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Abstract

Human endogenous retroviruses (HERVs), as remnants of ancient exogenous retrovirus infected and integrated into germ cells, comprise ~8%
of the human genome. These HERVs have been implicated in numerous diseases, and extensive research has been conducted to uncover
their specific roles. Despite these efforts, a comprehensive source of HERV-disease association still needs to be added. To address this gap,
we introduce the HervD Atlas (https://ngdc.cncb.ac.cn/hervd/), an integrated knowledgebase of HERV-disease associations manually curated
from all related published literature. In the current version, HervD Atlas collects 60 726 HERV-disease associations from 254 publications (out
of 4692 screened literature), covering 21 790 HERVs (21 049 HERV-Terms and 741 HERV-Elements) belonging to six types, 149 diseases and
610 related/affected genes. Notably, an interactive knowledge graph that systematically integrates all the HERV-disease associations and corre-
sponding affected genes into a comprehensive network provides a powerful tool to uncover and deduce the complex interplay between HERVs
and diseases. The HervD Atlas also features a userfriendly web interface that allows efficient browsing, searching, and downloading of all
association information, research metadata, and annotation information. Overall, the HervD Atlas is an essential resource for comprehensive,
up-to-date knowledge on HERV-disease research, potentially facilitating the development of novel HERV-associated diagnostic and therapeutic
strategies.
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Introduction

Human endogenous retroviruses (HERVs), constituting ~8%
of the human genome, are integrated remnants of ancient ex-
ogenous retroviruses in germ cells, following Mendelian inher-
itance (1-5). These ancient retroviral ‘roommates’ of humans
were previously regarded as mere ‘junk DNA’ (5-7). However,
recent research has revealed their significant roles in both nor-
mal physiology, such as their regulatory functions in embry-
onic stem cells (8-11), and in pathological conditions like tu-
mor development (12,13). In healthy individuals, HERVs are
typically tightly controlled and remain transcriptionally silent
(14); nonetheless, some of them can be reactivated under spe-
cific pathological circumstances (13,15). However, it’s worth
emphasizing that not all HERVs are linked to diseases.

Recent studies have reported the role of aberrant HERV
expressions in the progression of various diseases, includ-
ing cancer such as leukemia (16), clear cell renal carcinoma
(17) and hepatocellular carcinoma (18), infectious diseases
like COVID-19 (19), HIV (20) and Hepatitis B virus infec-
tion (21), age-associated disorders including aging (22) and
progeroid syndrome (23), mental disorder like schizophre-
nia (24) and bipolar disorder (25), autoimmune disorders
like systemic lupus erythematosus (26), and neurological
diseases like multiple sclerosis (27) and Alzheimer’s dis-
ease (28). Furthermore, a therapeutic strategy targeting a
HERV protein has advanced to phase III trials for treating
multiple sclerosis (29), and HERV-E-derived peptide autol-
ogous T-cell therapy for clear cell renal cell carcinoma is
currently in phase I trial (https://clinicaltrials.gov/ct2/show/
NCT03354390). Consequently, HERVs are increasingly be-
lieved to play important roles in complex disease progression
(14,27), making them as a research hotspot in biomedical re-
search with immense potential for innovative diagnostic and
therapeutic applications.

With the development in sequencing and detection tech-
nologies these years, considerable effort has been dedicated
to uncover the roles of HERVs in various diseases, unravel-
ing numerous important HERV-disease associations (13,30-
32). A consolidated resource incorporating these findings
will be valuable in the investigation of HERVs and re-
lated diseases. Existing databases related to HERVs (e.g.
HERVd, gEVE, EnHERYV, dbHERV-REs, HESAS, Transpo-
Gene) can be classified into three categories. HERVd (33,34)
and gEVE (35) provide general HERV information for un-
derstanding their characteristics (e.g. genomic loci, nucleotide
and amino acid sequences, functional annotations); EnHERV
(36) facilitates the exploration of HERVS’ neighboring genes
while also enabling analyses of related functional enrich-
ments; dbHERV-Res (37), HESAS (38), TranspoGene (39) fo-
cus on HERVS’ regulatory function for understanding their
impact on gene transcription.

