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Synonymous single-nucleotide variants (sSSNVs) are increasingly recognized as contributors to disease, yet existing variant
annotation databases offer limited functional insights for sSSNVs. Here, we present SynMall, a comprehensive resource de-
signed to decipher the functional impact of synonymous variation. SynMall catalogs 25 million potential human sSNVs and
integrates evolutionary and population information of sSSNVs from 45 non-human species. For each human sSNV, SynMall
provides multilevel annotations that combine American College of Medical Genetics and Genomics (ACMG)-aligned var-
iant interpretation information, such as allele frequencies and functional effects, with more than 100 descriptors at the
DNA, RNA, and protein levels. These include both handcrafted features and embeddings from large language models
to support advanced representation learning. To prioritize pathogenic sSSNVs, we have developed SynScore, a machine
learning framework that integrates ACMG guidelines and diverse biological characteristics. Benchmark comparisons
show that SynScore achieves state-of-the-art performance, validating its effectiveness for genome-wide pathogenicity infer-
ence. Furthermore, SynMall enables mechanistic exploration by investigating in silico assessments and curated literature ev-
idence to evaluate sSNV effects on miRNA-mRNA interactions, mRNA splicing, mRNA stability, and codon usage. By
consolidating these features into a unified platform, we anticipate that SynMall will serve as a valuable resource for eluci-

dating the functional role of synonymous mutations.
[Supplemental material is available for this article.]

Synonymous single-nucleotide variants (sSNVs), which do not
alter the amino acid sequence encoded by the affected codon,
have historically been regarded as functionally neutral (Chamary
et al. 2006). However, with the advent of high-throughput se-
quencing technologies, accumulating evidence has revealed that
sSNVs may account for 6%-8% of all driver mutations in cancer ge-
netics owing to single-nucleotide substitutions (Supek et al. 2014)
and are associated with various diseases (Sauna and Kimchi-Sarfaty
2011). Extensive research into the functional mechanisms of
sSNVs has demonstrated their capacity to influence a wide range
of biological processes and molecular functions, including tran-
scriptional regulation, mRNA splicing, translation kinetics, and
protein expression (Liu 2020; Bailey et al. 2021). For instance, a re-
cent study identified an sSNV, PIBF1 ¢.954G>A, that induced
exon skipping, leading to a downstream frameshift and prema-
ture termination, as confirmed by RNA analysis (Byrne et al.
2023). Similarly, a novel pathogenic sSNV in the WAS gene was
found to disrupt splicing, thereby affecting protein expression
(Sun et al. 2024). However, the functional relevance of most
sSNVs remains unknown. In ClinVar (Landrum et al. 2020),
sSNVs with a clear “benign/likely benign” or “pathogenic/likely
pathogenic” clinical significance account for only ~2% of all
sSNVs in the human genome. Furthermore, the impact of sSNVs
extends beyond humans, influencing other species as well
(Wang et al. 2021; Zhao et al. 2021; Tan et al. 2023), and has appli-
cations in breeding optimization. Also, the neutral information
implied by mutations tolerated under natural selection makes mu-
tations in closely related species one of the key focuses (Gao et al.
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2023). Nevertheless, no dedicated resource currently exists for
sSNVs in non-human species.

Given the growing evidence linking sSNVs to disease, several
platforms have been developed to investigate their roles.
SynMICdb (Sharma et al. 2019) focuses on sSNVs in cancer ge-
nomes, providing integrated data on gene and cancer associations.
Another resource, dbDSM (Wen et al. 2016), catalogs disease-relat-
ed sSNVs manually curated from published literature. However,
these databases are highly specialized, covering less than ~3% of
sSNVs in the human genome, and thus cannot serve as a compre-
hensive resource. On the other hand, whole-genome variation re-
sources such as VarCards2 (Wang et al. 2024), FAVOR (Zhou et al.
2023), and CADD v1.7 (Schubach et al. 2024) encompass broad
coverage of variant types and interpretations but fall short in elu-
cidating the specific mechanisms by which sSNVs contribute to
pathogenicity. Moreover, the sequence and structural properties
of variants are widely used in the development of predictive mod-
els for sSSNVs and demonstrate discriminative power (Livingstone
et al. 2017; Zhang et al. 2017). However, obtaining diverse repre-
sentations of sSNVs often requires complex workflows and pro-
gramming expertise.

