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            Abstract
Quantifying the pathogenicity of protein variants in human disease-related genes would have a marked effect on clinical decisions, yet the overwhelming majority (over 98%) of these variants still have unknown consequences1,2,3. In principle, computational methods could support the large-scale interpretation of genetic variants. However, state-of-the-art methods4,5,6,7,8,9,10 have relied on training machine learning models on known disease labels. As these labels are sparse, biased and of variable quality, the resulting models have been considered insufficiently reliable11. Here we propose an approach that leverages deep generative models to predict variant pathogenicity without relying on labels. By modelling the distribution of sequence variation across organisms, we implicitly capture constraints on the protein sequences that maintain fitness. Our model EVE (evolutionary model of variant effect) not only outperforms computational approaches that rely on labelled data but also performs on par with, if not better than, predictions from high-throughput experiments, which are increasingly used as evidence for variant classification12,13,14,15,16. We predict the pathogenicity of more than 36Â million variants across 3,219 disease genes and provide evidence for the classification of more than 256,000 variants of unknownÂ significance. Our work suggests that models of evolutionary information can provide valuable independent evidence for variant interpretation that will be widely useful in research and clinical settings.
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                    Fig. 1: Modelling strategy.


Fig. 2: EVE accurately predicts disease-causing variants.


Fig. 3: EVE is as good as functional experiments at predicting clinical interpretations of variants.


Fig. 4: Predictions for variants in 3,219 genes.
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              The data analysed and generated in this study, including multiple sequence alignments used in training, ClinVar annotations used for validation, population frequencies and predictions from our model, are available inÂ Supplementary Information and at evemodel.org. Predictions from other computational models are available through http://database.liulab.science/dbNSFP.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Bayesian VAE architecture details.
The Bayesian VAE architecture in EVE is comprised of a symmetric 3-layer encoder & decoder architecture (with 2,000-1,000-300 and 300-1,000-2,000 units respectively) and a latent space of dimension 50. After performing a one-hot encoding of the input sequence across amino acids (zeros in white, ones in green), we flatten the input before performing the forward pass through the network. We use a single set of parameters for the encoder (Ï•p) and learn a fully-factorized gaussian distribution over the weights of the decoder (Î¸p): weight samples for the decoder are obtained by sampling a random normal variable (rnv), multiplying that sample by the standard deviation parameters, and subsequently adding the mean parameters. A one-dimensional convolution is applied on the un-flattened output of the decoder to capture potential correlations between amino-acid usage. Finally, a softmax activation turns the final output into probabilities over amino acids at each position of the sequence (low values in white, high values in dark green). The overall network is trained by maximizing the Evidence Lower Bound (ELBO), which forms a tractable lower bound to the log-marginal likelihood (Supplementary Methods and Fig. 1).


Extended Data Fig. 2 Comparison of performance of Bayesian VAE and DeepSequence against 38 deep mutation scans.
Comparison between the performance of the Bayesian VAE architecture in EVE and DeepSequence46 which achieves state-of-the-art performance on the protein function prediction task. â€œEvolutionary indicesâ€� were computed by sampling 2k times from the approximate posterior distribution and by ensembling the obtained indices over 5 independently trained VAEs (Supplementary Methods).


Extended Data Fig. 3 Evolutionary index separates pathogenic and benign variants.
a, Average evolutionary index per protein, and corresponding standard deviations, for variants with known Benign and Pathogenic ClinVar labels across 3,219 proteins (sorted by alphabetical order). On the right, marginal distributions of the means over the 3,219 proteins. Evolutionary index separates pathogenic and benign labels consistently across proteins. b, Two-component Gaussian Mixture Models (GMM) over the distributions of the evolutionary indices (histograms) for all the single amino acid variants of 3,219 proteins combined (top, left) and for P53, PTEN and SCN5A separately (top right, bottom left and right, respectively). The dashed black line is the marginal likelihood for the GMM model, i.e. the likelihood of a variant sequence after marginalizing the latent variable that corresponds to the mixture assignment; the dashed blue and red lines represent the relative share of the marginal likelihood from the benign and pathogenic clusters respectively (i.e. the product of the marginal likelihood by each cluster).


Extended Data Fig. 4 EVE prediction for actionable genes and EVE comparison to other computational methods, including meta-predictors.
a, EVE AUCs versus ClinVar labels for set of ACMG â€œactionable genesâ€�33 that have 15 or more labels (shown in parentheses). AUCs are computed both for EVE scores of all variants (pale blue), and of the 75% variants with most confident scores (dark blue) (Supplementary Methods). b, Performance comparison of EVE to state-of-the-art computational variant effect predictors: 7 unsupervised, 8 supervised, and 8 supervised meta-prediction methods. Size of marker indicates how many genes for which the method would be relevant (on a per-protein basis validation) (Supplementary Methods, Supplementary Notes 2, Fig. 2, Supplementary Tables 3, 4).