While these databases have provided valuable resources
for studying HERVs, they present a few limitations. All the
databases mentioned above primarily focus on the basic in-
formation of HERVs (including classification, genomic loci,
strand, length, nucleotide and amino acid sequences, copy
number, nearby genes and corresponding distance, and func-
tional annotations) and their effects on transcription, neglect-
ing their association with diseases. They also need compre-
hensive integration of HERV information from related publi-
cations and external databases. Additionally, the presentation
in these databases is merely displayed in the format of listings,
rather than intuitive visualizations like knowledge graphs. To
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tackle these limitations and align with the rapidly advanc-
ing HERV research, it is urgent to develop a comprehensive
knowledgebase that effectively curates and integrates the ex-
isting data resources of HERV-disease associations from all ac-
cessible related publications, and offers interactive visualiza-
tions encompassing HERVs, related diseases, and implicated
genes.

To address these issues, we present HervD Atlas, a curated
knowledgebase of HERVs and disease associations. HervD
Atlas manually collects tens of thousands of high-quality
HERV-disease associations from extensive publications. It em-
ploys a unified nomenclature system for curated HERVs and
integrates essential information from both publications and
existing databases. Additionally, HervD Atlas builds an in-
teractive information-intensive knowledge graph containing
all collected HERV-disease associations and related/affected
genes. In summary, HervD Atlas offers the latest updated and
integrated resources, comprehensive information, and inter-
pretation platforms for HERV-disease association research.
Therefore, HervD Atlas will substantially enhance HERV-
disease association research and deepen our understanding of
the fundamental role of HERVs in human diseases.

Data curation and database development

Knowledge curation and integration

To obtain high-quality HERV-disease associations, we imple-
mented a standardized curation process consisting of three
main steps: publication search, study curation, and associa-
tion curation. Publication search: First, we conducted a com-
prehensive literature search using NCBI PubMed. Employ-
ing pre-defined keywords ‘HERV’, ‘human endogenous retro-
virus’, ‘(HERV) AND (disease)’, and ‘(human endogenous
retrovirus) AND (disease)’, we identified a total of 4692 non-
redundant publications (Supplementary Figure S1). Study cu-
ration: Next, our curation team conducted a detailed manual
review of these articles, only those containing necessary de-
scriptions of significant HERV-disease associations were se-
lected for inclusion in HervD Atlas. Specifically, the crite-
ria were: (i) publications reporting significant upregulation
or downregulation of HERVs in disease contexts, substanti-
ated by P-values or adjusted P-values; (ii) publications investi-
gating the mechanisms underlying disease-associated changes
following HERVs stimulation or inhibition through exper-
imental methods. After a conscientious review, 254 publi-
cations were carefully screened and incorporated into our
knowledgebase. We then meticulously curated the study in-
formation from each publication, which involved reported
HERVSs, associated diseases, methodologies, sample sources,
data links and population details. Association Curation: Fi-
nally, we retained the data for associations only if they meet
one of the following criteria: (i) HERV-disease associations ex-
hibiting significant statistical relevance, with a threshold of P-
value <0.05 or adjusted P-value <0.05; (ii) HERV-disease as-
sociations from mechanism investigation studies that reported
exact disease phenotype changes or significant gene regulation
in disease contexts. We then documented the information of
these associations, including: association at omics level (e.g.
copy number, single nucleotide variation, RNA expression,
protein expression, DNA methylation, histone modification),
HERV trends in diseases, log, FC, corresponding P-values or
adjusted P-values, effected genes and phenotypic changes. We
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also recorded available HERV-gene correlation with a signifi-
cance of P-value <0.05 as reported in the publication.
Moreover, to enhance the comprehensiveness of the HERV
information, the expression levels across various human tis-
sues from the Genotype-Tissue Expression (GTEx) project
were integrated (40,41), offering a broader perspective of the
corresponding HERVs. An overview of the data structure in
HervD Atlas is illustrated in Supplementary Figure S2. To
standardize disease names and definitions, we utilized disease-
related terms and identifiers from multiple ontologies, includ-
ing Disease Ontology (DO), Experimental Factor Ontology
(EFO), Medical Subject Headings (MeSH), Online Mendelian
Inheritance in Man (OMIM), and National Cancer Institute
(NCI). Utilizing these ontologies, diseases were mapped and
categorized into 14 distinct subcategories, including cancer,
viral infectious diseases, nervous system diseases, mental dis-
orders, immune system diseases, urogenital diseases, cardio-
vascular system diseases, digestive system diseases, skin and
connective tissue diseases, genetic diseases, and bacterial in-
fectious diseases. This methodology has enabled a unified and
comprehensive classification within the HervD Atlas.