To address these limitations and combine the strengths of ex-
isting resources, we develop SynMall, a comprehensive platform
designed to store all potential sSSNVs across the entire human ge-
nome, along with sSNVs from other species. SynMall provides de-
tailed variant interpretations under the American College of
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Medical Genetics and Genomics (ACMG) guidelines (Richards
2015) and biological knowledge, incorporating data on allele fre-
quencies (AFs), in silico predictions, disease associations, de
novo variants, regulatory information, and more. To support fur-
ther exploration, SynMall offers a suite of feature-oriented compu-
tational tools to characterize sSNVs and assess their impact on
biological processes. By effectively utilizing the information from
published literature, SynMall offers up-to-date, curated knowledge
for researchers. Regarding non-human species, SynMall also incor-
porates 5,033,859 sSNVs from 29 vertebrate species, of which
495,726 are mapped to the human genome through multiple
sequence alignment (MSA) and share human annotation informa-
tion. In addition, SynMall includes 11,841 genotype-to-pheno-
type associations from 21 domesticated animals and cultivated
plants. To enhance usability, we design a user-friendly web inter-
face that supports a wide range of functionalities. We anticipate
that SynMall will serve as a universal resource for advancing re-
search into the role of sSSNVs.

Results

Overview of SynMall

SynMall is a genome-wide platform for sSNVs that provides com-
prehensive characterization and supports both biological and
computational studies. As shown in Figure 1A, first, SynMall iden-
tifies all potential sSSNVs on protein-coding transcripts and inte-
grates records from widely used genome-wide variant databases.
Second, it collects extensive annotations, categorized into muta-
tion level (describing the variant itself) and region level (describing
the surrounding genomic context of the variant). Third, SynMall
assembles three core modules: a customizable batch annotation
module built on integrated data; a feature extraction module
that captures contextual properties of sSSNVs across DNA, RNA,
and protein levels; and an analysis module that investigates poten-
tial biological mechanisms affected by sSSNVs. Fourth, SynMall also
continuously curates and updates structured knowledge from re-
cent literature. Beyond human data, SynMall incorporates sSNVs
from non-human species: (1) it collects vertebrate sSSNVs from
multiple sources and maps them onto the human genome via
MSA; (2) it also integrates genotype-phenotype associations for
sSNVs from economically important species; and (3) it compiles
population AFs from diverse primates and maps the corresponding
sites to the human reference genome. A cross-comparison between
SynMall and other variant databases (Supplemental Table S1)
shows that SynMall outperforms in functionality, resource, and us-
ability. The following sections describe the main modules of
SynMall in greater detail.

Universal annotation resource characterizes and prioritizes
genome-wide sSNVs

In the annotation module, SynMall integrates diverse resources to
comprehensively describe sSNVs (Fig. 1B), including 32 in silico
prediction scores, 14 external databases, 13 population AF sources,
10 conservation-related properties, and 10 types of regulatory
information.

SynMall catalogs 92 million transcript-level sSNVs, corre-
sponding to 25,735,732 sSNVs at the genomic level (Fig. 1C).
Notably, a substantial majority (72.02%) are unobserved in exist-
ing data (Fig. 1D), highlighting the need to prioritize sSNVs and
gather supporting evidence. Based on the assembled features, we
therefore design a machine learning strategy, SynScore (see

Methods), which integrates clinically important ACMG annota-
tions, such as functional score and AF, along with biological
characteristics, including regulatory elements and epigenetic
information. In the independent test set, pairwise comparisons
with other variant effect predictors (VEPs) show that SynScore
achieves the highest AUC and AUPR (Fig. 1E; Supplemental Fig.
S1A). When evaluated against other VEPs on a common subset
without missing values (Supplemental Fig. S1B,C), SynScore also
exhibits the highest AUC (0.922) and AUPR (0.951), demonstrat-
ing that the annotation framework constructed in SynMall can ef-
fectively distinguish pathogenic sSNVs. The strong performance of
SynScore stems from its integration of functional scores and con-
servation information (Supplemental Fig. S1D), as well as addition-
al features rarely included in previous tools, such as primate AFs
and superenhancers, which also demonstrate notable importance.
Although the CADD functional score exhibits the highest feature
importance, removing it reduces performance by only 0.3%
(Supplemental Fig. S1E), indicating that SynScore does not solely
rely on CADD and that other features can provide complementary
information.

We analyze SynScore for all sSNVs located in actionable
genes (Miller et al. 2023). As shown in Figure 1F, we exclude
TTN because it is considered actionable only for truncating vari-
ants. In contrast, genes such as MYH7, PTEN, MAX, TPMI,
MYHI11, and CACNA1S, which are related to cardiovascular and
cancer diseases, exhibit higher significance or mean SynScore val-
ues, suggesting that sSNVs in these genes are more likely to be
functional. Moreover, sSNVs with higher SynScore values (Fig.
1G) tend to be enriched in genes with a lower loss-of-function ob-
served/expected upper-bound fraction (LoEUF) from gnomAD
(Chen et al. 2024b), in which a lower LoEUF indicates stronger
constraint. This underscores the potential of SynScore as a priori-
tization strategy for candidate pathogenic sSNVs. We further rank
all sSNVs in COSMIC v100 (Tate et al. 2019) by SynScore and se-
lect the top 0.1%, corresponding to 318 genes. Using DAVID
(Sherman et al. 2022) for KEGG pathway enrichment analysis
(Fig. 1H), we find that these genes are enriched in pathways
such as arrhythmogenic right ventricular cardiomyopathy and hy-
pertrophic cardiomyopathy, suggesting their contribution to car-
diac pathogenesis.

