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BACKGROUND: Endogenous retroviruses (ERVs) occupy >8% of the human genome. Aberrant resurgence of ERVs has been 
implicated recently in several critical pathologies. However, the possible incidence and role of ERV resurgence in heart failure 
(HF), a leading cause of global morbidity and mortality, remain unexplored.

METHODS: We established a total RNA sequencing analyzing pipeline to assess the ERV occurrence in human and murine HF 
models. We generated 2 myocardium-specific mouse lines by crossing Myh6-MerCreMer with TRIM28f/f and SETDB1f/f mice to 
identify the molecular regulators of ERV resurgence and the downstream pathways in the heart. We evaluated ERV expression 
by total RNA sequencing, reverse transcription-quantitative polymerase chain reaction and RNA fluorescence in situ hybridization. 
We restrained ERV activation by overexpressing TRIM28 (tripartite motif–containing 28) using adeno-associated virus serotype 
9. The therapeutic potential of the ERV-mediated inflammatory pathway was tested in a myocardial ischemia/reperfusion model.

RESULTS: ERVs, particularly class I ERVs, were prominently activated in multiple cross-species models of HF. Depletion of 
TRIM28, an epigenetic repressor, attenuated the epigenetic surveillance of trimethylation at lysine 9 of histone H3 and N6-
methyladenosine, leading to the activation of ERVs in the failing heart. This ERV activation stimulated the antiviral innate 
immune pathways of TLR7/9 (Toll-like receptor 7/9) and NF-κB and lead to myocarditis and acute HF. Furthermore, restraining 
ERV activation and ERV-mediated innate immune responses by either adeno-associated virus serotype 9–mediated TRIM28 
expression or a small-molecule TLR7/9 inhibitor improved heart function and alleviated HF in an ischemia/reperfusion model.

CONCLUSIONS: ERV resurgence is a specific molecular trait of HF, driven by TRIM28 depletion in cardiomyocytes. ERV 
resurgence activates the innate immune TLR7/9–NF-κB pathway and induces myocarditis and HF. Inception of ERVs and 
the ERV-mediated immune pathway confers cardiac protection. These results identify TRIM28–ERV–TLR7/9–NF-κB as a 
target for therapeutic management of myocarditis and HF.

Key Words: endogenous retrovirus ◼ heart failure ◼ myocarditis ◼ NF-κB ◼ TRIM28

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 23, 2025

http://crossmark.crossref.org/dialog/?doi=10.1161%2FCIRCULATIONAHA.125.074845&domain=pdf&date_stamp=2025-08-18


OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

xxx xxx, 2025� Circulation. 2025;152:00–00. DOI: 10.1161/CIRCULATIONAHA.125.0748452

Xiong et al Function of ERVs in Heart Failure

Heart failure (HF) is a prevalent syndrome charac-
terized by the inability of the heart to pump suf-
ficient blood to meet the needs of the body. HF 

affects >64 million people worldwide, making it a leading 
cause of global morbidity and mortality.1 Because of a 
lack of effective treatment, the 5-year mortality of HF 

exceeds 50%1 and is worse  than for most types of can-
cers. Acute HF (AHF) is the most deleterious subtype 
of HF, characterized by the sudden onset of HF or rapid 
deterioration of pre-existing HF, with a 1-year mortality 
rate of ≈30%.2 Myocarditis, especially fulminant myocar-
ditis, is a common underlying cause of AHF and often 
caused by exogenous virus infections, such as coxsackie 
virus B, adenoviruses, parvovirus B19, herpes viruses, 
HIV, and SARS-CoV-2 (eg, COVID-19).3,4 However, the 
potential role of endogenous viruses, endogenized and 
integrated proviruses composed of transposons in the 
host genome, remains largely unexplored.

The mammalian genome contains a vast array of trans-
posons classified into DNA transposons and retrotrans-
posons based on their intermediates.5 Retrotransposons 
without long terminal repeats (LTRs), including autono-
mous long interspersed elements (LINEs) and nonau-
tonomous short interspersed elements (SINEs), require 
LINE-derived proteins for mobilization. Retrotransposons 
with LTRs are predominantly endogenous retroviruses 
(ERVs) comprising approximately 8% of the human 
genome and 10% of the mouse genome.6,7 Among them, 
less than 10% are full-length ERVs, containing 4 basic 
viral packaging genes (gag, pol, env, and pro), which is 
similar to exogenous retroviruses,5,7 and are capable 
of forming active virus particles. In contrast, >90% of 
ERVs are defective because of accumulated mutations 
and stop codons embedded in the host genome. Nev-
ertheless, even defective ERVs may still transcribe RNA 
because of the promoter function buried in their LTRs, 
potentially leading to immune responses and disease. 
Therefore, ERVs represent the most functional class of 
retrotransposons. Human ERVs (HERVs) and rodent 
ERVs are classified into 3 classes (class I [ERV1], class 
II [ERVK], and class III [ERVL]) based on their clustering 
with lentiviruses, retroviruses, and spumaviruses, respec-
tively. Emerging evidence indicates that the changes 
in HERV activity at the DNA or RNA levels influence 
embryonic development and somatic tissue homeosta-
sis. Concurrently, aberrant HERV activation has been 
implicated in human pathological conditions, including 
neurodegenerative disorders, autoimmune inflammation, 
and tumorigenesis.8–10 However, a definitive correlation 
between specific HERV subtypes and human diseases 
has yet to be established, particularly for cardiovascular 
disease and HF.

To maintain genomic stability, ERVs are required to be 
meticulously silenced by multiple genetic and epigenetic 
mechanisms.7,9 TRIM28 (tripartite motif–containing pro-
tein 28) is a transcriptional repressor with a pivotal role 
in maintaining heterochromatin. The N-terminal RBCC 
domain of TRIM28 interacts with KRAB-ZNPs to facili-
tate TRIM28 recruitment to the heterochromatin. The 
C-terminal PHD domain and bromodomain of TRIM28 
accommodates SETDB1, a histone H3 methyltransfer-
ase, which catalyzes the H3K9me2 or trimethylation at 

Clinical Perspective

What Is New?
•	 Endogenous retroviruses (ERVs), particularly class 

I ERVs, are activated in multiple cross-species 
models of heart failure (HF).

•	 ERV resurgence in cardiomyocytes stimulates the 
innate immune pathways of TLR7/9 (Toll-like recep-
tor 7/9) and NF-κB and results in severe myocardi-
tis and acute HF.

•	 Suppressing the innate immune responses by 
adeno-associated virus serotype 9-TRIM28 (tri-
partite motif–containing protein 28) or using the 
TLR7/9 inhibitor NSC4375 protects against myo-
carditis and HF after ischemia/reperfusion.

What Are the Clinical Implications?
•	 ERV resurgence driven by TRIM28 depletion is 

associated with the occurrence of HF.
•	 ERV hyperactivation causes myocarditis and acute 

HF in a mouse model that resembles fulminant myo-
carditis in the clinic.

•	 Intervening in the aberrant activation of the 
TRIM28–ERV–TLR7/9–NF-κB pathway may be a 
novel therapeutic approach for myocarditis and HF 
management.

Nonstandard Abbreviations and Acronyms

AAV9	 adeno-associated virus serotype 9
AHF	 acute heart failure
DCM	 dilated cardiomyopathy
ERV	 endogenous retrovirus
ERV1	 endogenous retrovirus class 1
H3K9me3	 trimethylation at lysine 9 of histone H3
HERV	 human endogenous retrovirus
HF	 heart failure
I/R	 ischemia/reperfusion
LINE	 long interspersed element
LTR	 long terminal repeat
m6A	 N6-methyladenosine
RNA-seq	 RNA sequencing
RTE	 retrotransposon element
RTi	 reverse transcriptase inhibitor
SINE	 short interspersed element
upERV	 upregulated endogenous retrovirus
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lysine 9 of histone H3 (H3K9me3) methylation of his-
tone H3.11,12 TRIM28 is a critical regulator of embryonic 
stem cell pluripotency and organismal development.12,13 
Mice deficient in TRIM28 die early before gastrulation.14 
TRIM28 inhibits the expression of several types of ret-
roviruses, including HIV, and their integration inside the 
host cells.15 TRIM28 has also been shown to maintain 
the surveillance of endogenous viruses in embryonic 
stem cells, neural progenitor cells, and aged tissues.16–18 
Our previous study reported that TRIM28 regulates 
endothelium-to-mesenchymal transition and heart valve 
development.19 However, its function in cardiomyocytes 
and the adult heart and whether it can silence remain 
unknown.