HERYV classification and annotation

The classification of HERVs was systematically carried out in
two main categories: HERV-Term and HERV-Element. HERV-
Term refers to individual HERVs with specific genomic lo-
cations, whereas HERV-Element encompasses combinations
of multiple copies of HERVs present within the genome. To
ensure consistency and clarity across the knowledgebase, all
HERVs were subjected to a comprehensive process of renam-
ing and encoding. For HERV-Term, information regarding the
chromosomal location, specific type (e.g. ERV1, ERV2, ERV3)
(42,43) and serial number were considered; while for HERV-
Element, only the specific type and serial number were em-
ployed.

We also conducted a comprehensive annotation for the
HERVs through the following steps: (i) Manual curation: De-
tails such as group (3), alias (3,44-46), virus source (42,47,48),
earliest shared ancestor (46,47,49-56) and description (42,44)
were manually curated from additional publications and
databases; (ii) External database links integration: Relevant
links to HERVs from sources such as PGG.SV (57), Dfam
(42) and dbHERV-Res (37) were incorporated; (iii) Genomic
re-annotation: The genomic locus, region type and nearby
genes for each HERV were re-annotated based on the hg38
human reference genome.

Knowledge graph construction

The HervD Atlas features a newly constructed knowledge
graph designed to enhance the visualization and interpretation
of HERV-disease associations. This graph is organized into
two primary panels: Disease network (focused on disease as
the core node) and HERV network (centered around HERV as
the core node). The construction of the knowledge graph be-
gan with the definition of three main entities: HERYV, disease,
and gene. Within the HERV entities, further categorization
was done into HERV-Term and HERV-Element, aligning with
the previous classification process. Relationships were then
defined under two main aspects: the connections between dis-
ease entities and HERV entities, and the links between HERV
entities and gene entities.
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To provide deeper insights into the associations, an ad-
ditional attribute—the number of supporting evidence—was
added to these relationships. This attribute serves as an indi-
cator of the strength and reliability of each connection. For
an efficient and focused representation, nodes with over 100
links display only the top 100 associated entities supported by
the most evidence.

Database implementation

The HervD Atlas was built by the SpringBoot framework
(https://spring.io/projects/spring-boot) and Mybatis (https:
/Imybatis.org/mybatis-3) for the back-end system. Several
technologies were implemented for the front-end, including
AJAX (Asynchronous JavaScript and XML), Bootstrap (https:
/lgetbootstrap.com), CSS (Cascading Style Sheets), Seman-
tic Ul (https://semantic-ui.com), Select2 (https://select2.org/),
JQuery (https://jquery.com), HTML (HyperText Markup
Language) and Thymeleaf (https://www.thymeleaf.org). For
data rendering and visualization, ECharts was employed, and
MySQL was used as the database engine for data storage and

querying.

Database contents and usage

HervD Atlas presents a comprehensive integration of high-
quality HERV-disease associations (Figure 1), which is
achieved through careful manual curation of data from se-
lected scientific literature in a standardized form to ensure the
quality and relevance of information. Further, the Atlas cre-
ates a visual and interactive knowledge graph, highlighting the
complex relationships between HERVs, diseases, and genes.
Therefore, HervD Atlas serves as a well-organized repository
of HERV-disease associations, provides a comprehensive land-
scape of HERVS’ roles in human diseases, assists in a deeper
understanding of disease mechanisms from a new perspective,
and further facilitates the development of innovative diagnos-
tic and therapeutic strategies.

Comprehensive association knowledge for diverse
HERVs and diseases

In the current version, we have manually collected a total
of 60 726 curated high-quality HERV-disease associations
for humans from 254 filtered publications, covering 21 790
HERVs belonging to six types (e.g. ERV1, ERV2) (Figure 2A),
149 mapped ontological diseases grouped into 14 categories
(e.g. cancer, immune system diseases, nervous system diseases)
(Figure 2B) and 610 influenced genes. The curated factors for
each HERV type are provided in Supplementary Table S1. A
total of 21 049 HERV-Terms and 741 HERV-Elements are col-
lected in our knowledgebase, among which the HERVL and
MalLR group is the most prevalent, respectively (Figure 2C,
D; Supplementary Figure S3).

