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ABSTRACT

Retrotransposable elements (RTEs) have been implicated in the pathogenesis of several age-associated diseases. Although model
systems indicate that age- and sex-dependent loss of heterochromatin increases RTE expression, data from large human studies
are lacking. Here we assessed the expression levels of 795 blood RTE subfamilies in 2467 participants of the population-based
Rhineland Study. We found that the expression of more than 98% of RTE subfamilies increased with both chronological and
biological age. Moreover, the expression of heterochromatin regulators involved in RTE silencing was negatively related to the
expression of 690 RTE subfamilies. Finally, we observed sex differences in 42 RTE subfamilies, with higher expression in men.
The genes mapped to sex-related RTEs were enriched in immune response-related pathways. Importantly, we validated our key
findings in an independent population-based cohort. Our findings indicate that RTEs and their repressors are markers of aging
and that their dysregulation is linked to inflammation, especially in men.
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1 | Introduction

The rapid increase in human life expectancy has spurred
interest in understanding of the molecular mechanisms
underlying aging and late-life health. Several different ap-
proaches have been employed to elucidate the molecular
and cellular pathways implicated in aging processes (Lopez-
Otin et al. 2023), focusing mainly on detecting genetic poly-
morphisms associated with age-related traits (Slagboom
et al. 2018), exploring age-related epigenetic changes (Jones
et al. 2015), and defining age-dependent transcriptomic sig-
natures (Peters et al. 2015). In the past few years, thanks to
technological advances in sequencing, repetitive segments of
DNA previously known as “junk DNA” have been character-
ized and found to regulate many biological processes (Chuong
et al. 2016; Lu et al. 2020). Indeed, by far the largest propor-
tion of repetitive elements in the human genome is composed
of transposable elements (TEs), DNA sequences able to move
within the genome (Bourque et al. 2018). TEs represent at least
45% of the entire human DNA (Lander et al. 2001), and they
are mainly found in the form of retrotransposable elements
(RTESs), which use a so-called “copy and paste” mechanism to
spread across the genome (Bourque et al. 2018). As a result of
their long evolutionary history, RTE sequences have accumu-
lated mutations, rendering them widely different. According
to sequence homology, transposition mechanisms and struc-
tural features, RTEs are classified hierarchically into super-,
sub- and separate distinct families (Bourque et al. 2018). The
quantification of RTE expression was initially limited to the
subfamily level. However, more recently further characteri-
zation of RTEs at loci level has become feasible, enabling lo-
calization and measurement of the expression levels of single
RTEs (Yang et al. 2019), although validation of these methods
in large genomic datasets is lacking.

Despite the fact that many RTEs in humans have lost their ret-
rotransposition ability due to accrued mutations in the course of
evolution, RTEs have been proposed to influence cellular func-
tion and tissue homeostasis in the host species via additional
mechanisms. Specifically, RTEs could modulate the expression
of adjacent genes by acting as enhancers and promoters, while
RTEs as RNAs or retrotranscribed DNA could engage the nu-
cleic acid-sensing machineries and trigger inflammatory path-
ways and antiviral mechanisms (Burbage et al. 2023; De Cecco
et al. 2019; Gerber et al. 2021; Gorbunova et al. 2021; Merlotti
et al. 2023; Volkman and Stetson 2014). Finally, proteins en-
coded by RTEs have been linked to senescence and propa-
gation of pathogenic aggregates (Liu, Heumuller, et al. 2023;
Liu, Liu, et al. 2023). Therefore, to prevent aberrant activation,
RTE expression is tightly regulated by several silencing mech-
anisms, particularly heterochromatin regulation (Marsano and
Dimitri 2022; Zhang et al. 2022). An intricate network of factors,
including chromatin-modifying enzymes, chromatin-associated
proteins, and histone modifications, ensures and maintains
a proper heterochromatin configuration (Zhang et al. 2022).
Previous studies, mostly conducted in animal models, reported
age-related accumulation of RTEs (Chen et al. 2016; De Cecco
et al. 2013, 2019; LaRocca et al. 2020; Wood et al. 2016), in-
duced by decreased efficiency of repressive mechanisms during
aging (Pal and Tyler 2016; Zhang et al. 2020). Our own work has
suggested that derepression of RTEs leads to aging-associated

phenotypes, such as myeloid bias and inflammation (Gerber
et al. 2021). Furthermore, a recent study proposed a causal
role of RTEs in aging in C. elegans (Sturm et al. 2023), while
small-scale human studies suggest an association between ret-
rotransposon expression in blood and cellular senescence and
inflammation (Tsai et al. 2024). Despite substantial progress in
the study of aging and aging-related traits in the context of RTEs,
previous research has primarily focused on RTEs at the family
level (LaRocca et al. 2020; Tsai et al. 2024). Limited knowledge
exists about the expression of specific RTE subfamilies in aging,
and specifically about the localization of individual RTE loci,
although the biological role of RTEs is also dependent on their
genomic location, having the capability to influence the expres-
sion of mapped or neighboring genes (“cis effects”) (Elbarbary
et al. 2016). Moreover, the amount of RTEs as well as the con-
tent of heterochromatin differs not only across age but also
between sexes, mainly due to the presence of large repetitive
sequences on the Y-chromosome (Nguyen and Bachtrog 2021;
Tang et al. 2018). Indeed, aging is a sex-specific process, with
sex differences in both lifespan and the occurrence of many dis-
eases (Hdgg and Jylhédvd 2021), including inflammatory (Klein
and Flanagan 2016), cardiovascular (Leening et al. 2014), met-
abolic (Tramunt et al. 2020) and neurodegenerative diseases
(Beam et al. 2018; Moisan et al. 2016). However, scant research
is available on potential sex differences in the expression levels
of RTEs in the general population.

Thus, to assess whether dysregulation of RTE expression is a
marker of human aging, we evaluated the relation between RTE
expression levels and chronological age in a large population-
based cohort. Given that deregulation of RTE expression could
also be a driver of the aging process and accelerate aging traits
(De Cecco et al. 2019; LaRocca et al. 2020; Rigal et al. 2022;
Sturm et al. 2023), we also assessed the relation between RTE
expression levels and biological age employing “GrimAge”, an
estimator of epigenetic aging that is associated with both mor-
bidity and mortality risk (Lu et al. 2019). Indeed, we observed
an increase in the expression levels of more than 98% of RTE
subfamilies with chronological age. Moreover, we found higher
expression of specific RTEs in men compared to women.
Importantly, we could replicate the associations of both age and
sex with RTE expression levels using data from an independent
population-based cohort study. Finally, we were able to demon-
strate a negative association between the expression levels of
RTE subfamilies and those of chromatin-associated methyl-
transferase and repressors, key factors for heterochromatin
maintenance and RTE silencing (Zhang et al. 2022).