In this study, we uncovered that ERVs, particularly 
class I, were specifically activated in human, nonhuman 
primate, and rodent HF models. We further identified 
TRIM28 as the key player responsible for ERV activation 
by manipulating 2 distinctive types of epigenetic modifi-
cations: H3K9me3 and RNA N6-methyladenosine (m6A). 
Increased ERVs in cardiomyocytes trigger the pattern 
recognition receptors TLR7/9 (Toll-like receptor 7/9) 
and the NF-κB pathway rather than the classical IFN 
(interferon) pathway, leading to myocarditis and AHF. 
Suppressing ERV activation in the myocardium using 
associated virus serotype 9 (AAV9)-TRIM28 or inhibit-
ing the TLR7/9 pathway with the small-molecule inhibi-
tor NSC4375 effectively mitigated inflammation and 
protected against ischemia/reperfusion (I/R)–induced 
HF. Collectively, our findings showed a critical role of 
ERV resurgence and identified TRIM28–ERV–TLR7/9–
NF-κB as a new molecular axis driving the pathogenesis 
of myocarditis and HF.

METHODS
Human Samples
Human control (CTR) and dilated cardiomyopathy (DCM) heart 
samples were procured from Tongji Hospital (Wuhan, China) 
as described previously,20 in accordance with the ethics stan-
dards of the Declaration of Helsinki. The study was conducted 
with the express approval of the ethics review board of Tongji 
Hospital and Tongji Medical College. Before sample collec-
tion, informed consent was obtained from the patients or their 
legally authorized representatives.

Mice
The TRIM28flox/flox mice were purchased from Biocytogen 
Pharmaceuticals Co Ltd (Beijing, China). The SETDB1flox/flox 
mice were provided by the Jiekai Chen group.21 The TRIM28iCKO 
and SETDB1iCKO mice were generated by crossing TRIM28flox/

flox or SETDB1flox/flox mice with Myh6-MerCreMer mice, and the 
genomic deletion of TRIM28 or SETDB1 was introduced via 
intraperitoneal administration of 25 mg/kg of tamoxifen dis-
solved in corn oil for 5 consecutive days. The animals were 
maintained under standard photoperiod conditions (12-hour 
light/dark cycle). All experimental procedures were conducted 

in accordance with the guidelines of the institutional animal 
care and use committee of Shanghai Jiao Tong University. 
Animal studies adhered to the Animal Research: Reporting of 
In Vivo Experiments guidelines. The sample size was estimated 
by previous related studies and set to be a minimal requirement 
matching statistical power (0.8) and alpha (0.05). Animals were 
randomly assigned to receive AAV9 or drug treatments. The 
experimental operators were blinded to the treatment plans.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 9.0 or 
R Studio. Data normality was estimated with the Shapiro-Wilk 
normality test preceding the significance analysis, and P≥0.05 
was considered a normal distribution. Two-group data in normal 
distribution were analyzed with 2-tailed unpaired parametric t 
test and otherwise with the Mann-Whitney U test. For a multiple- 
group comparison, 1-way ANOVA followed by Tukey post hoc 
test was used if the data were normally distributed; otherwise, 
the nonparametric Kruskal-Wallis test with Dunn multiple  
comparisons test was employed. Two-way ANOVA with post 
hoc Sidak multiple comparison test was used to analyze data 
with 2 independent variables. Mixed-effects ANOVA test was 
used to analyze data with serial measurements on the same 
mice. A log-rank test was used for the survival analysis. The 
data are presented as mean±SD, and P<0.05 was set as sta-
tistical significance.

Data Availability
All next-generation sequencing data are accessible in the GEO 
repository (GSE274895). The data, protocols, and study mate-
rials that support the findings of this study are available from 
the corresponding author upon request.

RESULTS
ERV Resurgence in Human and Animal HF 
Models
To explore the possible role of retrotransposon ele-
ments (RTEs) in HF, we analyzed the published data 
sets of RNA sequencing (RNA-seq) from NCBI GEO 
with the following inclusion criteria: (1) human ven-
tricle samples, (2) clear HF diagnosis (NYHA III–IV), 
(3) sample size >20, and (4) total RNA-seq data. 
Three data sets met these criteria (GSE135055, DCM; 
GSE126569, DCM; and GSE48166, ischemic cardio-
myopathy),22 which were retrieved as clustered and 
high-quality data from a total of 42 HF patients and 36 
healthy donors, by principal component analysis and 
followed by a custom RTE calling pipeline (Figure 1A; 
Figure S1A through S1C). Their clinical characteris-
tics are summarized in Table S1. Among all RTEs, only 
LTR-containing ERVs showed significant upregulation 
in HF patients (GSE135055, P=0.0002; GSE126569, 
P=0.009; GSE48166, P=0.0008; Figure 1B; Fig-
ure S1D through S1H) and accounted for 76% (74 
of 97) of all differentially expressed RTEs (Table S2). 
Among 4 ERV subfamilies (HERV1, HERVK, HERVL, 
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Figure 1. A retroviral provirus revives in heart failure.
A, The scheme for the discovery of heart failure (HF)–associated retrotransposon elements (RTEs) in cross-species HF models. RTE sequences 
were annotated using Repeat Masker across multiple species. Differentially expressed RTEs were identified from total RNA sequencing using 
DESeq2, some of which were further validated by RT-qPCR. B, Boxplots showing human endogenous retroviruses (HERVs), especially HERV1, 
increased in GSE135055 human HF hearts. The center line indicates the median. The box indicates 25th and 75th percentiles; n=7 controls 
and 13 HF patients. Mann-Whitney test was used to calculate the significance. C, Heatmap presenting the significantly elevated HERV genes in 
human HF hearts (adjusted P [P-adj]<0.05, fold change>0.5). Data were from the GEO database (GSE135055). There were 7 control patients 
and 13 HF patients. D, Ring plots showing the percentages of 74 upregulated endogenous retroviruses (ERVs) in each family identified from 
human GEO data sets (GSE135055, GSE126569, and GSE48166). E, P-adj value ranking identified HERV1 as the most significantly altered 
HERVs in human HF (threshold: P-adj=0.05, denoted by a dotted line). HERV1 genes LTR61, LTR25, LTR30, LTR24C, and PABL_B-int were 
among the top 10 differentially expressed HF RTEs. P-adj was calculated with the DESeq2 package, and Benjamini-Hochberg adjustment was 
used to control the false positives in multiple testing. F, Boxplots indicating the upregulation of mouse ERVs, especially ERV1, in ischemia/
reperfusion injury hearts. The center line indicates the median. The box indicates 25th and 75th percentiles; n=3 mice per group. Mann-Whitney 
test. G, Heatmap showing the resurgence of mouse ERVs in ischemia/reperfusion injury hearts in the analysis of total RNA sequencing (P-
adj<0.05, fold change>1.5). n=3 mice per group. H, P-adj value ranking implicating ERV1 as the most significantly altered ERVs in ischemia/
reperfusion mouse hearts. The dotted line indicates P-adj=0.05. MMVL30-int, RLTR6_Mm, RLTR6-int, RLTR6C_Mm, MuLV-int, and RLTR30D_
RN, in red, belong to the mouse ERV1 family with top 10 ranking in differentially expressed retrotransposons. (Continued)
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and HMaLR), HERV1 was the only subfamily consis-
tently and significantly upregulated across all 3 data 
sets (GSE135055, P=0.0007; GSE126569, P=0.033; 
GSE48166, P=0.0027; Figure 1B; Figures S1D and 
S1E). Consistent with this, 74 ERV genes were up-
regulated in failing hearts, with the majority (n=38, 
51.4%) belonging to the HERV1 subfamily (Figure 1C 
and 1D; Figure S1I and S1J). Ranking the differential 
expression of ERVs further confirmed the dominance 
of HERV1 RTEs among resurrected ERVs (Figure 1E; 
Figure S1K and S1L; Table S3). Although most of 
ERV1 is unable to form infectious viral particles, some 
members, such as HERV-H23 and HERV-W24 in ERV1, 
have been reported previously to be associated with 
neurodegeneration and inflammatory disorders, imply-
ing potent functionality of ERV1. In contrast, although 
some young subfamilies, such as ERVK, can generate 
living virus and have been linked to the pathologies of 
neural diseases, systemic lupus erythematosus, and 
cancer,25 their viral load in the human HF heart sam-
ples were very low (Figure S1M and S1N) and similar 
to the CTR (P=0.3628). This finding aligned with the 
RNA-seq data, suggesting that ERVK does not play a 
major role in HF pathogenesis.

