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ABSTRACT 10 

Transposable elements (TEs) have played a central role in major evolutionary transitions across 11 
the human lineage, from eukaryogenesis to the emergence of the eutherian placenta, and are 12 
currently reactivated in cancer and autoimmune diseases. The availability of the complete 13 
telomere-to-telomere (T2T) human genome assembly enables comprehensive investigation of TE 14 
contributions to gene regulation. Using a 10 kb window in the T2T genome, we performed 15 
comprehensive mapping of 3,709,429 human TEs to 28,738 genes with random background 16 
correction and assessed the enrichment and functional associations of six TE classes and 44 17 
families. We identified a 220 kb interferon-alpha genomic domain enriched with evolutionarily 18 
young L1 elements, suggesting a recent evolutionary arms race influencing innate immune 19 
responses. Distinct TE classes exhibited specific functional associations: SVA elements were 20 
enriched near genes involved in transcription termination; Alu elements were linked to RNA 21 
processing and splicing; MIR elements were associated with genes involved in zinc, copper, and 22 
cadmium detoxification; LINE elements were enriched near genes related to lipid metabolism 23 
and olfactory perception; and LTR elements were potentially associated with potassium ion 24 
channel function. This proximity-based analysis provides a foundational framework for 25 
evaluating the functional impact of transposable elements on human gene regulation and their 26 
role in driving regulatory innovation. 27 

1. INTRODUCTION 28 

The release of the first complete, gapless human genome assembly (T2T-CHM13) by the 29 
Telomere-to-Telomere consortium has fundamentally shifted the paradigms of evolutionary 30 
genomics (1). For over two decades, genomic analysis relied on references such as GRCh38, which 31 
contained hundreds of megabases of unresolved sequences, primarily concentrated in highly 32 
repetitive regions like centromeres, subtelomeres, and acrocentric short arms. These "dark regions" 33 
of the genome are disproportionately enriched with transposable elements (TEs), the selfish 34 
genetic entities that comprise more than half of the human DNA (2). The transition from GRCh38 35 
to T2T-CHM13 involved the resolution of approximately 238 million base pairs of formerly 36 
unmasked DNA, which revealed a significantly higher repeat content than previously estimated 37 
(1). This resolved sequence is dominated by tandemly arrayed repeats, such as alpha satellites in 38 
centromeric regions, but also contains a vast number of TEs nested within complex genomic 39 
structures (2). 40 



 41 
TEs are increasingly recognized as drivers of regulatory innovation during the major 42 
evolutionary transitions from eukaryogenesis to eutherian placenta and human neocortex 43 
(Nikitin, 2026). Moreover, TEs proliferate in a wave pattern within the human genome, and they 44 
are in a continuous evolutionary arms race against the host defense systems (4). During this 45 
process TEs insert their transcription factor binding sites (TFBS) in the vicinity of host genes and 46 
alter their expression (5,6). 47 
 48 
There are dozens of studies of this epigenetic impact which rely on different methodology but 49 
are close in the main approach, namely proximity mapping: TEs mapped in the vicinity of human 50 
genes are likely to impact their expression (7–11). Despite the same principle, different 51 
methodologies are difficult to be compared: genomic proximity windows vary from 4 to 20 kb 52 
around a gene, the statistical frameworks and epigenomic modalities differ significantly. 53 
Moreover, all these studies are based either on hg19 or hg38 human genome assemblies. The 54 
unified approach utilizing the most up to date T2T human genome assembly could significantly 55 
improve the overall understanding of TEs-host genome evolutionary arms race and its impact on 56 
regulatory innovation and human health and disease.  57 
 58 
Here we have taken the most widely used proximity window of 10 kb around human 59 
transcription start sites (TSS) of 28,738 unique human T2T-annotated genes and we have built a 60 
high-resolution functional map of TE enrichment at the level of TE classes and families, taking 61 
3,709,429 individual elements into analysis. We show that SVA elements are enriched near 62 
genes responsible for transcription termination, Alu elements are co-associated with RNA 63 
processing and splicing genes, MIR repeats relate to genes responsible for zinc, copper and 64 
cadmium detoxification, LINE elements in general could impact lipid metabolism and sensory 65 
perception of smell, and LTRs are potentially connected with potassium ion channels. We 66 
showed that the 220 kb interferon alpha domain is uniquely enriched with young, low-divergence 67 
L1 elements indicating the recent example of evolutionary arms race shaping innate immune 68 
response. Furthermore, embryogenesis and nervous system genes were relatively depleted with 69 
TE insertions constituting evolutionary conservative processes. Finally, synaptic transmission 70 
and nervous system development were enriched with evolutionary ancient TEs.  71 
 72 
This comprehensive proximity analysis serves as a critical baseline for understanding the 73 
functional impact of TEs, as most TE-host interactions, including enhancer exaptation and 74 
promoter birth, occur within these 10 kb proximal windows. 75 

2. RESULTS 76 

2.1.Mapping and enrichment of TEs on gene TSS 10 kb neighborhoods at the level of major 77 
classes 78 

The TE coordinates (3,709,429 total entries) were mapped on gene TSS 10 kb neighborhoods (5 79 
kb upstream and 5 kb downstream of each TSS) for 28,738 unique human genes, with 38,704 80 
total unique TSS due to the possibility of multiple TSS per gene giving rise to isoform 81 
transcripts. TSS for isoforms were considered as distinct unique entities. The mapping showed 82 
that only 0.89% of unique TSS (343 ones) do not intersect with TEs at the proximity level of 10 83 
kb and can be considered as free from TE-mediated regulatory impact at this level (Figure 1A). 84 



On average, each gene harbored 15.05 TEs in its TSS neighborhood (4.39 LINEs, 1.32 LTRs, 85 
7.82 SINEs, 1.49 DNA elements, 0.03 SVA elements and 0.004 Helitrons, Figure 1B). The gene 86 
with maximum number of TEs was CIB3 (calcium and integrin binding protein 3), having 42 87 
TEs of various classes (17 LINEs, 23 SINEs, 1 LTR and 1 DNA element, Figure 1C).  Lists of 88 
TEs mapped on each gene TSS, their divergence and classification, can be found in 89 
Supplementary File 1. Most genes had in their TSS neighborhoods at least one TE for the four 90 
major classes: 96.9% of all TSS had SINEs, 95.1% of TSS harbored LINEs, 68.5% had DNA 91 
elements and 58.7% had LTRs (Figure 1B). 92 
 93 
Figure 1. Enrichment of TEs in the 10 kb vicinity of human TSS at the level of classes and 94 
families. (A) Distribution of TSS by TE count per TSS. (B) Distributions of TSS by TE count of 95 
individual classes. (C) UCSC Genome Browser visualization of CIB3, a gene having the highest 96 
TE count in its 10 kb neighborhood. (D) TE families sorted by their degree of enrichment near 97 
genes TSS. The leftmost (first) vertical bar plot with bars colored by TE families shows Fisher 98 
exact test odds ratio (OR), faint grey bars depict the mean OR of 500 random shuffling iteration, 99 
error bars denoting their standard deviations. “ns” marks indicate those families whose empirical 100 
p-value (quantile of observed OR in the distribution of 500 random OR values) was higher than 101 
0.05 in either direction after FDR correction for multiple hypothesis testing. The second vertical 102 
bar plot shows fold change of the observed OR to mean of the random Ors distribution. The third 103 
vertical bar plot visualizes negative decimal logarithm of Fisher exact test p-value (FDR-104 
corrected). The fourth and the fifth vertical bar plots show total TE number and average 105 
divergence (substitutions per 1000 base pairs) by family, respectively. 106 
 107 
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 109 
In order to test the significance of genes TSS neighborhoods by TEs of certain classes and 110 
families, we generated 500 random permutations of all human TEs from T2T RepeatMasker 111 
(1,706,485 SINEs, 1,005,214 LINEs, 531,410 LTRs, 458,177 DNA elements, 6,274 SVAs, and 112 
1,869 Helitrons) and intersected them with the same set of gene TSS, counting number of TEs of 113 
a given group. Significance of enrichment or deficiency of any TE group (classes and families) 114 
was assessed at the two levels: firstly, by odds ratio (OR) according to Fisher exact test, and then 115 
the empirical p-value derived from the 500 random permutations to account for artificially higher 116 
probability of intersection for longer elements. Table 1 shows assessment of TE enrichment in 117 
genes TSS 10 kb neighborhoods by class. SINEs and SVA elements were enriched in the TSS 118 
proximity by a factor of 1.468 and 1.368, respectively, whereas LINEs, LTRs and DNA elements 119 
were depleted in the TSS neighborhoods by a factor of 0.877, 0.667 and 0.938, respectively. In 120 
general, the observed OR for all TEs was 1.94 (1.78 the random one), which was showing an 121 
enrichment by a factor of 1.097 (empirical p-value = 0.004). 122 
Table 1. Enrichment of TE classes in gene TSS neighborhoods. 123 