To further investigate the details, we visualize the distribution
of sSNVs across the coding sequence (CDS) of these actionable
genes (Fig. 1I; Supplemental Fig. S2). A Mann-Whitney U test re-
veals significant differences in SynScore distribution between the
splice site consensus (SSC) regions and internal exons, with
sSNVs located at SSC regions showing higher SynScores, indicating
a higher pathogenic potential. Furthermore, spatial clustering
analysis using InterPro (Blum et al. 2025) reveals that high-
SynScore sSNVs tend to localize in disordered regions of the encod-
ed proteins. Specifically, in MYH11, TPM1, and MAX, high-scoring
sSNVs are enriched in coil and consensus disorder prediction re-
gions (Fig. 1J; Supplemental Fig. S3), consistent with previous find-
ings on regSNPs-splicing (Zhang et al. 2017). Although sSNVs do
not alter amino acid sequences, codon changes may influence
translation initiation or cotranslational folding, thereby leading
to functional consequences (Diederichs et al. 2016). In the follow-
ing, we further investigate the computational tools and resources
in SynMall. The demonstrations include SpliceBERT, GPN-MSA,
ERNIE-RNA, ISM, ESEFinder 3.0, SpliceAl, MMSplice, CADD-
Splice, dbscSNV, DeltaSplice, RNAfold, sincFold, RNAsnp,
TarBase, Mimosa, TargetNet, tRNA adaptation index (gtAl), codon
adaptation index (CAI), and relative synonymous codon usage
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Figure 1. Architecture of the SynMall database and its annotation-based analyses. (A) An overview of SynMall, including integrated resources for both
human and non-human sSNVs. (B) SynMall assembles three core modules: the annotation module offers 79 universal annotations; the feature module
provides more than 100 contextual features for each variant; and the analysis module focuses on four sSNV-specific biological mechanisms with predictive
algorithms and visualizations. (LLMs) Large language models. (C) Variants are aggregated from four resources: transcript-generated, CADD v1.7, synVep,
and FAVOR. (All sources) sSNVs recorded in all four data sets, (single/dual/triple sources) variants present in only some of them. (D) Genome-wide minor
allele frequency (MAF) landscape of sSNVs, integrated from multiple population sequencing projects. (E) Comparison of SynScore with other variant effect
predictors (VEPs) on an independent test set. (F) SynScore patterns of sSSNVs in ACMG-actionable genes. (G) Z(SynScore): gene-level enrichment of high-
score sSNVs across loss-of-function observed/expected upper-bound fraction (LoEUF) groups. Significance (two-sided Mann-Whitney U test) is indicated
by asterisks: (***) P<0.001, (****) P<0.0001. (H) Top 10 overrepresented KEGG pathways for genes with high SynScores in COSMIC. (/) Positional dis-
tribution of SynScore along the coding sequence of MYH7. (J) Spatial clustering of MYHTT sSNVs with SynScore > 0.5 across protein domains.
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(RSCU). References for all tools and resources mentioned are pro-
vided in the Supplemental Documents.

Scalable contextual features capture discriminative
latent patterns

Compared to the annotation module, the feature module enables
flexible exploration of sSNV-related features at varying lengths. It
integrates 39 DNA-level, 19 RNA-level, and 52 protein-level fea-
tures to describe the context surrounding sSNVs (Fig. 1B). To ex-
tract sequence- and structure-based properties, we assemble a
suite of tools that generate high-throughput predictions of DNA
shape features, RNA secondary structures with minimum free ener-
gy (MFE), diverse sequence-derived attributes, and residue-level
protein characteristics such as intrinsic disorder, secondary struc-
ture, and solvent accessibility. Beyond these handcrafted features,
SynMall also integrates 10 biological language models, consider-
ing their growing success in variant effect prediction tasks
(Cheng et al. 2023). At the DNA level, we include models that dis-
tinguish at multiple-sequence alignment, long-range dependency
modeling, reverse-complement consistency, and epigenetic fea-
ture prediction. At the RNA level, SynMall incorporates models
with strong performance in splicing prediction and RNA structural
stability assessment. At the protein level, SynMall adopts an ad-
vanced model capable of extracting rich structural information
from standalone protein sequences.