2 | Results
2.1 | Discovery Study Population

A total of 2467 participants were included in our discovery
cohort derived from the Rhineland Study (see Section 4 for
a detailed description). The mean (standard deviation (SD))
age was 54.95 (14.36) years and 45.1% were men (Table 1). We
could quantify the expression levels of 795 RTE subfamilies in
peripheral blood transcriptome data from participants of the
Rhineland Study, which could further be classified into 20 RTE
families and 4 RTE superfamilies. SINE superfamily expression
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TABLE1 | Demographic characteristics of the participants and stratification by sex.

Analytical sample Model 1

Analytical sample Model 2

Sex stratification

Sex stratification

Variables Total Women Men Total Women Men

N participants (%) 2467 1354 (54.9) 1113 (45.1) 2321 1278 (55.1) 1043 (44.9)
Age (Years) 54.95(14.36)  54.90(11.7)  55.02(14.61)  54.76 (14.35)  54.68(14.13)  54.86 (14.62)
Smoking status: Smokers (%) 317 (12.8) 158 (11.7) 159 (14.3)* 292 (12.6) 149 (11.7) 143 (13.7)
Erythrocytes (T/L) / / / 4.68 (0.43) 4.47 (0.34) 4.93 (0.40)***
Leukocytes (G/L) / / / 5.74 (1.50) 5.72 (1.50) 5.77 (1.49)
Basophils (%) / / / 0.80(0.35) 0.81 (0.36) 0.78 (0.35)**
Eosinophils (%) / / / 3.29(2.12) 3.12(2.09) 3.51 (2.13)%**
Lymphocytes (%) / / / 32.76 (8.05) 33.46(8.02)  31.92(8.00)***
Monocytes (%) / / / 8.37(1.93) 7.94 (1.75) 8.89 (2.00)***
Neutrophils (%) / / / 54.77 (8.71) 54.67 (8.80) 54.90 (8.61)

Note: The analytical dataset in Model I included all the participants with RNA-Seq expression data available. The analytical dataset in Model 2 included all the
participants with RNA-Seq expression data and cell count information available. The data are expressed as mean (standard deviation) and categorical variables as
number (percentage). White blood cell subtypes are expressed as relative measurement (percentage) to leukocytes. The differences between women and men and
between the two analyzed datasets were calculated using a t-test (continuous) or chi-squared test (categorical). ***p-value <0.01, **p-value <0.05, *p-value <0.1.
Abbreviations: G/L, Gigacells per Liter; N, number of participants; T/L, Teracells per Liter.

represented almost 52% of the whole RTE superfamily expres-
sion levels across 2467 participants, followed by LINE, LTR, and
retroposon superfamilies (Figure S1).

2.2 | Changes in RTE Expression Levels With
Chronological Age

RTE subfamily expression levels increased with chronological
age in 97.5% (95% confidence interval (CI): 96.1 to 98.3) of the
795 RTE subfamilies (one proportion Z-test p-value < 2.2e-16)
(Model 1). However, only two subfamilies (i.e., MER54B and
LTR43-int) retained statistical significance (false discovery
rate (FDR) <0.05) after multiple comparisons adjustment.
The same positive trend was also observed after adjusting for
blood cell composition (Model 2), indicating higher expression
levels in 99.5% (95% CI: 98.7-99.8) of RTE subfamilies with
older chronological age (one proportion Z-test p-value <2.2e-
16). Similar to Model 1, only MER54B was significantly posi-
tively associated with chronological age after FDR adjustment
(Figure 1A, Table S1, Figure S2A). The per locus analysis,
conducted on the 64 MER54B loci, revealed that four of these
loci were the main drivers of the association with chronolog-
ical age. The expression levels of three of these loci increased
with age, and they were located in intronic regions or over-
lapped with splicing sites of the mapped genes. Specifically,
two loci were located in the beta-defensin gene cluster on
chromosome 8, while the others were positioned within the
NBEA and RAB27B genes (Figure 1B, Table S2, Figure S2B).
Further evaluation of the mapped and cis-genes revealed that
the expression levels of three age-related loci were positively
associated with the expression levels of the corresponding
genes. Specifically, the expression levels of the two loci on
chromosome 8 were positively associated with those of the
cis-gene DEFA3, while the expression levels of the RTE locus

within the NBEA gene showed a strong association with those
of the gene itself, suggesting co-expression of these two tran-
scripts (Table S3).

The sensitivity analysis, conducted on three additional RTE sub-
families that were most strongly associated with chronological
age (i.e., CR1.L3A-Croc, AluYk11, and SVA_C), showed that two
CR1.L3A-Croc loci were positively associated with chronologi-
cal age (Table S2). Moreover, we observed that one of these loci,
located in chromosome 20, was also positively associated with
the corresponding mapped gene, TSHZ2 (Figure S3, Table S3).

Given that the evolutionary youngest human-specific RTE sub-
families (including L1HS and L1PA?2) are likely to be function-
ally most relevant in terms of transposition capacity (Brouha
et al. 2003), we also performed a separate locus-specific analysis
for these RTEs. This analysis revealed that chronological age
was significantly associated with one locus (out of 226) for LIHS
and nine loci (out of 602) for L1PA2 (Figure S4, Table S2). Most
of these loci were located in intronic regions and were positively
associated with the corresponding mapped or cis-genes, includ-
ing CAMK4, ATM, and IFI16 (Table S3).

2.3 | Changes in RTE Expression Levels With
Biological Age

The relation between RTE subfamilies and biological age mir-
rored the one observed for chronological age. The expression
levels of 99.3% (95% CI: 98.5-99.7) of RTE subfamilies in-
creased with higher biological age (one proportion Z-test p-
value <2.2e-16) (Model I1). Specifically, 650 RTE subfamilies
were associated with biological age at FDR <0.05. A similar
trend was also observed after adjustment for blood cell com-
position, with 98.0% (95% CI: 96.8-98.7) of RTE subfamilies
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FIGURE1
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FIGURE1 | Association of RTE subfamilies and loci with chronological age. (A) Volcano plot showing the change in the standardized expression
of RTE subfamilies per one standard deviation in chronological age. Each dot represents an RTE subfamily. The red horizontal line indicates the
threshold for statistical significance, set at FDR <0.05. Model 1: RTE subfamily, _ intercept + age +sex + smoking + batch. Model 2: Additionally
adjusted for blood cell composition. (B) Visualization of the four MER54B age-associated RTE loci, highlighted by the yellow shading, in the human
genome reference GRCh38/hg38 through UCSC Genome Browser. Mapped genes (in blue) and transcription factor binding sites (in gray) are also

indicated, if present.
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FIGURE2 | Associations of RTE subfamilies with biological age. Volcano plot showing the change in the standardized expression of RTE subfam-

ilies per one standard deviation in biological age. Each dot represents a RTE subfamily. The red horizontal line indicates the threshold for statistical
significance, set at FDR <0.05. Model 1: AgeAccelGrim ~ intercept + RTE subfamily, +sex + smoking + batch. Model 2: Additionally adjusted for

blood cell composition.

showing increased expression levels with higher biological
age (one proportion Z-test p-value <2.2e-16). However, after
correcting for multiple comparisons to minimize false posi-
tive rates, none of the associations between separate RTE sub-
families and biological age remained statistically significant
(Figure 2, Table S4).

