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Endogenous retroviruses (ERVs), regarded as “molecular fossils” embedded within
the human genome, have been shown to exhibit increasingly intimate
associations with tumor initiation, progression, and immune evasion through
aberrant activation events. This review aims to systematically dissect the
molecular mechanisms underlying ERV reactivation in the tumor
microenvironment (TME), which are mediated by epigenetic reprogramming,
transcription factor network dysregulation, and genomic instability, while
highlighting their dual role in immune modulation. On one hand, ERVs activate
innate and adaptive antitumor immunity via “viral mimicry” responses; on the
other hand, they can induce the expression of immune checkpoint molecules and
foster an immunosuppressive TME, thereby facilitating tumor immune evasion.
Leveraging recent advancements in single-cell multi-omics and spatial
transcriptomics technologies, this review delineates the dynamic expression
patterns of ERVs in tumor heterogeneity and integrates extensive preclinical
and clinical trial data to illustrate the translational potential of ERV-targeted
strategies in tumor diagnosis, prognostic assessment, and immunotherapy.
Finally, this review proposes addressing current research bottlenecks by
harnessing spatiotemporally precise gene-editing technologies and Al-driven
ERV activity prediction models, thus offering a novel paradigm for the
development of next-generation tumor immunotherapies.

KEYWORDS
biomarkers, endogenous retroviruses, epigenetic reprogramming, immune checkpoint
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1 Introduction

Endogenous retroviruses (ERVS) are genomic remnants left behind after ancient
retroviruses infected host germ cells, integrating their viral genomes into the host genome
in this way. This vertical transmission spanning millions of years has led to ERVs occupying a
signi cant proportion of the human genome, approximately 8% of its total sequence (1). ERVs
serve as key regulators of host physiology, playing a crucial role in a wide range of biological
processes (2—4). However, abnormal activation of endogenous retroviruses has been closely
associated with the occurrence and progression of various human malignancies, making
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endogenous retroviruses a paradoxical entity connecting evolutionary
biology with modern clinical oncology (5). In the tumor
microenvironment (TME), the originally tightly restricted silencing
state of endogenous retroviruses is often disrupted. The hallmark
features of cancer, such as widespread genomic instability, global
epigenetic reprogramming, and persistent in ammatory signaling,
collectively trigger extensive and abnormal reactivation of these
dormant viral sequences (6). This leads to a series of immune
regulatory outcomes with profound and intriguing dual properties.
On the one hand, the re-expression of ERVs can have harmful effects
on tumor cells. Antigens encoded by ERV open reading frames are
recognized by the host immune system as “non-self” components.
This generates a unique set of tumor-speci ¢ antigens capable of
eliciting a strong anti-tumor immune response, providing new targets
for clinical immunotherapy strategies (7). On the other hand, tumor
cells can adapt and exploit this reactivation process. Chronic ERV
activation may activate endogenous negative feedback regulatory
circuits, including the induction of immune checkpoint molecules
(such as PD-L1) and the in Itration of immunosuppressive cell
populations. Overall, these alterations create an immune-tolerant
environment, ultimately promoting tumor immune escape (8). It
must be recognized that this complex immune regulatory function is
part of a broader regulatory network. The regulation of
immunosuppressive cell populations in the lung cancer
microenvironment (such as myeloid-derived suppressor cells
(MDSCs)) is not limited to ERVs. Other non-coding RNAs,
especially long non-coding RNAs (IncRNAs), are also considered
key upstream regulators of MDSC proliferation and functional
execution (9, 10). These factors collectively weave a complex
regulatory network that drives tumor immune suppression. This
dynamic interaction highlights the necessity of dissecting ERV-
mediated regulatory events within the comprehensive framework of
the TME. ERVs have great potential for clinical translation, making
them biomarkers for patient strati cation prediction and new targets
for combination therapeutic intervention (11). Despite these
advances, it must be emphasized that most current research is still
limited - typically con ned to a single speci ¢ cancer type or focusing
on only one or two ERV families (such as HERV-K or HERV-H).
This limited focus leaves considerable gaps in our knowledge system,
as we lack a systematic and global understanding of the
comprehensive regulatory network of ERVs across the entire
spectrum of human malignancies. This knowledge gap constitutes
the key entry point and main rationale for this study (12). Although