To further validate ERV resurgence in HF, we ana-
lyzed ERV expression in a mouse I/R model (Figure 
S1O). Consistent with human data, ERVs were signifi-
cantly upregulated in I/R hearts compared with other 
RTEs (Figure 1F). Although both ERV1 and ERVK were 
upregulated (Figure 1F), the increase in ERV1 was more 
pronounced (Figure 1G and 1H; Table S3). The most 
significantly upregulated RTE genes were MMVL30-
int (adjusted P [P-adj]=2.52e−200) and RLTR6_Mm 
(P-adj=2.68e−171), both belonging to the ERV1 fam-
ily (Figure 1H; Table S3), and their biological functions 
remain unexplored. The resurgence of ERV1 rather than 
ERVK was also discovered in nonhuman primate myo-
cardial infarction HF models using reverse transcription- 
quantitative polymerase chain reaction (Figure 1I). 
Together, these results identified the resurgence of 
ERVs, particularly ERV1, as a potential molecular feature 
of HF across 3 species.

TRIM28 Deprivation Led to the Resurgence of 
ERV and AHF
Repressive epigenetic modification is the major mecha-
nism silencing the transcription of genomic ERVs.7,8,26 
TRIM28 functions as a master regulator orchestrating 
epigenetic repression and plays an important role in the 
surveillance of endogenous and exogenous viruses.11,12 

We found that TRIM28 was notably downregulated in 
human HF specimens, indicating that it might be in-
volved in ERV reactivation in HF (Figure 2A and 2B; 
Figure S2A; Table S1). To investigate further, we gener-
ated an inducible cardiomyocyte-specific TRIM28 dele-
tion mouse Myh6-MerCreMer: TRIM28f/f (TRIM28iCKO) 
mice, by crossing TRIM28 flox mice with Myh6- 
MerCreMer mice (Figure S2B through S2D). Total RNA-
seq showed that, compared with wild-type hearts, 12 
ERV genes were significantly upregulated in TRIM28iCKO 
hearts, many more than LINE and SINE (3 and 0 genes, 
respectively; Figure 2C). Several ERVK genes were also 
upregulated, whereas IAPEZ27 and MMERVK10C,28 
with known functions in immunity, were unaltered (Fig-
ure 2C; Figure S2E). Notably, ERV1 was the most domi-
nantly upregulated ERVs (upERVs), comprising half of 
the elevated ERVs and ranking at the top (Figure 2C 
and S2D; Table S3).

Akin to the I/R model, the most prominently elevated 
ERV1 RTEs in TRIM28iCKO hearts were MMVL30-int 
(P-adj=2.32e−24) and RLTR6_Mm (P-adj=1.15e−18; 
Figure 2D; Figure S2F and S2G). Of MMVL3-int, 
48.2% (108 of 224) showed an increase >2-fold, and 
25.7% (29 of 113) of RLTR6_Mm transcripts showed 
an increase >2-fold (Figure S2H and S2I; Table S4). 
MMVL30-int is a nonautonomous ERV flanked by 
RLTR6_Mm as its LTR elements29 (Figure 2E) and has 
been associated with stress responses such as cere-
bral ischemia.30 RNA fluorescence in situ hybridization 
confirmed that MMVL30 RTE RNA indeed increased 
in TRIM28iCKO cardiomyocytes. MMVL30 appeared as 
speckles inside the cytosol, suggesting that its primary 
functional locations in cardiomyocytes might be either 
endosomes (subcellular organelles for TLR7/9 and the 
innate immune response)10 or P-bodies (subcellular 
organelles for RNA decay;31 Figure 2F).

Surprisingly, TRIM28iCKO mice started to die only 4 
days after tamoxifen induction, and 46% died within 
2 weeks (P=0.0037; Figure 2G). Echocardiography 
assessments revealed that systolic function started 
to decline on day 3 post tamoxifen induction (ejection 
fraction: 54.88±5.93 versus 33.79±4.59, CTR versus 
TRIM28iCKO, P<0.001), reaching its lowest point on day 7 
(ejection fraction: 52.37±3.47 versus 19.81±5.60, CTR 
versus TRIM28iCKO, P<0.001; Figure 2H; Figure S3A 
and S3B). This change was accompanied by an increase 
in cardiac chamber size and thinning of the posterior car-
diac wall, suggesting DCM-type HF in TRIM28iCKO mice 
(Figure 2I and 2J; Figure S3A and S3B; Table S5).

Upon dissection of the hearts 7 days post tamoxi-
fen induction, TRIM28iCKO hearts were much larger than 

Figure 1 Continued.  I, RT-qPCR showing the resurgence of ERVs in monkey hearts 4 weeks after myocardial infarction. ERVW, MacERV-4 
and HERV-E belong to ERVI RTE genes, whereas ERVK was ERVII. Data are mean±SD; n=3 hearts per group. Two-tailed Student t test; 
**P<0.01, ***P<0.001o significance. I/R indicates ischemia/reperfusion; MI, myocardial infarction; NC, negative control; NHP, nonhuman primate; 
ns, no significance; and RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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Figure 2. The cardiomyocyte-specific deprivation of TRIM28 led to endogenous retrovirus resurgence and heart failure.
A, Immunohistochemical staining of left ventricles from human nonfailing control (CTR) and dilated cardiomyopathy (DCM) hearts. TRIM28 
(tripartite motif–containing protein 28) expression is significantly reduced in human DCM hearts. Quantification of TRIM28-positive nuclei (right) 
was performed using ImageJ. Data represent mean±SD; n=3 hearts per group. Two-tailed Student t test. B, Western blot analysis of TRIM28 
protein in CTR and DCM human left ventricles. TRIM28 signal intensity was quantified using ImageJ. The TRIM28 protein level decreased 
significantly in human DCM hearts. Data are mean±SD; n=3 CTR and 5 DCM hearts. Two-tailed Student t test. C, RNA sequencing analysis of 
endogenous retrovirus expression in Myh6-MerCreMer (CTR) and Myh6-MerCreMer TRIM28f/f (TRIM28iCKO) mouse hearts (Continued)
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CTRL hearts, with increased ratio of heart weight to tibial 
length and enlargement of individual cardiomyocytes 
(P=0.0013; Figure 2K through 2N). Histology further 
confirmed the increased chamber size and much thin-
ner myocardial wall of TRIM28iCKO hearts, which were 
in agreement with the echocardiography results (Fig-
ure 2O). Specifically, we observed broken and disarrayed 
muscle bundles infiltrated with a large amount of blood 
cells, particularly monocytes, indicating active cell death 
and inflammation within the myocardium (Figure 2P). 
Even just 7 days after TRIM28 deletion, significant fibro-
sis was evident in TRIM28iCKO hearts (Figure 2Q and 
2R). Biomarkers of HF, including Nppa (natriuretic pep-
tide A) and Nppb (natriuretic peptide B), were upregu-
lated in TRIM28iCKO hearts, and the adult Myh6 (myosin 
heavy chain α)/Myh7 (fetal myosin heavy chain 7) ratio 
was significantly reduced (Figure S3A). Together, these 
results indicate that TRIM28 deletion in myocardium 
leads to AHF and severe HF. This AHF caused promi-
nent congestion and edema in the lungs and liver of 
TRIM28iCKO mice (Figure S3B), resembling clinical mani-
festations of AHF patients.

TRIM28 Regulated Histone and RNA 
Methylation to Restrain ERV Resurgence
As a core member of the methyltransferase complex, 
TRIM28 is crucial in maintaining H3K9 methylation, 
whereas its depletion might lead to ERV resurgence.32 
To test this hypothesis, we profiled the chromatin occu-
pancy of H3K9me3 around genomic TEs in wild-type 
and TRIM28iCKO hearts using chromatin immunopre-
cipitation sequencing (Figure 3A and 3B). The analysis 
showed that 27.8% ERV RTEs were occupied by H3K-
9me3 predominantly in the coding region, which de-
creased in TRIM28iCKO hearts (Figure 3Aa). Among the 
upERVs containing 1723 transcripts in total, 38.9% of 
them were significantly occupied by H3K9me3. Of the 

H3K9me3-targeted upERVs, 59.6% lost their occupan-
cy in TRIM28-deficient hearts, whereas the others either 
remained unaltered or exhibited increased H3K9me3 
occupancy (Figure 3B and 3C). In line with this result, 
the IGV snapshot showed that H3K9me3 occupancy 
decreased on the genome of upregulated MMVL30-
int_dup726 but not on MMVL30-int_dup810 RTE, which 
was also elevated in the TRIM28iCKO hearts (Figure 3D 
and 3E). Together, these results suggest that loss of 
TRIM28-mediated H3K9me3 only partially contributes 
to the mechanism of ERV resurgence.