Class name  

TE 
count 

in TSS 

TE 
count 
total 

Odds 
ratio 
(OR) 

Fisher p-
value 

Adjusted 
Fisher p-

value 

Mean 
of 

random 
OR 

SD of 
random 

OR 

Observed to 
random OR 
fold change 

Empirical 
p-value 

Adjusted 
empirical 

p-value 
LINE 169930 1005214 2.13 <10-200 <10-200 2.43 0.009 0.877 0.004 0.004 
LTR 51103 531410 1.11 6.3*10-112  7.6*10-112  1.67 0.010 0.667 0.004 0.004 

SINE 302480 1706485 2.25 <10-200 <10-200 1.53 0.005 1.468 0.004 0.004 
DNA 57684 458177 1.51 <10-200 <10-200 1.61 0.010 0.938 0.004 0.004 
SVA 1170 6274 2.40 9.3*10-133  1.4*10-132   1.75 0.094 1.368 0.004 0.004 

Helitrons 173 1869 1.07 0.41 0.41 1.61 0.163 0.661 0.004 0.004 

2.2.Mapping and enrichment of TEs on gene TSS 10 kb neighborhoods at the level of 124 
families 125 

At the level of families, a more complicated picture was observed: DNA families were mainly 126 
depleted in the vicinity of genes TSS (compared to the random OR), whereas LINEs and LTRs 127 
were less depleted or even enriched near TSS (Figure 1D, Supplementary File 2). Only 7 out of 128 
44 TE families were significantly enriched according to both tests (the Fisher exact and the 129 
permutation-based one): hAT-Charlie (DNA, 1.041 enrichment measured fold change of the 130 
observed to random OR), MIR (SINE, 1.377), CR1 (LINE, 1.051), Alu (SINE, 1.513), SVA 131 
elements (1.368), TcMar-Tc1 (DNA, 1.548) and L2 (LINE, 1.230). In contrast, 9 families were 132 
significantly depleted in the vicinity of TSS: PIF-Harbinger (DNA, 0.262 fold change of the 133 
observed to random OR), Merlin (DNA, 0.301), ERVL-MaLR (LTR, 0.587), TcMar-Mariner 134 
(DNA, 0.725), TcMar-Tigger (DNA, 0.786), TcMar-Tc2 (0.819), ERV1 (LTR, 0.902), L1 135 
(LINE, 0.684), RTE-X (LINE, 0.765). 136 
 137 
Families with lower number of members were tending to have lower fold change of the observed 138 
to random OR (Figure 2A), whereas there was no apparent relationship between the fold change 139 
(level of enrichment) and average divergence within a family (Figure 2B). Average divergence in 140 
all TEs by families was strongly correlated with average divergence in those TEs that are 141 
intersecting with TSS neighborhoods (Figure 2C), with a single exception of a DNA family 142 



hAT-hAT19 which had 18 members in total, one of them appearing in the vicinity of gene TSS, 143 
and this single element had divergence 1.39 higher than the average all elements in a family.  144 
 145 
Additionally, DNA elements were significantly depleted within the TSS neighborhoods 146 
compared to SINEs (Figure 2D, all the rest pairwise comparisons were non-significant after the 147 
FDR correction). The observed OR itself (without correction for random permutations) was 148 
significantly lower for DNA elements compared to both LINEs and SINEs (Figure 2E), whereas 149 
the highest number of significant differences was found by the random background OR: between 150 
DNA elements and LINEs, between LINEs and SINEs and between LTRs and SINEs (Figure 151 
2F). These differences reflect the variable length of TEs by classes and highlight the importance 152 
of permutation-based random correction instead of the conventional Fisher exact test-based 153 
approaches. An integrative map of TEs that have been mapped to the TSS proximal regions and 154 
the distal ones at the level of classes and families is shown in Figure 2G. 155 
 156 
Figure 2. Further investigation of TE enrichment in the vicinity of TSS at the level of families. 157 
(A) Scatter plot of observed to random OR by total number of TEs in a family. (B) Scatter plot of 158 
observed to random OR by average divergence in a TE family. (C) Scatter plot of average 159 
divergence of TSS neighborhood intersecting TEs by average divergence of all TEs in a family. 160 
(D) Box plot of observed to random OR by TE families between TE classes. (E) Box plot of 161 
observed OR by TE families between TE classes. (F) Box plot of random OR by TE families 162 
between TE classes. (G) Circular plot showing numbers of TE classes and families mapped in 163 
TSS proximal and distal regions. 164 
For all group comparisons, significance is assessed by the Mann–Whitney test and FDR-165 
corrected: ns, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, 0.0001 < p < 0.001; ****, p 166 
< 0.0001. 167 
 168 
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 170 
2.3.Evolutionary age and length of TSS-proximal and distal TEs 171 

To further understand evolutionary dynamics of TEs insertions near host genes, we compared 172 
distributions of divergence between all TEs and those that mapped on the TSS neighborhoods 173 
(Figure 3A). The two distributions for all TEs were visually indistinguishable with characteristic 174 
bimodal shape observed earlier, although statistically significant differences were highlighted by 175 
Kolmogorov-Smirnov test. The same pattern was observed for individual TE classes (Figure 3B), 176 



with two peaks found in SINEs and SVA elements. Conversely, divergence of TEs that were 177 
intersecting with gene TSS neighborhoods, averaged over all TEs at the level of individual 178 
genes, followed a unimodal pattern both for all classes and for individual classes (Figure 3C, 3D, 179 
respectively). For all classes, the peak divergence averaged among genes was 200-210 (Figure 180 
3C), whereas individual TEs without averaging over genes showed two peaks 110-120 and 270-181 
280, regardless of intersecting with gene TSS (Figure 3A). The same averaging effect was 182 
observed for SINEs: two peaks of 90-100 and 290-300 (Figure 3B) converged to the single peak 183 
of 150 (Figure 3D), indicating that there was no preference of integrating near any group of 184 
genes for SINE elements of different evolutionary age. For SVA elements the bimodal pattern 185 
was observed in the case of TSS averaging (Figure 3D) due to the low number of TSS with SVA 186 
elements in their vicinity (1,140 genes, 2.9%). 187 
Comparison of TE length distributions between all TEs and those that mapped on TSS 188 
neighborhoods resulted in the similar absence of difference between the two TE groups, either 189 
for all TEs or for their individual classes (Supplementary Figure 1A, 1B).  190 
 191 
We also compared divergence distributions between all and TSS-proximal TEs by individual 192 
families (Supplementary Figure 2). Applying Mann-Whitney test with FDR correction resulted 193 
in 21 out of 44 families showing significant difference, albeit only 4 families showed magnitude 194 
of absolute difference above 10%: TcMar-Tc1, ERVK and tRNA SINEs demonstrated more than 195 
10% higher average divergence for all insertions compared to the TSS-proximal ones (10.3%, 196 
10.1%, 10.1% respectively), and SVA elements had 10.6% higher divergence in insertions that 197 
overlapped with 10 kb TSS neighborhoods. 198 
The analogous comparison by length resulted in 13 significantly different cases out of 44 TE 199 
families (Supplementary Figure 3), with 4 families showing higher than 10% increase of average 200 
length near genes (hAT-Charlie with 10.7%, ERV1 with 17.6%, ERVL with 19.8%, TcMar with 201 
53.0%), and a single family, hAT, showing 11.9% decrease of average length for TSS-proximal 202 
insertions. The TcMar family had 223 total and 16 TSS-proximal members in the T2T genome, 203 
reflecting likely random nature of such a high difference. 204 
 205 
Figure 3. Evolutionary age comparison of all and TSS-proximal TEs in general and by classes. 206 
(A) Ridge plot of all and TSS-proximal TEs by divergence score. (B) Ridge plots of all and TSS-207 
proximal TEs by divergence score at the level of individual classes. (C) Average divergence 208 
score distribution of TSS-proximal TEs, averaged by TSS. (D) Average divergence score 209 
distribution of TSS-proximal TEs at the level of individual classes. 210 
 211 



 212 
2.4.Functional characterization of genes enriched by TE classes by count 213 

To study whether TEs of different classes are nonrandomly accumulating near genes of certain 214 
functions, for each TE class we selected 5% of human genes whose TSS 10 kb neighborhoods 215 
contained highest number of TE elements of a given class. There were 1436 genes for each of the 216 
major classes (LTR, LINE, SINE, DNA elements, Supplementary Figure 4A, Supplementary 217 
File 3), genes having at least 5, 10, 18 and 5 elements of these classes have been taken, 218 
respectively (Supplementary Figure 5A). Also, we extracted 962 genes with SVA elements and 219 
130 genes with Helitrons (all genes with SVA elements and Helitrons were taken). Finally, we 220 
added 1436 genes with highest (starting with 27 till 42 elements per TSS) and the lowest 221 
(starting with 4 till 0 elements per TSS) TEs count of all classes per TSS (Supplementary Figure 222 
5A). Because 28,738 unique genes had 38,704 TSS coordinates, and TE counts were measured 223 
on TSS whereas GO analysis is possible with unique gene names only, genes with maximum TE 224 
count could have TSS with lower TE count than the minimal thresholds, as indicated in 225 
Supplementary Figure 5A. Since SINEs are the most numerous and enriched near genes TE 226 
class, they had the highest number of top genes which are shared with the top genes by all TEs 227 
(Supplementary Figure 4A), and lowest number of top genes that are unique to SINEs (612 228 
compared to 1074 for DNA elements, 1133 for LTRs and 1031 for LINEs). 229 
 230 