2.4 | Sex Differences in RTE Expression Levels

Sex was significantly associated with the expression levels of
55 RTE subfamilies (FDR <0.05, Model I). After adjustment
for blood cell counts, 42 RTE subfamilies remained signifi-
cantly associated with sex, with higher expression levels in
men compared to women (Figure 3A, Table S5). With the ex-
ception of a single RTE subfamily (L1MDb), the entirety of
the sex-related RTE subfamilies belonged to the LTR super-
family, mainly comprised of human endogenous retroviruses
(HERVs). The per locus level analysis revealed that these asso-
ciations with sex were driven by 247 RTE loci. Moreover, it in-
dicated that the higher expression of RTE subfamilies in men
was mainly due to the location of 168 of the RTE loci on the
Y-chromosome, confined to a window of about 18 million base
pairs. However, even when considering only autosomes, the
majority of sex-related RTE loci still exhibited higher expres-
sion levels in men as compared to women. Specifically, 66 out

of 79 RTE loci that were located on autosomes showed higher
expression levels in men compared to women (Figure 3B,C,
Table S6). The genomic annotation of these sex-related loci
revealed that they were located mainly in intronic and inter-
genic regions (Figure S5). By investigating the relation of the
RTE loci's expression with the corresponding mapped and/or
cis-genes, we found that the majority of the associations were
in the same direction, with an increase in RTE loci expres-
sion levels corresponding to an increase in gene expression
levels. This finding suggests that RTE loci, which are located
in intronic regions, are co-expressed with the genes they are
mapped to, whereas those located in intergenic regions likely
function as regulators of the proxy genes (Table S7). Further
functional analysis of genes associated with sex-related RTEs
revealed significant enrichment for immune responses (e.g.,
“positive regulation of interleukin-1 beta production” and
“cellular response to interferon-beta”) (Figure S6). Sex did not
modify the associations of expression levels of RTE subfami-
lies with chronological age or biological age.

2.5 | Sensitivity Analysis

The associations of the RTE scores, computed at family, su-
perfamily, and overall levels with chronological age, biologi-
cal age, and sex mirrored the ones identified at the subfamily
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FIGURE 3
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FIGURE 3

| Significant association of RTE subfamilies and loci with sex. (A) Box plots showing the different expression levels between men and

women for the 42 RTE subfamilies for which we observed a significant sex difference in the RTE expression levels. The RTE subfamilies are grouped
based on the family they belong to. (B) Manhattan plot representing RTE loci belonging to the 42 RTE subfamilies associated with sex. The red line

indicates the threshold for statistical significance, set at FDR <0.05. (C) Ideograms of chromosomes 1, 12, and Y showing the locations of sex-related

loci on the respective chromosomes and the mapped genes, when present.
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FIGURE 4 | Association of RTE families, superfamilies, and overall RTE expression levels with age, sex, and biological age. Heatmap represent-

ing the strength and directionality of the associations between RTE family, superfamily, and overall RTE expression levels with chronological age,

sex, biological age, and age-sex interaction.

level, confirming the positive association of RTE expression
levels with both chronological and biological age, as well as the
higher expression levels of RTEs in men compared to women.
(Figure 4, Tables S8-S10).

2.6 | Association of RTE Repressor Genes With
RTE Subfamilies

The analysis of the effect of heterochromatin regulators on RTE
subfamilies revealed that the RTE repressor score (calculated by
combining the expression levels of DAXX, TRIM28, SETDBIb,
and DNMT1 (Gerber et al. 2021; Haggerty et al. 2021)) is neg-
atively associated with the expression levels of age- and sex-
related RTE subfamilies (Figure 5, Table S11). Interestingly,
this relation was consistent across most RTE subfamilies.
Specifically, a lower RTE repressor score corresponded to higher
expression levels of 690 RTE subfamilies at FDR <0.05 (Model
2) (Figure S7). Moreover, we found that the RTE repressor score
tended to be lower in older than younger participants (8 esti-
mate: —0.11, p-value =0.099). However, no association with bi-
ological age and no sex differences in the RTE repressor scores
were observed. The absence of an association between RTE re-
pressor score and biological age, even when including only the
two DNA methylators (DNMTI and SETDBI) in the derivation
of the score (data not shown), may be attributed to the fact that
these two genes alone do not fully capture the complexity of DNA
methylation patterns that determine biological age. Moreover,
although DNMTI1 and SETDBI are important regulators of
methylation, they play distinct roles in this process, which may
explain the lack of association. DNMT1 primarily functions as a
maintenance methyltransferase, preserving existing DNA meth-
ylation patterns rather than establishing new marks (Law and
Jacobsen 2010). In contrast, epigenetic age estimators, such as
GrimAge, reflect long-term, cumulative methylation changes,
which may not be directly influenced by DNMTI's maintenance
activity. SETDBI, on the other hand, contributes to gene silencing

primarily through histone modification, particularly H3K9me3,
which regulates heterochromatin formation (Leung et al. 2011).
However, its impact on DNA methylation may not directly af-
fect the CpG sites included in the estimation of GrimAge, as it
primarily influences chromatin structure and gene expression
rather than directly modifying DNA methylation patterns.
Furthermore, DNMT1 and SETDBI are not the only players in
this process. For example, other DNA methyltransferases, such
as DNMT3A and DNMTS3B, also contribute to the overall meth-
ylation patterns. Additionally, DNA methylation is regulated by
a broad range of genes, including those encoding for other DNA
methyltransferases such as DNMT3A and DNMT3B, as well as
extrinsic factors such as diet and environmental exposures.

