
NAR Genomics and Bioinformatics , 2026, 8 , lqag013 
https://doi.org/10.1093/nargab/lqag013 
Data Resources 

A comprehensive annotation of conserved protein 

domains in human endogenous retroviruses 

Tomàs Montserr at-Ayuso 

1 ,2 , Auror a Pujol 3 , 4 , 5 , Anna Est ev e-Codina 

1 ,2 ,* 

1 Centre Nacional d’Anàlisi Genòmica (CNAG), Baldiri Reixac 4, 08028 Barcelona, Spain 
2 Universitat de Barcelona (UB), Barcelona, Spain 
3 Neurometabolic Diseases Laboratory, Bellvitge Biomedical Research Institute (IDIBELL), Barcelona, Spain 
4 Centre for Biomedical Research on Rare Diseases (CIBERER), Instituto de Salud Carlos III, Madrid, Spain 
5 Catalan Institution of Research and Advanced Studies (ICREA), Barcelona, Spain 
∗To whom correspondence should be addressed. Email: anna.esteve@cnag.eu 

Abstract 

Human endogenous retroviruses (HERVs) occupy nearly 8% of the human genome, yet their protein-coding potential remains largely unexplored. 
Originating from ancestral retroviruses that infected germline cells, HERVs typically follow the canonical proviral str uct ure LTR–gag–pol–env–
LTR, where gag, pol, and env encode str uct ural, enzymatic, and envelope proteins. We present a comprehensive resource annotating conserved 
retroviral domains across 120 0 0 0 + ORFs derived from internal HERV regions. Using a reproducible pipeline based on HMMER and InterProScan, 
w e identified o v er 17 0 0 0 domain hits—primarily from pol genes such as re v erse transcriptase, RNase H, and protease—and quantified their 
str uct ural conservation. Hundreds of domains exceed 95% alignment coverage, revealing a surprising abundance of full-length retrovirus-like 
domains in both young and ancient families. The HERVK (HML-2) subfamily retains the most complete polyprotein architecture, including 13 
loci with nearly int act Gag , Pol, and Env, but full-length Pol domains are also f ound in HER VH, HER VW, and HER VE. Our annotations reco v er 
conserved catalytic motifs in Pol and transmembrane features in Env, enabling fine-grained functional interpretation. All results—including BED, 
FASTA, domain sequences, InterProScan outputs, and transmembrane predictions—are provided as an open resource at Zenodo to support 
do wnstream analy ses of HER V protein e xpression, immune modulation, and co-option in health and disease. 
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ntroduction 

ndogenous retroviruses (ERVs) are remnants of ancient
etroviral infections that became integrated into the germline
nd are now inherited as part of the host genome [ 1 , 2 ]. In
umans, ERV [human endogenous retroviruse (HERV)] se-
uences account for ∼8% of the genome and are typically
ound as fragmented long terminal repeats (LTRs), solo LTRs,
nd degraded internal regions [ 1 , 3 , 4 ]. Over the course of evo-
ution, most HERVs have been progressively inactivated by ac-
umulated mutations, deletions, and recombination events, re-
ulting in a loss of their functional capacity [ 1 , 5 , 6 ]. Nonethe-
ess, some HERV insertions have retained identifiable se-
uence features, such as intact open reading frames (ORFs) or
onserved cis- regulatory motifs [ 6 , 7 ]. In several cases, these
lements have been co-opted by the host genome to contribute
o host physiological processes [ 8 ]. A well-known example
s the syncytin gene family, derived from retroviral envelope
 env ) genes, which is essential for trophoblast fusion and pla-
ental morphogenesis in eutherian mammals [ 9 , 10 ]. These
ndings suggest that, despite widespread degradation, HERVs
ay still harbor biologically meaningful sequences, including

hose encoding functional protein domains. 
The canonical retroviral genome encodes three major gene

lasses: gag , which produces capsid and matrix structural pro-
eins; pol , encoding key enzymatic machinery including pro-
ease, reverse transcriptase (RT), RNase H, and integrase;
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and env , which mediates viral entry through membrane fusion
[ 1 , 11 ]. Although these genes are often fragmented or lost in
endogenous retroviruses, several HERV loci retain partial or
complete ORFs corresponding to these gene classes [ 5 , 12 –
14 ]. The biological relevance of these retained sequences is
underscored by examples of co-option, such as the syncytins
mentioned above, but also by growing evidence of HERV-
derived proteins involved in immune modulation, neurodevel-
opment, and tumorigenesis [ 8 , 15 –19 ]. Although most HERVs
are considered to be usually dormant, they can be reactivated
by stimuli such as viral infection, including influenza, HIV,
or herpesviruses [ 15 , 20 ], underscoring their dynamic inter-
play with the host immune system. This reinforces the impor-
tance of identifying conserved HERV ORFs and their associ-
ated retroviral domains as potential contributors to cellular
processes or pathology. 

While much recent research has focused on the tran-
scriptional activity and regulatory roles of HERV-derived
sequences—such as their enrichment in enhancer elements,
influence on chromatin states, or contribution to long non-
coding RNAs [ 7 , 21 ]—less attention has been paid to their
protein-coding capacity, particularly at the domain level. Fur-
thermore, the relevance of protein-domain conservation ex-
tends beyond HERVs: recent work has shown that even non-
retroviral endogenous viral elements (EVEs) may retain pro-
tein domains with possible antiviral functions, underscoring
26 
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the broader relevance of domain-level annotation in paleovi-
rology and host-virus coevolution [ 22 ]. Prior studies often fo-
cus on specific HERV families or subfamilies (e.g. HERVK or
HERVW), or on single co-opted genes, rather than conduct-
ing genome-wide surveys of protein-coding domain conser-
vation [ 8 , 9 , 23 –31 ]. A representative example is the com-
prehensive subfamily-specific analysis of HER VW/HER V17
by Grandi et al. [ 28 ], who generated an exhaustive cata-
logue of HERVW insertions in the human genome (hg19),
defined subgroup-specific phylogenies and LTR-based age es-
timates, and performed a detailed structural and motif-level
characterization of HERVW env genes—including compar-
isons to Syncytin-1. Similarly, Grandi et al. [ 30 ] delineated
the HERVK (HML-10) subfamily, showing that this ancient
HERV-K lineage is characterized by recurrent degradation
of pol and the selective retention of a small number of Env
ORFs. 

