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Abstract

Whereas protein language models have demonstrated remarkable efficacy in predicting the
effects of missense variants, DNA counterparts have not yet achieved a similar competitive
edge for genome-wide variant effect predictions, especially in complex genomes such as that of
humans. To address this challenge, we here introduce GPN-MSA a novel framework for DNA
language models that leverages whole-genome sequence alignments across multiple species and
takes only a few hours to train. Across several benchmarks on clinical databases (ClinVar,
COSMIC, and OMIM) and population genomic data (gnomAD), our model for the human
genome achieves outstanding performance on deleteriousness prediction for both coding and
non-coding variants.
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Introduction

With the rising trend in whole-genome sequencing, there is a pressing need to understand the
effects of genome-wide variants, which would lay the foundation for precision medicine [1]. In
particular, predicting variant deleteriousness is key to rare disease diagnosis [2] and rare variant
burden tests [3]. Indeed, a recent review highlights analysis of functional rare variants as the biggest
contribution of human genetics to drug discovery [4].

Language models are gaining traction as deleteriousness predictors, with their ability to learn
from massive sequence databases and score variants in an unsupervised manner. Given the success
of accurately scoring missense variants with protein language models [5-7], it is natural to consider
scoring genome-wide variants with DNA language models. For this task, we recently developed the
Genomic Pre-trained Network (GPN), a model based on a convolutional neural network trained
on unaligned genomes, and showed that it achieves excellent variant effect prediction results in the
compact genome of Arabidopsis thaliana [8]. The human genome — which harbors a similar number
of genes but interspersed over nearly 23 times larger regions and contains much more repetitive
elements, most of which may not be functional — is substantially harder to model, however. In fact,
previous attempts at unsupervised variant effect prediction with human DNA language models (e.g.,
Nucleotide Transformer [9]) have shown inferior performance compared to simpler conservation
scores. Increasing the scale of the model, data, and compute improves performance, but it can
still be poor, even for a model trained for 28 days using 128 top-line graphics processing units
(GPUs) [9].

To address the above challenge, we here introduce GPN-MSA, a novel DNA language model
which is designed for genome-wide variant effect prediction and is based on the biologically-
motivated integration of a multiple-sequence alignment (MSA) across diverse species using the
flexible Transformer architecture [10]. We apply this modeling framework to humans using an
MSA of diverse vertebrate genomes [11] and show that it outperforms not only previous DNA lan-
guage models but also current widely-used models such as CADD [12], phyloP [13], ESM-1b [6,14],
Enformer [15], and SpliceAI [16]. Our model takes only 4.75 hours to train on 4 GPUs, which
is a considerable reduction in the required computing resources compared to the aforementioned
Nucleotide Transformer [9]. We anticipate that this massive reduction in computational footprint
will enable the efficient exploration of new ideas to train improved DNA language models for
genome-wide variant effect prediction.