To demonstrate the utility of the feature module, we analyze a
curated data set (Supplemental Methods) using extracted DNA,
RNA, and protein features. We submit the job after selecting all fea-
ture categories; uploading a VCF file; choosing context lengths of
16 bp, 70 bp, and 10 amino acids; and specifying hg38 (Fig. 2A).
We then compare the feature distributions between benign and
pathogenic sSNVs. At the DNA level (Fig. 2B), ACT-count and
electrostatic potential from the DNA shape differ significantly
between the two groups, consistent with the importance of DNA
shape features reported in EPEL (Bi et al. 2025). At the RNA level,
nucleotide chemical properties and AMFE show distributional dif-
ferences (Fig. 2C). Although the AMFE effect is modest, aligning
with synVep (Zeng et al. 2021), in which mRNA stability features
show limited predictive power. At the protein level, pseudo-K-
tuple-reduced amino acid composition (PseKRAAC) and absolute
solvent accessibility differ between pathogenic and benign vari-
ants (Fig. 2D), consistent with findings from regSNPs-splicing
(Zhang et al. 2017). We further use a 129 bp context length at
the DNA and RNA levels and 43 amino acids at the protein level
to visualize embeddings from biological language models. Using
SpliceBERT (Fig. 2E), GPN-MSA (Fig. 2F), ERNIE-RNA (Fig. 2G),
and ISM (Fig. 2H) as examples, SynMall generates embeddings
for both reference and alternate sequences. UMAP (Mclnnes
et al. 2018) shows that “reference” and “alternate” embeddings
do not separate benign and pathogenic variants, whereas “differ-
ence” embeddings offer slightly better discrimination. Because of
the close-by sampling strategy of the curated data set, positive
and negative samples are close in genomic positions and therefore
share highly similar sequence contexts. As a result, embeddings of
sSNVs from language models still require further feature extractors
to achieve better separability. The result provides a straightforward
demonstration of the module’s capabilities, highlighting several
features that may help distinguish between benign and pathogen-
ic sSNVs. It encourages users to further explore combinations of
features and context lengths to identify those with the greatest pre-
dictive power for sSSNV pathogenicity.

Synonymous-specific mechanisms interpret the functional
impact of sSSNVs

The analysis module focuses on four major biological mechanisms
of sSNVs: mRNA secondary structure, miRNA-mRNA binding,
mRNA splicing, and codon usage bias (Lin et al. 2023). It integrates
classic and advanced algorithms to provide intuitive, visual inter-
pretations of sSNV effects, including transcript-specific analyses
(Fig. 1B).

To demonstrate its utility, we first analyze COL4A3 ¢.765G >
A, a pathogenic sSNV that disrupts splicing (Daga et al. 2025).
ESEFinder 3.0 identifies motifs for SF2/ASF (IgM-BRCAI),
SF2/ASF, and SC35, which serve as key splicing factors, in the ref-
erence sequence. After the mutation, the motif scores for SF2/ASF
(IgM-BRCA1) and SF2/ASF change by 0.29 and 0.45, and the SC35
is lost, suggesting a potential disruption of splicing regulation
(Fig. 3A). To further evaluate splicing effects, SynMall integrates
multiple prediction tools. SpliceAl predicts a high donor loss score
of 0.90, and MMSplice gives a donor score of —4.70, both indicat-
ing donor site disruption. CADD-Splice assigns a Phred score
above 15, suggesting a potentially deleterious splicing variant.
dbscSNV reports scores of 0.99 and 1.00 from random forest
and AdaBoost models, indicating strong splicing disruption (Fig.
3B). Together, these results suggest that the mutation disrupts
normal splicing.

Next, to illustrate the module’s flexibility, we analyze ACE
c.2350G > A, a sSNV reported to reduce mRNA stability (Liang
et al. 2013). We assess its effect under various sequence contexts
(50 bp, 100 bp, 200 bp, and entire transcript) in the canonical tran-
script ENST00000290866. In the 50-bp context, RNAfold and
sincFold predict AMFE values of +1.60 and +4.60, respectively
(Fig. 3C), suggesting increased instability. RNAsnp yields a signifi-
cant P-value of 0.07, indicating substantial local structural impact.
Across longer contexts, RNAfold’s AMFE ranges from +0.30 to
+2.00 (Supplemental Fig. S4). Then, we examine the same sSNV
in another transcript, ENST00000582761, under a 100-bp context.
sincFold and RNAfold predict AMFE values of +3.33 and +2.00, re-
spectively, and RNAsnp produces a P-value of 0.03, all suggesting a
more unstable structure compared with the canonical transcript
(Supplemental Fig. S5). Overall, these results indicate that this mu-
tation leads to mRNA structural instability under different tran-
script isoforms.

The analysis module also evaluates sSNV effects on miRNA-
mRNA interactions. For example, we examine the sSNV DFFA
€.795G > A in relation to hsa-miR-9-5p. SynMall identifies the mu-
tation within a predicted miRNA target site (Fig. 3D) and retrieves
interaction data from TarBase, which reports experimentally vali-
dated binding at Chr 1: 10,461,689-10,461,701. TargetScan pre-
dicts a high context score percentile of 79.00, suggesting the site
as a favorable target. By evaluating miRNA binding to the mRNA
before and after the mutation, Mimosa predicts a classification of
one, and TargetNet predicts a probability of ~0.84 for both cases,
indicating the interaction is likely preserved, with higher values re-
flecting stronger confidence in miRNA-mRNA binding. Together,
these results suggest that although the sSNV resides within a
miRNA target site, it is unlikely to disrupt the interaction.