Figure 4. Functional analysis of genes whose TSS are enriched or depleted with TEs of different 231 
classes. (A) Connection map of GO terms extracted for top 5% of TSS enriched with LINEs, 232 
SINEs, LTRs in their proximity and all TSS with SVA elements, as well as top 5% of TSS 233 
enriched or depleted with TEs of any class. Connection line width is proportional to fraction of 234 
shared genes, color of each node denotes a GO term enrichment p-value (FDR-corrected), node 235 
size shows number of genes in a GO term. Top 30 terms by enrichment p-value were selected for 236 
each group, having FDR corrected p-value below 0.1. GO terms with more than 1000 genes were 237 
excluded to avoid too general terms. (B) Heatmap showing GO terms number by functional 238 
group and gene enrichment group (TE top, TE bottom and TE classes). Stars indicate FDR-239 
corrected Fisher enrichment p-value of a given functional group in each gene enrichment group 240 
compared to other enrichment groups. 241 



 242 



 243 
Each gene set was tested against the canonical Gene Ontology (GO) Biological Process, 244 
Molecular Function and Cellular Component databases and significant terms were extracted 245 
(FDR threshold of 0.1 was applied, Supplementary File 4). No significant enrichments were 246 
found for DNA elements and Helitrons. The integrative network visualization of top 30 the most 247 
significant terms per each of the remaining group (Figure 4A) showed that embryogenesis 248 
processes were the major ones among the 5% genes depleted with TEs of any class (with 249 
transcription being the second major category), whereas RNA splicing, DNA repair, telomere, 250 
apoptosis, IL-34 and ERBB signaling were among top 5% genes with highest TE count. 251 
Moreover, the three all TEs depleted terms with the lowest FDR-corrected p-values in the entire 252 
set (p-values in the range 10-40 – 10-80) related to transcriptional activators. SINE-specific 253 
processes were the closest to the top TE count processes by the overlapping genes, sharing 254 
splicing and DNA repair as SINEs constitute the majority of TEs mapping in the vicinity of TSS 255 
(Figure 2G). The rest classes with significant GO terms based on genes with highest TE count 256 
led to olfactory receptor activity, flavone metabolism and regulation of fatty acids metabolism 257 
(LINEs), glutaminergic synapse, lipopolysaccharide mediated signaling and ion transport (LTRs) 258 
and RNA polymerase II termination (SVA elements). 259 
 260 
The latter term genes that had SVA elements in their vicinity were POLR2A (core catalytic 261 
subunit of RNA polymerase II) and genes SSU72L1, SSU72L2, SSU72L3, SSU72L4 and 262 
SSU72L5 – protein phosphatases acting on RNA polymerase II C-terminal domain, whose 10 kb 263 
TSS neighborhoods are located in a 116 kb region of chromosome 11 (4293265 - 4409432) and 264 
have 3 copies of SVA B subfamily. 265 
 266 
The GO terms were manually (with Gemini pro assistance) classified into 25 major groups 267 
according to the previous studies (5,12,13) and compared using Fisher exact test (Figure 4B), 268 
testing enrichment of a given molecular process in a given TE group (classes, TE top and TE 269 
bottom) versus the same molecular process in the rest TE groups. While there was no systematic 270 
co-clustering of molecular processes metagroups, RNA splicing and processing processes were 271 
specifically enriched in SINEs adjacent genes, metals metabolism was associated with LTRs, 272 
DNA replication and recombination related to all TEs, lipid metabolism was enriched in LINEs 273 
adjacent genes. Embryogenesis and nervous system processes genes were preferentially depleted 274 
with TE inserts of any class in their vicinity. 275 

2.5.Functional characterization of genes enriched by TE classes by TE evolutionary age 276 

The next part of the analysis was dedicated to study associations of evolutionary young and the 277 
most ancient TEs by classes with the host genes. For each of the major TE families (LTR, LINE, 278 
SINE, DNA) and all TEs we calculated average divergence score of all TEs mapped in the 10 kb 279 
vicinity of each TSS (Figures 3C, 3D). Then we selected top and bottom 5% of TSS with highest 280 
and lowest divergence, considering all TSS with TEs of a given group mapped. We extracted 281 
1425 genes of top and bottom divergence for all TEs, 1396 genes for SINEs, 1372 for LINEs, 282 
1015 for DNA elements and 905 for LTR elements (Supplementary Figure 4B, Supplementary 283 
File 5). The upper limits for lowest divergence were at the level of 10-17% depending on the TE 284 
class, and the lower limits for highest divergence were at the level of 28-31% (Supplementary 285 
Figure 5B).  286 
 287 



We visualized top 30 GO terms of each TE-divergence groups (Supplementary File 6), filtered 288 
by no more than 1000 genes per term to avoid too general classification (Figure 5A). The group 289 
of all TEs with low divergence was isolated from all other groups, returning terms about rRNA 290 
binding, spermatogenesis, mitotic spindle localization, subcortical maternal complex and fatty 291 
acids catabolism. LTR elements of lowest divergence demonstrated a single term of flavin-based 292 
oxidoreductases. Groups of high divergence (all TEs, LINEs, SINEs and LTRs) we co-clustered, 293 
with all TEs and LTRs of high divergence sharing olfactory receptors with LINEs of lowest 294 
divergence. LINEs of highest divergence were inserted near genes of voltage-gated potassium 295 
channel complex, cell adhesion, differentiation and proliferation, as well as genes of very-low-296 
density lipoprotein components. SINEs and all TEs of highest divergence shared dozens of GO 297 
terms connected with nervous system, especially ion channels and synapses, with smaller 298 
number of embryogenesis and transcription GO terms, specific for all TEs of highest divergence. 299 
Top 3 GO terms with the most significant enrichment were nervous system development, 300 
postsynaptic membrane and synaptic chemical transition (FDR corrected p-value 10-16 – 10-11), 301 
all three connected with all TEs of highest divergence and SINEs of highest divergence. LTR 302 
elements of highest divergence had also a specific term of calcium-dependent cell adhesion. 303 
LINE elements of lowest divergence demonstrated T, B and NK cell activation and type I 304 
interferon receptor binding, as well as terpenoid metabolism. These immune system GO terms 305 
have been sharing the same core interferon gene set, namely IFNA10, IFNA16, IFNA17, 306 
IFNA21, IFNA4, IFNA6, IFNA7, IFNW1, whose TSS neighborhoods located in the interferon 307 
alpha domain of chromosome 9 (coordinates 21150692 to 21370055, 220 kb region) and having 308 
average divergence of intersecting LINE elements at the level of 95 – 161.7 (Supplementary File 309 
1, Supplementary Figure 6).  310 
 311 
Finally, DNA elements of highest and lowest divergence, and SINEs of lowest divergence, 312 
revealed no significant GO enrichments reflecting potential absence of any functional preference 313 
of insertions, preferential mutational decay or negative possible selection, which is expected for 314 
DNA elements but surprising for young SINEs.  315 
 316 
We then compared enrichment of different functional groups of GO terms in low or high 317 
divergence TEs of different classes (Figure 5B). While SINEs and all TE elements showed high 318 
similarity between their processes (because SINEs are quantitatively predominant and enriched 319 
near genes), only immune processes were enriched for LINEs of lowest divergence groups, 320 
indicating possible molecular or evolutionary mechanism behind this pattern. No biologically 321 
reasonable co-clustering of TE groups or functional metagroups was found. 322 
 323 
Figure 5. Functional analysis of genes whose TSS are enriched with TEs of different classes 324 
with highest and lowest divergence as an estimator of evolutionary age. (A) Connection map of 325 
GO terms extracted for 5% of TSS with highest and lowest average divergence of LINEs, SINEs, 326 
LTRs, DNA elements and all TEs. Connection line width is proportional to fraction of shared 327 
genes, color of each node denotes a GO term enrichment p-value (FDR-corrected), node size 328 
shows number of genes in a GO term. Top 30 terms by enrichment p-value were selected for 329 
each group, having FDR corrected p-value below 0.1. GO terms with more than 1000 genes were 330 
excluded to avoid too general terms. (B) Heatmap showing GO terms number by functional 331 
group and gene enrichment group: highest and lowest divergence of LINEs, SINEs, LTRs, DNA 332 



elements and all TEs. Stars indicate FDR-corrected Fisher enrichment p-value of a given 333 
functional group in each gene enrichment group compared to other enrichment groups. 334 