Most HERVs are associated with multiple diseases, with a
median of three diseases linked to each HERV. Particularly
noteworthy are the top 15 HERVs that exhibit the highest
number of disease associations (Figure 2E), indicating their
multifaceted roles in various diseases. Herein, ERV1_0001
(ERVW-1) and ERV2_0001 (HERV-K-env), as the two hottest
HERV-Elements, are found to have 227 and 173 associa-
tions with 32 and 28 diseases, respectively. Correspondingly,
chr4_ERV1_00001 (ERVMER34-1) and chr6_ERV1_00003
(ERVFRD-1) are the two most prominent HERV-Terms as-
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Figure 1. Schematic overview of the contents and modules in HervD Atlas. The data contents and corresponding statistics including associations,
HERVs, diseases and publications contained within HervD Atlas (above), and four functional modules, i.e. information browse, multiple search channels,
interactive knowledge graph and comprehensive information available for download (below).

sociated with 27 and 22 diseases, respectively. Additionally,
the genes influenced by HERVs during disease progression
are also collected in our knowledgebase. For instance, ERVW-
1 could trigger off PP2A/AKT1/GSK3 pathway, which in-
volves genes like SYP, VAMP1,SNAP23,SNAP25,SNCA and
GAPA43, leading to abnormal dopaminergic neuron processes
associated with schizophrenia (24).

On the other hand, the 149 mapped diseases in HervD Atlas
are related to numerous HERVs, with an average of 394 dif-
ferent HERVs for each disease. These associations indicate the
importance of HERVs in the study of various diseases. The top
15 diseases with the most references in publications are shown

in Figure 2F, indicating their significance in HERV research.
For example, multiple sclerosis (MS) stands out as the disease
with the most extensive documentation, featuring 165 asso-
ciations with 59 HERVs from 37 publications. The involve-
ment of HERVs in neurological conditions like MS is well-
documented and widely accepted, with support from some
scientific literature (58,59). Within the integrated HervD At-
las, strong associations are shown between MS and two spe-
cific HERVs belonging to the HERV-W group (ERV1_0001,
ERVW-1; ERV1_0003, MSRV-env), comprising 50 and 15 as-
sociated items, respectively. These two HERVs are suggested
as influential factors in triggering the immuno-pathogenesis
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of MS, serving as potential prognostic biomarkers for track-
ing disease progression and therapeutic outcomes (59,60).

User-friendly modules to access the data of interest

The HervD Atlas provides an intuitive ‘Browse’ page, designed
to facilitate easy access the relevant data. This interface fea-
tures three interactive and easily navigable tables with three
main indexes (HERVs, diseases, and publications), allowing
users to explore and access the data of interest.

HERVs, as the core objects within the HervD Atlas, are sep-
arated into two categories: HERV-Terms, indicating HERVs
with precise chromosomal locations, and HERV-Elements,
representing groups of HERVs sharing common genes. The
browsing table for HERVs offers basic information such as
HERV ID, name, type, and brief summary statistics including
the number of associations (Figure 3A, upper panel). For more
in-depth information, users can access dedicated pages for
each specified HERV, which provide comprehensive records of
the basic information (including related hyperlinks to external
databases such as Dfam, dbHERV-Res), all associations, cor-
relations with genes and expression across GTEx tissues. An
example page for 11q23.3_HML2 is illustrated in Figure 3A,
bottom panel.

Disease is another core object in the HervD Atlas. Basic in-
formation (e.g. disease name, ontology ID and category) and
brief summary statistics (e.g. the number of associations and
related publications) are listed in the disease browsing table
(Figure 3B, upper panel). For more in-depth exploration, each
disease has a corresponding detailed page including basic in-
formation (with hyperlinks to external databases like EFO
and DOID), all related publications and associated HERVs
(Figure 3B, bottom panel with an example of Lung Adenocar-
cinoma). Overall, the browse module of HervD Atlas is de-
signed to offer researchers smooth and efficient access to the
desired data through user-friendly interfaces.