The analysis module also examines codon usage changes
caused by sSNVs. For example, USP28 c.1344T>G changes the
codon from GTT to GTG, increasing the gtAl and the CAI, suggest-
ing enhanced translation efficiency and preference for highly
expressed codons. Although the RSCU slightly decreases, both
codons remain preferentially used (Fig. 3E). SynMall also
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incorporates tissue-specific codon usage data, showing that GTG is
generally more abundant than GTT across tissues (Fig. 3F).

Literature mining reveals recent findings and curated evidence

SynMall integrates the latest research on sSNVs to keep users up to
date with ongoing discoveries. The “trend” page features a month-

ly keyword cloud highlighting emerging topics and includes dis-
tilled summaries of recent studies (Supplemental Fig. S6A,B). To
address the limited availability of pathogenic evidence for
sSNVs, SynMall continuously curates relevant literature. To date,
we have manually reviewed 149 recent publications, adding 88
sSNVs annotated with ACMG evidence levels, which are compiled
in the “curation” section. To further aid in understanding the
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Figure 2. Case usage in the SynMall feature module. (A) Workflow for feature extraction from a given variant call format (VCF) file. (7) Select the mo-
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molecular mechanisms underlying sSNV pathogenicity, SynMall counting for 56% of cases (Supplemental Table S2). In addition,
adopts the classification system defined in dbDSM. Among all an- SynMall provides comprehensive literature-based information,
notated mechanisms, splicing regulation is the most prevalent, ac- including associated diseases or disorders, key sentences, and
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Figure 3. Case usages in the analysis module of SynMall. (A) SynMall uses ESEFinder 3.0 to compare the mRNA sequences before and after the COL4A3
€.765G > A mutation, assessing whether the variant alters serine/arginine-rich (SR) protein binding sites and may affect alternative splicing regulation. (B)
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perimental context, and more. (E) SynMall presents codon-level metrics for USP28 c.1344T > G, including relative synonymous codon usage (RSCU), co-
don adaptation index (CAl), and gene-specific tRNA adaptation index (gtAl). (F) The codon usage count of GTT and GTG across various tissue types.
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mutation details, allowing users to trace and validate each curated
evidence item (Supplemental Fig. S6C).

Non-human sSNV resource

In addition to human sSNVs, SynMall incorporates data from non-
human species. For primates, it includes 594,937 sSNVs across five
species and maps the sSNVs to the human genome. Notably,
509,873 human sSNVs exhibit a minor AF> 5% in at least one pri-
mate, suggesting potential benign effects owing to evolutionary
tolerance. For vertebrates, SynMall collects sSNVs and maps
them to the human genome through MSA, thus sharing function-
al annotation. As a result, 495,726 sSNVs are successfully aligned
to human coordinates. Additionally, for economically important
species, SynMall integrates 11,841 genotype-to-phenotype associ-
ations of sSNVs spanning 732 traits, facilitating research on the po-
tential roles of sSSNVs in breeding and trait improvement.

Case applications using SynMall

To demonstrate the practical application of SynMall, we conduct
two case studies using the keywords “cardiovascular” and “breast,”
focusing on interpreting variants of uncertain significance (VUSs),
as our analysis indicates that high-SynScore sSNVs are enriched in
actionable genes associated with cardiovascular and cancer
diseases.

In the first case, searching “cardiovascular” (Supplemental
Fig. S7A) retrieves multiple external resources (Supplemental Fig.
S7B). We focus on ClinVar variants labeled “uncertain sig-
nificance” and rank them by SynScore. The top variant, 3:
g.38557231C>T, links to detailed annotations (Supplemental
Fig. S7C) covering conservation, in silico scores, and AF. SynMall
assigns a PP3 (multiple lines of computational evidence support
a deleterious effect on the gene or gene product) level under
ACMG guidelines, as multiple tools indicate a functional effect.
The analysis module (Supplemental Fig. S7D) shows that
dbscSNV and DeltaSplice predict altered splicing with potential ac-
ceptor loss; ESEFinder 3.0 identifies involvement in two serine/ar-
ginine-rich (SR) protein motifs, which involve accurate splicing;
RNAfold predicts reduced mRNA stability; and the sSNV changes
a preferred codon to an unpreferred one, potentially lowering
translation efficiency. Through a literature search, SynMall identi-
fies two recently reported sSNVs linked to cardiovascular disease.