In parallel, Blomberg and colleagues have provided pro-
totypic structural descriptions for several other lineages, in-
cluding ER V3/HER V-R and HER VK (HML-6), reconstructing
near full-length proviral genomes and documenting lineage-
specific patterns of gag –pol –env decay [ 29 , 31 ]. Compre-
hensive reviews by Grandi and Tramontano have further
emphasized that HERV envelope proteins, in particular,
can retain fusogenic or immunomodulatory properties and
contribute to both physiology and pathology [ 32 ]. Collec-
tively, these family-focused studies have established that in-
dividual HERV lineages show characteristic “signatures” of
gene retention and loss, but by design they do not pro-
vide a genome-wide, domain-level map that spans all HERV
families. 

One close approximation is the analysis by Nakagawa and
Takahashi [ 13 ], which identified thousands of HERV-derived
ORFs with partial or complete retroviral domains using their
gEVE database. This pioneering resource was the first large-
scale catalogue of viral ORFs across mammalian genomes and
remains valuable for exploring EVEs coding potential. The
gEVE pipeline, developed in 2016, integrates RepeatMasker
[ 33 ], RetroTector [ 34 ], and HMMER-based motif searches
[ 35 ], together with extensive BLAT-based refinement, provid-
ing a broad inventory of EVE ORFs and associated viral mo-
tifs. While highly comprehensive, gEVE was not designed to
quantify Hidden Markov Model (HMM)-profile coverage or
to resolve subfamily-specific domain retention patterns, which
limits its ability to evaluate the degree of structural preserva-
tion of retroviral proteins at high resolution. More broadly,
there is still no widely adopted community-standard tool for
HERV discovery, and most available methods lack a fully
shareable and reproducible pipeline [ 36 , 37 ]. Building upon
these foundations, our study provides a reproducible, domain-
centric framework that adds quantitative coverage metrics at
single-locus resolution, enabling finer-scale interrogation of
protein-coding potential and structure across the HERV land-
scape. 

Several resources have contributed to improving the classifi-
cation, localization, and annotation of HERVs in the genome.
The HERVd database was among the first systematic catalogs
of HERV families and chromosomal coordinates, based on
RepeatMasker [ 33 ] and profile HMM-based annotation [ 38 ].
The abovementioned gEVE database expanded this frame-
work to multiple vertebrate genomes, integrating domain-
level information with genomic context to support compara-
tive analysis [ 13 ]. More recently, the Telescope pipeline intro-
duced a high-resolution approach to locus-specific HERV ex- 
pression quantification in RNA-seq data, including the devel- 
opment of a curated database of HERV loci and family-level 
annotations that has become foundational for expression- 
based studies [ 39 ]. Additionally, the ERVmap resource pro- 
vided a locus-specific catalog of over 3000 near full-length 

HERVs and a dedicated RNA-seq quantification pipeline, en- 
abling high-resolution analysis of HERV expression across cell 
types and disease states, including autoimmune and cancer 
contexts [ 40 ]. These resources have significantly improved our 
understanding of HERV transcription and classification, but 
none have systematically addressed domain-level structural 
conservation in predicted ORFs. 

In this study, we present a genome-wide analysis of the 
structural conservation of retroviral protein domains within 

ORFs derived from internal HERV sequences. Through- 
out this article, “structural conservation” refers to preser- 
vation of protein-domain architecture—evaluated as the ex- 
tent to which ERV-derived sequences align to HMM protein 

models—rather than conservation of proviral gene structure.
Despite extensive mutational decay, we identified hundreds 
of HERV loci that retain high-confidence domains from the 
gag , pol , and env gene classes—many with complete or near- 
complete coverage of HMM profiles. While most studies ex- 
amine HERVs at the subfamily level, this approach may ob- 
scure functional heterogeneity, as only a subset of loci within a 
given subfamily retain structurally intact domains. By quanti- 
fying domain-level conservation at single-locus resolution, we 
define a set of structurally preserved retroviral proteins that 
may represent candidates for residual biological activity or 
host co-option, providing a foundational resource for future 
functional investigations. 

Our analysis builds upon previous resources such as 
gEVE and ERVmap [ 13 , 40 ], shifting the focus from pres- 
ence/absence annotation to domain-centric conservation with 

quantitative resolution. To our knowledge, this is the first 
genome-wide resource to systematically annotate ERV ORFs 
at the domain level, integrating alignment coverage, conserved 

motifs, and structural features into a shareable and repro- 
ducible dataset. 

Materials and methods 

Repeat Masker annotation 

We annotated HERV insertions across the human genome 
using RepeatMasker [ 33 ] version 4.1.8, employing 
NCBI/RMBLAST (v2.14.1 + ) as the search engine. The anal- 
ysis was conducted on the GRCh38/hg38 reference genome 
(primary assembly) using the Dfam 3.9 repeat library [ 41 ] 
(root ‘dfam39_full.0.h5’ and Mammalia ‘dfam39_full.7.h5’ 
partitions). RepeatMasker was run with -species human, -s 
and -no_is options. 

Extraction of internal HERV coordinates 

To identify internal regions of HERVs, we parsed Repeat- 
Masker .out files for entries labeled with “-int”, “_I”, “-I” or 
“-I_MM" in their name and classified as LTR/ERV. These en- 
tries were converted into six-column BED format (chromo- 
some, start, end, name, score, strand), where the name in- 
cluded chromosomal position, strand, and divergence from 
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erging of overlapping internal regions 

o reduce redundancy and better reflect transcript-like HERV
tructures, we merged overlapping or closely spaced internal
ERV regions ( ≤200 bp gap) sharing the same subfamily

nd strand. Regions were grouped by subfamily and strand
nd collapsed into unified intervals with updated standardized
ED names. We selected the 200 bp threshold after noticing

hat shorter gaps ( ≤150 bp, as used in our preprint) occasion-
lly fragmented bona fide internal regions. For comparison,
e also tested a continuity rule as implemented in Telescope

 39 ] which merges fragments from the same subfamily and
trand when they align consistently with the model (up to
.5 kb). Domain counts and conservation rates were highly
onsistent across all thresholds (150 bp, 200 bp, 2.5 kb; see
upplementary Table S5 ), supporting the robustness of our
onclusions. For clarity and reproducibility, we report results
ased on the simpler 200 bp rule throughout the manuscript.

equence extraction of merged HERVs 

e extracted strand-specific DNA sequences of the merged
ERV internal regions. Sequences were obtained from the

ndexed reference genome FAST A (GR Ch38) and reverse-
omplemented if on the negative strand. 