Abbreviations: AFP, Alpha-fetoprotein; Al, Arti cial intelligence; AML, Acute
myeloid leukemia; BET, Bromodomain and extra-terminal domain; ccRCC, Clear
cell renal cell carcinoma; CTLs, Cytotoxic T lymphocytes; DNMT, DNA
methyltransferase; DSRNA, Double-stranded RNA; ERVs, Endogenous
retroviruses; HCC, Hepatocellular carcinoma; HIFs, Hypoxia-inducible factors;
IFN-b, Interferon-b; IGF2, Insulin-like Growth Factor 2; LncRNAs, Long non-
coding RNAs; LTRs, Long terminal repeats; MAVS, Mitochondrial antiviral
signaling; MBD, Methyl-CpG-binding domain; MDSCs, Myeloid-derived
suppressor cells; MHC, Major histocompatibility complex; ORR, Objective
response rate; PBS, Primer binding sites; PD-L1, Programmed death ligand 1;
SOCS1, Suppressor of cytokine signaling 1; TCGA, The Cancer Genome Atlas;
TCR, T cell receptor; TME, Tumor microenvironment; VLPs, Virus-like particles.
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previous studies have begun to map the activity of ERVs in tumors,
existing results still have many limitations (13). Firstly, the heavy
reliance on large-scale sequencing technologies, such as high-
throughput RNA sequencing, results in the averaging of signals
from millions of cells, thus impeding the analysis of the profound
heterogeneity of ERV expression. We are unable to distinguish
between ERV expression patterns within malignant cells and
adjacent immune cells, nor can we interpret the crucial interactions
between them (14). Secondly, there is a notable lack of in-depth
mechanistic research. We have yet to fully elucidate the role of ERVs
as “molecular bridges,” how they integrate upstream carcinogenic
signals (such as metabolic stress or oncogene activation) and
transform them into precise regulation of downstream immune
responses (15). Furthermore, translating the ndings of basic
research into clinically feasible and robust diagnostic strategies, or
well-tolerated and effective treatment methods, still faces signi cant
and multifaceted challenges (16). This review will focus on the latest
research ndings regarding human endogenous retroviruses
(HERVs), emphasizing their unique aspects of activation and
expression in tumors, with a particular focus on their implications
for tumor immunotherapy (17).

2 ERVs and cancer

HERVs is derived from the exogenous retrovirus of our ancestors,
and its genetic material has been integrated into our germ line DNA.
The current classi cation of HERV depends on the initiation of
reverse transcription by amino acids coupled with tRNA binding to
viral primer binding sites (PBS). For example, Members of the
HERV-K family use lysine (k) tRNA to initiate reverse
transcription. HERV is currently divided into three categories:
Class I including HERV -H, HERV -F, HERV-W,HERV-R, HERV-
P, HERV-E,HERV-I, HERV-T, ERV-FTD,ERV-FRD; Class Il
including HERV-K ; Class Il 3 including HERV-L (18). Among
the known HERYV family, HERV-K is recently obtained and further
divided into 11 subgroups (HML-1 — HML-11). New HERVs and
further groupings will be found more and more.

In particular, preliminary evidence shows that the etiological
cofactors of HERV play a role in cancer development by stimulating
cell fusion and immunosuppression of env protein. However, more
and more evidence shows that HERV has a protective effect in some
tumors. These comparative observations highlight the complex
aspects of HERV activation in human diseases, especially cancer.
Studies have shown HERV play the role during many kinds of
cancer and also as targets of immunotherapy (19-21).

3 Mechanism of ERVs reactivation

The reactivation of ERVs in tumors is a crucial stage driving
enhanced immunosuppression, which in turn promotes tumor
invasion. This process is mediated by three core mechanisms:
epigenetic dysregulation, transcription factor hijacking, and
genomic instability (Figure 1).
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3.1 Dynamic imbalance of epigenetic
regulatory network

Epigenetic silencing is the primary and most robust mechanism
by which host cells regulate the expression of ERVs. This process is
crucial for maintaining genomic stability and preventing insertional
mutations or aberrant transcription. However, in the complex
process of tumorigenesis, this delicately balanced regulatory
network is often severely disrupted. The collapse of epigenetic
control is the primary driving force that unleashes the potential
transcriptional potential of ERVS (22).