 335 



 336 
 337 

2.6.Functional characterization of genes enriched by TE families by count 338 

To analyze an enrichment of individual TE families near functional gene, we ordered TE 339 
families by number of TSS having at least one TE of a given family and then visualized the TE 340 
count distributions in the TSS vicinity (Supplementary Figure 7). 34977 (90.4%) of all TSS had 341 
at least one Alu copy in their 10 kb neighborhood (up to 29 copies per TSS), 30695 (79.3%, up 342 
to 19 copies) had MIR elements, 30184 (78.0%, again up to 19 copies) had L1 elements, 30376 343 
(78.5%, again up to 17 copies) had L2 elements and 18731 (48.4%, again up to 19 copies) had 344 
hAT-Charlie elements in their vicinity, whereas all the rest families were occupying less 345 
proximal regions. 346 
 347 
For TE families that had more than 5% of all unique genes in their vicinity (1436 and more) we 348 
selected 1436 genes having highest count of elements of a given family in their vicinity, whereas 349 
for the less numerous and/or enriched families we took all the potentially affected genes 350 
(Supplementary File 7). Network of these gene sets, and their overlapping’s is shown in 351 
Supplementary Figure 8A (no filtering of the graph edges by Jaccard index). Overlapping’s were 352 
very weak as it can be expected for families with random and independent insertions, with 353 
highest Jaccard index of genes with two families being 8% (Supplementary Figure 8A). 354 
 355 
GO analysis for each family resulted in only 14 families having statistically significant (FDR-356 
adjusted p-value < 0.1) terms (out of 44 total families): 4 LINE families (L1, L2, CR1, Dong-357 
R4), 5 LTR ones (ERVL, ERVK, ERV1, ERVL-MaLR and Gypsy), 2 SINE families (Alu and 358 
MIR elements), SVA elements and 2 DNA families (hAT-Charlie and hAT-Tip100) (Figure 6A, 359 
Supplementary File 8). 3 of these families (hAT-Tip100, Dong-R4 and L2) had only 1 significant 360 
GO term per family, reflecting likely a random nature of these enrichments. 361 
 362 
Visualization of top 30 GO terms by family in Figure 6A showed a high degree of functional 363 
distinction between processes by families. L1 elements, as it was previously shown for LINEs, 364 
were connected with olfactory receptors, fatty acids and flavone metabolism, Dong-R4 was 365 
connected with axonal transport of mitochondrion (3 out of 15 genes), L2 had non-informative 366 
protein binding, CR1 elements had surprising connections with neurotransmitter processes 367 
(postsynaptic receptor internalization and response to cocaine), ventricular septum development 368 
and endopeptidase inhibitor activity. 369 
 370 
LTR families demonstrated 44 unique GO terms compared to 25 ones in LTRs as a class (Figure 371 
5A). ERVL elements were connected with bitter taste receptors and with keratins, ERVK were 372 
associated with fatty acids metabolic process, ERV1 elements showed the most diverse set of 373 
GO terms and were inserted adjacent to genes of xenobiotics metabolism, fatty aldehyde 374 
dehydrogenases, succinyl-CoA breaking down, suppression of endosymbionts, arylsulfatase, zinc 375 
ion binding, ubiquitin ligase and sphingolipid metabolism. Gypsy elements were associated with 376 
translation activators, and ERVL-MaLR had weak connection with extracellular exosomes. 377 
 378 
Alu and MIR insertions-adjacent GO terms were remarkably different (although both families 379 
enriched near genes, but Alu ones were significantly younger than the MIR ones), with Alu-380 



specific ones connected with RNA splicing, DNA repair, meiosis, cell cycle and transcription 381 
initiation, which is very similar to the general SINEs patterns. Contrastingly, MIR elements were 382 
inserted in the vicinity of genes of voltage-gated potassium ion channels, phosphatidylinositol-383 
4,5-bisphosphate binding, arginine deiminases, cellular response to cadmium, copper and zinc 384 
ions, macrophage activation, exosomes, complement, sensory perception of sound and negative 385 
regulation of cytokine signaling. 386 
 387 
The only two DNA elements that showed non-random enrichment of adjacent genes GO terms 388 
were hAT-Tip100 and hAT-Charlie. The former was associated with a single significant GO 389 
term of cysteine-type endopeptidase inhibitor activity, the latter related to MHC class I via three 390 
GO terms (Figure 6A). 391 
 392 
Finally, SVA elements, as previously for the class-level analysis (Figure 5A), related to 393 
termination of RNA polymerase II transcription. 394 
 395 
Figure 6. Functional analysis of genes with TSS enriched by TE inserts by family. (A) 396 
Connection map of GO terms extracted for 5% of TSS with number of TE insertions by family. 397 
Connection line width is proportional to fraction of shared genes, color of each node denotes a 398 
GO term enrichment p-value (FDR-corrected), node size shows number of genes in a GO term. 399 
Top 30 terms by enrichment p-value were selected for each group, having FDR corrected p-value 400 
below 0.1. (B) Heatmap showing GO terms number by functional group and gene enrichment 401 
group (TE family). Stars indicate FDR-corrected Fisher enrichment p-value of a given functional 402 
group in each gene enrichment group compared to other enrichment groups. 403 



 404 



 405 
 406 
We classified all the family-level GO terms into the main functional groups, following the same 407 
methodology as for the class-level analysis (Figure 6B). Among 22 functional groups (including 408 
the “Too general” and “Other” groups), cell adhesion and cell migration were found only once 409 
(in MIR and L1 elements, respectively). Protein biogenesis processes (protein degradation and 410 
translation) were the next least present group, found in 4 and 3 cases, respectively. In contrast, 411 
too general terms, transcription and nervous system were the most frequent ones (46, 18 and 13 412 
instances, respectively). Among all the 22 functional groups and 14 families with GO terms, 413 
there was no co-clustering by large-scale functional metagroups (Figure 6B) and only the RNA 414 
processing group was significantly overrepresented in Alu elements according to the FDR-415 
adjusted Fisher exact test of a process enrichment in any given family versus all the rest ones.  416 
 417 
We also compared family-level GO terms with the respective class-level GO terms using a 418 
heatmap (Supplementary Figure 8B), applying again the same FDR-corrected Fisher exact test 419 
for each functional group in each TE group, where TE group could be a TE family, TE class or 420 
top and bottom groups by all TEs. There were 26 functional groups extracted in this analysis 421 
(Supplementary File 8). Both RNA processing and DNA repair terms were enriched for Alu 422 
elements, whereas metals metabolism and other (specific) terms were enriched for MIR TEs. 423 
ERV1 elements had statistically significantly overrepresented lipids and other metabolism 424 
groups, whereas ERVL-MaLR elements had general terms enriched, and ERVK endogenous 425 
retroviruses are also co-localized with lipid metabolism genes as in the case of ERV1 elements.  426 
 427 
We than sought to elucidate the main factors determining the TE families functional impact 428 
measured as number of GO terms per family. We found no significant correlation with 429 
enrichment level of TEs in the genes TSS vicinity (Figure 7A), but TE families whose 430 
enrichment near TSS was significant against the randomized background check showed also 431 
higher number of GO terms (Figure 7B). Expectedly, GO terms number strongly depended on 432 
total number of elements in a family (Figure 7C, Pearson r = 0.633, p-value = 0.015). 433 
Additionally, there was no significant correlation of GO terms count with average divergence in 434 
a subfamily (Figure 7D, 7E), suggesting that TE families of different evolutionary ages can non-435 
randomly associate with defined functional groups of human genes. Finally, TE families that 436 
showed non-zero number of GO terms had significantly higher enrichment level (Figure 7F) and 437 
total copy number (Figure 7G). 438 
 439 
The overall comparison of functional groups enrichment at the level of classes (with total TE top 440 
and bottom groups) with the enrichment at the level of families is depicted in a filtered view in 441 
Figure 7H (connection ribbons in the Sankey plot are filtered by >= 5 GO terms per ribbon) and 442 
in an unfiltered representation in Supplementary Figure 5C. Cell cycle and RNA processing 443 
could be affected by Alu insertions, whereas MIR elements were enriched in the vicinity of 444 
nervous system genes. The major groups such as embryogenesis, transcription, nervous system, 445 
sensory system and signaling pathways are present mainly in the TE bottom group and neither of 446 
TE classes nor families provide more enriched GO terms than the TE bottom group does 447 
(Supplementary Figure 5B, these groups show an isolated clustering pattern). In contrast, the 448 
groups such as DNA repair, RNA processing, metals metabolism, other (specific) metabolism, 449 
cytoskeleton, cell death, DNA recombination and DNA replication do not appear in the TE 450 



bottom group and, despite the highly variable total GO terms count, can be considered as TE-451 
enriched. All the rest functional groups showed inconsistent pattern. 452 
 453 
Figure 7. Analysis of main factors impacting TE functional associations with TSS at the level of 454 
TE families. (A) Scatter plot of significant GO terms count by OR observed to random ratio. (B) 455 
Box plot comparing TE families with significant and non-significant enrichment near TSS by 456 
significant GO terms count. (C) Scatter plot of significant GO terms count by total TE number in 457 
a family. (D) Scatter plot of significant GO terms count by average divergence in a family. (E) 458 
Box plot comparing TE families with and without significant GO terms by average divergence. 459 
(F) Box plot comparing TE families with and without significant GO terms by OR observed to 460 
random fold change. (G) Box plot comparing TE families with and without significant GO terms 461 
by TE count. (H) Sankey plot visualization of GO term groups found in TE classes (left) and 462 
families (right). Connecting ribbons were filtered by at least 5 GO terms. This filtering was 463 
applied to the visualization only. 464 
 465 