RF prediction 

RFs were predicted from the merged internal HERV se-
uences using the EMBOSS getorf tool (v6.6.0) [ 42 ]. Se-
uences were provided in FASTA format, and ORFs shorter
han 180 nucleotides were discarded using the -minsize 180
arameter. To maximize sensitivity, ORFs were defined from
top codon to stop codon, without requiring a canonical start
odon, by using the -find 0 and -methionine N options. This
pproach, described in Villesen et al. (2004) [ 5 ] accommo-
ates the nonconventional translation mechanisms commonly
sed by retroviruses—such as ribosomal frameshifting and
ermination suppression—particularly at internal pol gene.
lso, ORF sequences lacking a canonical ATG start codon
ay still serve as coding exons in spliced retroviral transcripts

 13 ]. ORFs were extracted in the forward strand only (-reverse
), since strand orientation was previously accounted for dur-

ng sequence preparation. 

rotein domain detection 

MM profiles for retroviral protein domains were obtained
rom the GyDB profile collection and downloaded from the
yDB [ 43 , 44 ] repository (see the ‘Data availability’ section

or the exact URL). All individual HMM files were concate-
ated into a single database, and the resulting file was indexed
ith hmmpress from the HMMER (v3.4) package [ 35 ] to gen-

rate the binary files required by hmmscan (see Supplemental
ethods for exact commands). Protein domains were iden-

ified by running hmmscan on the ORFs using this custom
yDB-derived HMM database. Functional class assignment

ollowed a simple rule-based scheme: enzymatic domains (RT,
NaseH, integrase, protease, dUTPase) were classified as Pol;
nvelope-associated profiles as Env; and capsid/matrix profiles
s Gag. Domains annotated as accessory proteins in GyDB
ere designated as Accessory. Accessory proteins are addi-

ional genes beyond the canonical gag , pol , and env . They are
onessential genes often involved in immune evasion, repli-
ation efficiency, or modulation of host functions [ 11 ]. Pro-
files not associated with HERVs—such as aphid transmission
factors, movement proteins, transactivator/viroplasmin pro-
teins, virion-associated proteins, and chromodomains—were
labeled as Other. The full correspondence between HMM
model names and functional classes used in this study is avail-
able in the Zenodo repository. 

Results were parsed and filtered to retain only hits satisfy-
ing the following criteria: full-sequence E-value ≤ 1e-5, do-
main E-value ≤ 1e-5. To avoid redundancy and focus on the
most relevant domain instance per locus, we further filtered
the results to retain only the best-scoring match per domain
type (e.g. Gag, RT, RNaseH, Env) within each ORF. 

We calculated domain coverage as the fraction of HMM
profile positions aligned by the hit, computed as (hmm_to −
hmm_from + 1)/hmm_length. Coverage describes the frac-
tion of the HMM profile aligned to the ORF. According to
the GyDB articles [ 43 , 44 ], HMM profiles were constructed
from lineage-specific multiple alignments derived from mono-
phyletic clusters of Ty3/Gypsy and Retroviridae LTR retroele-
ments. Thus, in our study “coverage” reflects the extent to
which a sequence within an ORF matches the HMM model
for a given retroviral domain, rather than the full length of
the corresponding protein domain. Because all loci were eval-
uated against the same curated HMMs, comparisons of cover-
age values across domains and subfamilies remain internally
consistent, even though the HMMs themselves may not span
complete protein-coding regions. 

Mapping protein domains back to genomic 

coordinates 

Filtered domain hits were mapped back to their corresponding
genomic positions based on ORF-to-internal-sequence offsets
and internal-to-genome coordinates. This conversion took
into account strand orientation and translated amino acid co-
ordinates into nucleotide positions. The mapping step pro-
duced BED-format annotations including the domain type,
gene class, alignment score, and domain conservation level. 

Extraction of domain sequences 

Protein domain coordinates from filtered HMMER output
were used to extract precise amino acid subsequences corre-
sponding to each domain. Domain sequences were retrieved
from the original ORF FASTA based on alignment start and
end positions, generating a FASTA file of domain-specific se-
quences for alignment and downstream analyses. 

Domain and motif annotation with InterP roS can 

and Phobius 

To complement HMMER-based domain detection, we further
annotated the HMMER-identified domain sequences for con-
served motifs and additional structural features using Inter-
ProScan [ 45 , 46 ] (v5.75). All retroviral domain calls originate
strictly from HMMER searches using GyDB HMM profiles.
InterProScan was applied only to the amino acid sequences
of those HMMER-identified domains to annotate motifs and
structural features; it was not used to detect additional do-
mains or to classify ORFs lacking HMMER hits. 

Protein domain sequences were analyzed using the Inter-
ProScan standalone tool with default parameters, enabling all
member databases. The XML output was parsed to extract
conserved sites predicted by the Conserved Domain Database
[ 47 ] (CDD), particularly focusing on catalytic residues and

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
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functional motifs. A custom Python script was used to ex-
tract and summarize the domain descriptions and conserved
residues per protein. During testing, we noted that Inter-
ProScan occasionally omitted CDD-annotated active sites
when sequences were submitted in multi-FASTA batches, even
though the underlying domain hits and e-values were identi-
cal to those obtained when processing single sequences. To
ensure that all catalytic residues of high-coverage RNase H
domains (HMMER coverage > 95%) were correctly captured
for the analyses reported in the Results, these sequences were
re-analysed using InterProScan in single-sequence mode. This
approach consistently returned the full set of CDD conserved-
site annotations. 

To investigate membrane-associated features of Env pro-
teins, we filtered the predicted ORFs to retain only sequences
belonging to env genes. These sequences were then analyzed
using Phobius [ 48 ] with default settings to predict transmem-
brane domains and signal peptides. The output was parsed to
identify Env proteins with predicted transmembrane regions,
which may indicate preserved envelope protein topology. 

The flow chart of the complete pipeline is shown in Fig. 1 ,
and it is available as a series of standalone scripts (see below
and “Code availability”). All domain annotations, including
BED files, FASTA sequences, and InterProScan outputs, were
generated using this pipeline. These datasets are available at
Zenodo (repository: “Domain-Level Annotations and Conser-
vation Scores for Human Endogenous Retroviruses”, DOI:
https:// doi.org/ 10.5281/ zenodo.17662456 ), and the Python
scripts used to generate them are available for reproducibil-
ity at Zenodo: https:// doi.org/ 10.5281/ zenodo.18326381 . 

Application to T2T-CHM13 and Mouse Genomes 
The same workflow described above was applied without
modification to the T2T-CHM13 human assembly [ 49 ] and
the GRCm39 mouse reference genome. RepeatMasker anno-
tations were generated using species-appropriate parameters
and Dfam libraries. For the T2T-CHM13 genome, we addi-
tionally used the -cutoff 255 parameter to reproduce the be-
havior of the NCBI RepeatMasker output available for this
assembly. All subsequent steps (internal region extraction,
merging, ORF prediction, HMMER-based domain annota-
tion, motif analysis, and BED/FASTA output generation) were
performed identically to the GRCh38 analysis. The resulting
annotations for both assemblies are available at Zenodo (see
the ‘Data availability’ section). 