To further investigate this assumption, we generated a 
transgenic mouse with an inducible deletion of SETDB1 
(SETDB1iCKO) in cardiomyocytes. SETDB1 is a methyl-
transferase of H3K9me3 in complex with TRIM28. Simi-
lar to TRIM28iCKO hearts, SETDB1iCKO hearts also showed 
increased ERV expression, although less pronounced 
than in TRIM28iCKO hearts (Figure S4A). SETDB1iCKO mice 
had impaired systolic functions and DCM 7 days after 
tamoxifen induction, which was characterized by both an 
increased internal diameter and reduced posterior wall of 
the left ventricle at end diastole, as measured by echo-
cardiography. These changes in SETDB1iCKO mice were 
similar but milder when compared with those observed in 
TRIM28iCKO mice (CTR versus SETDB1iCKO hearts, ejec-
tion fraction: 54.53±2.28 versus 30.11±4.97, P<0.001; 
fractional shortening: 27.79±1.43 versus 14.12±2.54, 
P<0.001; left ventricular end-diastolic internal diameter: 
3.88±0.15 versus 4.64±0.35, P=0.0019; left ventricular 
end-diastolic posterior wall thickness: 0.85±0.09 ver-
sus 0.63±0.0, P<0.001; Figure S4B through S4E; Table 
S5). Postmortem examination further confirmed these 
heart phenotypes showing consistent but less severe 
DCM (Figure S4F). In agreement with the phenotype, all 
SETDB1iCKO mice survived up to 1 month after tamoxi-
fen induction, in sharp contrast with TRIM28iCKO mice, 
whereas 46% died 2 weeks after tamoxifen induction 
(Figure S4G). These results support our hypothesis that 

Figure 2 Continued.  1 week after tamoxifen induction, showing endogenous retrovirus resurgence in TRIM28iCKO hearts. RLTR6_Mm and 
MMVL30-int exhibited the most significant upregulation. D, Adjusted P value ranking indicated that endogenous retrovirus class 1 exhibited 
the most significant alterations after TRIM28 depletion. MMVL30-int, RLTR6_Mm, RLTR6-int, RLTR6C_Mm, and RLTR30D_RN of mouse 
endogenous retrovirus class 1, in red, ranked in the top 10 in differentially expressed RTEs. The red horizontal line indicates adjusted P=0.05. 
E, The structure of the MMVL30 provirus in the mouse genome. F, RNA fluorescence in situ hybridization detecting the MMVL30 transcripts 
(green signal) in CTR and TRIM28iCKO cardiomyocytes (red signal). The MMVL30 signal intensity (left) was quantified with ImageJ (right). Data 
are mean±SD; n=3 hearts per group. Two-tailed Student t test. G, The survival plot of CTR (n=18) and TRIM28iCKO (n=22) mice. Ten of 22 
(46%) of TRIM28iCKO mice died within 2 weeks after tamoxifen induction. The statistical significance was calculated with a log-rank test. P<0.05 
indicated significance. H through J, M-mode echocardiogram illustrating the attenuated ejection fraction (H), increased left ventricle diastolic 
internal diameter (I), and decreased left ventricular posterior wall thickness at diastole (J) of TRIM28CKO hearts. Data are mean±SD; n=10 mice 
per group. Two-tailed Student t test. K, The ratio of heart weight to tibial length in CTR (n=7) and TRIM28iCKO (n=4) mice. Data are mean±SD. 
Two-tailed Student t test. L, Gross anatomy showing the significant enlargement of TRIM28iCKO hearts. M and N, Wheat germ agglutinin staining 
of left ventricular sections, illustrating the enlarged cardiomyocytes in TRIM28iCKO hearts. The areas of cardiomyocytes (M) were calculated 
with ImageJ (N). N=110 to 118 cells from 3 measured hearts per group. Mean±SD, 2-tailed Student t test. O, Hematoxylin-eosin staining 
illustrates the dilated cardiomyopathy of TRIM28iCKO hearts. P, Hematoxylin-eosin histology showing sarcomere disarrangement, cardiomyocyte 
death, and inflammatory cell infiltration in TRIM28iCKO hearts. Q, Masson trichrome staining showing increased collagen deposition (blue region) 
in TRIM28iCKO hearts. R, The quantification of trichrome staining revealed elevated collagen deposition in TRIM28iCKO hearts. Mean±SD, n=6 
mice per group. Two-tailed Student t test. EF indicates ejection fraction; ERV, endogenous retrovirus; Gag, group-specific antigen; HW, heart 
weight; LTR, long terminal repeat; LVIDd, left ventricle diastolic internal diameter; LVPWd, left ventricular posterior wall thickness at diastole; Pol, 
polyprotein; and TL, tibial length.
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Figure 3. TRIM28 controlled the surveillance of endogenous retrovirus class 1 by manipulating trimethylation at lysine 9 of 
histone H3 and N6-methyladenosine.
A, Trimethylation at lysine 9 of histone H3 (H3K9me3) chromatin immunoprecipitation sequencing signals on all targeted endogenous 
retroviruses (ERVs). B, H3K9me3 chromatin immunoprecipitation sequencing signals on upregulated ERVs. C, RNA sequencing heatmap of those 
upregulated ERVs. D, H3K9me3, RNA, and methylated RNA immunoprecipitation sequencing signals on upregulated MMVL30-int_dup726 RTE 
genomic loci, illustrating the declined H3K9me3 and intact N6-methyladenosine (m6A). E, H3K9me3, RNA sequencing, and methylated RNA 
immunoprecipitation sequencing signals on the upregulated MMVL30-int_dup810 transcript, illustrating the increased m6A and (Continued)
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H3K9me3 modification is only partially responsible for 
ERV activation and ERV-induced HF.

RNA methylation, specifically m6A, can prompt RNA 
decay, including RTEs. The resurgence of H3K9me3-
unregulated upERVs might result from the alteration 
of m6A modification.33 Thus, we profiled m6A modifica-
tion by methylated RNA immunoprecipitation sequenc-
ing and identified 11 300 peaks in wild-type and 9612 
m6A peaks in TRIM28iCKO hearts (Figure S5A). m6A was 
highly enriched both at 3′ and 5′ UTRs of protein-coding 
mRNA, as reported for other cells,34 and there was no 
significant difference observed between wild-type and 
TRIM28iCKO hearts (Figure S5B). In contrast, there was 
a notable reduction of m6A within the internal regions 
of upERVs, such as MMVL30, after TRIM28 depletion 
(Figure 3E through 3G). Some upERV RTEs, such as 
MMVL30-int_dup810, MuLV-int_dup62, and RLTR6- 
int_dup581, had decreased m6A but no detectable signals 
or changes in H3K9me3 on their genome, suggesting 
that m6A plays an H3K9me3-independent role in ERV 
activation (Figure 3E; Figure S5C). This conclusion was 
further supported by a gene overlap assay showing that 
m6A-modified upERVs were largely distinct from those 
marked by H3K9me3 (1723 transcripts, P=0.9161; 
Figure 3H). To better understand the molecular mecha-
nism, we performed the reciprocal immunoprecipitation 
and found that TRIM28 interacts with METTL3, an enzy-
matic writer of m6A,35 which was independent of RNA 
(Figure 3I and 3J). The RNA immunoprecipitation assay 
showed that TRIM28 deficiency dampened METTL3 
binding to the upERVs, such as MMVL30, RLTR6, and 
MuLV (Figure 3K). Conversely, overexpressing METTL3 
in TRIM28iCKO cardiomyocytes attenuated the upregula-
tion of these upERVs (Figure 3L). Together, these results 
imply that TRIM28 simultaneously regulates H3K9me3 
and RNA methylation to maintain the silence of ERVs. 
Interrupting this surveillance mechanism can lead to ERV 
resurgence in HF.