In the second case, we use “breast” as the keyword (Supple-
mental Fig. S8A). Following the same procedure as in the first
case, we focus on the ClinVar VUS 13:2.32357903A>T with the
highest SynScore (Supplemental Fig. S8B). By clicking the variant,
detailed annotations show SynMall assigns PP3 and PM2 (absent
from large sequencing project) levels under ACMG guidelines, as
multiple computational tools predict a functional effect, and the
variant is absent from large sequencing projects (Supplemental
Fig. S8C). The analysis module shows that DeltaSplice and SpliceAl
predict donor gain, suggesting a novel splice site; sincFold
indicates altered mRNA secondary structure; and the sSNV caused
reduced RSCU (Supplemental Fig. S8D). A literature search identi-
fies eight additional records, illustrating that sSNVs can affect
splicing and transcriptional regulation, contributing to breast can-
cer and carcinogenesis.

These two cases demonstrate that SynMall not only provides
diverse resources for diseases of interest but also assigns predictive
SynScores and ACMG evidence levels for VUS, aiding target prior-
itization. Additionally, it highlights potential molecular mecha-
nisms of sSNVs through computational analyses and offers

sSNVs with literature-supported evidence, serving as a reference
for the same keyword context.

Web interface of SynMall

Construction and main content

We provide a concise overview of the web interface and its func-
tionalities. The homepage serves as the central navigation hub, of-
fering access to four primary entries: query, annotation, feature,
and analysis (Fig. 4A). A quick search entrance is embedded on
the homepage, supporting diverse search patterns and reference
genomes (Fig. 4B). To accommodate batch processing and custom-
ized annotation, the platform accepts up to 50,000 variants in a
VCF file per job submission (Fig. 4C). SynMall enables users to re-
trieve DNA, RNA, and protein properties of sSSNVs by only upload-
ing a VCF file (Fig. 4D). The analysis module is specifically
designed to investigate well-researched mechanisms of sSNVs
(Fig. 4E). The literature module provides manually extracted
knowledge, detailing how sSNVs contribute to disease by influenc-
ing specific biological processes (Fig. 4F). Additionally, a species
browse page offers access to data from diverse non-human species
hosted on SynMall (Fig. 4G).

Diverse query strategy

SynMall features three primary search modes. First is single query
(Supplemental Fig. S9A): SynMall supports four common query
options by default, including Ensembl transcript ID, genomic re-
gion, genomic coordinate, and dbSNP ID. Additionally, it supports
five more search options for human, including HGVSc, HGVSg,
gene name, Ensembl gene ID, and RefSeq ID. Second is keyword
query (Supplemental Fig. S9B): Users can search for relevant re-
sources using natural language terms or phrases. Third is batch
query (Supplemental Fig. S9C): A batch query function allows us-
ers to submit up to 1000 entries. It takes ~7.35 sec to query 1000
variants through the “genomic coordinate” format and 2.99 sec
to query 1000 variants through the “dbSNP ID” format
(Supplemental Table S3).

Bulk self-service annotation

We offer annotations across six major categories (Supplemental
Fig. S10A). Users need to upload a VCEF file and specify the refer-
ence genome version of the input (Supplemental Fig. S10B).
SynMall supports annotating more than 50,000 variants in a single
run.

Convenient species browser

For vertebrate species, users can click the “evidence status” and
“hg38” switch to refine their results with records possessing evi-
dence support and mutations that can be mapped to the human
genome (Supplemental Fig. S11A). Regarding economic species,
users can filter records based on traits of interest and P-value, en-
abling the extraction of significant genotype-phenotype associa-
tions (Supplemental Fig. S11B). As for primate species, users can
narrow down entries by AF (orange box). Additionally, selecting
a specific primate species (blue box) can add a nonnull condition
for this species (Supplemental Fig. S11C).

Database update

To maintain the timeliness and accuracy of SynMall, we perform
regular updates across four major resource types: variants,
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(1) Exome sequencing data from 576 pediatric cancer patients enrolled in the
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from population databases (2) This resulted in detection of a single synonymous
variant, NM_177438.3(DICER1):c.5499G>A (Variant B) (3) Assessment of 8
variants (DICER1 n= 4, CDH1 n= 2, PALB2 n= 2) by invitro splicing assay
demonstrated abnormal splice products (mean 66%; range 6% to 100%). (4)
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Figure 4. The overview interface of SynMall. (A) Navigation bar. (B) Quick search entrance on the “home” page. (C) Annotation module on the “tools”
page. (D) Feature module on the “tools” page. (E) Analysis module on the “tools” page. (F) Curation knowledge on the “literature” page. (G) Entrance to

different non-human species on the “species” page.

literature, external database annotations, and variant-centered
computational tools. Given SynMall already provides all human
sSNVs, for non-human species, we aggregate data annually from
Ensembl Variation (Hunt et al. 2018), EVA (Cezard et al. 2022),
GWAS Atlas (Liu et al. 2023), and CropGS-Hub (Chen et al.
2024a) and will add sSNVs from the Genome Variation Map (Li
et al. 2021) within the next year, which recently provided down-
loadable variant consequence annotations. SynMall retrieves liter-
ature daily from PMC and PubMed and uses Al models to
summarize content. Each quarter, we manually curate full-text ar-

ticles to extract structured knowledge. External resources with pe-
riodic updates, such as ClinVar and COSMIC, are synchronized
quarterly. New data types, including VEPs and feature extraction
tools, are integrated semiannually with an emphasis on tools rele-
vant to sSNVs.