Identification and analysis of conserved protein domains in
HERV ORFs 
Amino acid sequences were loaded in R using the Biostrings
package and characterized by length and chromosomal distri-
bution. Domains were classified as conserved if coverage was
≥40%, and as highly conserved if coverage exceeded 95%.
ORFs were grouped by domain class, and the number of ORFs
harboring conserved domains was summarized. Domain cov-
erage distributions were visualized using violin and beeswarm
plots, highlighting thresholds used for conservation catego-
rization (40% and 95%). 

Subfamily-level analyses focused on four major HERV sub-
families (HER VK/HML-2, HER VH, HER V17, and HER VE).
Within each subfamily, the coverage scores of eight key do-
main types (Gag, RT , RNaseH, DUT , INT , AP, Env, and acces-
sory) were assessed. For each ORF and domain class, only the
best-scoring domain match was retained. 
To evaluate co-occurrence of domain types within individ- 
ual loci, we grouped ORFs by locus and determined the pres- 
ence of Gag, Pol, and Env domains. Loci containing all three 
gene classes (i.e. “trios”) with conserved domains were flagged 

as potentially retaining multi-domain retroviral architecture.
A stricter criterion requiring > 80% coverage for each domain 

was also applied to define high-confidence candidate loci. For 
these loci, domain-specific coverage and subfamily informa- 
tion were compiled into summary tables for further inspec- 
tion. 

All statistical analyses and plots were performed in R 

(v4.3.3) using the dplyr [ 50 ], ggplot2 [ 51 ], ggbeeswarm,
Biostrings [ 52 ], and openxlsx [ 53 ] packages. 

Results 

Genome-wide landscape of HERV ORFs and 

conserved retroviral domains 

To explore the functional potential of endogenous retroviral 
sequences, we systematically annotated ORFs across the in- 
ternal HERV sequences found by RepeatMasker [ 33 ] and as- 
sessed the presence of conserved retroviral domains (see full 
annotation at Zenodo; repository: “Domain-Level Annota- 
tions and Conservation Scores for Human Endogenous Retro- 
viruses”, DOI: https:// doi.org/ 10.5281/ zenodo.17662456 ). A 

total of 128 427 ORFs were identified and analyzed, with 

lengths ranging from 60 to 1415 nucleotides (median = 78 

nt; mean = 92.22 nt). ORFs were distributed across all au- 
tosomes and sex chromosomes, with chromosomes 4 and X 

harboring the highest numbers (10 418 and 10 064 ORFs, re- 
spectively), while the fewest were observed on chromosome 
22 (995 ORFs). When normalized by chromosome size, dis- 
tinct patterns emerged: the Y chromosome showed the high- 
est ORF density, with one ORF every ∼10.2 kb, followed 

by chromosomes 19 and X. In contrast, chromosomes 16,
20, and 22 had the lowest densities (one ORF every 46–52 

kb). As previously reported [ 3 , 54 , 55 ], the accumulation of 
HERVs on the Y chromosome likely reflects reduced recom- 
bination, relaxed purifying selection, and a permissive envi- 
ronment for repetitive element retention. These observations 
point to a nonrandom genomic distribution of HERV-ORFs,
potentially shaped by chromosome-specific differences in evo- 
lutionary constraint, integration bias, and retrotransposon dy- 
namics. 

Despite the short length of most ORFs, a total of 17 209 

sequences still had identifiable retroviral-like domains. We 
defined conserved domains as those covering ≥40% of the 
corresponding HMM profile—a threshold selected to balance 
sensitivity and specificity, allowing detection of partially pre- 
served domains while minimizing inclusion of highly degraded 

fragments likely to be biologically uninformative. Applying 
this criterion, we identified 6589 domains with moderate to 

high conservation, each spanning hallmark gene classes in- 
cluding gag , pol , env , and accessory (additional genes beyond 

the canonical gag , pol , and env ). The majority of hits corre- 
sponded to Pol-related domains ( n = 5969), which include key 
enzymatic components such as RT, integrase, RNase H, and 

aspartic protease (AP). Fewer ORFs carried Env domains ( n 

= 353), followed by Gag ( n = 216), and accessory proteins ( n 

= 51; Fig. 2 A). This distribution underscores the prevalence 
of conserved Pol-derived fragments in the genomic remnants 

https://doi.org/10.5281/zenodo.17662456
https://doi.org/10.5281/zenodo.18326381
https://doi.org/10.5281/zenodo.17662456
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Figure 1. The annotation pipeline begins with the output file from RepeatMasker. While the main output is a TSV file containing domain coordinates and 
completeness scores, se v eral intermediate and supporting files are also generated, including FASTA, TSV, BED, and TBL files, as well as InterProScan 
and Phobius output files providing additional information for each detected domain. 
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The presence of these domains across a diverse set of
hromosomal locations suggests widespread distribution and
ong-term retention of retroviral elements with partially con-
erved coding capacity. These findings support the notion that
hile many HERVs are degenerated, a subset retains traces
f protein-coding potential, particularly within the pol gene
amily. 

istribution and characteristics of conserved 

omains in HERV-derived ORFs 

o further characterize the quality of the annotated HERV-
erived domains, we evaluated their structural conservation
y analyzing alignment coverage against reference HMM pro-
le. As mentioned above, many domains exhibited high cov-
rage values: many surpassed the 0.4 coverage threshold, with
umerous domains reaching coverage values above 0.8 or
ven complete alignment (coverage = 1.0; Fig. 2 B). These
igh-coverage matches suggest that several endogenous retro-
iral elements retain extensive homology to their exogenous
etroviral counterparts. 

Several representative examples illustrate the degree of con-
ervation observed. One Env domain from a HERVK locus
chr5: 156 658 763–156 665 917) showed 99.5% cover-
ge over 356 amino acids, with an exceptionally high HM-
ER score (829.4) and a highly significant e-value (4.9e–

51), strongly supporting its structural integrity. To further
valuate its functional conservation, we inspected the results
rom InterProScan and Phobius. The analysis revealed a com-
plete GP41-like region, including conserved HR1–HR2 hep-
tad repeats, a predicted transmembrane helix, and cytoplasmic
and noncytoplasmic domains ( Supplementary Fig. S1 ). These
structural features are essential for membrane fusion in retro-
viral envelope proteins, suggesting that this Env domain may
retain key aspects of its ancestral function. 