HervD Atlas also offers several search channels to en-
sure users’ effortless and efficient querying: (i) a quick search
box on the home page allows real-time queries by specify-
ing HERV ID, HERV name or disease name; (ii) an advanced
search function on the ‘Search’ page that allows users to di-
rectly access specific terms within HervD Atlas, including in-
formation related to HERVs (like ID, type, name, and genomic
location), diseases (like name and ontology ID), and publica-
tions (such as ID and PubMed ID) and (iii) an intuitive graph
search box on the ‘Knowledge Graph’ page allows search by
HERV ID/name and disease name (Figure 3C, D). HervD At-
las also incorporates an auto-suggestion function for assisting
users by providing candidate query terms based on even short
inputs, enhancing the overall search experience.

HervD Atlas is committed to promoting global usability
and accessibility of curated HERV-disease findings. All data
within the platform is publicly available, and query results
can be conveniently downloaded from the webpage. This en-
sures ease of data retrieval and exploration for researchers.
Additionally, summarized lists of HERVs, diseases, and publi-
cations are also available on the ‘Download’ page.

Systematically integrated knowledge graph with
interactive visualization

HervD Atlas systematically integrates HERV-disease associa-
tions and related/influenced genes into a comprehensive rela-
tionship network, resulting in an interactive knowledge graph.
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This graph is a powerful tool to uncover HERV networks that
influence various diseases and elucidate the complex interac-
tions between disease development and HERVs.

The graph consists of two panels: Disease Network and
HERV Network, and generally defines three types of entities:
HERVs (21 790 entries: 21 049 HERV-Terms and 741 HERV-
Elements), diseases (149) and genes (610). Both panels feature
HERV-disease and HERV-gene associations curated from rel-
evant publications. The Disease Network emphasizes diseases
as core nodes, while the HERV Network prioritizes HERVs.
Connections are quantitatively represented by the thickness
of lines, reflecting the number of associations. To accurately
and quickly access the content of interest, users can filter net-
works based on HERV type, group and disease category. This
filtering enables a concentrated view of targeted data. Addi-
tionally, the graph’s draggable nodes allow for customization
in the display, and users can export the high-resolution graph
for various purposes, including publication.

The knowledge graph’s utility can be illustrated through an
examination of HERV-K-env (ERV2_0001), the most com-
plete and biologically active HERV known to have been re-
cently acquired by humans (14). By conducting a search for
HERV-K-env-related associations, including 72 links with 28
diseases and 44 affected genes, these connections are cohe-
sively presented in the knowledge graph (Figure 4A). Within
the graph, HERV-K-env shows relationships with several dis-
ease categories, such as cancer, nervous system disorders, vi-
ral infections, and skin and connective tissue diseases (Fig-
ure 4B). Specifically, a strong correlation between HERV-K-
env and breast cancer is revealed (Figure 4C), substantiated
by diverse evidence (RNA and protein) and analytical meth-
ods (e.g. RNAi, RT-qPCR, Flow cytometry) from six publi-
cations. Breast cancer, being a prevalent global health con-
cern among women (30), necessitates novel diagnostic and
therapeutic strategies. The HervD Atlas knowledgebase fur-
nishes comprehensive resources detailing the interaction be-
tween HERV-K-env and breast cancer. This wealth of infor-
mation positions HERV-K-env as a potential key to advancing
diagnosis and treatment in the future (61).

Beyond the integration and exploration of known knowl-
edge from publications, the knowledge graph facilitates infer-
ence into indirect relationships and novel insights grounded
on established connections. For example, within the breast
cancer network, we also observe a strong connection with
HERV-R besides HERV-K-env. Like HERV-K-env, HERV-R (a
member of ERV3) has been reported to be related to vari-
ous diseases (62,63). At present, HERV-K-env and HERV-R
have generally been investigated separately (64), and no re-
port has specifically explored their connection in breast can-
cer, although several studies have paid attention to their co-
expression patterns in diseases (63). Future research into the
coupled relationship between the two HERVs in breast cancer
may lead to discovery new therapeutic targets or vaccine can-
didates. On the other hand, the knowledge graph highlights
genes influenced by HERV-K-env, including MAPK14,STAT2,
STAT3, HSPD1, AKT1, CASP3, CASP8 and CASP9 (Figure
4D). Among these, MAPK14, as a tyrosine phosphorylated
protein detected in activated macrophages, is significant in in-
ducing inflammatory cytokines such as TNFe (65) and is piv-
otal for [IFNG-mediated autophagy defense against Mycobac-
terium tuberculosis (66). Other genes like STAT3 (67), HSPD1
(68), AKT1 (69), CASP3 (70), CASP8 (71) and CASP9 (72)
have also been reported to play essential roles in tuberculosis
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immunity. Although the role of HERV-K in anti-tuberculosis
infection remains unexplored, our findings suggest a promis-
ing research field for developing host-targeted therapy strate-
gies against tuberculosis.