ERV Resurgence Induced Innate Inflammation 
and Myocarditis
To investigate a possible role of ERV activation in HF 
pathogenesis, we analyzed the mRNA transcriptome in 
TRIM28iCKO hearts by RNA-seq. Principal component 
analysis indicated that the transcriptomes in wild-type 

and TRIM28iCKO hearts were largely distinct (Figure S6A). 
A total of 6311 genes were differentially expressed, in-
cluding 2894 genes downregulated and 3417 upregu-
lated (fold change>1.5, P-adj<0.05; Figure S6B). Gene 
Ontology analysis revealed that, among the upregulated 
differentially expressed genes, inflammation-related 
terms were dominant among the top enriched terms, with 
P-adj<9.75e−19, indicating prominent immune activa-
tion (the top 10 ranking terms are listed in Figure 4A). 
For the downregulated differentially expressed genes, 
the energetic and metabolic terms were enriched, fur-
ther confirming the HF phenotype of TRIM28iCKO hearts 
(Figure S6C). To further identify which immune pathway 
was activated in TRIM28-deficient hearts, we imple-
mented gene set enrichment analysis, which illustrated 
significant enrichments of TLR signaling and cytosolic 
DNA sensing, the pathways related to the pattern rec-
ognition receptor and innate immunity10 (Figure 4B and 
4C). We also detected double-stranded RNA, a canoni-
cal immunogen for antivirus and innate immunity, which 
further supported the activation of innate immunity in 
TRIM28iCKO cardiomyocytes (Figure S6D and S6E). The 
NF-κB and IFN I pathways are the 2 canonical pathways 
downstream of pattern recognition receptor activation.36 
Intriguingly, gene set enrichment analysis revealed that 
NF-κB, rather than the IFN I pathway, was activated upon 
TRIM28 deletion, which implied a unique activation pat-
tern of innate immunity in TRIM28iCKO hearts (Figure 4D 
and 4E).

To further dissect the pattern recognition recep-
tor pathways related to innate immunity, we first exam-
ined the protein levels of several key components. We 
observed a substantial increase in TLR7 (a TLR-detecting 
single-stranded RNA), TLR9 (a TLR-detecting unmethyl-
ated CpG-containing single-stranded DNA), MyD88 (a 
key signaling transduction adaptor downstream of TLRs 
forming the supramolecular organizing center myddo-
some), and cGMP-AMP (cGAS; a sensor for cytosolic 
DNA),10,36 in TRIM28iCKO hearts (Figure 4F and 4G; Fig-
ure S6F). Additionally, we observed a notable increase 
in the phosphorylation of P65 and TAK1, an upstream 
kinase for P65, indicating activation of the NF-κB path-
way. By contrast, phosphorylation of the transcription 
factor IRF7, a key regulator of type I IFN gene expres-
sion, remained unchanged, which was in line with the 
gene set enrichment analysis showing no change of the 

Figure 3 Continued.  unchanged H3K9me3. F, Aggregation plot showing that the average m6A signal was lower on upregulated ERVs in 
TRIM28iCKO hearts. G, Aggregation plot showing that the average m6A signal was downregulated on up_MMVL30 RTE transcripts in TRIM28iCKO 
hearts. Shown beneath the aggregation plot is the genomic structure of MMVL30. H, Venn diagram showing the minimal overlap between m6A- 
and H3K9me3-modulated upregulated ERVs. Only 23% (102 of 437) of m6A-modified upregulated ERVs were also marked by H3K9me3. 
P=0.9161 by χ2 test. I and J, Immunoprecipitation revealed the interactions between TRIM28 (tripartite motif–containing protein 28) and 
METTL3. K, RIP-qPCR revealed that the binding of METTL3 to ERVs decreased in TRIM28iCKO hearts. GAPDH served as a negative control. 
Mean±SD, n=4; **P<0.01, ***P<0.001; 2-tailed Student t test. L, RT-qPCR revealed that METTL3 overexpression suppressed ERV activation 
in TRIM28iCKO CM. Mean±SD, n=6, 2-tailed Student t test; *P<0.05, **P<0.01, ***P<0.001. ChIP-seq indicates chromatin immunoprecipitation 
sequencing; MeRIP-seq, methylated RNA immunoprecipitation sequencing; ns, no significance; RNA-seq, RNA sequencing; and RT-qPCR, 
reverse transcription-quantitative polymerase chain reaction.
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Figure 4. Endogenous retrovirus resurgence leads to myocarditis and heart failure through activation of TLR7/9.
A, Gene Ontology analysis of upDEGs. The top 10 enriched terms are shown. The color scale indicates the adjusted P value (P-adjust). B through 
E, Gene set enrichment analysis analyzing the gene enrichment in nucleic acid–sensing pathways of TLR (Toll-like receptor; B), cGMP-AMP 
(cGAS; C), NF-κB (D), and IFN (interferon; E). Significant enrichments were observed in TLR (normalized enrichment score [NES]=1.5781; 
P-adjust<0.05), cGAS (NES=1.5801; P-adjust<0.05), and NF-κB (NES=1.7215; P-adjust<0.01) pathways but not IFN (NES=1.2341; P-
adjust=0.4838). F, Heatmap showing differentially expressed genes in the cardiac hypertrophy, nucleotide sensing, and NF-κB pathways. Genes 
in the IFN pathway were not significantly altered. G, Western blot illustrating the activation of the PRR (pattern recognition receptor; including 
cGAS, TLR7, TLR8, TLR9, MyD88, TAK1, and p-TAK1) and NF-κB (p-P65 and P65) pathways but not IFN (p-IRF7 and IRF7) in TRIM28iCKO 
hearts. GAPDH served as a control. H, RT-qPCR examination of TLR7/9 and cGAS activation in primary cardiomyocytes transduced with 
MMVL30. Data were normalized to GAPDH. Mean±SD, n=6 independent replicates, 2-tailed Student t test; *P<0.05, **P<0.01, ***P<0.001. I, 
RT-qPCR indicated that MMVL30 siRNA suppressed TLR7/9 and cGAS pathway activation in TRIM28 (tripartite motif–containing protein 28) 
knockout cardiomyocytes. Primary cardiomyocytes were treated with 4-hydroxytamoxifen to induce TRIM28 deletion and (Continued)
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IFN pathway (Figure 4G). Consistently, the inflammatory 
cytokines IL6, IL1b, TNFɑ, VCAM1, and ICAM1, all down-
stream of NF-κB, were significantly increased, whereas 
IFN-stimulated genes such as IFIT1 and IFI44 remained 
unchanged (IFIT1: P-adj=0.62; IFI44: P-adj=0.91; Fig-
ure 4F; Figure S6G).

MMVL30 in the ERV1 category is unable to form viral 
particles because of the multiple stop codons embedded 
in its coding region. However, the RNA/DNA transcribed 
from MMVL30 can still activate the innate immune 
response and cause pathogenesis.28 To further examine 
whether the innate immune response is linked to ERV 
resurgence, we overexpressed MMVL30 RNA in cardio-
myocytes using modified RNA and found that TLR7/9, 
MyD88, and cGAS were robustly induced (Figure 4H). 
Conversely, using siRNA to suppress the MMVL30 
induced in TRIM28iCKO cardiomyocytes attenuated the 
activation of TLR7/9, MyD88, and cGAS (Figure 4I). Both 
findings support the theory that the resurgence of ERV 
RNA induces innate immune activation in TRIM28iCKO 
myocardium. This aberrant innate immune activation sub-
sequently triggered adaptive cellular immunity and myo-
carditis, characterized by elevated infiltration of CD3+ 
lymphocytes and CD68+ macrophages in the myocar-
dium (Figure 4J through 4M), which further caused cell 
death, as evidenced by the increased release of LDH in 
the serum (Figure S7A). Time-series experiments also 
supported this observation, showing a simultaneous 
increase in ERV and inflammatory gene expression in 
TRIM28iCKO hearts, which occurred before the expres-
sion of HF-related genes (Figure S7B). This sequence 
of events highlights the role of aberrant ERV resurgence 
in initiating the innate immune response, which subse-
quently contributes to myocarditis and HF.