Discussion

Recent research has increasingly demonstrated the functional im-
pact of sSSNVs, revealing that sSSNVs can indeed pose potential risks
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to human health and contribute to pathogenicity. Despite these
advances, the functional significance of a vast number of SSNVs re-
mains unknown. To facilitate the interpretation of sSNVs, we pre-
sent SynMall, a comprehensive platform that systematically
catalogs 25 million potential human sSNVs and further incorpo-
rates sSSNVs from 30 vertebrate and primate species, as well as geno-
type-phenotype associations from 21 domesticated animals and
crops. To achieve multilevel sSSNV characterization, SynMall com-
bines 79 annotation resources covering AF, evolutionary conserva-
tion, and functional prediction and further derives more than 100
descriptors at the DNA, RNA, and protein levels. These features
incorporate both handcrafted properties and embeddings generat-
ed from 10 cutting-edge biological language models, enabling
advanced representation learning and predictive analyses.
Following ACMG guidelines and biological characteristics,
SynMall develops a genome-wide prioritization model, SynScore,
which demonstrates superior performance compared with existing
VEPs. Furthermore, SynMall supports mechanistic interpretation
by providing in silico evaluations of sSNV impacts on miRNA-
mRNA interactions, mRNA splicing and stability, and codon us-
age. It also curates literature-centered evidence, including ACMG
levels, disease information, and pathogenic mechanisms, thereby
offering a valuable resource for understanding the pathogenicity
of sSNVs. Despite its extensive data and functionalities, SynMall
has certain limitations that should be acknowledged. First,
SynMall currently lacks tools and data for tissue-, cell-, and dis-
ease-specific analyses, making it unable to assess sSSNVs across dif-
ferent contexts. In the future, we plan to incorporate cell-specific
computational tools and resources, such as DeepFun (Pei et al.
2021) and WebCSEA (Dai et al. 2022). Second, we employ widely
used and advanced algorithms to calculate the effects of sSSNVs
on mRNA splicing, mRNA structure, and more. However, these re-
sults should be considered as indicative rather than definitive, as
they serve primarily as references for further investigation.
Additionally, for non-human species, annotations are currently
limited to sSNVs that can be mapped to the human reference ge-
nome based on MSA, as most existing annotation resources are
specifically designed for human variants. In the literature section,
we currently provide curated information from recently published
studies; nevertheless, we plan to implement updates covering all
literature related to sSNVs. Going forward, we are committed to
continuously updating and maintaining SynMall to enhance its
utility as a robust platform for sSSNV research.

Methods

Data source

SynMall first retrieves human protein-coding transcripts from
BioMart (Kinsella et al. 2011) and generates all possible single-nu-
cleotide variants (SNVs) in coding regions. We use the VEP
(McLaren et al. 2016) tool to identify SNVs with synonymous con-
sequences. These variants are further integrated and deduplicated
from widely used variation databases, including FAVOR, CADD
v1.7, and synVep, all of which catalog potential sSSNVs across the
human genome. For sSNVs in non-human species, we obtain
and integrate genome-wide association study (GWAS) data for
sSNVs from CropGS-Hub and the GWAS Atlas. Additionally, we
collect vertebrate sSNVs from the EVA and Ensembl Variation.
For primates, sSSNVs and AF data are retrieved from the great ape
(Prado-Martinez et al. 2013) and Han et al. (2019) data sets.
Detailed processing steps are provided in Supplemental Table S4
and Supplemental Methods.