 466 



3. DISCUSSION 467 

In the present paper, we performed an integrated analysis of human TEs co-insertion with human 468 
genes functional groups, based on the recent T2T genome assembly at the level of TE classes 469 
and families. Currently dozens of research groups analyzed functional impact of human TEs on 470 
the host genes (8,10,11,14,15), all with different methodology and in different cellular and 471 
epigenetics contexts, setting the stage for large-scale comparing and review papers to understand 472 
the available evidence and put it in a single cohesive network. The current article is meant to 473 
establish a baseline for these studies by the co-mapping proximity analysis, since most the 474 
epigenetics-based studies are relying on the same proximity principle. Moreover, the availability 475 
of the complete human genome assembly (1) allows to do such an analysis with an 476 
unprecedented depth and precision, compared to the currently available literature.  477 
 478 

3.1. 10 kb TSS neighborhood as an optimal window size based on public literature and the 479 
enrichment behavior 480 

In the present study we used a co-mapping window of 10 kb, 5 kb upstream and 5 kb 481 
downstream, to select the TEs that are inserted in a vicinity of a given human TSS. This window 482 
or the comparable length windows were used previously in a series of functional epigenomics TE 483 
studies. A study of IFN-inducible enhancers being spread in human genome by LTR elements 484 
utilized a 10 kb window to assess LTRs enrichment by binomial test (9), whereas we used Fisher 485 
exact test for the same purpose. A landmark study by (10) that showed enrichment of LINEs and 486 
LTRs near duplicated genes and SINEs and DNA elements near singleton genes, utilized two 487 
proximity windows: 4 kb and 20 kb ones. In addition, one of the first studies of TE functional 488 
and epigenomic impact (11) relied on 5 kb upstream and downstream of coding exons as gene-489 
proximal region for transcription factor (TF) - TE binding colocalization. Another landmark 490 
genomic proximity-based investigation of LTR elements functional impact (8) utilized a shifted 491 
6 kb window: the upstream 5 kb and downstream 1 kb for each TSS were selected. Finally, a 492 
series of TF and chromatin modifications studies of retroelements performed by our consortium 493 
(5,6,12,13,16,17) relied on the same 10 kb window as applied here.  494 
 495 
The current analysis validates this approach by highlighting the importance of permutation-based 496 
random corrections to account for the variable length of different TE classes. Because LINE 497 
elements (averaging 6 kb in full length) occupy a much larger genomic footprint than Alu 498 
elements (300 bp), they are statistically more likely to intersect a 10 kb window by chance 499 
(18). Conventional statistical methods, such as the Fisher exact test, treat each element as a 500 
point-like entity (19), which can lead to the artificial underestimation of the regulatory impact of 501 
shorter elements or the overestimation of longer ones. The use of 500 random permutations 502 
allows for the derivation of an empirical p-value that correctly identifies biological enrichment 503 
over length-driven stochasticity. 504 

3.2.Enrichment of TE families and classes near human genes TSS 505 

As a necessary preliminary analysis, we studied degree of enrichment of TE classes and families 506 
in the 10 kb neighborhood of human gene TSS. The results gained allow us to compare public 507 
evidence about human TE proliferation strategies, insertion machineries and preferences, as well 508 
as evolutionary conflicts, with the trends reported here based on the complete human genome 509 
assembly. 510 



The degree of enrichment or deficiency of TE groups near human genes can be determined by 511 
the following factors (Figure 8): 512 

1. TE insertion machinery affinity to open chromatin states, early replicating domains, 513 
DNA-binding proteins or actively transcribing genes, for L1 ORF2p which LINEs, 514 
SINEs and SVAs are relying upon (20–22). Also, L1 ORF2p prefers AT rich sequences 515 
for DNA nicks which further impacts retrotransposons distribution (23). 516 

2. Selection pressure eliminating too deleterious copies, governed by the effective 517 
population size at the time of insertion (24,25).  518 

3. Neutral evolutionary mechanisms of complexity and interdependency growth, such as 519 
constructive neutral evolution (CNE), rendering the novel insertions functionally 520 
indispensable (26,27). If a TE inserts near a gene, it can carry a weak, cryptic promoter or 521 
splice site, and this insertion is neutral or nearly neutral. A mutation then could degrade 522 
the host's original regulatory element, rendering the host gene functionally dependent on 523 
the TE (28). Such a mechanism of TE-driven molecular complexity growth was shown 524 
for XIST in macaques (29). 525 

4. Spatiotemporal dynamics of TE activation during the germline development and 526 
transcriptional and chromatin states during this stage (30,31).  527 

Figure 8. Schematic representation of mechanisms impacting distribution of TEs with respect to 528 
TSS. 529 

 530 
 531 
The enrichment of SINEs and SVAs near TSS (1.468- and 1.368-fold enrichment over the 532 
random expectation) is a consequence of their successful exploitation of the L1 insertion 533 
machinery's preference for open chromatin (21,22), a preference that is biologically realized 534 
during the hypomethylated window of primordial germ cell (PGC) development (31), 535 
specifically for evolutionarily young and active TE families: L1HS (human-specific LINE-536 
1), SVA (subfamilies E and F), and HERV-K (LTR) according to a recent preprint study (30). 537 
Conversely, the depletion of LINEs (0.877-fold change versus the random control) is a signature 538 
of purifying selection acting against the deleterious effects of large insertions in gene-regulatory 539 
domains, such as ectopic recombination and transcriptional interference (32), a force that is 540 
partially mitigated but not abolished by the historically low effective population size of humans. 541 
On the other hand, an Alu or SVA insertion in a promoter region is less likely to structurally 542 



disrupt the nucleosome landscape or terminate transcription than a 6 kb L1 (33). While they may 543 
introduce TFBS, the immediate fitness cost is often low (34). 544 
 545 
Our results of SVA elements being enriched near TSS are connected also to the fact that they 546 
resist complete repression during the reprogramming window (30) and essential for ZGA by 547 
acting as regulatory hubs (SVA D subfamily) (35) 548 
Moreover, SVA elements are the youngest TE class in humans with active evolutionary arms 549 
race against the host genome (36). They contain binding sites for key pluripotency factors such 550 
as OCT4 and YY1 (37), which creates a potential positive feedback loop: an SVA inserts near a 551 
pluripotency gene in a PGC and binds OCT4, which in turn boosts SVA transcription, leading to 552 
more transposition. The SVA may act as an enhancer for the nearby gene via the CNE 553 
mechanism (38) and SVA elements density near the germline-expressed genes gradually 554 
amplifies. Finally, SVA elements contain GC-rich regulatory sequences (VNTRs) that facilitate 555 
their retention in gene-rich regions via CNE or exaptation (39). 556 
 557 
DNA transposons (e.g., TcMar, hAT) utilize a "cut-and-paste" transposase mechanism distinct 558 
from the L1 machinery. They have been extinct in the human lineage for millions of years 559 
(40). Their depletion near TSSs (0.938 of the random expectation) likely reflects both a lack of 560 
targeting to these specific open chromatin regions (compared to retrotransposons) and the long-561 
term action of purifying selection over deep evolutionary time. 562 
 563 
LTR elements, derived from ancient endogenous retroviruses, are also heavily depleted near TSS 564 
(0.667-fold change against the random background). Most LTRs in the human genome are "solo" 565 
LTRs that remain after host-mediated recombination between the flanking LTRs of a provirus 566 
(41). Because LTRs are potent promoters, their proximity to host genes is a major risk for "onco-567 
exaptation", where the illicit activation of a viral promoter drives the expression of an adjacent 568 
oncogene (42). Consequently, LTRs are typically sequestered in heterochromatic regions or 569 
subject to strict epigenetic silencing (43). For the full-length 6-8 kb endogenous retroviruses, 570 
their insertion in the TSS proximity could be deleterious disrupting promoter-enhancer 571 
interactions and perturbing the host authentic TFBS (44). 572 
 573 
At the level of TE families, our results reveal a more complex regulatory landscape. Only 7 out 574 
of 44 families are significantly enriched near TSS: hAT-Charlie, MIR, CR1, Alu, SVA, TcMar-575 
Tc1 and L2. The enrichment of the L2 family (1.230-fold change) is particularly notable because 576 
L2 elements have undergone extensive mutational decay in the last 100 million years, becoming 577 
a dominant LINEs in monotremes but surpassing their dominance to L1 in eutherians (45). 578 
Eventually they lost their autonomous propagation ability and became "domesticated" as TSS for 579 
microRNAs in the host genes 3′ UTRs, particularly in the brain where they are a major source of 580 
microRNAs (46,47). They are also coopted as enhancers in tissue-shared compared to tissue-581 
specific genes, highly enriched in H3K27ac and H3K4me1 marks, emphasizing their transition 582 
from genetic parasites to functional regulatory modules via exaptation or CNE (48). Our findings 583 
suggest that such functional interdependency could save L2 elements from deletion in the gene-584 
proximal regulatory active genomic regions. 585 
 586 
The CR1 family (Chicken repeats, LINE) also shows significant enrichment (1.051-fold change), 587 
with surprising functional connections to neurotransmitter processes and postsynaptic receptor 588 