ERVs Induced Myocarditis via the TLR7/9–NF-
κB Pathway
Based on the observation of activation of the antivirus 
and exogenous nucleotide pathways TLR7/9 and cGAS 
in response to ERV resurgence, we continued to dissect 
their functional roles in ERV-mediated myocarditis and 
HF. We treated TRIM28iCKO mice with the cGAS-STING 
inhibitor C176, the TLR7/9 inhibitor NSC4375, or the 
NF-κB inhibitor JSH23 for 21 days (Figure 5A) and 
evaluated heart function with echocardiography and his-
tology assays. To further validate the role of ERVs in myo-
carditis and HF in vivo, we also treated TRIM28iCKO mice 
with the reverse transcriptase inhibitor (RTi) zidovudine 

to suppress ERV reverse transcription and immunoge-
nicity. Treatments with JSH23, NSC4375, and RTi for 3 
weeks increased the survival of TRIM28iCKO mice, where-
as C176 treatment did not yield a significant improve-
ment (Figure 5B; JSH23: 85.7%, P=0.013; NSC4375: 
79.2%, P=0.041; RTi: 80.9%, P=0.032; C176: 62.5%, 
P=0.619 versus TRIM28iCKO: 53.8%). Congruently, 
JSH23, NSC4375, and the RTi significantly improved 
the systolic function of TRIM28iCKO hearts and alleviated 
DCM (Figure 5C through 5H; Table S5). Although C176 
showed a trend toward improving heart function and 
mitigating remodeling, the effects were not statistically 
significant. In addition, JSH23 and NSC4375 markedly 
reduced macrophage infiltration and cytokine expres-
sion without affecting ERV levels, suggesting that these 
2 compounds attenuated the HF phenotype through in-
hibition of TLR7/9 and NF-κB, which is downstream of 
ERV resurgence (Figure 5I; Figure S8A through S8C). 
Similarly, RTi did not affect ERV expression but pro-
foundly suppressed cytokine elevation and macrophage 
infiltration, confirming the role of ERVs in driving immune 
activation and myocarditis in TRIM28iCKO hearts (Fig-
ure 5I; Figure S8A through S8C). In contrast, C176 had 
no significant effects on ERV expression or inflammatory 
responses, further excluding a role of the cGAS pathway 
in ERV-mediated innate immunity and HF. Collectively, 
these results define a critical role of the TLR7/9–NF-κB 
axis as the downstream signaling transduction pathway 
responsible for ERV resurgence-induced myocarditis 
and HF.

Constraining ERV Resurgence Alleviated HF in 
an I/R Model
Percutaneous coronary intervention, a widely used clini-
cal procedure, often causes I/R injury, leading to acute 
cardiac inflammation and HF. Next, we examined ERV 
resurgence using a mouse I/R model. We observed 
downregulation of TRIM28 and SETDB1, accompanied 
by robust activation of ERVs, particularly ERV1, includ-
ing MMVL30, in I/R mouse hearts (Figure 6A; Figure 
S9A). Upregulation of ERV1 and cytokines (IL6, IL1b, 
and TNFɑ) occurred immediately after surgery, before 
induction of the HF marker Nppa, which indicated that 
ERV functioned as a driving factor in the I/R HF model 
(Figure 6A). Western blot and RNA-seq analysis further 
confirmed the downregulation of TRIM28 and activation 
of the TLR7/9–NF-κB pathway in I/R hearts (Figure 6B; 
Figure S9B). These results were in agreement with those 

Figure 4 Continued.  then transfected with METTL3-modified RNA for 48 hours. Mean±SD, n=6 independent replicates. One-way ANOVA 
followed by post hoc Tukey test. *P<0.05, **P<0.01, ***P<0.001. J and K, Immunochemistry revealing the infiltration of CD68+ macrophages (J, 
top) and CD3+ lymphocytes (J, bottom). Arrows indicate infiltrated immune cells. The intensity of CD68+ macrophages (K, top) and CD3+ 
lymphocytes (K, bottom) was calculated with ImageJ. Data are mean±SD, n=5 hearts. Two-tailed Student t test. L and M, Flow cytometry 
demonstrating increased CD68+ macrophages and CD3+ lymphocytes in TRIM28iCKO mice (L). The numbers of CD68+ macrophages (M, 
top) and CD3+ lymphocytes (M, bottom) were calculated in FlowJo. Mean±SD, n=3 mice, Two-tailed Student t test. 4-OHT indicates 
4-hydroxytamoxifen; FDR, false discovery rate; GO, Gene Ontology; and RT-qPCR, reverse transcription-quantitative polymerase chain reaction. 
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Figure 5. Blocking the endogenous retrovirus—Toll-like receptor–NF-κB pathway ameliorated myocarditis and cardiac 
dysfunction of TRIM28iCKO mice. 
A, Dosing strategies of variable small-molecule inhibitors. NSC4375 (a TLR7/9 [Toll-like receptor 7/9] inhibitor, 20 mg/kg), JSH23 (an NF-κB 
inhibitor, 6 mg/kg), and C176 (a cGMP-AMP inhibitor, 8 mg/kg) as well as vehicle (5% DMSO+40% PEG300+5% Tween 80+50% ddH2O) 
were administered via intraperitoneal injection 3 times per week. The reverse transcriptase inhibitor (RTi; zidovudine, 4 mg/day) was dosed 
via drinking water. Mice were subsequently evaluated with ECHO and pathology. B, The survival of TRIM28iCKO mice with or without inhibitor 
treatments. Treatments with NSC4375, JSH23, or RTi for 3 weeks increased the survival of TRIM28iCKO mice. (Continued)
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in TRIM28iCKO hearts, indicating a potential role of the 
ERV–TLR7/9–NF-κB axis in ischemic HF.

To further support this hypothesis, we also used 
a gain-of-function approach. We engineered AAV9 
expressing TRIM28 under the control of a cardiac- 
specific troponin T promoter and administered 2.5×1011 
vg viruses through an intrathoracic injection 7 days 
before I/R surgery for sustained TRIM28 expression in 
myocardium during I/R (Figure S9C). TRIM28 reintro-
duction substantially suppressed the activation of ERVs, 
further supporting the role of TRIM28 in silencing ERVs 
(Figure 2 and Figure 6C). Moreover, AAV9-TRIM28 
attenuated activation of the TLR7/9–NF-κB pathway 
and the expression of IL6, IL1b, and TNFɑ (Figure 6B 
and 6C). AAV9-TRIM28 also reduced myocardial dam-
age and cell death, as shown by reduced serum LDH 
(Figure S9D). These results indicate that AAV9-TRIM28 
is able to suppress ERV resurgence and inflammatory 
response in the I/R model.

Next, we evaluated whether AAV9-TRIM28 could 
preserve cardiac function after I/R. Perfusion with Evans 
blue 24 hours after I/R surgery was used to evaluate the 
extent of ischemia and the injured area, which showed 
that AAV9-TRIM28 did not alter the area at risk but sig-
nificantly reduced the infarct region/area at risk, the area 
of I/R-induced myocardial injury (Figure 6D through 6F, 
from 41.5% to 31.6% (P=0.0024). Time-series echo-
cardiography demonstrated a significant improvement of 
systolic function as early as 24 hours, which was sus-
tained up to 3 weeks after I/R induced by AAV-TRIM28 
treatment (Figure 6G; Table S5). AAV9-TRIM28 also 
decreased scar size at the end point of 3 weeks after 
I/R (Figure 6H and 6I; I/R+CTR versus I/R+TRIM28, 
from 14.5% to 7.9%, P<0.001). These results collectively 
imply that AAV9-mediated TRIM28 expression effec-
tively suppresses ERV activation to protect against HF.

Intercepting ERV-Mediated Innate Immunity 
Alleviated HF in the I/R Model
The detection of TLR7/9 and NF-κB activation indi-
cated active ERV-mediated innate immunity in the I/R 
model (Figure 6A). Therefore, we further examined its 
functional role in I/R-induced cardiac inflammation and 
dysfunction. Treatment with 20 mg/kg NSC4375 in I/R 

mice, which is the same dose as used in TRIM28iCKO 
mice 2 days before I/R (Figure 7A) abolished activa-
tion of the MyD88 and NF-κB pathway, as indicated by 
reduced TAK1 and P65 phosphorylation (Figure 7B). 
NSC4375 also suppressed the expression of cytokines 
(IL6, IL1b, and TNFa) but not ERVs (MMVL30, RLTR6, 
and MuLV), further confirming the signaling cascade 
and the functional role of the ERV–TLR7/9–NF-κB mo-
lecular axis in I/R (Figure 7C). In agreement with the 
results observed with AAV-TRIM28, NSC4375 substan-
tially decreased the infarct size of I/R hearts (Figure 7D 
through 7F) from 43.5% to 36.6% (P=0.035) and im-
proved the contractile function (Figure 7G; Table S5). 
As expected, NSC4375 also markedly reduced scar 
size from 12.2% to 5.7% (Figure 7H and 7I; P=0.0052). 
In summary, these results illustrate that activation of 
the ERV–TLR7/9–NF-κB axis exacerbates cardiac 
dysfunction in the I/R model and that intercepting its 
activation effectively alleviates inflammation and HF in-
duced by I/R.