Another example comes from a Pol RNaseH domain
encoded by a HERVH locus (chr14: 53 129 175–53
135 122), which showed full coverage over 148 amino
acids, with a high HMMER score (153.7) and a sig-
nificant e-value (6.6e–47). InterProScan annotation iden-
tified a complete RNaseH_HI_RT_Bel domain, matching
multiple conserved RNase H family signatures, including
RNASE_H_1 (PFAM), RNaseH_domain (PROSITE), and
RNaseH_sf (CATH-Gene3D). The region exhibited consis-
tent hits across multiple databases, including PFAM, SUPER-
F AMILY, and CDD , supporting its classification as a struc-
turally conserved RNase H-like fold. The conserved DEDD
residues—characteristic of active RNase H enzymes [ 56 ]—
were also detected, reinforcing the potential enzymatic activity
of these domains. ( Supplementary Fig. S2 ). Although catalytic
activity was not directly tested, the presence of conserved
residues typically associated with RNaseH function supports
potential enzymatic functionality, possibly contributing to nu-
cleic acid metabolism or retroelement regulation. 

As a final example, we highlight a Pol protease domain from
a HERV-E locus (chr1: 20 154 322–20 160 102). Despite its
shorter length (76 amino acids), this domain showed complete

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
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Figure 2. ( A ) Bar plot showing the number of annotated ORFs containing conserved domains ( ≥ 40% HMM profile coverage) associated with each 
major retroviral gene class ( gag , pol , env , and accessory). ( B ) Violin plots showing the distribution of domain coverage values for annotated HERV ORFs 
grouped by gene class (accessory, env , gag , and pol ). Each point represents an individual domain hit passing quality thresholds (e-value < 1e–5). The red 
dashed line marks the 40% minimum domain co v erage. Higher density of points near full co v erage (1.0) is observed especially in the pol , gag , and env 
classes, indicating a substantial number of highly conserved domains. Yellow points highlight full-length alignments (coverage > 0.95), reflecting 
potentially intact or str uct urally w ell-preserv ed retro viral sequences. ( C ) Dat a points represent both tot al identified domains (black) and highly conserved 
domains (co v erage > 0.95; highlighted). HER VK/HML-2 and HER VH e xhibit the most e xtensiv e domain retention, while other subf amilies sho w 

gene-specific or restricted conservation. HML-2 refers to the HERVK subfamily. 
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coverage of the HMM profile, with a strong HMMER score
(67.5) and a significant e-value (1.4e–20). InterProScan iden-
tified a complete ASP_PR OT_RETR OV domain, supported
by multiple overlapping annotations across PFAM (RVP –
Retroviral Aspartyl Protease), PROSITE (Peptidase_A2_cat),
SUPERFAMILY (Acid Proteases), and CATH-Gene3D (Pep-
tidase_aspartic_dom_sf; Supplementary Fig. S3 ). These con-
sistent annotations indicate that the domain adopts the con-
served structure of pepsin-like retroviral aspartyl proteases,
suggesting structural retention in this ancient HERV lineage.
Interestingly, the annotated gene ENSG00000227066 in Gen-
code [ 57 ] (v48), described as an uncharacterized long non-
coding RNA (lncRNA), neatly overlaps this HERV, specifi-
cally the RNase H (full-length), and integrase (degraded) do-
mains. 

Beyond individual examples, we performed a systematic
analysis of 1015 full-length domains (HMMER coverage >
95%), encompassing RNaseH, protease, integrase, RT, dUT-
Pase, Env, Gag, and accessory proteins. Among these, 359
domain instances contained conserved catalytic or structural
residues as annotated by InterProScan when searching in the
CDD. RNaseH domains accounted for the majority of these
cases, frequently retaining residues essential for enzymatic
activity (e.g. conserved D , E, D , D) and RNA/DNA hybrid
binding sites (166 instances retaining at least the latter, 60
retaining both). Similarly, 79 dUTPase and 72 protease do- 
mains showed well-conserved active or catalytic site residues.
For Env domains, five full-length instances—belonging to the 
HER VS71, HER VW, and HER VE-a subfamilies—contained 

sequences that matched known immunosuppressive regions 
in the CDD. Complementary analysis with Phobius further 
revealed that full-length ENV domains frequently encode C- 
terminal transmembrane helices, reinforcing their structural 
completeness and potential for functionality. 

These results highlight that, while many HERV loci are 
fragmented and degraded, a notable fraction retain high lev- 
els of sequence conservation in specific protein domains. This 
supports the potential relevance of these elements in host bi- 
ology and evolutionary dynamics. 

Subfamily -level pat terns of domain retention 

To investigate the evolutionary preservation of endogenous 
retroviral proteins, we examined the distribution of conserved 

domains across HERV subfamilies ( Supplementary Table S1 

and Fig. 2 C). While some subfamilies showed widespread re- 
tention of the canonical retroviral genes gag , pol , and env , oth- 
ers exhibited more restricted or partial conservation. 

The HERVK family displayed the most diverse and abun- 
dant repertoire of conserved domains, with multiple clades 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
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e.g. HER VK/HML-2, HER VK9, HER VK11, HER VK14,
ERVK22) retaining domains from all major gene classes:

ag , pol , env , and in some cases, accessory genes. For exam-
le, HERVK9 alone contributed over 100 hits each for AP, RT,
nd RNase H domains. Even under stringent filtering (cov-
rage > 0.95, Supplementary Table S2 ), HERVK/HML-2 re-
ained a notable number of full-length domains—including 33
P, 28 RNaseH, 27 dUTPase (DUT), 17 RT, 13 integrase, 17
ag, and 19 Env—indicating preservation of near-complete
olyproteins in several loci. 
In contrast, HERVH showed a clear Pol-centric conserva-

ion pattern. It contributed the highest number of AP ( n =
00), RNase H ( n = 309), and RT ( n = 316) domains across
ll subfamilies ( ≥40% coverage), but lacked any conserved
AG domains and retained only 38 ENV hits. Under the
igh-confidence threshold, it preserved 185 full-length AP, 76
Nase H, 13 RT, and 2 integrase domains, highlighting a se-

ective retention of enzymatic functions and suggesting pres-
ure against structural gene conservation. 

The HERVW lineage, primarily represented by HERV17
 3 ], exhibited moderate but consistent conservation of Pol,
nd Env domains. It retained dozens of hits across Pol do-
ains, and under the > 0.95 coverage threshold, 51 AP, 17
Nase H, 14 RT, and 2 ENV domains remained—supporting
 degree of functional maintenance within this subfamily. 