DNA methylation serves as a physical barrier, directly blocking
the binding of transcription factors and recruiting methyl-CpG
binding domain (MBD) proteins, which in turn assemble into larger
co-repressive complexes. Studies on colorectal cancer organoid
models have found that the CRISPR-dCas9-TET1 system targets
HERV-K long terminal repeat (LTR) regions for demethylation,
observing a signi cant upregulation of HERV-K transcription
levels. Subsequent immunoelectron microscopy observations
visually con rmed the accumulation of cytoplasmic double-
stranded RNA (dsRNA) and the consequent functional impact of
activating the antiviral MDA5/MAVS pathway (23). Consistent
with this nding, analysis of The Cancer Genome Atlas (TCGA)
pan-cancer data reveals that patients with acute myeloid leukemia
(AML) carrying mutations in the de novo methyltransferase
DNMT3A exhibit a signi cant increase in HERV-E expression.
This epigenetic dysfunction is directly and signi cantly associated
with poor patient prognosis, thus establishing a clear link between
methylation mechanism defects, HERV reactivation, and clinical

10.3389/fonc.2026.1752231

outcomes (24). Histone modi cation is also crucial in regulating the
transcriptional accessibility of ERV loci. Researchers have
successfully mapped the high-resolution, high-precision pro les
of ERV site-speci ¢ H3K27ac (an activation mark associated with
active enhancers and promoters) and H3K9me3 (a
heterochromatin-type repressive mark) in breast cancer cells
using advanced epigenetic analysis technology, chromatin
endonuclease cleavage and tagging (CUT&Tag) (25). After
treatment with histone deacetylase inhibitor (HDACi) SAHA, an
acetyltransferase inhibitor, the signal intensity of H3K27ac in the
HERV-H long terminal repeats (LTRs) region increased
dramatically (26, 27). This subsequently recruited the
transcription machinery, triggering a strong and sustained burst
of transcription from HERV-H elements (28, 29). Notably, there is
extensive and complex interaction between histone modi cation
and DNA methylation in the regulation of ERV expression (30).

3.2 Reprogramming of transcription factor
networks

Abnormal overexpression or mutational activation of speci ¢
transcription factors (TFs) in tumor cells, often as a direct
consequence of carcinogenic driver events, may lead to the
“hijacking” of ERV regulatory elements (Table 1). These
transcription factors can directly bind to LTRs, converting these
dormant viral sequences into new enhancers or promoters. These
hijacked regulatory elements then strongly drive the expression of
ERVs themselves, as well as adjacent oncogenes in some cases,
thereby making ERVs a tool for promoting tumor progression (31).
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FIGURE 1

Schematic diagram of the three core mechanisms for ERVs reactivation in cancer.
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The VHL protein is a crucial component of the E3 ubiquitin
ligase complex, which targets hypoxia-inducible factors (HIFs) for
proteasomal degradation under normoxic conditions. Its
inactivation leads to the constitutive stabilization and
accumulation of HIF2a, even at normal oxygen levels (32). In-
depth mechanistic studies have revealed that this stabilized HIF2a
can directly bind to the LTR enhancer region of the HERV-E family
(33). To functionally validate this binding event, researchers
constructed an experimental system using GFP reporter genes
driven by HERV-E LTRs. These experiments con rmed that
under hypoxic conditions or only after HIF2a overexpression, the
intensity of the wuorescent signal signi cantly increased,
demonstrating that HIF2a binding is suf cient to drive the
transcription of these LTRs (34). More importantly, from a
therapeutic perspective, subsequent mass spectrometry analysis of
the clear cell renal cell carcinoma (ccRCC) immunopeptidome
identi ed a speci ¢ HLA-All-restricted antigenic peptide CT-
RCC-1, which is encoded by the env gene of this reactivated
HERV-E. This discovery provides a speci ¢ and clear candidate
target for the development of subsequent immunotherapies, such as
cancer vaccines or T-cell-based therapies (35, 36). The oncogene
MYC is a major regulator of cell proliferation, exhibiting signi cant
overactivity in various human malignancies, including various
lymphomas. Its role in the regulation of ERVs is an emerging
research area. Researchers utilized transposase-accessible
chromatin sequencing assay for Transposase-Accessible
Chromatin with sequencing (ATAC-seq) technology revealed that
forced overexpression of MYC can signi cantly reshape the
chromatin landscape, leading to a marked increase in chromatin
accessibility at HERV-H loci (37). These experimental results are
astonishing, con rming that MYC can serve as a molecular
mediator or “scaffold” to facilitate de novo physical interactions
between distal HERV-H LTRs and enhancers of established
oncogenes, such as Insulin-like Growth Factor 2 (IGF2), at a
distance. By promoting the formation of these chromatin loops,
MYC effectively expands the entire carcinogenic transcriptional
program (38). This complex mechanism unveils a broader and
more covert role of ERVs: they may serve as key long-range
regulatory elements or “enhancer platforms” utilized by