Results

GPN-MSA is trained on a whole-genome MSA of 100 vertebrate species (Figure la, full tree in
Supplementary Figure S1), after suitable processing (Figure 1b) and filtering (Figure 1c). It is
an extension of GPN [8] to learn nucleotide probability distributions conditioned not only on
surrounding sequence contexts but also on aligned sequences from related species that provide
important information about evolutionary constraints and adaptation (Figure 1d, Methods). It
draws heavy inspiration from the MSA Transformer [17], a protein language model trained on
MSAs of diverse protein families; it was originally designed for structure prediction but was later
shown to achieve excellent missense variant effect prediction performance [5]. Besides the fact
that our model operates on whole-genome DNA alignments — which comprise small, fragmented
synteny blocks with highly variable levels of conservation, and hence considerably more complex
than protein alignments — there are also essential differences in the architecture and training process
of GPN-MSA from the MSA Transformer (Methods).
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Figure 1: Overview of GPN-MSA. (a) Subsampled phylogenetic tree of 100 vertebrate species consti-
tuting the whole-genome MSA (full tree in Supplementary Figure S1). (b) MSA processing. Starting with
a Multiple Alignment Format file, alignment blocks are stitched together following the order in the human
reference. Columns with gaps in the human reference are discarded, followed by the removal of the 10
primate species closest to human (Chimp to squirrel monkey). (c¢) Training window selection. For each
128-bp window along the genome, conservation is computed as the 75" percentile of phastCons. The top 5%
conserved windows are chosen alongside a random 0.1% from the remaining windows. (d) Model architec-
ture. The input is a 128-bp MSA window where certain positions in the human reference have been masked,
and the goal is to predict the nucleotides at the masked positions, given the context across both columns
(positions) and rows (species) of the MSA. During training, 15% of the positions are masked. During variant
effect prediction, only the variant position is masked. The sequence of MSA columns is processed through a
Transformer neural network resulting in a high-dimensional contextual embedding of each position. Then,
a final layer outputs four nucleotide probabilities at each masked position. The model is trained with a
weighted cross-entropy loss, designed to downweight repetitive elements and up-weight conserved elements
(Methods). As data augmentation in non-conserved regions, prior to computing the loss, the reference is
sometimes replaced by a random nucleotide (Methods). The GPN-MSA variant effect prediction score is
defined as the log-likelihood ratio between the alternate and reference allele. REF: reference allele. ALT:
alternate allele.


https://doi.org/10.1101/2023.10.10.561776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561776; this version posted October 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We demonstrate the capability of GPN-MSA to improve unsupervised deleteriousness prediction
on several human variant datasets (Methods). We emphasize that only the reference genome is used
to train GPN-MSA and that no human variant dataset is utilized in training. Nevertheless, GPN-
MSA can still capture several functional attributes of variants, such as epigenetic marks and the
impact of natural selection (Supplementary Figure S2, Supplementary Figure S3).

For evaluation, we first consider the classification of ClinVar [18] pathogenic vs. common mis-
sense variants in gnomAD [19]. We use common variants as control instead of ClinVar benign-
labeled variants, as recommended by the developers of CADD to reduce ascertainment bias [12].
We find that GPN-MSA achieves the best performance compared to genome-wide predictors CADD
[20], phyloP [13], the Nucleotide Transformer (NT) [9], and the missense-specific ESM-1b [6, 14]
(Figure 2a, Supplementary Figure S4a).

Next, we consider the classification of somatic missense variants frequently observed across
cancer tumors (COSMIC, the Catalogue of Somatic Mutations in Cancer [21]) vs. gnomAD common
missense variants. Because of the extreme class imbalance in this case, we focus on the precision
and recall metrics. GPN-MSA again achieves the highest performance, with substantial margins of
improvement over other models (Figure 2b, Supplementary Figure S4b).

Moving on to regulatory variants, we evaluate on the classification of a curated set of variants
implicated in Mendelian disorders (OMIM, Online Mendelian Inheritance in Man [22]) vs. gnomAD
common variants. We again consider precision and recall because of the extreme class imbalance,
and find that GPN-MSA achieves the best performance overall, as well as in each variant category
(Figure 2c, Supplementary Figure S4c). For several variant categories, CADD’s precision increases
from near zero as recall increases, which indicates that a substantial fraction of its top discoveries
are actually false (Supplementary Figure S4c).

Lastly, we evaluate on the enrichment of rare vs. common gnomAD variants in the tail of
deleteriousness scores. Deleterious mutations should be under purifying selection and hence their
frequencies tend to be low in the population. Therefore, if a variant effect predictor is accurate, we
expect rare variants to be enriched compared to common variants for extreme deleteriousness scores.
GPN-MSA achieves the highest overall enrichment, as well as in each variant category, with different
margins (Figure 2d). In the case of intron variants, it also outperforms SpliceAl [16], a state-of-
the-art splicing predictor. We note that the overall performance is not merely an averaging of the
performances in the different categories; it also involves scoring variants relative to each other across
these categories. On a separate enrichment analysis of low-frequency vs. common gnomAD variants
in gene flanking and intergenic regions, GPN-MSA achieves a substantially improved performance
over Enformer [15] (Figure 2e). While we observe that SpliceAI and Enformer, which are functional
genomics models, perform worse than the simpler phyloP in deleteriousness prediction, we note
that this is an application they were not designed for. It is also worth noting that although phyloP
trained on 241 mammals (Zoonomia) was recently proposed as a deleteriousness predictor [23], the
older vertebrate phyloP actually achieves better results in most of our benchmarks (Supplementary
Figure S5).