Extended Data Fig. 5 Computational model EVE as good as high-throughput experiments for clinical labels.
(Companion to Fig. 3) a, Comparison of computational model predictions (upper panels EVE score) and experimental assay predictions (lower panels, experimental assay metric) to ClinVar labels (dots) and VUS (crosses) and where pale red and pale blue crosses indicate EVE assignments of VUS. Dashed red and blue lines correspond to EVE predictions after removing the 25% most uncertain variants (computed on all variants across all proteins; seeÂ Supplementary Methods). x-axes are position in protein. Experimental measurements data from deep mutational scans of P5314, from left (WT_Nutlin-3, A549_p53NULL_Nutlin-3, A549_p53NULL_Etoposide), SCN5A13, and BRCA112. b, Scatter plots of experiment scores (y-axis) against EVE scores (x-axis). Experimental measurements data from deep mutational scans same as a (Supplementary Methods, Supplementary Table 6).


Extended Data Fig. 6 Comparison of label policies, and comparison of EVE and experimental predictions of clinical labels.
a, The y-axis is the subset of the ACMG actionable protein list with at least 5 benign and 5 pathogenic labels with at least a one-star review status in ClinVar, mean for the 3,219 proteins and mean for this subset. x-axis is AUCs computed using these labels (deep blue), labels with at least a two-star review status (light grey) and a more lenient labelling policy (sky blue), as defined inÂ Supplementary Methods. b, AUC of EVE predictions (blue circle) and experimental predictions (blue cross) computed on ClinVar labels. Whilst most of the papers that provide these experimental results refer to the goal of predicting association to human disease, the assays vary in their relevance to disease phenotype. Results use high-quality labels whenever they are sufficient for robust validation (MSH2, P53, BRCA1) and lenient labels for all other cases, and 2017-release ClinVar data whenever experimental results were used in defining labels reported in 2021 (P53 and BRCA1). Reported averages of all displayed AUC values, and of AUCs computed exclusively on 2017 and 2021-reslease high-quality labels (Supplementary Methods, Supplementary Table 5,6).


Extended Data Fig. 7 EVE has many more genes that can be validated on, compared to supervised methods.
Mean number of genes, for EVE (dark blue) and a supervised method (light blue), that have sufficient labels for validation (5 (left), 10 (middle) and 20 labels (right)). We assume a 90% train 10% test random split of all labels in ClinVar for the supervised methods.


Extended Data Fig. 8 Data provided on our server evemodel.org.
Screenshot of evemodel.org for the example of KCNQ2. Our server provides information about each protein: aggregate AUC/Accuracy, performance curves (ROC & Precision-recall), variant-level EVE scores, classification and uncertainties, as well as the multiple sequence alignments used for training. All data is available to download both in bulk and for individual genes.


Extended Data Fig. 9 Fraction of genes per person with more than one variant.
Density function of the fraction of total genes per person with at least two variants, though not necessarily in the same chromosome. Data extracted from 50k genomes of the UK Biobank with self-reported ethnicity backgrounds (Supplementary Methods).


Extended Data Fig. 10 Performance as a function of alignment depth.
Average AUC of EVE scores as a function of N/Lcov for the subset of genes with at least 10 known clinical labels (5 benign and 5 pathogenic). For this subset of genes, the performance of the model can be carefully validated using AUCs. There is no strong correlation between alignment depth and performance: while models with very deep alignments tend to have good performance, models with very low N/Lcov can also have AUC close to 1.





Supplementary information
Supplementary Information
This file contains Supplementary Methods, Supplementary Note 1 on the limitations of supervised modeling methods and Supplementary Note 2 with comments on meta-predictors.


Reporting Summary

Supplementary Table 1
Statistics of multiple sequence alignments used in training.


Supplementary Table 2
Summary of class assignments and combination with other sources of evidence.


Supplementary Table 3
Comparison of performance of EVE and other computational models at predicting ClinVar labels.


Supplementary Table 4
Comparison of performance of EVE and other computational models at predicting results from high-throughput functional assays.


Supplementary Table 5
Sensitivity of predictions to label policy.


Supplementary Table 6
Comparison of performance of high-throughput experiments and EVE at predicting clinical labels.


Supplementary Table 7
Genes with at least 10 labels sorted by EVE performance.


Supplementary Table 8
Variants for which there is disagreement between EVE predictions and ClinVar labels.


Supplementary Table 9
All pairs of variants occurring in the same gene over the UK biobank population for the actionable genes defined by ACMG.
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