SynMall compiles a comprehensive set of annotations follow-
ing ACMG guidelines. (1) disease-associated information—disease
or phenotype associated with sSNVs, indicating deleterious effects;
(2) AF—population AFs from multiple cohorts; (3) in silico predic-
tions—functional impact and conservation scores from computa-
tional tools; and (4) de novo variants—observed in probands
but absent in parents, indicating high pathogenic potential.
We further integrate diverse information to comprehensively
characterize sSNV biological functions. For splicing dysregula-
tion, SynMall examines whether sSNVs overlap with splice site
consensus regions and 2033 exonic splicing regulatory motifs
(Supplemental Table S5; Supplemental Methods). SynMall also in-
tegrates ESEFinder 3.0 to identify exonic splicing enhancers specif-
ic to SR-rich proteins. For miRNA-mRNA interactions, we collect
2,425,678 experimentally validated miRNA-mRNA pairs from Tar-
Base-v9.0 and assess whether sSNVs are located within these inter-
action regions. Regarding codon alteration, SynMall incorporates
codon usage data under different contexts. SynMall annotates
sSNVs located within known m°A sites, as they can promote tu-
morigenesis by disrupting m°A-dependent mRNA metabolism.
For DNA-level regulatory elements, it collects enhancer- and pro-
moter-associated data as well as curated regulatory annotations.
SynMall also incorporates epigenetic features, including histone
modifications, chromatin states, and transcription factor binding
sites. We provide full documentation of all resources and tools
used in SynMall, including their descriptions and references, in
the Supplemental Documents and on the website at https
://bioinfo.ahu.edu.cn/synMall/#/guide.

Design of SynScore

SynScore builds upon key annotations for ACMG variant inter-
pretation, including functional scores and AF, together with bio-
logical features such as regulatory elements and epigenetic
information. To avoid potential data leakage, functional scores de-
rived from models trained on annotated coding SNVs are exclud-
ed. The model integrates both general and sex-specific AFs from
gnomAD exomes and genomes, along with AFs from five primate
species. A detailed list of feature descriptors is provided in
Supplemental Table S6. During preprocessing, raw features are im-
puted and scaled using an iterative imputer and standard scaler
implemented in scikit-learn v1.6.1 (Pedregosa et al. 2011). We cu-
rate a data set that contains 2362 sSNVs for training and 238 for
testing (Supplemental Methods). LightGBM v4.6.0 (Ke et al.
2017) serves as the classification model. After parameter optimiza-
tion, we randomly split the training data into five parts and per-
form fivefold cross-validation. After training, we select the
models with the lowest validation loss from each fold and ensem-
ble them by averaging their predictions. Finally, we calculate
SynScores for all sSSNVs in the human genome, representing their
pathogenicity potential. Model performance is benchmarked
against other VEPs using AUC and AUPR metrics (Supplemental
Methods).

To assess whether higher SynScores are more enriched in
genes under strong selection, we define high-score sSNVs for
each gene using a threshold of 0.5 and compute the Z-score as

No —N 'phigh

VN Drigh - (L = Pign)

where N, is the observed number of high-score sSSNVs, N is the total
number of sSNVs, and py,;, is the overall proportion of high-score
sSNVs. We use a LoOEUF score<0.6 as a threshold to define genes
under strong negative selection.

Z(SynScore) =
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Implementation of feature extraction

For each sSNV, DNA sequences are retrieved based on the muta-
tion site and context length through BEDTools (Quinlan and
Hall 2010), whereas RNA sequences are extracted from the longest
transcript associated with the mutation. Protein sequence outputs
are derived from the amino acids encoded by the reference CDS. If
the sSNV is near the start or end of the sequence, unavailable to re-
trieve full-length context, missing sequences are filled with the
neighbor sequence. Subsequently, we compute the corresponding
feature representation based on the extracted context sequences.

Computation of the analysis module

In the analysis module, SynMall primarily evaluates the effects of
sSNVs based on the context sequences surrounding the mutation,
such as whether an sSNV alters exonic splicing regulatory motifs
depending on its position within the transcript. To assess mRNA
structural changes, SynMall predicts the MFE of both the wild-
type and mutant sequences and uses the MFE change to evaluate
the impact of the sSNV on structural stability. For codon usage,
SynMall calculates RSCU, CAI, and the gene-specific gtAl for
each transcript, using the top 1% highest-expressing transcripts
in GTEx (GTEx Consortium 2013) as the reference set. Regarding
miRNA-mRNA interactions, SynMall accepts miRNA accessions
from miRBase or user-defined miRNA sequences. It predicts poten-
tial interactions by comparing wild-type and mutant mRNA se-
quences with miRNA targets and assesses whether sSNVs disrupt
interactions.

Update of literature resources

SynMall retrieves literature from PMC and PubMed daily using
Biopython (Cock et al. 2009). We apply a large language model
(Kimi Team: Bai et al. 2025) alongside manual inspection to pre-
sent the essential results. To further extract key information, we
review open-access publications, screening for pathogenic mecha-
nisms and mutation information. To systematically assign evi-
dence strength, we align the criteria with ACMG guidelines.
Details on the query method and field descriptions are provided
in the Supplemental Methods.

Data access

All data presented in SynMall are available at the link https://
bioinfo.ahu.edu.cn/synMall. A downloadable version of SynMall
is available from Figshare (https://doi.org/10.6084/m9.figshare
.29281664). A manual containing all tools, resources, and inter-
pretations of the database is provided in the Supplemental
Documents. The code and data associated with this paper are avail-
able at GitHub (https://github.com/xialab-ahu/SynMall) and in
the Supplemental Code.
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