Several other lineages showed more specialized conser-
ation patterns. HERVE and HERV9, for instance, con-
ributed primarily Pol-derived domains (especially proteases),
hile Env-enriched conservation was mostly restricted to lin-

ages like HERVIP10FH or Harlequin. Notably, HERVE—
onsidered evolutionarily ancient—retained 69 full-length AP
omains, 6 RNase H, and 4 RT domains, suggesting unex-
ected structural integrity. 
Overall, the conservation of full-length domains in spe-

ific subfamilies, including both evolutionarily young (e.g.
ERVK/HML-2) and ancient (e.g. HERVE) lineages, high-

ights the selective retention of replication-related proteins.
his pattern of domain conservation raises the possibility that
ome HERVs may preserve structural or functional potential
ong after their integration. 

o-occurrence of conserved retroviral domains 

eveals residual proviral architecture 

he presence of all three domain types—Gag, Pol, and Env—is
ssential for the formation of retroviral particles, as they re-
pectively encode structural components, enzymatic machin-
ry for reverse transcription and integration, and the envelope
roteins required for cell entry. 
To assess the potential for residual functionality among
ERV loci, we examined the co-occurrence of conserved do-
ains within each HER V insertion. W e first identified loci that

ontain at least one Gag, one Pol, and one Env domain, with-
ut applying a stringent conservation threshold (only 40% of
omain coverage). Such configurations are a prerequisite for
iral-like particle formation. Under this relaxed criterion, 44
oci were found to carry a combination of structural and enzy-
atic domains, suggesting the preservation of core retroviral

rchitecture at a broad scale ( Supplementary Table S3 ). 
To prioritize high-confidence candidates, we applied a

tricter filter requiring all three domain types (Gag, Pol, and
nv) to have at least one domain of each with a minimum
lignment coverage of 0.8. This refinement yielded 13 loci,
all belonging to the HERVK/HML-2 subfamily, that retained
a full complement of core retroviral domains with high se-
quence conservation (Table 1 and Supplementary Table S4 ). 

These 13 loci typically encode up to seven distinct domains,
encompassing AP, dUTPase (DUT), RT, RNase H, integrase
(INT), Env, and Gag. Most domains exhibited near-complete
alignment (coverage > 0.95), with several loci achieving full-
length coverage across all seven domains. All 13 loci retained
both 5 

′ and 3 

′ LTRs, consistent with full-length proviral struc-
ture. For example, the insertion at chr1: 155 627 723–155
634 872 shows perfect conservation (coverage = 0.995–1.0)
for every domain. Similar complete or near-complete configu-
rations were observed on chromosomes 3, 5, 7, 8, 11, and 12
(Table 1 and Supplementary Table S3 ). Interestingly enough,
several of these HERVK loci are located within introns of hu-
man genes (e.g. SGCD , MEI4 , DEFB107B ), often in the anti-
sense orientation, suggesting possible regulatory interactions.

These loci represent the best candidates for retained
protein-coding potential among endogenous retroviruses and
capacity to form infectious viral-like particles. Their intact
domain architecture may reflect recent integration, selective
constraint, or co-option into host regulatory or structural
functions. The functional and structural potential of these
elements motivates further studies into their transcriptional
activity, epigenetic regulation, and potential immunogenic-
ity, and, notable, two loci (e.g. chr1:155 627 723–155 634
872) encode Env in the same ORF as several Pol domains,
an unusual configuration that may reflect evolutionary fusion
events. 

Application of the annotation pipeline to additional 
genomes (T2T-CHM13 and mouse GRCm39) 

To assess the generalizability of our workflow, we applied the
full annotation pipeline to two additional reference genomes:
the telomere-to-telomere human assembly T2T-CHM13 and
the mouse GRCm39 assembly. In T2T-CHM13, we identi-
fied 17 946 retroviral-like domain hits, whereas in mouse
GRCm39 the workflow recovered 47 840 internal domain
hits. 

A comprehensive comparison between T2T-CHM13 and
GRCh38, as well as a full exploration of the mouse ERV
landscape, lies beyond the scope of the present study and
would merit a dedicated analysis. Nonetheless, these results
demonstrate that the current implementation of the pipeline
is readily applicable across distinct RepeatMasker annota-
tions and ERV repertoires. While the workflow ran without
modification for both human assemblies and for mouse, ex-
tending it to more distantly related genomes may require mi-
nor adjustments to capture species-specific nomenclature used
by RepeatMasker for internal ERV regions (see the ‘Materi-
als and methods’ section). The complete BED , F ASTA, and
domain-level annotation datasets for both assemblies are pub-
licly available at Zenodo (see the ‘Data availability’ section). 

Discussion 

Our systematic analysis reveals that thousands of ORFs em-
bedded within HERV loci encode recognizable retroviral pro-
tein domains, despite the extensive genomic erosion these ele-
ments typically undergo. Many of these ORFs exhibit high do-
main coverage and strong alignment scores, indicating the re-
tention of structural features beyond what would be expected

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqag013#supplementary-data
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Table 1. Top HERVK/HML-2 loci with co-occurring Gag, Pol, and Env domains (coverage > 0.8 in at least one domain) 

Locus Subfamily AP DUT ENV GAG INT ORFX RNaseH RT 

Domain 
count 

chr11:101696031–
101703471_ + 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

chr12:58328516–
58335944_- 

HML-2 0.989 1 0.995 1 1 0.182 1 0.85 8 

chr1:155627723–
155634872_- 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

chr1:160691754–
160698959_ + 

HML-2 0.989 1 0.995 0.8 0.597 1 1 7 

chr1:75378054–
75382401_ + 

HML-2 1 0.995 1 0.13 4 

chr22:18939648–
18946795_ + 

HML-2 0.822 1 0.995 1 1 0.182 1 0.59 8 

chr3:185563605–
185570759_- 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

chr5:156658763–
156665917_- 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

chr5:30487615–
30495147_- 

HML-2 1 1 1 0.834 0.68 0.182 0.801 1 8 

chr6:77717994–
77725406_- 

HML-2 1 1 0.995 1 0.763 1 0.547 7 

chr7:4583483–
4590929_- 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

chr7:4591987–
4599421_- 

HML-2 1 0933 0.995 0.816 1 0.182 1 1 8 

chr8:7498932–
7506377_- 

HML-2 1 1 0.995 1 1 0.182 1 1 8 

Each locus encodes seven distinct retroviral domains with high alignment coverage, except one locus, encoding 3. 
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from random degradation. Notably, we observe unexpectedly
high conservation within Pol-derived domains, including RT,
RNase H, integrase, and AP. Several RNase H and protease
domains align fully or nearly fully to their respective HMM
profiles and retain catalytic motifs such as the DEDD residues
in RNase H domains, a hallmark of enzymatic activity [ 56 ].
While prior studies have described isolated ORFs or co-opted
genes for env or gag [ 5 , 8 , 12 ] our genome-wide approach
extends this view by systematically quantifying domain-level
conservation across all major HERV subfamilies, including
Pol domains. These findings suggest that HERV-derived pol
genes may represent a broader and more structurally intact
source of retroviral legacy than previously recognized. 