To further explore the role of the RTE repressor score in gene
regulation, we assessed its associations with the genes expressed
in blood samples of Rhineland Study participants. Interestingly,
we found that the RTE repressor score exhibited statistically
significant associations with the vast majority of genes (10,397
out of 11,306), with approximately half showing positive asso-
ciations (5054 out of 10,397) and half showing negative associ-
ations (5343) (Table S11). These widespread associations may
be explained by the fact that the genes included in the deriva-
tion of the RTE repressor score are involved in the regulation of
common cellular processes affecting the expression of a large
number of other genes, including epigenetic modulation, tran-
scriptional repression, and chromatin remodeling. Focusing
on the top five positively associated genes (POLR2A, ARIDIA,
SRRM2, MEDI12, and EP400) and the top five negatively asso-
ciated genes (SF3BI, SPCS3, NEK7, ZRANB2, and DNAJBI4),
which were not already included in the derivation of the RTE
repressor score, we further examined their genomic locations in
relation to RTEs using the UCSC Genome Browser. Some genes,
such as ARIDIA and NEK7, were found to map to a large num-
ber of RTE loci across different superfamilies (SINE, LINE, and
LTR), while others, such as SRRM2 and SPCS3, mapped to only
a few (Figure S8).
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FIGURE 5 | Relation between RTE repressor score and age- and sex-related RTE subfamilies, chronological age, and sex. The forest plot shows

the associations of RTE repressor score with the age-related RTE subfamily, MER54B, the 42 sex-related RTE subfamilies, chronological age, and
sex. The standardized beta coefficients for RTE subfamilies were obtained through the following linear regression model: RTE subfamily, ~intercept
+ RTE repressor score+age +sex + smoking + batch + blood cell composition. The standardized beta coefficients for age and sex were obtained
through the following linear regression model: RTE repressor score ~intercept 4+ age +sex + smoking + batch + blood cell composition. The stan-
dardized beta coefficients for biological age and sex were obtained through the following linear regression model: RTE repressor score ~intercept +

biological age +sex 4+ smoking + batch + blood cell composition.

2.7 | Validation of Findings in an
Independent Cohort

For external validation of our results, we used data from a total
of 706 participants from the population-based Lifelines Study for
whom RTE expression levels, age, sex, smoking status, and blood
cell counts were available (see Section 4 for a detailed descrip-
tion). The mean age of the included participants was 47.7 years
(SD: 11.1), with 43.5% male. The expression levels of 790 RTE
subfamilies could be quantified in the Lifelines participants.

The age analysis revealed that chronological age was sig-
nificantly associated with eight RTE subfamilies at p-value

<0.05 (Model I) (Table S12). The RTE subfamily MER54B,
identified as the top hit associated with chronological age in
the Rhineland Study, was validated in the Lifelines cohort (8
estimate: 0.112, p-value =0.005). Additionally, we observed a
positive trend between chronological age and the expression
levels of RTE subfamilies, consistent with the findings from
the Rhineland Study. Specifically, expression levels increased
with chronological age in 93.2% (95% CI: 91.2-94.7) of the 790
RTE subfamilies (one proportion Z-test p-value <2.2e-16).
After adjusting for blood cell concentrations (Model 2), the re-
sults remained consistent, with chronological age still show-
ing a positive association with the expression levels of eight
RTE subfamilies at p-value <0.05, including the MER54B
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subfamily (Table 2). Additionally, similar to Model 1, 92.3%
(95% CI: 90.2-93.9) of the 790 RTE subfamilies exhibited in-
creased expression levels with chronological age (one propor-
tion Z-test p-value <2.2e-16), mirroring the findings of the
Rhineland Study (Table S12).

The sex analysis in the validation cohort also indicated that sex
was significantly associated with the expression levels of 13 RTE
subfamilies in Model 1 and 11 RTE subfamilies in Model 2 at p-
value <0.05. Among these, the sex-related associations observed
in the Rhineland Study were replicated for 7 and 6 of these RTE
subfamilies in Model 1 and 2, respectively (Table 2, Table S13).

3 | Discussion

To our knowledge, this is the first study reporting a compre-
hensive overview of genome-wide RTE subfamily expression
levels in blood across age and sex in the general population,
with further detailed RTE locus-specific characterization. We
found that for more than 98% of RTE subfamilies, expression
levels increased with both higher chronological and biological
age. The chronological age-related findings were replicated in
an independent cohort, where also more than 92% of RTE sub-
families exhibited higher expression levels with increasing age.
Moreover, we found higher levels of RTE expression in men
compared to women, mostly due to the expression of LTR ele-
ments on the Y-chromosome, which was also largely replicated
in the independent Lifelines cohort. Interestingly, the expression
of sex-related RTE loci was primarily associated with the expres-
sion of genes involved in immune response pathways. In addi-
tion, our results revealed a relation between elevated expression
levels of heterochromatin regulator genes and reduced expres-
sion levels of RTE subfamilies, indicating that transposable ele-
ments are tightly regulated by epigenetic silencing mechanisms.

We observed higher genome-wide expression levels of RTE
subfamilies with older chronological age. This association was
also apparent when summing up the RTE subfamily expression
levels per (super)family, indicating that RTE expression levels
increase with age. The increased expression levels of differ-
ent RTE families with advancing age have also been reported
in animal models (De Cecco et al. 2013; Wood et al. 2016) and
small-scale human studies (LaRocca et al. 2020). Despite re-
porting an association between RTE expression and biological
age-related events, a recent study did not find a link between
chronological age and RTE expression (Tsai et al. 2024), which
is likely due to the study's relatively small sample size and use of
microarray expression data, precluding comprehensive analyses
at the RTE subfamily level. Increased RTE expression with age
is thought to be primarily linked to heterochromatin loss (Pal
and Tyler 2016), due to the reduction of histone proteins (Feser
et al. 2010), decreased DNA methylation (Zampieri et al. 2015),
different histone variants and modifications (Dang et al. 2009;
Duarte et al. 2014), as well as dysregulation of histone chaper-
ones, such as DAXX (Rapkin et al. 2015). Among all the RTE
subfamilies, the expression levels of MER54B, classified in
the ERVL (LTR) family, showed the strongest association with
chronological age. Human endogenous retroviruses (HERVs)
are transposable elements originating from the insertion of
exogenous retroviruses in the germ line. Although HERVs are

generally retrotranspositionally inactive in humans due to accu-
mulated mutations during evolution (Katzourakis et al. 2005),
there is some evidence for the presence of a very recently ac-
quired, apparently intact HERV in a small fraction of the human
population (Stoye 2001; Turner et al. 2001). HERVs have been
associated with several pathological processes, though the exact
underlying mechanisms are still unknown.

It has also been suggested that HERVs might act as tran-
scriptional regulatory elements for neighboring genes (Mao
et al. 2021). In support of this hypothesis, our per locus analy-
sis identified two age-related MERS54B loci, located within the
cluster of defensin genes, whose expression was positively asso-
ciated with that of the cis-gene DEFA3. Defensin genes encode
for peptides specialized in host innate immune and infection
responses (Holly et al. 2017), and they have been reported as po-
tential inflammatory biomarkers of frailty (Cardoso et al. 2018).
The co-expression of age-related RTE loci and genes involved
in inflammatory pathways further supports the contribution of
these elements to the aging process itself (Liu, Liu, et al. 2023).
Moreover, we identified another MER54B age-related locus
within the intronic region of RAB27B, a gene responsible for
the production of endogenous exosomes, key regulators of the
immune response (Alexander et al. 2017). Indeed, through
multimodal experiments, previous studies demonstrated that
increased HERVK expression as well as the accumulation of
HERVK-Env proteins and HERVK retrovirus-like particles trig-
gers the innate immune response and promotes the intercellu-
lar spreading of proteopathic seeds (Liu, Heumuller, et al. 2023;
Liu, Liu, et al. 2023). The fourth MER 54B age-related locus was
located in the intronic region of the NBEA gene, which encodes
the autism-related protein neurobeachin involved in the regula-
tion of synaptic protein trafficking (Lee et al. 2018). Additionally,
several de novo NBEA genetic variants have been related to early
childhood epilepsy (Mulhern et al. 2018). Interestingly, ERVs
have also been shown to increase genomic instability and play
a critical role in the pathogenesis of autism-spectrum disorders
(Lin et al. 2023). However, to what extent similar mechanisms
may contribute to age-associated traits, especially cognitive de-
cline, remains to be established. Nonetheless, the strong posi-
tive association between the expression levels of this particular
RTE locus and NBEA indicates that co-localization of RTE loci
within or in the vicinity of genes results in their co-transcription
(Lanciano and Cristofari 2020).