To understand the importance of different components of our model, we perform an ablation
study and assess the impact on variant effect prediction performance (Supplementary Figure S6).
We find that the inclusion of the MSA is most critical and that different ways of prioritizing
conserved regions can have a significant impact on the results.

GPN-MSA’s predictions for every position of chromosome 6 can be visualized as sequence
logos [24] in the UCSC Genome Browser [25,26] (example in Supplementary Figure S7); we plan to
release predictions for all ~9 billion possible single nucleotide variants in the human genome using
the final, revised model upon publication. We also provide a Jupyter notebook detailing how to
run predictions on a given VCF file using our trained model.


https://doi.org/10.1101/2023.10.10.561776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561776; this version posted October 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ClinVar pathogenic vs. b COSMIC frequent vs. c OMIM pathogenic vs. gnomAD common (regulatory)
gnomAD common (missense) gnomAD common (missense) promoter enhancer
10 n=21275vs. 13117 0308 189 vs. 13118 n=406 ve. 2284702 n=130 vs. 820082 n=37 vs. 1309626
+¥70.966 0.960 0.943 .044 .085
0.919 . 0.04 0.075
0.9
g 0.050
Qo8 Q 5 0.02 '
2 g 2005 0.033%,039 0.025
2 2 .
<07 <
0.6
5' UTR 3' UTR ncRNA
n=133 vs. 26488 n=38 vs. 69316 n=60 vs. 175574
0.5 X < < .310 .044 .084
y 0 \oJ Yy O \J
SRS M QPRSI 0.04 0.075
RIS & S & & o 0193
& & 0.2 0.173 0.050
o 0.021
<D( 0.02
0.1 0.008 0.025
v Y L &
Q S K ¥ © &
W~ @\ Ny @ N
& 3 & ¢ s
d gnomAD rare vs. common
all missense synonymous 5'UTR 3'UTR
n=4812825 vs. 4811795 n=37757 vs. 13118 n=18647 vs. 17566 n=35538 vs. 26488 n=82954 vs. 69316
L3 L3 L3
50 - 10 15 A 201
2100 A 40 8
e LS 10 1 151
v 30 A \ 6
S 50 . 101
o 20 A o 44 | Model
e 5
I ESM-1b "%, 51 .. —— GPN-MSA
i g vo® ] £
01, T T T T T T 21, T T T T T T T T ~ —— CADD
—— phyloP
upstream-of-gene downstream-of-gene intron intergenic nc
n=849851 vs. 820082 n=869964 vs. 852410 n=1804469 vs. 1690417 n=1226643 vs. 1309626 n=183960 vs. 175574
40 . 304 301 o
\o 20 1
2 301 \
© 201 2% % —— SpliceAl ]
§ 201 Lo o 101
O 4q 10 A T
10 o. 5
0 =% 0
1074 1073 1072 107! 1074 1073 1072 107 107% 1073 1072 107! 1074 1073 1072 107! 1074 1073 1072 107
Threshold quantile Threshold quantile Threshold quantile Threshold quantile Threshold quantile

@ gnomAD low-frequency vs. common
(upstream, downstream, intergenic)
n=3539816 vs. 2125523

Model
—— GPN-MSA
—— CADD
—— phyloP-100-vertebrates
~——— Enformer
—— phyloP-241-mammals