Opverall, the knowledge graph in HervD Atlas offers more
than a visually efficient way to access reliable HERV-disease
associations; it also provides a valuable resource for re-
searchers to explore and reason from existing knowledge. The
knowledge graph fosters the potential for advancements in di-
agnostics, treatments, and vaccine development by presenting
clues and new perspectives on various diseases. This dynamic
tool bridges the gap between existing research and future in-
sights, enabling rapid understanding of the field while promot-
ing explorative avenues for novel disease understanding and
therapeutic interventions.

Discussion and future developments

Recently, HERVs have been recognized as significant contrib-
utors to various pathological conditions in humans, drawing
considerable attention for their potential roles in disease. Al-
though numerous important HERV-disease associations have
been uncovered, a comprehensive platform to accommodate
and integrate these findings still needs to be developed. To
bridge this gap, we present the HervD Atlas. To our knowl-
edge, this is the first knowledgebase that systematically col-
lects, curates, and integrates published HERV-disease associ-
ations, which is further displayed in an intuitive, visualized,
and interactive knowledge graph.

Compared with the existing HERV-associated databases,
HervD Atlas mainly features: (i) Manual collection and cu-
ration: For the first time, HervD Atlas manually collects high-
quality data concerning HERV-disease associations from vari-
ous scientific publications. (ii) Unified nomenclature and inte-
gration: A unified naming system for these curated HERVs has
been implemented, including details like genomic locations,
HERYV types, and serial numbers. Related information from
publications and other external databases, such as earliest
shared ancestors, aliases, and structural variants, has also been
integrated. This organization aids users in quickly overview-
ing the HERVs of interest and associated diseases. Addition-
ally, we have adopted an ontology mapping and classification
system for diseases. (iii) Knowledge graph construction: The
knowledge graph is constructed based on the curated associ-
ations for the collected HERVSs, diseases, and related/affected
genes, encompassing both a HERV-network and a disease-
network. This integration and visualization enable users to
browse, summarize, download, and reuse the associations, en-
hancing the readability and applicability of the HERV-disease
data.

HervD Atlas presents an information-intensive and highly
interconnected knowledge graph encompassing various
HERVs and their associations with diverse diseases, repre-
senting the comprehensive integration of worldwide HERV-
related findings. As one vital resource within the National
Genomics Data Center (NGDC, https://ngdc.cncb.ac.cn),
HervD Atlas will be periodically updated to incorporate the
latest HERV-disease association discoveries. Looking ahead,
we anticipate the inclusion of numerous HERV-disease as-
sociations at the single-cell level, driven by the advent of
single-cell studies and corresponding analysis tools (73-75).
Such information will be integrated into future versions of
the knowledgebase. We will also explore the interaction
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of HERVs with endogenous microbes in the human body,
such as gut microbes, in light of recent findings illustrating
how HERVs can influence the intestinal microenvironment
and affect gut health (76,77). We also plan to incorporate
information on the artificial modification of HERVs through
synthetic biology and other methods, such as the packaging of
HERVs into viral particles and resurrecting them (23,78-81).
Additionally, it’s important to highlight that HERVs have
been shown to have significant functions as gene regulatory
elements. They can act as enhancers, promoters, and insula-
tors, affecting the activity of nearby genes (13,37-39). This
valuable insight will be integrated into future versions of the
knowledgebase.

In conclusion, HervD Atlas will contribute significantly to
advancing our understanding of HERVs and their implica-
tions for human health and disease. Its scope, accessibility,
and methodologies make it a promising tool for researchers
and clinicians, fostering new insights and applications in this
emerging field.

Data availability

HervD Atlas is a curated knowledge database of HERV-
disease association studies at https://ngdc.cncb.ac.cn/hervd/.
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