Interestingly, the expression levels of the youngest human-
specific subfamilies, belonging to the long interspersed nu-
clear element-l1 (L1) family, increased with chronological
age. Specifically, L1HS, also known as L1PA1, is the young-
est human-specific subfamily (Brouha et al. 2003; Lanciano
et al. 2024; Lander et al. 2001) and has retained its active ret-
rotransposing ability (Sun et al. 2018). We found that the age-
related L1HS locus is located within the CAMK4 gene. The
CaMK4 protein is a multifunctional serine/threonine kinase,
involved in various aspects of the immune response. It plays a
critical role in regulating the production of cytokines, including
interleukin-17, and has been implicated in the pathogenesis of
autoimmune diseases such as systemic lupus erythematosus and
psoriasis (Xu et al. 2024; Yong et al. 2022). L1PA2 is the evolu-
tionary second youngest human-specific subfamily. The corre-
sponding age-related loci were interspersed across the genome,
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TABLE 2 | Validation of the Rhineland Study findings in the Lifelines cohort.
Rhineland Study Lifelines
RTE subfamily Estimate (FDR) Estimate (p-value)

Age analysis
MER54B
MER74C
MER70B
LTR58
LTR26E
MERS51E
AluYb9
HERV1_I-int

Sex analysis
LTR27D
MER54B
HERVK?22.int
LTR22B2
HERVO9N.int
MERS52D
LTR25.int
HERV1_LTRc
HUERS.P2.int
LTR23.int
HERV1_Lint

Harlequin.int

0.096 (1.86e-04)°
0.045 (0.08)?
0.057 (0.08)

0.041 (0.087)?
0.033(0.113)
0.022 (0.241)
0.020 (0.251)
0.013 (0.373)

0.228 (1.29¢-05)°
0.313 (5.54e-11)°
0.396 (3.47e-19)°
1.100 (2.46e-156)°
0.341 (3.28¢-14)°
0.137 (0.0384)°
0.447 (9.57e-25)
1.180 (1.42¢-186)
0.241 (1.52¢-06)
0.207 (6.42e-05)
1.300 (3.76e-254)
0.213 (1.21e-05)

0.116 (0.003)°
0.129 (0.001)?
0.084 (0.041)2
0.081 (0.049)2
0.094 (0.021)°
0.093 (0.023)°
0.084 (0.041)°
0.092 (0.023)"

0.368 (5.708e-06)°

0.290 (2e-04)°
0.209 (0.0098)°
0.170 (0.0341)°
0.178 (0.0298)°
0.193 (0.0173)°
0.123 (0.1306)
0.120 (0.1407)
0.113 (0.1685)
—0.110 (0.1791)
0.105 (0.196)
—0.072 (0.3712)

HERV15.int 0.181 (0.000449) —0.064 (0.4346)
HERV9Y.int 0.260 (4.44e-08) 0.062 (0.4511)
LTR81 0.192 (0.000493) —0.060 (0.4646)
HERVIP10B3.int 0.227 (2.7e-06) —0.057 (0.4837)
MER70B 0.139 (0.0285) 0.057 (0.4844)
LTR25 0.378 (3.51e-16) —0.052 (0.5238)
LTR12D 0.144 (0.0173) 0.050 (0.5435)
LTR10B1 0.234 (6.19e-06) —0.047 (0.5668)
MER51C 0.131 (0.0499) —0.046 (0.5695)
MSTBL.int 0.175 (0.00148) 0.045 (0.5801)
LTR55 0.167 (0.00374) —0.040 (0.622)
LTR27B 0.135(0.0489) 0.035 (0.6717)
LTR1A1 0.145 (0.0216) 0.034 (0.6835)
MERSS 0.204 (0.000169) —0.029 (0.7232)
L1MDb 0.181 (0.000809) 0.027 (0.7368)
(Continues)
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TABLE 2 | (Continued)

LTR39.int
MER4B.int
LTR38A1
HUERS.P3.int
MERG61F
PABL_B
MER9%a2
LTR19.int
LTR12B
HERV3.int
LTR108c_Mam
HERVFH21.int
L1P4d
MER67D
LTR21C
HERV1_LTRe

0.267 (7.42e-08)
0.174 (0.00145)
0.295 (2.38e-09)
0.309 (2.73e-11)
0.353 (3.37e-15)
0.178 (0.000809)
0.170 (0.00145)
0.403 (3.47¢-19)
0.279 (2.6€-09)
0.344 (9.67¢-14)
0.119 (0.154)
—0.0553 (0.992)
—0.0311 (0.992)
—0.011 (0.992)
/

1.41 (4.69¢-281)

Rhineland Study Lifelines
RTE subfamily Estimate (FDR) Estimate (p-value)
LTR14 0.178 (0.00148) 0.025 (0.7615)
LTR68 0.130 (0.0489) 0.024 (0.7717)
LTR4 0.509 (4.87e-32) —0.022 (0.787)
ERV24_Prim.int 0.252 (2.81e-07) 0.022 (0.788)

—0.018 (0.8317)

—0.017 (0.8302)

—0.016 (0.8505)
0.014 (0.8589)
0.014 (0.8635)
0.013 (0.8685)
0.012 (0.8782)
0.010 (0.9048)
0.002 (0.9803)
0.002 (0.9827)
0.17 (0.0302)?

—0.218 (0.0071)°

—0.229 (0.0059)°

—0.188 (0.0218)®

—0.78 (2.294e-23)"
/

Note: The Rhineland Study and Lifelines results are based on Model 2 (adjusted for smoking, batch and blood cell composition).
aSignificant findings in the Lifelines cohort at p-value <0.05 and replicated in the Rhineland study at p-value <0.05.

bSignificant findings in the Lifelines cohort at p-value <0.05.