Odds ratio

107410731072 107!
Threshold quantile

Figure 2: Comparison of variant effect prediction results. (a) Classification of ClinVar pathogenic
vs. gnomAD common missense variants. NT: Nucleotide Transformer (version 2.5b-multi-species). (b)
Classification of COSMIC frequent (frequency > 0.1%) vs. gnomAD common missense variants. (c) Clas-
sification of OMIM pathogenic vs. gnomAD common regulatory variants. We matched OMIM promoter
variants with gnomAD upstream-of-gene variants, enhancer with intergenic, and “all” with the union of the
matches of the specific categories, after removing any overlap with missense variants. (d) Enrichment of
rare (singletons) vs. common (MAF > 5%) gnomAD variants in the tail of deleterious scores (defined using
different threshold quantiles, e.g. the 10% most extreme scores are considered deleterious, or the 1% most
extreme). In categories other than “all” or “missense”, we removed any overlap with missense variants. Odds
ratios and p-values were computed using Fisher’s exact test. All shown odds ratios have p-value < 0.05.
The minimum threshold was chosen such that no score has less than 10 counts in the contingency table. (e)
Comparison with Enformer. Enrichment of low-frequency (0.5% < AF < 5%) vs. common (MAF > 5%)
gnomAD flanking and intergenic variants in the tail of deleterious scores. We removed any overlap with
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Figure 2 (continued): missense variants. Enformer scores were calculated as L? norm of delta predictions.
We used the same odds ratio plotting considerations as in (d) AUROC: area under the receiving operating
characteristic curve. AUPRC: area under the precision-recall curve. MAF: minor allele frequency. AF': allele
frequency. “phyloP” refers to the statistic computed on the 100 vertebrates alignment.

Discussion

To recapitulate, our main contributions are threefold. First, we propose the first DNA language
model operating directly on a whole-genome alignment. Second, we demonstrate state-of-the-art
performance in humans on a number of clinically-relevant variant effect prediction datasets. Lastly,
the general approach we have developed for humans is computationally efficient, which would enable
future research in the field.

In the rapidly advancing landscape of DNA language modeling, scaling up model and context
sizes has been the primary avenues of exploration [9,27,28]. In contrast, in our work we focus on
the explicit modeling of related sequences (known as retrieval augmentation in natural language
processing [29]). This has led to a highly computationally efficient model and state-of-the-art
variant effect prediction performance for both coding and non-coding variants. It remains to be
explored how useful GPN-MSA’s learned representations would be for downstream applications,
e.g., for genome annotation or gene expression prediction. Expanding the context length, possibly
through leveraging recent technical developments [27], might be beneficial for such tasks.

The masked language modeling objective can be too easy if sequences very similar to the
human genome are included in the MSA, resulting in the learned probability distribution being
not very useful for variant effect prediction. This observation has led us to exclude most primate
genomes during training. To tackle this limitation, we are actively exploring alternative training
objectives which are aware of phylogenetic relationships. We are also exploring how best to integrate
population genetic variation information, instead of relying on a single reference genome.

In our view, one of the most promising applications of GPN-MSA is effective genome-wide
rare variant burden testing, which has been mostly restricted to coding regions [30]. We envision
that several other statistical genetics tasks can be empowered by GPN-MSA, such as functionally
informed fine-mapping [31] and polygenic risk scores [32].

Sequence models (such as phyloP and GPN-MSA) might achieve better deleteriousness predic-
tion results but are still less interpretable than functional genomics models such as SpliceAl and
Enformer. While both functional genomics models and DNA language models have much room for
independent improvement, it is likely that jointly modeling DNA sequence and functional genomics
may have the biggest impact.

Methods
MSA Processing

The multiz [33] whole-genome alignment of 100 vertebrates was downloaded from https://
hgdownload.soe.ucsc.edu/goldenPath/hg38/multiz100way/maf/. Contiguous alignment blocks
were stitched together using the multiz utility maf2fasta and any columns with gaps in human
were removed. The 10 primate species closest to human were removed. We also downloaded
associated conservation scores phastCons [34] https://hgdownload.soe.ucsc.edu/goldenPath/
hg38/phastCons100way and phyloP [13] https://hgdownload.soe.ucsc.edu/goldenPath/hg38/
phyloP100way.
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Training Region Selection

Instead of training on the whole genome, we focused on the most conserved genomic windows,
aiming to emphasize functionally-important regions such as exons, promoters and enhancers. The
conservation of a genomic window was defined as the 75" percentile of phastCons scores in the
window. We then chose a cutoff; in our current experiments we included the top 5% most conserved
windows. We also included 0.1% of the remaining windows of the genome to ensure there is no
extreme distribution shift when performing variant effect prediction in non-conserved regions. The
reverse complement of each selected window was added as data augmentation. Chromosome 21
was held out for validation (early-stopping) and chromosome 22 was held out for possible testing
(not actually used in this study).