internalization. This suggests that specific waves of LINE insertions, long before the dominance 589 
of L1, contributed to the foundational regulatory networks of the amniotes brain and these 590 
insertions could be remnants of those events (45).  591 
 592 
Whereas SINEs showed 1.468-fold enrichment near TSS, their major families, Alu and MIR, 593 
exhibited 1.513- and 1.377-fold enrichment relative to random OR. Alus are considered "proto 594 
enhancers" that evolve into functional regulatory elements over time (49). They are specifically 595 
enriched in active chromatin marks such as H3K36me3 in the colon and brain (50), and they 596 
frequently accumulate TFBS that rewire host networks (51). MIR elements were shown here as 597 
strongly associated with nervous system genes and voltage-gated potassium channels. MIRs are 598 
uniquely involved in the naïve pluripotent state, where they are co-opted by ESRRB to build 599 
networks of enhancers and super-enhancers regulating pluripotency (52).  600 
 601 
Finally, we observed no connection of family enrichment near TSS with their divergence for any 602 
TE class including LINEs, albeit the comparison of newly integrated, polymorphic and human 603 
specific L1 insertions (53) suggested that L1 are integrating in gene rich but are persisting in a 604 
genome for long term in gene poor regions. Nevertheless, our current analysis is concentrated on 605 
the evolutionary ancient LINEs with peak divergence of 270 corresponding to more than 100 606 
million years of evolutionary age (7). 607 
 608 
 609 

3.3.Functional groups enriched and deficient in TE insertions by classes count, divergence 610 
and families 611 

The analysis reported here shows that 99.11% of unique TSS are within 10 kb of at least one TE, 612 
suggesting that nearly every human gene is potentially subject to TE-mediated regulatory 613 
influence. This finding is particularly important when compared to prior databases like TE-TSS, 614 
which identified 5,768 TE-derived TSSs - roughly 25% of the human promoter landscape - using 615 
older assemblies (54). The shift from 25% "TE-derived" to 99.11% "TE-proximal" indicates that 616 
while TEs may not always serve as the primary TSS, their ubiquity in the immediate 617 
neighborhood allows them to act as auxiliary regulators, insulators, or chromatin modifiers (40).  618 
 619 
On average, according to our results, each human gene harbors 15.05 TEs in its TSS 620 
neighborhood, with SINEs being the most frequent (7.82 per gene), followed by LINEs (4.39), 621 
DNA elements (1.49) and LTRs (1.32). The identification of CIB3 as a genomic outlier, 622 
containing 42 TEs of various classes, points toward the existence of extreme repeat accumulation 623 
zones. CIB3 (calcium and integrin binding protein 3) is integral to the mechano-electrical 624 
transduction (MET) apparatus in the inner ear, forming heteromeric complexes with TMC1 and 625 
TMC2 to stabilize cation channels (55). The high repeat density surrounding such a specialized 626 
sensory gene raises questions about whether these TEs provide modular regulatory controls for 627 
high-precision environmental sensing or if the locus simply resides in a genomic region with 628 
relaxed purifying selection.  629 
 630 
In general, the functional characterization of genes based on their TE content reveals a clear 631 
segregation of biological processes (Figure 4B). This "Ring of Power" functional network 632 



illustrates how the host genome manages the risks (deleterious mutations) and rewards (power of 633 
innovation) of TE proximity (Figure 9).  634 
 635 
Figure 9. Schematic representation of molecular processes groups that were found as 636 
significantly enriched (green arrows) or depleted (red arrows) with individual TE classes or all 637 
TEs. The full comparison including the insignificant groups is shown in Figure 4B. 638 

 639 
 640 
Genes involved in embryogenesis, transcription, and nervous system development are 641 
consistently found in the "TE bottom" group - those with the lowest number of TE 642 
insertions. This result strongly supports the "robustness hypothesis", which posits that core 643 
biological pathways must be protected from the regulatory noise introduced by TEs and TEs are 644 
purged by negative selection in these pathways. Embryogenesis is a process that requires 645 
extreme transcriptional precision; even minor disruptions to the timing or level of gene 646 
expression can be lethal (35), albeit TEs largely contribute to zygotic genome activation (56). 647 
The rest two large groups, sensory system and signaling pathways, were present mainly in the 648 
TE bottom group and neither of TE classes nor families provided more enriched GO terms than 649 
the TE bottom group did (Figure 4B). 650 
 651 
Conversely, genes enriched with TEs (the "TE top" group) are involved in RNA splicing, DNA 652 
repair, telomere maintenance, and immune signaling. These processes represent the "innovation 653 
laboratory" where TEs are actively co-opted to increase transcriptome and proteome complexity 654 
(57). 655 

• RNA splicing: Alu elements were early shown to profoundly impact RNA splicing by 656 
introducing new splice sites (exonization), acting as alternative exon sinks, and forming 657 
double-stranded structures that alter exon inclusion (58). We now show that Alu copies 658 
are significantly enriched near the host genes related to splicing, which is a completely 659 
orthogonal mean of Alu-mediated impact on splicing. 660 



• DNA repair: The enrichment of TEs (particularly Alu elements) near DNA repair genes 661 
(double strand breaks and mismatch repair) could suggest a synergistic relationship 662 
where the more robust responses are evolving to DNA lesions induced by insertions of 663 
these elements (59). 664 

• Olfactory receptors: L1 elements are specifically enriched near olfactory receptor 665 
genes, which could allow rapid diversification of sensory perception of smell sensing 666 
through TE-mediated rearrangements, leading to genes duplication and 667 
subfunctionalization or gene losses (60,61). 668 

Other groups: metals metabolism, other (specific) metabolism, cytoskeleton, cell death, DNA 669 
recombination and DNA replication did not appear in the TE bottom group and, despite the 670 
highly variable total GO terms count or non-significant Fisher exact test results, can be 671 
considered as TE-enriched. 672 
 673 
At the level of TE classes, the previous landmark study by (14) utilized 20 kb and 2 kb window 674 
to show non-random association of SINEs with housekeeping genes having “broad” promoters 675 
with multiple TSS and LINEs with tissue-specific ones having “sharp” promoters with single 676 
TSS (62). Precisely, in that study SINE-enriched genes were associated with ribosome, 677 
translation, RNA processing, nucleolus and protein transport, whereas LINE elements were 678 
enriched in genes of olfactory receptors, retinol metabolism, epoxygenase P450 pathway and 679 
immunoglobulin domains. Our analysis partly confirms these findings (Figure 4A, 4B). 680 
Similarly, we show that RNA processing, ribosome and translation, transcription and general 681 
pathways are enriched in SINEs. But such highly cell-type specific processes as embryogenesis 682 
and sensory system were also present as a minor part of SINE elements. For LINEs we 683 
confirmed olfactory receptors, whereas lipid metabolism contained different terms: flavone 684 
metabolism, negative regulation of fatty acids metabolism. Also, for L1 elements we report TF 685 
activity and calcium ion binding. These partial differences can be explained by the 686 
methodological differences: (14) profiled TE abundance separately in Promoter, Intron, 687 
Downstream, 5′ UTR, CDS and 3′ UTR regions of each gene, then performed quantile 688 
normalization and hierarchical clustering, analyzing gene groups arising from this clustering. 689 
Our approach is simpler and more interpretable, albeit the clustering can be more robust, so the 690 
comparison of both methods on the same T2T RepeatMasker dataset could be helpful. It should 691 
be also noted that the fact that genes of different functional profiles have different average 692 
number of TSS (62) can bias our analysis and requires further investigation. 693 
 694 
At the level of families, Alu elements are of particular interest. In our analysis they were found 695 
near 90.4% of all human TSS, with up to 29 copies in a single 10 kb window. One of the first 696 
functional TE mapping study showed that Alus are preferentially inserted near metabolism, 697 
transport and signaling genes, whereas structural and information processing genes were 698 
depleted of Alu elements (63). Here we show the contrasting results that Alu are enriched near 699 
RNA processing genes, potentially affecting also genes of meiosis, DNA damage response, inner 700 
mitochondrial membrane and transcription initiation and elongation (Figure 6A). These drastic 701 
differences can be explained by the fact that (63) used chromosome 21 and 22 in their analyses, 702 
whereas here the complete human genome assembly is used. 703 
 704 
Alus enrichment near genes of RNA processing is corroborated by the recent evidence: Alu 705 
elements often provide cryptic splice sites that lead to exonization and exon skipping in primates 706 



