants in the RNU4-2 non-coding RNA, retrieved from the ClinVar (dated 2025/05/30). These variants were not included in the initial training data. All 18 variants classified as Pathogenic/Likely Pathogenic (P/LP) in ClinVar were correctly assigned scores exceeding the high confidence pathogenicity threshold (0.968) by MobiDeep. All "Likely benign" variants were correctly assigned scores below these thresholds. Variants listed as "Uncertain significance" in ClinVar were largely predicted as pathogenic.
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12 120291735 C T 0.0679 Neutral Likely benign

12 120291793 G A 0.9998 Pathogenic Uncertain significance

12 120291812 G C 0.9999 Pathogenic Uncertain significance

12 120291818 G A 0.9998 Pathogenic Uncertain significance

12 120291826 T G 0.9996 Pathogenic Likely pathogenic

12 120291826 T TA 0.9990 Pathogenic Pathogenic

12 120291826 T TC 0.9990 Pathogenic Likely pathogenic

12 120291827 T TA 0.9990 Pathogenic Likely pathogenic

12 120291827 TG T 0.9986 Pathogenic Uncertain significance

12 120291828 G A 0.9997 Pathogenic Pathogenic

12 120291829 G C 0.9999 Pathogenic Likely pathogenic

12 120291830 GAA G 0.9997 Pathogenic Likely pathogenic

12 120291834 A G 0.9995 Pathogenic Likely pathogenic

12 120291835 G A 0.9999 Pathogenic Pathogenic/Likely path

12 120291836 T G 0.9997 Pathogenic Likely pathogenic

12 120291837 T C 0.9996 Pathogenic Pathogenic

12 120291838 T C 0.9996 Pathogenic Pathogenic

12 120291838 T TA 0.9990 Pathogenic Likely pathogenic

12 120291839 T TC 0.9990 Pathogenic Likely pathogenic

12 120291839 T C 0.9995 Pathogenic Pathogenic

12 120291839 T TA 0.9990 Pathogenic Pathogenic

12 120291841 A G 0.9995 Pathogenic Likely pathogenic

12 120291842 A G 0.9989 Pathogenic Likely pathogenic

12 120291858 C CA 0.9998 Pathogenic Uncertain significance

12 120291860 T TA 0.9990 Pathogenic Uncertain significance

12 120291874 T A 0.9980 Pathogenic Uncertain significance

12 120291878 C T 0.9998 Pathogenic Uncertain significance

12 120729715 T G 0.6357 Neutral Uncertain significance

12 120729718 G C 0.7009 Neutral Likely benign

12 120729721 C T 0.7213 Neutral Likely benign


image1.emf
region_group tool TP_meanTP_stdFP_meanFP_stdTN_meanTN_stdFN_meanFN_stdSe_meanSe_stdSp_meanSp_stdppv_meanppv_stdnpv_meannpv_stdf1_meanf1_stdf2_meanf2_stdaccuracy_meanaccuracy_stdyouden_j_meanyouden_j_stdmcc_meanmcc_stdbest_thresh_meanbest_thresh_stdauroc_meanauroc_stdauprc_meanauprc_std

GPN-MSA 164,907 0,406 142,574 11,846 1795,615 11,918 22,093 0,406 0,882 0,002 0,926 0,006 0,537 0,021 0,988 0,000 0,667 0,016 0,781 0,008 0,923 0,006 0,808 0,006 0,651 0,015 2,987 0,030 0,953 0,001 0,840 0,010

MobiDeep 177,472 6,223 133,810 59,199 1806,190 59,199 16,528 6,223 0,915 0,032 0,931 0,031 0,591 0,101 0,991 0,003 0,711 0,066 0,817 0,021 0,930 0,025 0,846 0,005 0,699 0,059 0,762 0,135 0,974 0,001 0,889 0,011

Cactus241way 155,553 2,547 84,131 23,351 1852,232 23,434 38,447 2,547 0,802 0,013 0,957 0,012 0,656 0,066 0,980 0,001 0,719 0,033 0,766 0,008 0,942 0,010 0,758 0,004 0,693 0,035 1,967 0,489 0,915 0,002 0,787 0,020

CADD 1.7 167,056 2,308 168,938 23,405 1770,960 23,400 19,944 2,308 0,893 0,012 0,913 0,012 0,500 0,039 0,989 0,001 0,640 0,026 0,771 0,010 0,911 0,010 0,806 0,006 0,627 0,024 9,816 0,805 0,946 0,002 0,808 0,022

phylop_p 160,659 1,666 247,968 19,954 1688,395 20,034 33,341 1,666 0,828 0,009 0,872 0,010 0,394 0,020 0,981 0,001 0,534 0,016 0,678 0,009 0,868 0,009 0,700 0,008 0,512 0,015 0,326 0,041 0,904 0,003 0,672 0,017

ReMM v.0.4 174,418 0,493 114,498 10,983 1825,404 10,983 19,582 0,493 0,899 0,003 0,941 0,006 0,605 0,023 0,989 0,000 0,723 0,016 0,819 0,008 0,937 0,005 0,840 0,005 0,706 0,016 0,817 0,005 0,970 0,001 0,870 0,012