Model Architecture

We adopt the general approach of masked language modeling [35]. As a general caveat, in this
work we did not systematically tune hyperparameters, so they are likely far from optimal. The
input is a 128-bp MSA window where certain positions in the human reference have been masked,
and the goal is to predict the nucleotides at the masked positions, given its context across both
columns (positions) and rows (species) of the MSA. During training, 15% of the positions are
masked. During variant effect prediction, only the variant position is masked. The 1-hot encodings
of nucleotides from different species at each position are first concatenated. Then, the sequence
of MSA columns is processed through a Transformer neural network (RoFormer [36]) resulting
in a high-dimensional contextual embedding of each position. Then, a final layer outputs four
nucleotide probabilities at each masked position. The model is trained on the reference sequence
with a weighted cross-entropy loss.

Our considerations for the loss weight were the following: downweighting repeats and upweight-
ing conserved elements (so wrong predictions in neutral regions are penalized less). We introduce
a smoothed version of phastCons, phastCons;,, as the max of phastCons over a window of 7 nu-
cleotides. The goal was to not only give importance to conserved regions, but to regions immediately
next to them. The loss weight w is defined as follows:

w o (0.1 x I{repeat} + 1{-repeat}) x max(phyloP, 1) x (phastCons;; + 0.1)

which includes 10-fold downweighting on repetitive elements [8] plus upweighting based on both
phyloP and phastCons;,.

As data augmentation in non-conserved regions, prior to computing the loss, the reference is
replaced by a random nucleotide with a certain probability ¢:

g = 0.5 x 1{phastCons,,; < 0.1}

The intention is to guide the model to assign more neutral scores in non-conserved regions.

Our code is based on the Hugging Face Transformers library [37]. All models were trained with
default hyperparameters ! (e.g. 12 layers with 12 attention heads each) except for the ones listed
in Supplementary Table S1. The total number of parameters is approximately 86 million. We
performed early stopping based on validation loss. We manage to train the model in approximately
4.75 hours using 4 NVIDIA A100 GPUs.

The GPN-MSA variant effect prediction score is defined as the log-likelihood ratio between the
alternate and reference allele. In our experiments, we average the predictions from the positive and
negative strand. With our 4 NVIDIA A100 GPUs, we manage to score approximately 5 million
variants per hour.

"https://huggingface.co/docs/transformers/model_doc/roformer#transformers.RoFormerConfig
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Differences between GPN-MSA and MSA Transformer

While the MSA Transformer takes as input an arbitrary set of aligned sequences, GPN-MSA
is trained on sequences from a fixed set of species. This allows simpler modeling of the MSA
as a sequence of fixed-size alignment columns, reducing computation and memory requirements.
Variant effect prediction, masking only the target sequence (in our case, human), is identical [5].
Since variant effect prediction is our main goal, during training we also only mask positions from
the target sequence. The MSA Transformer, however, proposes masking MSA entries at random
during training, based on results from structure prediction, their intended application.

Ablation Study

We performed an ablation study to understand the impact of each of our design choices on variant
effect prediction when modified independently (Supplementary Figure S6). For each setting, three
replicate models with different seeds were trained, where applicable. Since we hold the rest of
the hyperparameters fixed, results should be interpreted as differences given a similar training
procedure and compute budget.

e w/o MSA: the model is only trained on the human sequence, without access to other species.

e MSA frequency: variants are scored using the log-likelihood ratio of observed frequencies in
the MSA column, with a pseudocount of 1.

e Train on 50% most conserved: expand the training region from the smaller 5% most conserved
to a larger set with less overall conservation.

e Include closest primates: do not filter out from the MSA the 10 primates closest to human.
e Don’t upweight conserved: do not upweight the loss function on conserved elements.

e Don’t replace non-conserved: do not replace the reference in non-conserved positions with
random nucleotides when computing the loss function.