in a lineage specific manner (64). This process is regulated by hnRNP C (33) and the Ku70/80 707 
heterodimer (the latter one according to the recent preprint articles (65,66)), which compete with 708 
splicing factors to prevent the deleterious over-inclusion of Alu sequences while allowing for 709 
adaptive variations in the proteome. Furthermore, the presence of Alus near DNA repair genes 710 
suggests their role as "editing inducer elements", where inverted Alu repeats could facilitate the 711 
A-to-I editing of host transcripts, thereby fine-tuning enzymatic function in a primate-specific 712 
manner (33). 713 
 714 
The MIR (Mammalian-wide Interspersed Repeat) family, though less numerous than Alus, 715 
showed strong functional preference for the nervous system (Figure 6B). MIR elements are 716 
significantly enriched near genes for voltage-gated potassium channels, which are the largest and 717 
most diverse ion channel family in the human genome (67). Potassium channels are essential for 718 
returning the cell to a resting state after an action potential (68). The association of MIR elements 719 
with these channels suggests that MIR-derived enhancers may contribute to the complex rules of 720 
subcellular localization and firing frequency that differentiate mammalian neurons (69). 721 
Furthermore, MIR elements are linked to macrophage activation and the sensing of metal ions 722 
(Cd, Cu, Zn) (Figure 6A), indicating they could also provide regulatory modules for ancient 723 
immune and metabolic responses.  724 
 725 
SVA elements were previously shown to impact host genes via premature termination based on 726 
their internal polyadenylation signal (70) and they are now shown to enrich near genes related to 727 
termination of RNA polymerase II transcription, precisely the core catalytic RNA polymerase II 728 
subunit and its C-terminal domain phosphatases (3 SVA B copies in the 116 kb region of 729 
chromosome 11). A previous genomic proximity-based study revealed SVA enrichment near 730 
zinc finger clusters (39), albeit the methodology was different: (39) used hg19 human genome 731 
and 1Mb bins for enrichment testing instead of 10 kb and T2T genome in the current analysis. 732 
SVA elements are also known to facilitate 3' transduction events when their internal 733 
polyadenylation signal is bypassed by Pol II (71). The proximity of SVA elements to the genes 734 
that regulate Pol II termination suggests a potential co-evolutionary loop where SVAs have been 735 
integrated into the feedback mechanisms that control transcriptional processivity. This could 736 
represent a mechanism of CNE, where the host genome becomes functionally dependent on the 737 
presence of a TE-derived regulatory element for the accurate execution of core transcriptional 738 
cycles (26). Despite recent studies have identified human-specific subfamilies, such as SVA_F1, 739 
which are active in the human population and frequently mobilize adjacent gene sequences 740 
through transduction (71)  – the RNA polymerase termination genes are enriched with SVA_B 741 
subfamily, so their SVA regulatory impact is likely not a recent evolutionary innovation. 742 
 743 
Among the TE classes, only LTR families all demonstrated functional associations with human 744 
molecular processes (Supplementary Figure 8A, Figure 6A). Interestingly, Gypsy elements 745 
which belong to the chromoviruses group targeting themselves into heterochromatin regions via 746 
chromodomain (72), are strongly co-associated with translation activator genes according to the 747 
current analysis (Figure 6A).  748 
 749 
DNA transposons, which have been extinct in the human lineage for millions of years, are 750 
mostly functionally neutral (Figure 6).  However, the hAT-Charlie family shows a significant 751 
association with the MHC class I pathway (Figure 6A), suggesting that ancient DNA transposon 752 



insertions contributed to the organization of the vertebrate adaptive immune system before their 753 
eventual inactivation. 754 
 755 
It is important to note than the fact that certain TE families, precisely 30 out of 44 ones 756 
(Helitrons, 20 DNA families, 4 SINE ones, 5 LINE families and no LTR ones) did not result in 757 
significant functional host gene groups by GO analysis, suggests that their presence could be 758 
largely neutral - a result of random drift and tolerance rather than adaptive recruitment.  759 
 760 
At the level of lowest and highest divergence by TE classes, ancient high-divergence SINEs 761 
(particularly the MIR family) and high-divergence LINEs (CR1, L1, Dong-R4 family) were 762 
strongly associated with the nervous system according to our results (Figures 5-6). Genes with 763 
high average TE divergence are enriched for processes such as postsynaptic membrane 764 
organization, synaptic chemical transmission, and voltage-gated potassium channels (Figure 5A). 765 
This pattern suggests that the foundational architecture of the mammalian brain was shaped by 766 
ancestral waves of TE activity that have since been stabilized and domesticated into the host's 767 
regulatory framework (73). High-divergence SINEs are particularly prominent near ion channel 768 
genes, which regulate the electrical excitability of neurons (68).  The stabilization of these 769 
elements over hundreds of millions of years suggests they have evolved from genetic parasites 770 
into essential cis-regulatory modules that buffer the transcriptional output of housekeeping genes 771 
or provide tissue-specific enhancer logic. 772 
 773 

3.4.Interferon alpha region of low LINEs divergence 774 

One of the most biologically significant findings that we can report is the identification of a 220 775 
kb patch on chromosome 9 containing a cluster of interferon alpha genes (IFNA10, IFNA16, 776 
IFNA17, IFNA21, IFNA4, IFNA6, IFNA7, IFNW1) that is uniquely enriched with young, low-777 
divergence L1 elements. There are 12 RefSeq curated genes in this area according to the T2T 778 
genome assembly, which is significantly higher than an average human genome value of 12.5 779 
genes per 1 Mb (74).  780 
 781 
The enrichment of young LINEs in this region suggests an ongoing evolutionary arms race. Type 782 
I interferons are the first responders to viral infection (75), and their signaling is known to be 783 
heavily influenced by TE-derived promoters, enhancers and TE exonization 784 
(76,77). Additionally, interferon I signaling is regulated by L1 elements repression via HUSH 785 
complex which detects L1-derived dsRNAs (78). The presence of low-divergence elements 786 
indicates that these insertions are relatively recent and may be contributing to the diversification 787 
of the human antiviral response. Moreover, Alu and L1 elements can accumulate in the pre-788 
existing loci already occupied by copies of themselves, creating a feed-forward loops of the 789 
progressive expansion in limited genome regions (79). This finding has profound implications 790 
for understanding autoimmune diseases like systemic lupus erythematosus (SLE), which is 791 
characterized by a type I interferon signature (80). The de-repression of TEs in these regions, 792 
perhaps due to environmental stressors or aging-related heterochromatin loss as was shown 793 
earlier (81), can lead to the formation of double-stranded RNA (dsRNA) that triggers the cGAS-794 
STING pathway (82) and eventually a constitutive immune response that leads to chronic 795 
inflammation (83). 796 



3.5.Connection of TE enrichment with cancer 797 

The recent evidence points out high transpositional activity in cancer, with more than 500 L1 798 
insertions per tumor in bladder cancer according to a recent preprint (84). Moreover, large-scale 799 
TE de-repression is an emerging hallmark of cancer. Our current work defines the scope of 800 
human molecular processes that can be aberrantly activated in cancer by distinct TE classes and 801 
families and potentially targeted by anticancer therapy (85).  802 
The contemporary anticancer treatment heavily relies on the single molecule based biomarkers 803 
(86,87) while there is an increasing need for development of the compound ones, reflecting 804 
tumor genome and microenvironment distinct states (88–90) as well as plasma exosomes impact 805 
(91,92). Among the promising ones is gene signatures approach which measures activation of 806 
multiple genes simultaneously (93–95). Genes identified as enriched by certain TE classes and 807 
families can be used to compose gene expression signatures and measured in the publicly 808 
available cancer cohorts such as TCGA (96). In turn, such an evolutionary approach could 809 
improve cancer treatments outcomes as cancer is primarily an evolutionary disease arising from 810 
the genomic conflict of interests (97). 811 

4. MATERIALS AND METHODS 812 

4.1.Human TEs 813 

Coordinates and class/family annotations for human TEs were obtained from the RepeatMasker 814 
track (98) based on the T2T human genome assembly, using the Table Browser tool (Group: 815 
Variation and Repeats, Track: RepeatMasker, Table: T2T RepeatMasker). The T2T 816 
RepeatMasker annotation itself was derived from(99), and average divergence scores (number of 817 
substitutions per 1000 base pairs) were extracted from the same UCSC RepeatMasker track. 818 
Each TE was categorized by RepeatMasker into hierarchical levels of classification (98): 819 

- Class, representing the highest level, defined by the mechanism of transposition.  820 
- Family, representing an intermediate level, grouping elements of shared evolutionary 821 

origin that typically exhibit similar structural features and transposition mechanisms (e.g., 822 
Alu and L1 elements). 823 