DISCUSSION
In summary, our study provides the first evidence show-
ing that the resurgence of ERVs, particularly ERV1, is a 
unique trait of multiple types of HF. We identified that the 
aberrant ERV expression in cardiomyocytes, driven by 
TRIM28 depletion, acts as a novel immunogen to induce 
myocardial inflammation, cell death, and AHF through 
the TLR7/9–NF-κB pathway (Figure S10). Our results 
established a new pathogenic axis of TRIM28–ERV–
TLR–NF-κB, which plays a critical role in myocarditis 
and HF. Targeting this axis effectively protects against 
myocarditis and ischemic HF.

Recent studies have indicated that RTEs play critical 
roles in several essential biological processes, such as 
embryogenesis,8,18 aging,37 and neurodegenerative dis-
orders.8–10,23,26 However, before this study, the possible 
involvement and pathogenic mechanisms of ERV resur-
gence in HF remain unexplored. Here, we show that LTR 
ERVs, particularly the ERV1 subclass, are consistently 
activated in diverse types of HF, including DCM, myocar-
dial infarction, and I/R, across multiple species, includ-
ing humans, nonhuman primates, and rodents, whereas 
the non-LTR RTEs LINEs and SINEs are not. There 

Figure 5 Continued.  The statistical significance was calculated with log-rank tests. P<0.05 indicated significance. C through E, 
Echocardiogram revealed that NSC4375, JSH23, and RTi significantly alleviated the pathological remodeling of TRIM28iCKO hearts. NSC4375, 
JSH23, and RTi rather than C176 improved the systolic function of TRIM28iCKO mice (C), decreased the left ventricle diastolic internal diameter 
(D) and increased the left ventricular posterior wall thickness at diastole (E). Mean±SD, n=8 to 9 mice, 1-way ANOVA followed by post hoc Tukey 
test; *P<0.05, **P<0.01, ***P<0.001. F, Heart weight/tibial length ratio verified that NSC4375, JSH-23, and RTi rather than C176 reduced the 
heart mass of TRIM28iCKO mice. Mean±SD; n=7 mice; 1-way ANOVA followed by post hoc Tukey test. **P<0.01, ***P<0.001. G, The M-mode 
echocardiograms of TRIM28iCKO mice 9 days after inhibitor treatments. NSC4375, JSH23, and RTi improved cardiac function. H, The gross 
anatomy (top) and hematoxylin-eosin staining sections (bottom) revealed that NSC4375, RTi, and JSH23 ameliorated the ventricular dilation of 
TRIM28iCKO hearts. I, Immunohistochemistry revealed that NSC4375, JSH23, and RTi mitigated the infiltration of CD68+ macrophages. Arrows 
indicate infiltrating CD68+ macrophages. CD68+ macrophages in hearts are quantified in Figure S8C. HW indicates heart weight; LVIDd, left 
ventricle diastolic internal diameter; LVPWd, left ventricular posterior wall thickness at diastole; ns, no significance; and TL, tibial length.
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Figure 6. Curbing endogenous retrovirus resurgence mitigates heart failure.
A, Heatmap of RT-qPCR showing the time-course expression profiling in the ischemia/reperfusion mouse model. TRIM28 (tripartite motif–
containing protein 28) and SETDB1 were significantly downregulated, whereas endogenous retroviruses and cytokines were activated 
immediately after surgery, which was ahead of Nppa (natriuretic peptide A). Mean, n=4. B, Western blot showing that adeno-associated virus 
serotype 9 (AAV9)-TRIM28 inhibited activation of the TLR7/9 (Toll-like receptor 7/9) and NF-κB pathways in ischemia/reperfusion hearts. C, 
AAV9-TRIM28 suppressed endogenous retrovirus class 1 and cytokine expression in the ischemia/reperfusion hearts, as revealed by reverse 
transcription-quantitative polymerase chain reaction. n=6. Mean±SD, 2-way ANOVA followed by post hoc Sidak test. D, Evans blue/triphenyl-2H-
tetrazolium chloride staining illustrating that AAV9-TRIM28 reduced the infarct area. Blue, nonischemic region; red, ischemic region or area at risk; 
white, infarct region. E and F, The calculation of the infarct area. The infarct areas (infarction/area at risk) of AAV9-TRIM28–treated hearts were 
smaller than those of control hearts. n=6 mice, mean±SD, 2-tailed Student t test, **P<0.01. G, Echocardiography indicating that AAV9-TRIM28 
significantly improved the systolic function of ischemia/reperfusion hearts. Ejection fraction was measured for 3 consecutive weeks. n=8 mice. 
Mean±SD, mixed-effects ANOVA with post hoc Sidak test. *P<0.05, **P<0.01, ***P<0.001. H and I, Masson trichrome staining showing that 
AAV9-TRIM28 ameliorated scar formation 3 weeks after injection. The ratio of fibrotic region (blue) to total region (blue+red) was calculated by 
ImageJ. n=6 mice. Mean±SD, 2-way ANOVA followed by post hoc Sidak test. ***P<0.001. AAR indicates area at risk; EF, ejection fraction; IF, 
infarction; I/R, ischemia/reperfusion; LV, left ventricle; ns, no significance; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; 
and TTC, triphenyl-2H-tetrazolium chloride.
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are multiple mechanisms identified to suppress RTEs, 
including histone methylation, DNA methylation, and 
RNA methylation.7 In contrast to what we found, ERVs 
are silenced by H3K9me3 and RNA methylation, LINEs 
and SINE are mainly silenced by DNA methylation.10 In 
agreement, the activation of LINEs and SINEs is often 
observed in early embryonic development and cancer, in 

which DNA methylation is rigorously altered.5,38 There-
fore, we reason that the lack of differences of LINEs and 
SINEs in HF hearts may be attributable to the distinctive 
silencing mechanism in cardiomyocytes.

Human HERV1 is the second-largest subfamily 
in LTR-RTEs, comprises nearly 112 000 copies, and 
occupies 79.2 Mb in the human genome.39 Among the 

Figure 7. Repressing endogenous retrovirus–mediated innate inflammation mitigates heart failure.
A, NSC4375 dosing strategy: 20 mg/kg of NSC4375 injected intraperitoneally 3 times per week 2 days before ischemia/reperfusion (I/R) 
surgery. Serial echocardiography was performed at the relevant times, and hearts were collected for pathological analysis 3 weeks after I/R 
surgery. B, Western blot illustrating that NSC4375 suppressed activation of the TLR7/9 (Toll-like receptor 7/9) and NF-κB pathways in I/R 
hearts. C, RT-qPCR showed that NSC4375 suppressed the activation of cytokines (Il6, Il1b, and Tnfa) rather than endogenous retrovirus class 
1 (MMVL30, RLTR6, and MuLV) in I/R hearts (I/R+NSC4375 vs I/R+Veh). Mean±SD, n=6, 1-way ANOVA followed by post hoc Tukey test. 
D, Evans blue/triphenyl-2H-tetrazolium chloride staining showing the reduced infarct area in NSC4375-treated I/R mice. E and F, Calculating 
the infarct area. The infarct areas (infarction/area at risk) were smaller in NSC4375-treated hearts than in controls (E), whereas area at risk/
left ventricle remained unchanged (F). n= 6 mice, mean±SD, 2-tailed Student t test, *P<0.05. G, Echocardiography showing that NSC4375 
significantly improved the systolic function of I/R hearts. Ejection fraction was measured for 3 consecutive weeks. Mean±SD, n=8 mice. Mixed-
effects ANOVA with post hoc Sidak test. *P<0.05, **P<0.01, ***P<0.001. H and I, Trichrome staining revealed that NSC4375 reduced the fibrosis 
in I/R hearts. Fibrosis was revealed by Masson trichrome staining (H) and quantified (I) 3 weeks post I/R. Mean±SD, n=5 hearts, 2-tailed 
Student t test, **P<0.01. AAR indicates area at risk; EF, ejection fraction; IF, infarction; LV, left ventricle; ns, no significance; RT-qPCR, reverse 
transcription-quantitative polymerase chain reaction; and TTC, triphenyl-2H-tetrazolium chloride.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 23, 2025