GPN-MSA 6,978 0,179 4,970 2,259 75,030 2,259 1,022 0,179 0,872 0,022 0,938 0,028 0,607 0,124 0,987 0,002 0,708 0,076 0,796 0,036 0,932 0,025 0,810 0,027 0,691 0,077 4,022 0,487 0,955 0,009 0,846 0,028

MobiDeep 8,000 0,000 7,786 2,636 72,214 2,636 0,000 0,000 1,000 0,000 0,903 0,033 0,522 0,091 1,000 0,000 0,681 0,076 0,840 0,046 0,912 0,030 0,903 0,033 0,685 0,071 0,714 0,000 0,978 0,008 0,863 0,052

Cactus241way 7,000 0,000 2,799 1,634 77,202 1,634 1,000 0,000 0,875 0,000 0,965 0,020 0,734 0,120 0,987 0,000 0,793 0,071 0,839 0,032 0,957 0,019 0,840 0,020 0,776 0,074 3,035 0,000 0,919 0,011 0,769 0,085

CADD 1.7 6,372 0,487 3,670 3,954 76,330 3,954 1,628 0,487 0,796 0,061 0,954 0,049 0,732 0,229 0,979 0,005 0,734 0,113 0,760 0,028 0,940 0,040 0,751 0,021 0,720 0,117 13,131 3,738 0,931 0,012 0,763 0,077

phylop_p 7,851 0,356 24,434 4,740 55,566 4,740 0,149 0,356 0,981 0,045 0,695 0,059 0,248 0,036 0,998 0,006 0,395 0,043 0,613 0,038 0,721 0,052 0,676 0,051 0,407 0,042 0,153 0,071 0,837 0,031 0,257 0,066

ReMM v.0.4 8,000 0,000 1,720 1,290 78,280 1,290 0,000 0,000 1,000 0,000 0,979 0,016 0,837 0,106 1,000 0,000 0,908 0,064 0,960 0,029 0,980 0,015 0,979 0,016 0,904 0,065 0,929 0,000 0,991 0,007 0,903 0,075

GPN-MSA 19,126 0,771 25,624 8,905 319,550 9,184 15,874 0,771 0,546 0,022 0,926 0,026 0,438 0,058 0,953 0,002 0,483 0,035 0,518 0,013 0,891 0,022 0,472 0,014 0,429 0,038 4,830 0,346 0,790 0,010 0,460 0,032

MobiDeep 24,086 1,126 62,910 12,012 287,090 12,012 10,914 1,126 0,688 0,032 0,820 0,034 0,282 0,037 0,963 0,003 0,398 0,029 0,531 0,016 0,808 0,029 0,508 0,020 0,353 0,028 0,931 0,009 0,796 0,009 0,515 0,047

Cactus241way 18,000 0,000 13,341 3,569 336,659 3,569 17,000 0,000 0,514 0,000 0,962 0,010 0,582 0,067 0,952 0,000 0,544 0,029 0,525 0,011 0,921 0,009 0,476 0,010 0,503 0,037 4,938 0,000 0,723 0,010 0,402 0,047

CADD 1.7 19,516 1,321 24,666 13,196 325,067 13,197 15,484 1,321 0,558 0,038 0,929 0,038 0,468 0,087 0,955 0,002 0,501 0,048 0,530 0,013 0,896 0,031 0,487 0,013 0,451 0,051 17,374 1,155 0,770 0,009 0,487 0,043

phylop_p 21,038 1,159 76,670 13,048 273,330 13,048 13,962 1,159 0,601 0,033 0,781 0,037 0,218 0,022 0,951 0,002 0,319 0,021 0,443 0,014 0,765 0,031 0,382 0,021 0,254 0,022 0,833 0,135 0,714 0,013 0,242 0,020

ReMM v.0.4 23,990 1,581 70,829 15,537 279,171 15,537 11,010 1,581 0,685 0,045 0,798 0,044 0,260 0,039 0,962 0,003 0,373 0,031 0,511 0,015 0,787 0,037 0,483 0,021 0,327 0,029 0,899 0,019 0,796 0,010 0,463 0,046

GPN-MSA 15,998 0,050 6,367 2,481 183,633 2,481 3,003 0,050 0,842 0,003 0,966 0,013 0,724 0,080 0,984 0,000 0,776 0,046 0,814 0,020 0,955 0,012 0,808 0,013 0,756 0,049 3,582 0,046 0,898 0,005 0,815 0,026

MobiDeep 17,353 0,495 15,287 5,214 174,713 5,214 1,647 0,495 0,913 0,026 0,920 0,027 0,545 0,082 0,991 0,003 0,678 0,059 0,800 0,027 0,919 0,023 0,833 0,019 0,667 0,054 0,552 0,110 0,947 0,004 0,850 0,028

Cactus241way 12,985 0,122 5,716 2,338 183,541 2,471 6,015 0,122 0,683 0,006 0,970 0,012 0,706 0,090 0,968 0,001 0,691 0,042 0,686 0,016 0,944 0,011 0,653 0,012 0,662 0,049 1,799 0,269 0,808 0,008 0,683 0,038