10.3389/fonc.2026.1752231

oncogenes to directly participate in the initiation and
maintenance of tumor states (39).

3.3 Cascade effects of genomic instability

The inherent genomic instability of tumor cells represents another
critical and unique pathway leading to the catastrophic collapse of ERV
silencing mechanisms (42). This is particularly evident in breast cancer
models with defects in the BRCAL gene, a key tumor suppressor
involved in DNA repair. Through a genome-wide CRISPR screening
approach, the histone H3K9 trimethyltransferase SETDB1 was
identi ed as a crucial “caretaker” factor, essential for maintaining the
silencing and heterochromatin status of ERVs (43). Subsequent
mechanistic studies revealed precise molecular connections: the
absence of functional BRCAL protein severely impairs the correct
recruitment of SETDBL1 to ERV loci. This recruitment failure directly
leads to a signi cant local loss of the inhibitory histone mark H3K9me3
(44). Subsequently, using high-resolution, single-molecule RNA

uorescence in situ hybridization (SmFISH) technology, researchers
were able to visually track the fate of individual ERV transcripts. They
observed a signi cant increase in the nucleocytoplasmic transport of
HERV-K RNA, con rming the successful transcription and processing
of these viral elements. This molecular cascade ultimately leads to the
de novo activation of HERV-K and the subsequent formation of fully
assembled virus-like particles (VLPs) in the cytoplasm (45).
Furthermore, in hematological malignancies such as leukemia, large-
scale chromosomal translocation events can physically relocate ERV
elements (such as those from the ERV9 family) from their normally
sequestered genomic locations to new, transcriptionally active
chromatin regions (46).

4 The regulatory effect of ERVs
reactivation on tumor immunity

The reactivation of ERVs is by no means an isolated, cell-
intrinsic event. Instead, it constitutes a profound biological process
that fundamentally reshapes the entire TME (47). Among its

TABLE 1 Key experimental evidence for transcription factors regulating ERVs activation.

Main veri cation
technologies

Transcription

Binding
factor site

Tumor type

Main effect References

HIF2a HERV-E ChIP-seq, uorescent Renal clear cell Transcriptional activation increases by 12-fold, leading (5, 33, 34)
LTR reporter gene carcinoma to the production of tumor antigens T
HERV-H ATAC-seq, 3C chromatin Chromatin accessibility is increased by 6 times, and

MYC q. Lymphoma . . y y (37,38)
LTR conformation capture long-range interactions are enhanced
HERV-K Renal clear cell . . . .

Mutant p53 CUT&RUN, CRISPRa . Increased both proliferation and invasion (40)
LTR carcinoma

NF-KB p65 HERV-W EMSA, luciferase reporter Liver cancer Prom_ot_e the secretion of in ammatory factors and 1)
env gene recruit immune cells
HERV-K/ BET inhibitor (JQ1), ChIP- Leukemia, various Driving HERV transcription through super-enhancers

BRD4 - R . . (29)
HERV-H seq solid tumors to maintain a carcinogenic state

ETDB1 BRCA1- i Th | he | f H3K i i
S : HERV-K CRISPR lter, ChIP-qPCR CAl-de cient e a_bser_me eads to t e_ oss_ of H3K9me3 modi cation, (43, 44)
(de ciency) breast cancer resulting in HERV-K activation
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various downstream consequences, aberrant ERV expression - by
directly or indirectly regulating the function, polarization, and
recruitment of key immune cells - emerges as one of the core
factors determining the overall immune status of the TME (such as
“hot” versus “cold”) (Figure 2) (48).