Modeling the single human sequence instead of the MSA has by far the biggest impact. Using the
column-wide MSA frequencies as predictor also shows a large decrease in performance. Including
primate species close to human, or training on less conserved regions, have a moderate impact
on performance. Finally, of relatively minor impact are removing the upweighting of conserved
elements or removing the data augmentation procedure of replacing nucleotides in non-conserved
positions.

Variant Effect Prediction (VEP) glossary

We summarize datasets and their provenance, metrics used to evaluate each dataset, and technical
details in constructing VEP scores below.

VEP data sources:
e ClinVar [18]: downloaded release 20230730.

e COSMIC [21]: downloaded Cosmic_MutantCensus_v98_GRCh38.tsv.gz and computed fre-
quency as the proportion of samples containing the mutation, restricting to whole-genome or
whole-exome samples.
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e OMIM [22]: downloaded a set of curated pathogenic regulatory variants.

e gnomAD [19]: downloaded version 3.1.2 and filtered to autosomal variants with allele number
of at least 2 x 70 000, besides the official quality-control flags. In each autosomal chromosome,
selected all common variants (minor allele frequency > 5%) as well as an equally-sized subset
of rare variants (singletons).

VEP metrics:

e ClinVar: area under the receiving operating characteristic curve (AUROC) for classification
of ClinVar “Pathogenic” vs. gnomAD common missense variants.

e COSMIC: area under the precision-recall curve (AUPRC) for classifying COSMIC frequent
(frequency > 0.1%) vs. gnomAD common missense variants.

e OMIM: AUPRC for classification of OMIM pathogenic vs. gnomAD common regulatory vari-
ants. We matched OMIM promoter variants with gnomAD upstream-of-gene variants, en-
hancer with intergenic, and “all” with the union of the matches of the specific categories,
after removing any overlap with missense variants.

e gnomAD: enrichment of rare vs. common gnomAD variants in the tail of deleterious scores
(defined using different threshold quantiles, e.g. the 10% most extreme scores are considered
deleterious, or the 1% most extreme). In categories other than “all” or “missense”, we
removed any overlap with missense variants.

VEP scores:

e GPN-MSA: log-likelihood ratio between alternate and reference allele. Predictions from both
strands were averaged.

e CADD: raw scores, negated so lower means more deleterious.
e phyloP: computed on 100 vertebrate alignment, negated so lower means more deleterious.

e Nucleotide Transformer (NT): the center 6-mer was masked and the score was computed as
the log-likelihood ratio between alternate and reference 6-mer. Predictions from both strands
were averaged. Given the high computational requirements, we only scored variants for the
ClinVar metric. The performance of the four different models can be seen in Supplementary
Figure S8.

e ESM-1b: precomputed log-likelihood ratios between alternate and reference alleles were ob-
tained in protein coordinates [6]. For variants affecting multiple isoforms, the minimum (most
deleterious) score was considered.

e SpliceAl: precomputed scores recommended for variant effect prediction (spliceai_scor
es.masked.snv.hg38.vcf.gz) were downloaded from https://basespace.illumina.com/
s/otSPW8hnhaZR. The authors do not recommend any specific way of computing a single
deleteriousness score. We scored variants using minus the maximum absolute delta in splice
acceptor or donor probability in any gene.
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e Enformer: precomputed scores for variants with minor allele frequency (MAF) greater than
0.5% in any 1000 Genomes population [38] were downloaded from https://console.cloud.
google.com/storage/browser/dm-enformer/variant-scores. These were intersected with
upstream-of-gene, downstream-of-gene and intergenic variants with gnomAD MAF greater
than 0.5%. The authors do not recommend any specific way of computing a single delete-
riousness score. We scored variants using minus the norm of the 5313 delta features (SNP
Activity Difference or SAD). We found that the L' and L? norms seem to perform similarly,
better than the L norm (Supplementary Figure S9).