CADD 1.7 16,005 0,482 15,811 5,196 174,189 5,196 2,995 0,482 0,842 0,025 0,917 0,027 0,516 0,080 0,983 0,002 0,636 0,055 0,743 0,025 0,910 0,023 0,759 0,020 0,614 0,052 8,389 1,186 0,880 0,006 0,737 0,053

phylop_p 15,389 0,491 11,693 4,821 177,564 4,901 3,611 0,491 0,810 0,026 0,938 0,025 0,586 0,098 0,980 0,002 0,674 0,059 0,747 0,023 0,927 0,021 0,748 0,017 0,649 0,059 0,575 0,205 0,898 0,006 0,752 0,044

ReMM v.0.4 16,020 0,177 3,541 2,454 186,459 2,454 2,980 0,177 0,843 0,009 0,981 0,013 0,829 0,085 0,984 0,001 0,834 0,044 0,839 0,017 0,969 0,011 0,825 0,010 0,818 0,048 0,863 0,028 0,957 0,005 0,859 0,025

GPN-MSA 86,823 0,674 78,510 9,818 881,490 9,818 2,177 0,674 0,976 0,008 0,918 0,010 0,527 0,032 0,998 0,001 0,684 0,025 0,833 0,014 0,923 0,009 0,894 0,009 0,685 0,023 3,074 0,137 0,989 0,001 0,919 0,011

MobiDeep 95,999 0,030 27,673 5,169 932,328 5,169 0,001 0,030 1,000 0,000 0,971 0,005 0,778 0,032 1,000 0,000 0,875 0,021 0,946 0,010 0,974 0,005 0,971 0,005 0,869 0,021 0,894 0,000 0,997 0,001 0,973 0,009

Cactus241way 89,744 0,993 37,920 10,035 919,168 10,193 6,256 0,993 0,935 0,010 0,960 0,010 0,707 0,053 0,993 0,001 0,804 0,031 0,877 0,011 0,958 0,009 0,895 0,006 0,791 0,031 2,526 0,508 0,978 0,002 0,867 0,034

CADD 1.7 88,000 0,030 42,047 6,348 917,953 6,348 1,000 0,030 0,989 0,000 0,956 0,007 0,678 0,033 0,999 0,000 0,804 0,023 0,905 0,012 0,959 0,006 0,945 0,007 0,800 0,022 12,920 0,020 0,993 0,002 0,899 0,036

phylop_p 80,974 0,370 72,352 8,747 884,736 8,920 15,026 0,370 0,843 0,004 0,924 0,009 0,530 0,029 0,983 0,000 0,650 0,022 0,754 0,012 0,917 0,008 0,768 0,009 0,628 0,021 0,631 0,024 0,943 0,003 0,761 0,020

ReMM v.0.4 92,275 0,696 12,416 6,826 947,427 6,841 3,725 0,696 0,961 0,007 0,987 0,007 0,885 0,052 0,996 0,001 0,921 0,027 0,944 0,008 0,985 0,006 0,948 0,004 0,914 0,027 0,911 0,036 0,997 0,001 0,973 0,009

GPN-MSA 31,957 0,302 22,201 4,945 327,799 4,945 3,043 0,302 0,913 0,009 0,937 0,014 0,595 0,054 0,991 0,001 0,719 0,038 0,823 0,019 0,934 0,013 0,850 0,013 0,705 0,037 2,733 0,159 0,965 0,003 0,866 0,022

MobiDeep 32,949 0,226 25,099 4,937 324,901 4,937 2,051 0,226 0,941 0,006 0,928 0,014 0,572 0,049 0,994 0,001 0,710 0,037 0,832 0,020 0,929 0,013 0,870 0,014 0,701 0,035 0,627 0,017 0,981 0,003 0,888 0,030

Cactus241way 30,847 0,531 25,319 5,805 323,915 5,867 4,153 0,531 0,881 0,015 0,928 0,017 0,556 0,062 0,987 0,001 0,679 0,041 0,787 0,018 0,923 0,014 0,809 0,014 0,662 0,039 0,960 0,172 0,916 0,003 0,803 0,046

CADD 1.7 31,951 0,235 23,156 4,764 326,845 4,764 3,050 0,235 0,913 0,007 0,934 0,014 0,584 0,051 0,991 0,001 0,711 0,037 0,819 0,019 0,932 0,012 0,847 0,013 0,697 0,036 9,562 0,331 0,931 0,003 0,837 0,038

phylop_p 30,995 0,070 26,063 4,889 323,171 4,961 4,005 0,070 0,886 0,002 0,925 0,014 0,547 0,047 0,988 0,000 0,675 0,036 0,787 0,019 0,922 0,013 0,811 0,014 0,658 0,035 0,448 0,006 0,925 0,004 0,781 0,036

ReMM v.0.4 30,101 0,397 13,673 4,992 336,327 4,992 4,899 0,397 0,860 0,011 0,961 0,014 0,696 0,069 0,986 0,001 0,767 0,042 0,819 0,017 0,952 0,012 0,821 0,010 0,747 0,042 0,813 0,030 0,954 0,004 0,832 0,030
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