The transcription products of ERVs, especially the double-
stranded RNA (dsRNA) intermediates, and in some cases fully
formed virus-like particles (VLPs) - are molecular patterns
commonly associated with exogenous viral infections. When these
products accumulate in the cytoplasm, they are recognized as
“danger signals” by host pattern recognition receptors (PRRs).
This recognition triggers a series of antiviral signaling cascades,
effectively mimicking viral infection and thereby activating the
innate immune system. This phenomenon is aptly termed “viral
mimicry” (49, 50). Of course, as antigens, they can also activate
tumor immunity. In a pancreatic cancer model engineered to lack
MED12, this pathway has been dissected in detail. In this
experimental system, researchers observed a clear linear activation
cascade: MED12 de ciency leads to abnormal nuclear localization
of heterochromatin protein HP1a. This mislocalization, in turn,
results in a widespread reduction of H3K9me3 modi cation speci ¢
to ERV loci, ultimately leading to transcriptional activation of
HERV-K (51). Electron microscopy revealed that the functional
consequence of this activation is the de novo formation of VLPs
with a diameter of approximately 80 nanometers within tumor cells
(52). The double-stranded RNA (dsRNA) produced during this
process is recognized by the cytoplasmic sensor MDADS, followed by
critical mitochondrial antiviral signaling The (MAVS) protein and
the transcription factor IRF3 pathway trigger the massive secretion
of interferon-b (IFN-b) (53). This innate immune activation has
profound effects on the adaptive immune system. Subsequent ow
cytometry analysis of tumor-in Itrating cells revealed an increase in

10.3389/fonc.2026.1752231

the number of cytotoxic CD8" T cells in the TME (54).To
emphasize the clinical signi cance of this mechanism, a
retrospective survival analysis of human pancreatic cancer
patients further con rmed that patients with lower tumor MED12
expression had higher objective response rates (ORR) to PD-1
immune checkpoint inhibitors, thereby directly linking the entire
pathway to treatment outcomes (55). Additionally, it has been
discovered that RNA derived from the human endogenous
retrovirus (HERV) W family can directly bind to and activate the
NLRP3 in ammasome complex (56). This activation triggers a
downstream signaling cascade, leading to the autocatalytic
cleavage of caspase-1, which in turn cleaves the effector protein
Gasdermin D (GSDMD). The N-terminal fragment of GSDMD
then oligomerizes and inserts into the plasma membrane, forming
pores, thereby triggering cell pyroptosis. This in ammatory death
of tumor cells leads to the massive release of cellular contents and
pro-in ammatory cytokines, including interleukin-1b (IL-1b) and
interleukin-18 (1L-18). Flow cytometry analysis con rmed that this
cell pyroptosis process is accompanied by a signi cant increase in
CD8" T cell in Itration, thereby enhancing the overall
immunogenicity of the tumor—a process commonly referred to
as “immunogenic cell death” (57). This discovery is signi cant: it
not only reveals a new pathway of ERV-mediated innate immunity
but also indicates a promising therapeutic direction. Targeting the
NLRP3 in ammasome—for example, through its natural inhibitor
quercetin (a avonoid compound) — could be a potential strategy to
modulate ERV-associated in ammation and further enhance anti-
tumor immunity (58). In addition to its RNA products, proteins
encoded by reactivated ERVs provide tumor cells with a novel and
often highly immunogenic source of antigens. These peptides,
which are not expressed in healthy tissues, can be processed and
presented by major histocompatibility complex (MHC) molecules,

FIGURE 2

Dual immunomodulatory effects of reactivated ERVs in the TME. (A) Anti-tumor immune response induced by ERVs: ERV-derived dsRNA activates
the IFN pathway to recruit CD8+ T cells, while ERV peptides presented by MHC-I trigger speci c T cell killing. (B) Immune escape mechanism:
chronic IFN signaling upregulates PD-L1, and ERV-containing exosomes polarize macrophages to M2 type, collectively inhibiting CD8+ T cell
function. (Il) Regulation of adaptive immunity: from antigen presentation to T cell response.
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