GPN-MSA Captures Variant Functional Impact

A variant’s impact on loss of fitness is mediated by genetic and functional pathways. To inves-
tigate whether GPN-MSA captures any functional impact of a variant, we performed functional
enrichment analysis separately on four datasets curated across four public variant interpretation
databases, ClinVar, COSMIC, OMIM and gnomAD. We used 18 functional annotations obtained
from the FAVOR database [39] (accessed via Harvard Dataverse on April 10, 2023), which measure
both impact of natural selection and gene regulatory activity of a variant (see Supplementary Ta-
ble S2). For clarity, we collect computational details of the functional annotations and summarize
them below.

e B Statistic [40], nucleotide diversity [41] and recombination rate [41] are mathematical quan-
tities derived from evolutionary models, and are computed directly on the genomic position of
the variant. They provide population-genetic interpretation of the impact of natural selection
on the variant.

e Epigenetic tracks, RNA-seq, DNAse-seq, percent GC and percent CpG were all computed on
genomic positions, to be included as training features in CADD [20]. Specifically, ENCODE
track features are not gene-specific but are distributed as “bigWig” value tracks along genomic
coordinates. Values for each cell-type for which a track is available are summarized to create
a new genome coordinate based track, which is subsequently assigned to the variant based on
its genomic position. Whenever a variant is not annotatable for a track (e.g., RNA-seq level
for a non-exonic variant), an NA value is assigned.

We found evidence of GPN-MSA capturing gene regulatory activity and impact of natural
selection. Across all four datasets, significant negative correlations were observed between GPN-
MSA and 8 histone mark levels (not including H3K9me3 and H3K27me3, which are recognized
gene repressors; see Supplementary Figure S2). Additionally, GPN-MSA was positively correlated
with nucleotide diversity and B statistic — for the both of which a smaller value indicates stronger
impact of natural selection. In general, the strongest correlations of any annotation were observed
in the dataset consisting of ClinVar pathogenic and gnomAD common missense variants.

Next, to investigate whether extreme values of GPN-MSA were associated with functional
impact, we ran Mann-Whitney tests between the lowest (most deleterious) 1% GPN-MSA scoring
(“target”) variants and the remaining (“background”) variants within each dataset, across all 18
annotations. Sample sizes were reasonably large between the target and background samples: the
minimum sample size of any target set was 124. We found significant enrichment (p < 0.05 after
controlling for FWER) of H4K20mel, a transcription activation mark, and RNA-seq levels in each
dataset, and significant depletion of nucleotide diversity (Supplementary Figure S3). Interestingly,
for H3K27me3, generally recognized as a gene repressor, all but the COSMIC pathogenic and
gnomAD common missense dataset reported enrichment in the target variants. These results
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suggest that extremely negative GPN-MSA scores could potentially prioritize variants with impact
on gene expression and regulation.

Code Availability

Code to reproduce all results is available at https://github.com/songlab-cal/gpn.

Data Availability

The processed whole-genome MSA is available at https://huggingface.co/datasets/songlab/
multiz100way. The specific genomic windows used for training are available at https://huggingface.
co/datasets/songlab/gpn-msa-sapiens-dataset. The variants used for benchmarking (includ-
ing predictions) are available at https://huggingface.co/datasets/songlab/human_variants.
Predictions for all 9 billion possible single nucleotide variants in the human genome will be pro-
vided with the final, revised model upon publication. Predictions with the draft model can be
performed with the Jupyter notebook at https://github.com/songlab-cal/gpn/blob/main/
examples/msa/vep.ipynb. Sequence logo derived from GPN-MSA'’s predictions (currently only
chromosome 6) can be visualized at https://genome.ucsc.edu/s/gbenegas/gpn-msa-sapiens.

Model Availability

The pretrained model is available at https://huggingface.co/songlab/gpn-msa-sapiens.
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Supplementary Tables

Table S1: Training hyperparameters

Weight decay

Max steps

Batch size

Learning rate

Learning rate schedule
Learning rate warmup steps

0.01
30 K

Cosine
1K
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Table S2: Functional annotations considered in our analysis of functional enrichment. In particular, anno-

tations relying on predictive models are not considered.