¢Significant findings in the Rhineland Study at FDR <0.05 and replicated in the Lifelines cohort at p-value <0.05.

either located within the intronic regions or adjacent to various
genes, including ATM and IFI16. The ATM protein, a serine/
threonine protein kinase, plays a key role in regulating the
cellular response to DNA damage by activating multiple DNA
repair pathways (Blackford and Jackson 2017). Dysfunction of
ATM can lead to genomic instability and cellular senescence
(Lombard et al. 2005). Meanwhile, the IFI116 protein, an in-
terferon gamma inducible protein, is involved in the immune
response by detecting viral DNA and activating the interferon
signaling pathway (Jiang et al. 2021; Unterholzner et al. 2010).
Although we did not directly quantify RTE transposition activ-
ity, the higher expression levels of LIHS and L1PA2 subfamilies
with chronological age may reflect their increased transposition
activity during aging.

The increase of RTE subfamily expression levels with advancing
chronological age was also mirrored in the analysis with biolog-
ical age as the outcome. We observed that an acceleration of bi-
ological age corresponded to higher expression values of almost
all RTE subfamilies. This result supports the hypothesis that
RTE expression levels could serve as transcriptomic markers of
aging (LaRocca et al. 2020). In fact, our findings indicate that
not only the expression levels of RTE subfamilies increase with

the actual number of years a person has lived, but also seem to
reflect the aging process. This result is in line with the findings
reported by LaRocca et al., where the expression of repetitive
elements was found to be a good predictor of age (LaRocca
et al. 2020).

We not only found differences in the expression of RTE sub-
families across age, but also between sexes. Expression levels of
42 RTE subfamilies were higher in men compared to women.
A relatively large number of sex-related RTE subfamilies be-
longed to the ERV1 family. It has been suggested that HERVS'
retroviral DNA/RNA directly activates inflammatory responses
(Volkman and Stetson 2014), as also suggested by several en-
riched biological processes in our pathway analysis (e.g., “pos-
itive regulation of interleukin-1 beta production” and “cellular
response to interferon-beta”). The higher expression of RTE
subfamilies in men than women was mainly due to the presence
of 168 expressed loci on the Y-chromosome. This result is con-
sistent with the evidence that the Y-chromosome is a hot spot for
RTEs, as reported in animal and human studies (Nguyen and
Bachtrog 2021; Tang et al. 2018). However, it is still unknown
why the Y-chromosome contains a relatively large number of re-
peat elements. One plausible explanation could be the presence
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of non-recombining genomic regions on the Y-chromosome
(Gvozdev et al. 2005).

Besides RTE loci located on the Y-chromosome, we also found
several RTE loci located on autosomes, which might also con-
tribute to differences in the biology of men and women. These
autosomal sex-related loci were mainly located in the pro-
moter and intronic regions of chromosomes 1 and 12. Notably,
on chromosome 12, most of these loci were associated with
genes from the killer cell lectin-like receptor family (KLRDI,
KLRC1, KLRGI, KLRC4, KLRC4-KLRK1, KLRK1I), which play
a key role in immune regulation. Although the expression of
most RTE loci was higher in men compared to women, the
LTR25 locus, located in an intergenic region of chromosome
1, was one of the few loci with a higher expression in women
compared to men. The expression levels of this RTE locus were
positively associated with, among others, those of cis-genes
belonging to the cluster Fc Gamma receptor genes (FCGR2B,
FCGR2C, FCGR3B, FCGR3A). This suggests that the LTR25
locus acts as a regulator of the neighboring genes, controlling
the expression of Fc Gamma receptor genes, which is in line
with the fact that women have higher antibody responses
compared to men (Klein and Flanagan 2016). Interestingly,
chromosome 1q23, where the Fc Gamma receptor genes are
located, has been identified as a lupus susceptibility locus
(Moser et al. 1998). This suggests a potential link between
women-related RTEs, immune regulation and autoimmune
diseases such as systemic lupus erythematosus. Given that
women are generally more susceptible to inflammatory dis-
eases (Klein and Flanagan 2016), the small number of RTE
loci exhibiting relatively higher expression levels in females is
intriguing, and might reflect the presence of sex-specific RTE
silencing mechanisms that remain to be elucidated. A non-
mutually exclusive hypothesis would be that the relatively
higher levels of LTRs in men could play a physiological role in
limiting the immune response in males, potentially contribut-
ing to sex-based differences in immune regulation.

Interestingly, for both age- and sex-related RTE subfamilies,
we observed a decrease in their expression levels with higher
expression levels of heterochromatin regulator genes. This
result aligns with the knowledge that the activity of RTEs
is tightly regulated to prevent aberrant expression (Almeida
et al. 2022). The maintenance of heterochromatin integrity
is the main mechanism that ensures the silencing of trans-
posable elements. Several molecules are part of the intricate
machinery that is responsible for keeping chromatin highly
compact, including DNA and histones (e.g., methyltransferase
enzymes (e.g., DNMTs, SETDBI) and the KRAB-ZPF-TRIM28
gene complex (Almeida et al. 2022; Geis and Goff 2020; Groh
and Schotta 2017)). Previous studies have already shown that
the depletion of any of these factors might result in an in-
crease in RTE activity (Rowe et al. 2010; Turelli et al. 2014),
mainly attributed to the perturbation of chromatin structure.
Our findings reinforce the importance of this phenomenon by
demonstrating that within the general population, individu-
als with relatively higher levels of heterochromatin regulator
genes had lower expression levels of RTE subfamilies.

This study has both strengths and limitations. We investigated
the effects of age and sex on blood RTE subfamily expression

levels in a large population-based study, including a large
number of healthy individuals across a wide age range (30-
95years old), with further validation of the key findings in an
independent cohort. In addition, candidate RTE subfamilies
were further characterized by comprehensively evaluating
all their comprising RTE loci across the genome. Moreover,
we explored their potential biological role by relating them
to the expression levels of nearby genes. Finally, incorporat-
ing heterochromatin regulator genes into the analysis yielded
important clues to the potential biological mechanisms un-
derlying the silencing process of RTEs. However, due to the
cross-sectional nature of our study, we were unable to assess
the temporal directionality of the effects, though our findings
are highly consistent with those from previous experimental
studies. Additional longitudinal and experimental studies
are needed to further explore the biological role of RTEs as
modulators of aging and age-related diseases. Moreover, we
utilized the SQuIRE pipeline, which employs an expectation-
maximization algorithm to assign multimapping reads based
on the estimated RTE expression derived from uniquely
mapped reads. While this approach allows for the inclusion of
multimapping reads, it may also induce artificial positive cor-
relations between transposable elements and nearby genes, as
reads are preferentially assigned to highly expressed regions.
While the majority of RTE-cis-gene associations were posi-
tive, we also identified several negative and non-significant
associations. For example, in the age analysis, we observed a
negative association between L1PA2 (RTE) and DNAJC3-DT
(cis-gene), as well as many non-significant associations such
as MER54B (RTE) and RAB27B (cis-gene) and L1PA2 and
UGGT?2 (cis-gene) (Table S3). Similarly, in the sex analysis,
we identified 20 significant negative associations (Table S7),
as well as 83 non-significant associations (not reported in
the table), between expression levels of RTEs and cis-genes.
Thus, these findings indicate that the observed relationships
are largely not driven by the expectation-maximization algo-
rithm. Nevertheless, to address this potential limitation, future
studies could leverage long-read sequencing for more accu-
rate RTE expression quantification or perform experimental
knockdowns to unequivocally determine whether RTEs and
nearby genes are truly transcriptionally co-regulated.