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

xxx xxx, 2025� Circulation. 2025;152:00–00. DOI: 10.1161/CIRCULATIONAHA.125.07484516

Xiong et al Function of ERVs in Heart Failure

9 subgroups of HERV1, HERV-H and HERV-W have 
been reported to be associated with the pathogenesis 
of Alzheimer’s disease, oncogenesis, and inflamma-
tory disorders.23,24 However, the HF-associated HERV1 
discovered in our study is distinct from HERV-H and 
HERV-W, belonging to the HEPSI subgroup, and has 
not been reported in these pathologies, which high-
lights the specificity and uniqueness of ERV activation 
in HF. Moreover, in the rodent I/R HF model, ERV1, 
especially its subfamilies MMVL30-int and RLTR6_Mm, 
showed the strongest reactivation, further supporting 
this notion. The distinct trait of HF-associated ERV 
implicates its potential as a biomarker for clinical diag-
nosis or prognosis because it can be secreted and, thus, 
is detectable in the peripheral blood. Of note, the acti-
vation of ERVK, but not ERV1, was mainly identified in 
human HF samples in a meta-RNA-seq analysis.22 This 
discrepancy could arise from the difference in detection 
pipelines, transcript structures, expression threshold, or 
data sets selected. In the study by Heckmann et al,22 
23 types of viruses were significantly altered, and 4 of 
them were retroviruses: the human ERV K113 complete 
genome, Moloney murine leukemia virus, murine type 
C retrovirus, and preXMRV-1 provirus. Among them, 
the Moloney murine leukemia virus and murine type 
C retrovirus, belonging to the gamma retrovirus family, 
are the ancestors of ERV1 and share sequence simi-
larities with ERV1. These results together suggest that, 
although divergent mapping pipelines are used, ERV1 
or ERV1-associated virus families are, in fact, activated 
and detectable in HF hearts. Altogether, these lines of 
evidence suggest that ERV resurgence could be a uni-
versal hallmark of HF, but it requires further validation 
in broader data sets.

In variable human and animal HF models, ERV1 
reactivation is the most pronounced. ERV1 is evolu-
tionarily old, heavily mutated, and lacks the ability to 
produce the living virus like ERVK.7 Overexpression 
of ERV1 RNA transcript MMVL30 in isolated CM 
activates immunoreaction, whereas knockdown of 
MMVL30 inhibits inflammation. In addition, suppress-
ing ERV reverse transcription in TRIM28iCKO mice or 
inhibiting ERV RNA transcription with AAV-TRIM28 
in I/R hearts significantly alleviated the inflammatory 
response and HF. On the contrary, ERVK is evolution-
arily young and can generate living viral particles.10 In 
our assays, ERVK RNA is not consistently and signifi-
cantly elevated in human and rodent HF hearts as is 
ERV1. The amount of ERVK virus envelop in HF hearts 
is low and not different from CTRL hearts. All of these 
results allow us to conclude that the activation of ERV 
RNA transcripts or DNA derives rather than the living 
virus induce myocarditis and HF directly. In agreement, 
other studies have also demonstrated that ERV RNA 
transcripts are able to induce a variety of immune dis-
orders and pathogeneses.8–10,23,29

We identified that hyperactivation of ERVs leads to 
severe cardiac inflammation, cell death, and AHF in 
TRIM28iCKO mice, which resembles myocarditis in the 
clinical setting. Myocarditis, especially fulminant myocar-
ditis, is one of the leading causes of AHF, with mortal-
ity rates as high as 80%, affecting juveniles and young 
people.40 Myocarditis is typically caused by infection with 
exogeneous viruses, such as adenoviruses and retro-
viruses.3,4 For example, COVID-19, as a retrovirus, was 
associated with a significant increase in myocarditis 
and cardiomyopathy during the pandemic.41 Different 
from exogenous viral infection, we find that the aber-
rant expression of endogenous ERV nucleic acids also 
induces acute and severe myocarditis. Intriguingly, sev-
eral studies also showed that exogenous virus infection 
is one of the prominent stimuli for ERV reactivation.42 
Collectively, these findings suggest that ERVs may play 
a broader role in exogenous viral infection–induced myo-
carditis. Of note, a recent porcine-to-human heart xeno-
transplantation trial indicated that the failure of xenografts 
may be associated with the resurgence of porcine ERV 
and cytomegalovirus.43 In the present study, we identify 
that ERVs and their activation of innate immunity play an 
important role in I/R-induced myocarditis and HF. These 
results together underscore ERVs as pivotal pathogens 
with pervasive roles in myocarditis and HF.

ERVs have to be rigorously silenced to prevent 
genomic instability and aberrant transcription.6–8 Over 
millions of years, vertebrates have evolved variable mech-
anisms to maintain ERV surveillance in the genome, such 
as DNA erosion and methylation, histone modifications, 
and transcription factor repression. Recent studies found 
that these mechanisms can be highly specific to tis-
sue type, developmental stage, and genomic context.26 
Here, we found that ERV silence in the myocardium is 
orchestrated by TRIM28, based on the key observation 
that cardiomyocyte-specific genetic deletion of TRIM28 
leads to an obvious ERV resurgence that further results 
in acute myocarditis and severe HF. Conversely, restor-
ing TRIM28 in the failing heart resilences ERVs and 
improves heart function. The effectiveness of TRIM28 
in shutting down ERVs may be attributable to its dual 
function to simultaneously regulate both H3K9me3 and 
RNA m6A, which is different from its canonical and sin-
gular role in maintaining H3K9me3 on ERV genomes 
discovered in other tissues.32 This mechanistic difference 
reinforces the notion about the regulatory specificity of 
ERVs, highlighting their unique role in cardiac homeosta-
sis and dysfunction.

TLR7/9 are two key TLR receptors that recognize 
exogenous nucleic acid pathogen-associated molecular 
pattern ligands (RNA and DNA) to incur innate immu-
nity. The sustained or constant activation of TLR7/9 can 
lead to hyperactivation of inflammation, contributing to 
autoimmune disorders such as systemic lupus erythe-
matosus. Here, we illustrate another important role of 
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TLR7/9 in myocarditis and ischemic HF, to sense the 
activated ERVs, suggesting their broad immunologi-
cal significance. cGAS, another cytosolic sensor for 
exogenous double-stranded DNA, is also upregulated 
in TRIM28-depleted hearts. However, cGAS is less 
effective than TLR7/9 in rescuing cardiac function. This 
observation further supports the theory that the ERV-
sensing mechanism in cardiomyocytes is biased toward 
TLR7/9. Several reasons may be attributed to this bias, 
including a lower abundance of double-stranded DNA 
than single-stranded RNA or single-stranded DNA 
derived from ERVs, higher expression of TLR7/9, or 
biased composition and interactome of myddosome in 
cardiomyocytes. Something similar is observed as well in 
the expression dissociation of cytokines and IFN. These 
data emphasize the unique feature of innate immune 
signal transduction pathways in cardiomyocytes. 
Moreover, NSC4375, as a small-molecule inhibitor of 
TLR7/9, has been employed in therapeutic regimens 
for SLE, and rheumatoid arthritis, autoimmune myo-
carditis and reduces COVID-19 mortality by inhibiting 
innate immunity.44,45 The notable efficacy of NSC4375 
in cardiac protection against I/R injury, as illustrated by 
our study, also suggest its broader therapeutic potential 
in treating myocarditis and cardiomyopathy. However, to 
rule out the effects of sex hormones on cardiac protec-
tion, only male mice were used in the I/R model, rep-
resenting a potential limitation. Whether these findings 
can be recapitulated in female mice requires further 
examination.

In summary, our study defines the previously unrecog-
nized pathological pathway of TRIM28–ERV–TLR7/9–
NF-κB in myocarditis and HF, which provides new 
mechanistic insights and therapeutic perspectives for 
these illnesses. We also identify ERV resurgence as a 
key driver of cardiac inflammation and dysfunction, which 
highlights the critical role of viral-host genome interac-
tion in HF pathogenesis.
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