The conservation of protein domains is not uniformly dis-
tributed across HERV lineages but instead reflects subfamily-
specific patterns. Among these, the youngest HERVK sub-
family (HML-2), as expected [ 3 ], retains multiple loci with
near-complete retroviral architecture—including co-occurring
Gag, Pol, and Env domains—in configurations reminiscent of
intact retroviruses. This is consistent with reports of active
HERVK expression and translation in early embryonic tis-
sues and cancer [ 21 , 58 –60 ]. In contrast, HERVH rarely re-
tains intact Gag and Env ORFs, yet exhibits striking conser-
vation of Pol-encoded enzymatic domains, especially RNase
H and protease. This pattern aligns with previous findings in-
dicating extensive recombination and truncation in HERVH
loci, which have been maintained at high copy number due to
regulatory or transcriptomic utility [ 7 , 61 ]. Our results refine
this view by showing that, despite structural erosion, a subset
of HERVH elements preserves enzymatic domain integrity—
suggesting selective maintenance of Pol-related functions (spe-
cially RNase H and AP activity). 

Several family-specific studies provide important con-
text for interpreting our domain-level annotations. For
HER VW/HER V17, the detailed analysis by Grandi et al.
[ 28 ] highlighted the characteristic retention of Env—including 
Syncytin-1—and documented recurrent structural deletions 
elsewhere in the provirus; our results are consistent with this 
model, as we also recover four Env domains with coverage 
> 0.9, while further indicating that Pol-derived domains are 
more widely preserved in this lineage than previously appre- 
ciated. A similar agreement is seen for HERVK (HML-10),
where earlier work reported selective Env retention alongside 
extensive loss of Pol [ 30 ]; although exact locus correspon- 
dence differs between hg19 and GRCh38, likely due to as- 
sembly and annotation differences, the overall structural pro- 
file matches what we observe (some recognizable Env domains 
and few Pol domains). For the ERV3-like group, prior studies 
emphasized a single intact env at 7q11 and widespread degra- 
dation across other loci [ 31 ], and our map recapitulates this 
pattern while also revealing isolated Pol subdomains with un- 
expectedly high conservation. Likewise, the ancient HERVK 

(HML-6) lineage—first characterized by Medstrand et al. [ 29 ] 
as defective but retaining key retroviral motifs—exhibits the 
expected asymmetry between domains: Env is consistently 
eroded, whereas multiple loci retain well-preserved Pol sub- 
domains (several exceeding 0.8 HMM profile coverage), rein- 
forcing the notion that even deeply decayed families can main- 
tain enzymatic remnants. Finally, the family-level trends we 
detect broadly agree with the earlier genome-wide survey by 
Vargiu et al. [ 14 ] (such as the relative preservation of HML-2 

and the well-known Env retention in HERVW Syncytin-1), de- 
spite methodological and assembly differences that limit direct 
locus-level comparisons. Together, these consistencies indicate 
that our domain-centric framework integrates well with pre- 
vious lineage-focused analyses while extending them by pro- 
viding a unified, quantitative perspective on structural conser- 
vation across the full HERV landscape. 
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Although most HERV loci are fragmented and nonfunc-
ional due to accumulated mutations, our analysis reveals that
etroviral protein domains exhibit variable levels of structural
onservation across loci. In many cases, no single locus retains
ll three canonical domains in full. However, the presence of
omplementary domain preservation at distinct genomic sites
aises the possibility of functional trans-complementation,
hereby transcripts or proteins encoded by separate HERV

oci could, in theory, assemble into a partially functional
etroviral-like complex. This modular conservation suggests
 distributed potential for retroelement activity, particularly if
uch loci are co-expressed in the same cellular context. While
rans-complementation has been proposed as a mechanism to
ncrease retroelement copy number [ 3 ], it is generally consid-
red rare in the context of HERVs [ 62 ]. Nevertheless, under
onditions of widespread HERV reactivation—such as those
bserved in certain diseases [ 21 ]—this mechanism cannot be
uled out as a possible contributor to the formation of viral-
ike particles. 

Beyond the potential for trans-complementation, the
omain-level preservation also opens the door to alternative
unctional scenarios. In particular, the widespread conserva-
ion of enzymatic domains—especially RNase H and AP—in
ncient subfamilies [ 6 ] such as HERVH and HERVE raises the
ossibility of residual activity or structural co-option. Given
he established role of retroviral proteases in polyprotein mat-
ration [ 63 ], their persistence may reflect functional reten-
ion or repurposing in host cellular contexts. Such conser-
ation of retroviral enzymatic functions echoes known cases
f co-option, such as the syncytins, which not only mediate
lacental fusion but also possess immunosuppressive prop-
rties [ 9 , 64 ]. Similarly, the preservation of full-length Env
omains in several HERVK loci supports a potential antivi-
al role through receptor interference, a mechanism initially
roposed in koalas and bats whereby Env blocks viral entry
y binding host receptors [ 15 , 56 ]. In this context, it is con-
eivable that Pol-derived enzymatic domains such as RNase
 and AP may also contribute to antiviral defense through
ominant-negative interference or residual catalytic activity.
or instance, HERV-derived RNase H might degrade viral
NA–DNA hybrids during reverse transcription or modu-

ate immune sensing by processing nucleic acid hybrids that
ccumulate in the cytoplasm. In a similar manner, residual
rotease activity could interfere with the processing of viral
olyproteins. These actions would mirror established antivi-
al strategies such as receptor interference by HERV Env pro-
eins, and would conceptually parallel restriction factors such
s TRIM5 α and tetherin [ 65 , 66 ], which block replication by
inding and disrupting key viral processes. Although direct
xperimental validation remains lacking, the conservation of
hese catalytic folds across ancient HERV lineages supports
he notion that HERV proteins may persist not merely as evo-
utionary remnants, but as active participants in host-virus in-
eractions. 

More generally, our findings also support a broader evolu-
ionary perspective: that HERVs, long dismissed as genomic
junk,” may have been retained in part due to their structural
nd regulatory utility [ 15 , 67 –71 ]. Rather than being purely
arasitic, these sequences can act as white sheets of genomic
aterial—regions with the capacity to incorporate, rearrange,

nd express novel DNA. In this view, HERVs offer evolution-
ry scaffolds from which new genes, transcripts, or regulatory
etworks may emerge. The retention of coding domains in
even ancient subfamilies suggests that this material may not
only be tolerated by the genome, but in some cases, positively
selected as a source of innovation. 