In conclusion, we found that blood RTE expression levels in-
creased with both chronological and biological age and were
higher in men compared to women. Additionally, increased
expression of RTEs was associated with decreased expres-
sion of heterochromatin regulator genes and, in men, with
increased expression levels of neighboring genes involved
in immune response. Collectively, our findings indicate that
RTEs are intimately associated with the aging process and
that their dysregulation may be linked to inflammation, es-
pecially in men.

4 | Methods
4.1 | Discovery Study Population
For the discovery phase of our study, we used data from par-

ticipants of the Rhineland Study, an on-going population-
based cohort study in Bonn, Germany. Invitations are sent
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to individuals from two geographically defined areas in
Bonn who are eligible for inclusion, i.e., aged 30years and
above and having sufficient command of the German lan-
guage to provide informed consent. The study was approved
by the ethics committee of the University of Bonn, Medical
Faculty. The Rhineland Study is carried out in accordance
with the recommendations of the International Conference on
Harmonization (ICH) Good Clinical Practice (GCP) standards
(ICH-GCP). Written informed consent was obtained from all
participants in accordance with the Declaration of Helsinki.
We based our study on data from the first 3000 consecutively
enrolled participants of the Rhineland Study. The current
analysis included 2467 participants for whom RNA sequenc-
ing (RNA-Seq) data was available after quality control.

4.2 | Measurements
4.2.1 | Whole Blood RNA Isolation and Sequencing

We extracted total RNA from peripheral blood. Blood was
collected in PAXgene Blood RNA tubes (PreAnalytix/Qiagen)
and processed according to manufacturer's guidelines.
PAXgene tubes were thawed and incubated at room tem-
perature to increase RNA yields. Total RNA was isolated ac-
cording to manufacturer's instructions using PAXgene Blood
miRNA Kit and following the automated purification protocol
(PreAnalytix/Qiagen). RNA integrity and quantity was eval-
uated using the tapestation RNA assay on a Tapestation 4200
instrument (both from Agilent). We used 750 ng total RNA to
generate NGS libraries using the TruSeq stranded total RNA
kit (Illumina) following manufacturer's instructions with
Ribo-Zero Globin reduction. We checked library size distri-
bution via Tapestation using D1000 on a Tapestation4200 in-
strument (Agilent) and quantified the libraries via Qubit HS
dsDNA assay (Invitrogen). We clustered the libraries at 250
pM final clustering concentration on a NovaSeq6000 instru-
ment using S2 vl chemistry (Illumina) in XP mode and se-
quenced paired-end 2*50cycles before demultiplexing using
bcl2fastq2 v2.20. Quality control of the sequencing was evalu-
ated through FastQC (v0.11.9).

4.2.2 | Retrotransposable Element Subfamily
and Loci Profiling

To quantify the expression of retrotransposable elements
(RTEs) in RNA-Seq data, we used the SQUuIRE pipeline
(Software for Quantifying Interspersed Repeat Elements)
(Yang et al. 2019). SQuiRE quantifies the expression of retro-
transposable elements at both the subfamily and locus level.
The reads were aligned to the human reference genome hg38
from UCSC, and RTE annotation was based on RepeatMasker
(Smit et al. 2013-2015). The quantification step uses an iter-
ative method to quantify unique and multi-mapping reads.
SQUIRE outputs both read counts and FPKM (fragments per
kilobase transcript per million reads) for RTE subfamilies as
well as for RTE loci. RTE subfamilies that were expressed
in at least 5% of the participants, with an average of mapped
reads equal to or greater than 15, were considered for further
analyses in order to improve sensitivity since low expressed

RTEs might reflect noise in the quantification phase. We log-
transformed FPKM counts to conform the data to a normal
distribution.

4.2.3 | Gene Expression Profiling

To quantify the expression of genes in RNA-Seq data, the
sequencing reads were first aligned to the human refer-
ence genome GRCh38.p13 provided by Ensembl using STAR
v2.7.1. The count matrix was generated with STAR-quant-
Mode GeneCounts using the human gene annotation version
GRCh38.101. Genes with an overall mean expression greater
than 15 reads and expressed in at least 5% of the participants
were used for the following analyses. Finally, in order to nor-
malize for library size and to log-transform the raw data, we
applied the varianceStabilizingTransformation function from
DESeq2 v1.30.1 R package.

4.2.4 | Estimation of RTE Family and Superfamily
Expression Scores and Overall RTE Expression

RTE family and superfamily expression levels were estimated by
first standardizing the expression levels of RTE subfamilies and
then summing the Z-scores of the RTE subfamilies belonging to
the same family/superfamily. Moreover, we obtained the overall
RTE expression levels by summing the Z-scores of the 795 RTE
subfamilies.

4.2.5 | DNA Methylation Quantification and Biological
Age Estimation

Genomic DNA was extracted from buffy coat fractions of
anti-coagulated blood samples using Chemagic DNA buffy
coat kit (PerkinElmer, Germany) with Chemagic Magnatic
Separation Module 1 and Chemagic Prime 8 Automated
Workstation, and was subsequently bisulfite converted using
the EZ-96DNA Methylation-LightningMagPrep from Zymo
according to the manufacturer's instructions. DNA methyla-
tion levels were measured on Illumina iScan using Illumina's
Human MethylationEPIC BeadChip. Sample-level and probe-
level quality control was performed using the “minfi” package
in R (version 3.5.0). GrimAge was calculated based on the al-
gorithm developed by Lu et al., using 1030 CpG sites. Biological
age was defined as the residual (in years) that results from re-
gressing GrimAge on chronological age (Lu et al. 2019).

4.2.6 | Demographic and Biochemical Variables

Data on age, sex, and smoking status were based on self-reports.
Smoking status was defined as a dichotomous variable (e.g.,
current smoker and not-current smoker). Missing values for
smoking status were imputed using cotinine metabolite lev-
els, measured through the Metabolon HD4 platform (St Helen
et al. 2012). Differential blood cell counts (e.g., erythrocytes,
leukocytes, basophils, eosinophils, lymphocytes, monocytes,
neutrophils) were performed at the Central Laboratory of the
University Hospital in Bonn using EDTA-whole blood samples
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on a hematological analyzer Sysmex XN9000. For the analysis
of biological age, defined as described below, blood cell type pro-
portions, estimated from methylation data, were used as covari-
ates (Houseman et al. 2012).