Functional Annotation Category Definition / Interpretation
Recombination Local Nucleotide How likely a region
. . tends to undergo
Rate Diversity ..
recombination
Nuclear Diversity Local.Nuqeotlde H?W hl?ely t'he
Diversity region diversifies
Population-genetic quantity.
. Local Nucleotide Lower value means
B Statistic . . . .
Diversity greater impact of selection
on removing diversity
. . Percent GC in
Percent GC Epigenetics +/— 75bp window
) . Percent CpG in
Percent CpG Epigenetics +/— T5bp window
. . Max level over
RNA-seq Epigenetics 10 cell lines (ENCODE)
. . Max level over
DNase-seq Epigenetics 12 cell lines (ENCODE)
. . Max level over
H3Kdmel Epigenetics 13 cell lines (ENCODE)
. . Max level over
H3Kd4me2 Epigenetics 14 cell lines (ENCODE)
. . Max level over
H3Kd4me3 Epigenetics 14 cell lines (ENCODE)
. . Max level over
H3Kac Epigenetics 13 cell lines (ENCODE)
. . Max level over
H3K9me3 Epigenetics 14 cell lines (ENCODE)
. . Max level over
H3K27ac Epigenetics 14 cell lines (ENCODE)
. . Max level over
H3K27me3 Epigenetics 14 cell lines (ENCODE)
. . Max level over
H3K36me3 Epigenetics 10 cell lines (ENCODE)
. . Max level over
H3K79me2 Epigenetics 13 cell lines (ENCODE)
. . Max level over
H4K20mel Epigenetics 11 cell lines (ENCODE)
. . Max level over
H2AFZ Epigenetics 13 cell lines (ENCODE)
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Figure S1: Phylogenetic tree of 100 vertebrates.
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Figure S2: Functional impact of GPN-MSA. Rank correlation between GPN-MSA and 18 assay-based

or biologically interpretable functional annotations, across four datasets.

Only significant (with FWER

controlled at 0.05) correlations are shown. For tracks like RNA-seq, which require the variant to be exonic,
variants without the annotation are not included in correlation computations.
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Figure S3: Functional enrichment and depletion of deleterious tail. Significant (Wilcoxon-Mann-
Whitney test with FWER, controlled at 0.05) enrichments and depletions of functional annotations between
the deleterious GPN-MSA tail set of variants and background variants, across four datasets. For tracks like
RNA-seq, which require the variant to be exonic, variants without the annotation are not included in the
two-sample test.
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Figure S4: Receiver Operating Characteristic and Precision-Recall curves for variant effect
prediction. (a) Same setting as Figure 2a. (b) Same setting as Figure 2b. (c) Same setting as Figure 2c.
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Figure S5: Variant effect prediction with conservation scores. (a) Same setting as Figure 2a. (b)
Same setting as Figure 2b. (¢) Same setting as Figure 2c. (d) Same setting as Figure 2d. (e) Same setting
as Figure 2e.
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Figure S6: Ablation study. Performance of three random seeds of each independent ablation on two variant
effect prediction metrics. ClinVar AUROC: same setting as Figure 2a. gnomAD odds ratio: same setting
as Figure 2d (threshold quantile = 107%). Ablations include: training solely on the human sequence (w/o
MSA), scoring variants based on MSA column frequencies (MSA frequency), expanding training to include
50% most conserved regions, including nearest primates in MSA, not upweighting conserved elements, and
not replacing non-conserved positions when calculating loss. Further details in Methods.
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Figure S7: GPN-MSA logo track on the UCSC Genome Browser. Shown region:
chr6:31,575,700-31,575,754.
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Figure S8: Variant effect prediction with Nucleotide Transformer models. Same setting as Fig-
ure 2a.
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Figure S9: Variant effect prediction with different norms of Enformer delta predictions. Same

setting as Figure 2e.
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