To further assess the generalizability of our framework,
we applied the same pipeline to the human T2T-CHM13
assembly and the mouse GRCm39 genome. Both analyses
ran without modification and recovered extensive sets of
retroviral-like domains—17 946 in T2T-CHM13 and 47 840
in mouse—demonstrating that the domain-centric workflow
is portable across species and compatible with distinct Re-
peatMasker annotations and ERV repertoires. While addi-
tional genomes may require minor adjustments to accommo-
date species-specific naming conventions for internal ERV re-
gions, the successful application to two evolutionarily dis-
tant mammals highlights the potential of this approach for
broader cross-species investigations into retroviral protein-
domain conservation and the evolutionary trajectories of en-
dogenous retroviruses. 

Nevertheless, several important limitations must be consid-
ered. Before interpreting these patterns, it is important to ac-
knowledge a methodological limitation inherent in the con-
struction of our input dataset. Internal HERV regions were
defined using RepeatMasker and associated libraries, which
in turn reflect early HERV classification efforts that used se-
quence similarity in the pol gene as the primary criterion [ 14 ].
As a consequence, loci that retain Pol-like sequence are more
likely to be detected, whereas internal regions in which gag
or env have degraded—genes that contain few generic mo-
tifs and can therefore be missed—may be underrepresented in
the annotated set. This upstream bias could contribute to the
predominance of Pol-derived domains in our results. While
our proposed interpretation—selective retention of retroviral
enzymatic functions—is consistent with known evolutionary
dynamics insofar as the HMM-based domain profiles reveal
conserved enzymatic domain structures, we cannot fully dis-
entangle biological signal from this detection bias. 

Additionally, HERV loci do not necessarily use canonical
5 

′ LTR-driven transcription. Host-derived promoters, cryptic
splice sites, and exonization of retroelement fragments—as
exemplified in ACE2 and BRD9 [ 72 , 73 ]—can generate un-
expected transcripts. Because HERV “gene models” remain
largely undescribed, the genomic ORFs we annotate may not
fully capture the expressed repertoire of HERV-derived tran-
scripts. 

Our analysis relies solely on computational predictions of
protein domains within candidate ORFs and lacks direct ex-
perimental evidence of expression or activity. We did not as-
sess whether the identified ORFs are transcribed, translated,
or post-translationally modified in vivo . Additionally, no func-
tional assays were conducted to validate enzymatic activity
or fusogenic potential. Therefore, while the structural con-
servation we observe provides strong evidence for poten-
tial functionality, empirical validation—including transcrip-
tomics, proteomics, and targeted assays—is essential to fully
assess biological relevance. 

To address these open questions, future work should in-
tegrate domain annotations with bulk and single-cell tran-
scriptomic data to identify actively expressed HERV loci. Ri-
bosome profiling and mass spectrometry can further clar-
ify which ORFs are translated and potentially functional.
Moreover, structure prediction tools such as AlphaFold [ 74 ]
may help assess whether conserved domains adopt native-like
folds compatible with enzymatic or structural roles. Compar-
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ative analyses across primates and other mammals could re-
veal lineage-specific patterns of domain retention and iden-
tify cases of convergent co-option. Finally, functional studies
should explore whether these HERV-derived domains partic-
ipate in host immunity, neurodevelopment, placentation, or
other biological pathways where HERVs are increasingly im-
plicated [ 15 –18 , 56 ]. HERVs can modulate innate immunity
by activating cytosolic sensors (e.g. RIG-I, MDA5) or TLR
pathways such as TLR3, TLR9, and TLR4, particularly via
Env proteins like HERV-W ENV and by RNA–DNA hybrids
[ 15 ]. Env proteins have been shown to induce inflammatory
cytokines including IL-1 β and TNF- α, and may contribute to
antiviral defense or pathology, as proposed in multiple sclero-
sis [ 15 , 75 ]. Together, these efforts will help determine whether
the sequences we have identified are evolutionary relics—or
underrecognized components of human molecular biology. 

In conclusion, our study provides the first genome-wide
map of structurally conserved HERV protein domains in hu-
mans and identifies hundreds of loci with potential for resid-
ual function or evolutionary co-option. These findings suggest
that HERV-derived sequences may retain structural integrity
that enables functional activity, with potential implications for
both physiology and pathophysiology. By pinpointing specific
candidates that preserve retroviral enzymatic or structural ar-
chitecture, we offer a foundation for future functional and
evolutionary studies into the enduring impact of endogenous
retroviruses on human biology. 
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Data availability 

The human genome assembly GRCh38 (primary assembly) 
can be downloaded from the GENCODE website: https: 
// ftp.ebi.ac.uk/ pub/ databases/ gencode/ Gencode _ human/ 
release _ 49/GRCh38.primary _ assembly.genome.fa.gz . 

The telomere-to-telomere human assembly T2T- 
CHM13v2.0 can be downloaded from NCBI: https: 
// ftp.ncbi.nlm.nih.gov/ genomes/ all/ GCF/ 009/ 914/ 755/ 
GCF _ 009914755.1 _ T2T-CHM13v2.0/GCF _ 009914755. 
1 _ T2T-CHM13v2.0 _ genomic.fna.gz . 

The mouse genome assembly GRCm39 (primary assem- 
bly) can be downloaded from the GENCODE website: 
https:// ftp.ebi.ac.uk/ pub/ databases/ gencode/ Gencode _ mouse/ 
release _ M38/GRCm39.primary _ assembly.genome.fa.gz . 

The Dfam database partitions used for RepeatMasker 
were downloaded from: https:// www.dfam.org/ releases/ 
current/ families/ FamDB/ dfam39 _ full.0.h5.gz (root), and 

https:// www.dfam.org/ releases/ current/ families/ FamDB/ 
dfam39 _ full.7.h5.gz (Mammalia): 

The HMM profiles used for domain annotation were ob- 
tained from the GyDB database: 

https:// gydb.org/ extensions/ Collection/ collection/ db/ 
GyDB _ collection.zip . A combined HMM profile database 
ready to use with the pipeline is also provided in the Zenodo 

repository (see below). 
The full HERV domain annotation datasets—including 

the RepeatMasker output files used for this analysis, BED 

and FASTA files, and InterProScan outputs—are available 
at Zenodo under the following DOIs: https:// doi.org/ 10. 
5281/ zenodo.17662456 (GRCh38), https:// doi.org/ 10.5281/ 
zenodo.17752356 (T2T-CHM13), and https:// doi.org/ 10. 
5281/zenodo.17752474 (Mouse GRCm39). 

The complete pipeline used to identify open reading frames,
annotate retroviral domains, and process the results is avail- 
able as a collection of Python, Bash, and R scripts at: 
https:// github.com/ funcgen/ herv- domain- map.git and https:// 
doi.org/ 10.5281/ zenodo.18326381 . 
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