4.3 | Statistical Analysis

4.3.1 | Association of Chronological Age and Sex With
RTE Subfamily Expression Levels

We performed multivariable regression analyses to assess the
association of chronological age and sex with the expression lev-
els of each RTE subfamily. We also tested possible age and sex
interaction effects on RTE subfamily expression levels. As co-
variates, we included smoking status and batch (Model I). To ac-
count for blood cell composition, we further adjusted the model
for white and red blood cell counts, and the relative fractions
of basophils, eosinophils, lymphocytes, monocytes, and neutro-
phils (Model 2). All the continuous variables were standardized
in order to enable comparisons among variables with different
units. To account for multiple comparisons, the results from the
regression models were corrected using the false discovery rate
(FDR) method. The level for statistical significance was set at
FDR <0.05.

4.3.2 | RTE Subfamily Expression Levels
and Biological Age

Multivariable regression was also used to test the association
of expression levels of RTE subfamilies with biological age.
First, we regressed out the batch effect of methylation from
biological age. Next, we used the biological age residuals as
the outcome to investigate its relation with RTE subfamilies.
As previously, Model 1 was adjusted for sex, smoking status,
and batch of RNA-Seq data. To further account for changes
in blood composition with age and/or sex, we additionally
adjusted for white and red blood cell counts and the relative
fractions of CD8* T cells, CD4* T cells, natural killer cells, B
cells, monocytes, and granulocytes estimated from methyla-
tion data (Model 2).

4.3.3 | Association of RTE Locus Expression Levels
With Chronological Age and Sex

To identify which RTE loci were driving the effects of age and/
or sex, for RTE subfamilies that were significantly associated
with age or sex (at FDR <0.05), we additionally assessed the
associations of age and sex with RTE expression at the level
of each single locus. To this end, we employed a zero-inflated
Gaussian mixed model in order to account for excessive zeros
in the expression data of RTE loci. Specifically, the expression
at each RTE locus was used as the outcome, and age and sex
were included as independent variables. All models were ad-
justed for smoking status, white and red blood cell counts, as
well as relative fractions of different white blood cell subtypes,
including batch as a random effect. The level for statistical
significance was set at FDR <0.05. As a further sensitivity
analysis, we also performed single locus analyses for those

RTE subfamilies that exhibited the largest effect sizes for the
association with chronological age, selecting one from each
superfamily (i.e., short interspersed nuclear element (SINE),
long interspersed nuclear element (LINE), long terminal re-
peat (LTR) and retroposon).

4.3.4 | Relation of RTE Locus Expression Levels With
Mapped/CIS Genes

Using multivariable regression, we also investigated the associa-
tion of candidate RTE loci (independent variables) with mapped
and cis-genes (outcome variables), while adjusting for age, sex,
batch, smoking status, white and red blood cell counts, and the
relative fractions of white blood cell subtypes. Cis-genes were
defined as those genes lying within a 100 Kb window (upstream
or downstream) of a candidate RTE locus, and a p-value of
<0.05 was considered statistically significant for this targeted
approach. Pathway enrichment analysis was conducted on
genes that were significantly associated with the corresponding
RTE locus. The pathway enrichment analysis was performed
using the “clusterProfiler” R package (v. 3.18.1), querying Gene
Ontology: Biological Processes (GO:BP). Redundant terms col-
lected from Gene Ontology were grouped using the rrvgo R
Bioconductor package (v. 1.2.0) with default parameters.

4.3.5 | Sensitivity Analysis

To investigate whether the changes in RTE expression levels
across different subfamilies were additive with regard to chrono-
logical age, biological age, and sex, we performed additional
regression analyses using Model I and Model 2 as described pre-
viously, but now using the summary scores of RTE expression
as outcomes (i.e., RTE family Z-score, RTE superfamily Z-score
and overall RTE Z-score as defined above).

4.3.6 | Exploring the Associations of “RTE Repressor”
Genes With RTE Subfamilies

To evaluate the association of age- and sex-dependent RTE sub-
families with genes involved in the maintenance of heteroch-
romatin structure, we selected four key methyltransferase and
co-repressor genes whose expression levels were available in the
Rhineland Study transcriptomics dataset (i.e., DAXX, TRIM2S,
SETDBIb, and DNMTTI) (Gerber et al. 2021). Specifically, we cre-
ated a summary score for these four “RTE repressor” genes by
regressing out batch effects from the expression levels of each
gene, followed by summing up the Z-standardized residuals of
the four genes. A multivariable linear regression analysis was
then performed to explore the association between the RTE re-
pressor score (main independent variable) and each age- and
sex-related RTE subfamily, as well as all genes expressed in
blood samples of Rhineland Study participants (dependent vari-
able). The analysis was adjusted for age, sex, and smoking status
(Model 1), and additionally for white and red blood cell counts,
and the relative fractions of basophils, eosinophils, lympho-
cytes, monocytes, and neutrophils (Model 2). The significance
level was set at FDR <0.05. All the statistical analyses were per-
formed in R 4.0.3.
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4.3.7 | External Validation

We used data from a subset of the Lifelines Study, an indepen-
dent population-based cohort study, to validate our key results
regarding the associations of both chronological age and sex
with the expression levels of different RTE subfamilies. The
Lifelines Study is a large population-based cohort study in the
north of the Netherlands, which collects deep pheno- and geno-
typic data (Sijtsma et al. 2022). To ensure comparability with the
participants of the Rhineland Study, we only included partici-
pants aged 30years and above. Of these, 706 had both RNA-seq
and the required covariate data available and were included in
our validation study.

In Lifelines, RNA was isolated from whole blood, collected in
PAXgene tubes using the PAXgene Blood miRNA Kit (Qiagen,
California, USA). Illumina's Hiseq2000 instrument was used
for sequencing with paired-end 2x50 bp reads. Detailed in-
formation about the RNA isolation and sequencing process
is described in the LifeLines DEEP manuscript (Tigchelaar
et al. 2015). To obtain the RTE subfamily counts in the Lifelines
dataset, we applied the SQUIRE pipeline to the RNA-Seq data,
using the same normalization and filtering steps as described
for the Rhineland Study data. Smoking status was collected
through questionnaires, while the concentrations of blood cells
(i.e., leukocytes, mononuclear cells, and neutrophilic granulo-
cytes) were assessed in plasma extracted from fresh blood sam-
ples at the laboratory center of the University Medical Center
Groningen.

We assessed the association of chronological age and sex
with the expression levels of RTE subfamilies through mul-
tivariable regression analyses, adjusting for smoking status
(Model 1), and additionally for leukocytes, neutrophils, and
monocyte concentrations (Model 2). All the continuous vari-
ables were standardized. For validation of the associations
that survived FDR correction in the discovery cohort, the level
of statistical significance was set at p-value <0.05 in the rep-
lication cohort.
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