In this study, we adopted the RepeatMasker classification as provided in the T2T genome 824 
assembly without modification, ensuring consistency with the widely accepted TE annotation 825 
framework. 826 
The dataset comprised elements assigned to the following classes: LINE, SINE, LTR, SVA 827 
(annotated as “Retroposon” in the source table), Helitron (denoted as “RC” for rolling-circle 828 
elements), and DNA transposons. In total, the dataset included 3,709,429 entries: 1,706,485 829 
SINEs, 1,005,214 LINEs, 531,410 LTRs, 458,177 DNA elements, 6,274 SVAs, and 1,869 830 
Helitrons.  831 
Although SVA elements are evolutionarily and functionally related to Alu elements (100), 832 
SINEs and SVAs were treated as distinct classes in accordance with RepeatMasker 833 
nomenclature. Likewise, Helitrons were considered as a separate TE class, despite their 834 
mechanistic classification as a subset of DNA transposons due to their rolling-circle replication 835 
mechanism (101). 836 
 837 



4.2.Human genes and TSS 838 

Human genes coordinates were downloaded from UCSC Genome Browser (102)  via the Table 839 
Browser tool, using the January 2022 assembly (T2T CHM13v2.0/hs1). Data were extracted 840 
from the group Genes and Gene Predictions, track NCBI RefSeq, and table RefSeq All. Only 841 
curated gene entries were retained by filtering for accessions beginning with prefixes NM, NR, 842 
NP, or YP. Transcription start site (TSS) coordinates were defined as the leftmost exon start (5′ 843 
UTR exon) for genes on the positive strand and the rightmost exon end for genes on the negative 844 
strand. The 10 kb promoter regions (TSS neighborhoods) were then constructed by extending 5 845 
kb upstream and downstream of each TSS. 846 
HUGO gene symbols (column geneName2) were used as primary identifiers, yielding 28,738 847 
unique genes. Transcript isoforms corresponding to the same gene but differing in TSS position 848 
were treated as distinct entities during epigenomic profiling and RE mapping. The complete set 849 
of TSS 10 kb neighborhoods used in the mapping is provided in Supplementary File 1 (38,704 850 
entries including isoforms). 851 

4.3.Mapping of TEs on gene TSS 10 kb neighborhoods 852 

The mapping of TE coordinates with their divergence onto gene TSS 10 kb neighborhoods was 853 
done using bedtools (bedtools map utility, version 2.31.1) (103), any TEs that have been 854 
intersecting with the 10 kb interval for a given gene were taken into the analysis. This could lead 855 
to artificial underestimation of enrichment and regulatory impact of longer TE classes (LINEs 856 
and LTR elements), so the appropriate random permutation controls were applied as described 857 
later. 858 
 859 

4.4.Random control of TEs enrichment 860 

To control TE enrichment near genes against a random background, we performed 1000 random 861 
permutations of TEs coordinates by the bedtools shuffle command, selecting random state 862 
number (seed) from 1 to 1000. An empirical p-value was calculated as fraction of random odds 863 
ratios (OR) that were above or below the observed one, depending on whether the observed OR 864 
was below or above the median across the random 1000 OR values. Then the empirical p-value 865 
was lower clipped by 2 / (N + 1), where N was the permutations number (1000). 866 
An enrichment score was calculated as a fold change of observed versus random ORs. 867 
 868 

4.5.Statistical tests 869 

Group comparisons were done by Mann-Whitney U-test (104) implemented 870 
in scipy python library (105), version 1.17.1. Multiple hypotheses were corrected by the False 871 
Discovery Rate approach (106) implemented in the python statsmodels library (107), version 872 
0.14.6. OR and p-values for TE classes and families’ enrichment in the TSS 10 kb of genes, as 873 
well as enrichments of GO terms in TE groups by functional group were calculated using Fisher 874 
exact test (108) in scipy. Linear correlation coefficients and their p-values were calculated by 875 
Pearson (109). Distributions were compared by Kolmogorov-Smirnov test (110) implemented 876 
in scipy. FDR-corrected p-value 0.05 was selected as a threshold value for Mann-Whitney, 877 
Fisher exact and Kolmogorov-Smirnov tests for multiple hypotheses. 878 
 879 



4.6.Gene Ontology and other functional annotations  880 

TSS for isoforms of the same gene were considered as distinct unique entities, with 881 
enrichment, divergence and epigenomic analyses performed independently for 882 
them. For the Gene Ontology (GO) analysis gene names were deduplicated among the TSS that 883 
were extracted as enriched by a certain criterium. GO analysis was performed 884 
using goatools python library (Klopfenstein et al. 2018), version 1.6.4 on a local database 885 
downloaded on Dec 31st, 2025. FDR-corrected Fisher exact test p-value 0.1 was selected as a 886 
threshold value for GO terms.   887 
  888 

4.7.Visualization  889 

Plots for this article were drawn using matplotlib version 3.10.8 (112), plotly version 890 
6.7.0 (113), statannotations version 0.7.2 (114) and seaborn version 0.13.2 (115) libraries in 891 
Python 3.11. Supervenn plots were built using the supervenn python library (GitHub - 892 
gecko984/supervenn, n.d.), version 0.5.0. Network visualizations were built using network 893 
version 3.6.1 (Hagberg et al. 2008) and pyvis version 0.3.2 (118) libraries in python. 894 
UCSC Genome Browser tracks were visualized using the Genome Browser web portal (119).  895 

4.8.Data analysis  896 

Data analysis was performed in a Jupyter Notebook environment using pandas version 897 
3.0.2 (Pandas team, n.d.) and numpy version 2.4.4 (121) for tabular data handling and analysis.  898 
  899 

4.9.AI usage  900 

Gemini PRO (122) was used for code refining, assistance with literature search and pre-901 
classification of GO terms into large biological groups. Chat GPT was used for grammar 902 
corrections of the manuscript (123).  903 
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9. SUPPLEMENTARY MATERIAL 954 

Supplementary Figure 1. Ridge plots for length distribution comparison between all (blue) and 955 
TSS neighborhoods mapped TEs (red) (A) for all classes and (B) for individual classes. 956 
Supplementary Figure 2. Ridge plots for divergence distribution comparison between all (pale 957 
colors) and TSS neighborhoods mapped TEs (full colors) for individual families. The 958 
distributions are colored by TE class. For all comparisons significance is assessed by the Mann–959 
Whitney test and FDR-corrected: ns, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, 960 
0.0001 < p < 0.001; ****, p < 0.0001. 961 
Supplementary Figure 3. Ridge plots for length distribution comparison between all (pale 962 
colors) and TSS neighborhoods mapped TEs (full colors) for individual families. For each 963 
family, top and bottom 2.5% of points were clipped to ensure visual capture of the differences. 964 
The distributions are colored by TE class. For all comparisons significance is assessed by the 965 
Mann–Whitney test and FDR-corrected: ns, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; 966 
***, 0.0001 < p < 0.001; ****, p < 0.0001. 967 
Supplementary Figure 4. Supervenn plots for gene set intersections. Each gene set is divided 968 
into gene groups that differ by gene sets sharing genes from a given gene group. For each panel, 969 
colored rectangles in the main plot show these gene groups, top grey bar plot indicates number of 970 
set that each gene group shares, lower number show gene count in each gene group. Right side 971 
bar plot visualizes gene counts per gene set. (A) Intersections of gene sets: enriched with all TEs 972 
(TE top), depleted with all TEs (TE bottom) and enriched by each of TE classes. (B) 973 
Intersections of gene sets with all TEs, LINEs, LTRs, DNA elements and SINEs with highest 974 
and lowest divergence. 975 
Supplementary Figure 5. TSS distributions by count (A) and divergence (B) of mapped TEs, 976 
with red bars denoting those TSS whose genes were taken into the Gene Ontology analysis. Pale 977 
blue histograms show all TEs. On both panels distributions are shown for individual classes and 978 
all TEs. For the divergence panel (B) both highest and lowest divergence groups are shown. 979 
Supplementary Figure 6. UCSC Genome Browser visualization of genes and repeats in the 980 
interferon alpha domain of chromosome 9 with coordinates 21150692 to 21370055.  981 
Supplementary Figure 7. Log-scaled distributions of TSS by TE number mapped on their 10 kb 982 
neighborhood. The distributions are plotted for individual TE families and colored by their class. 983 
Numbers on the right show TSS counts and percentages with non-zero TEs in their vicinity. 984 
Supplementary Figure 8. Genes and molecular processes enriched with TE of distinct families 985 
in their 10 kb vicinity. (A) Intersections map of genes sets enriched with TEs by family. Circle 986 
size is log-proportional to number of genes in a set. Circles are colored by TE class, and color 987 
intensity denotes OR observed to random. TE families with significant enrichment near TSS are 988 
marked as bold. Connection line width is proportional to Jaccard index between a two gene sets. 989 
(B) Cluster map of GO terms number by functional groups and TE groups: TE top, TE bottom, 990 
the four classes with significant GO terms (LINEs, SINEs, SVA elements and LTRs) and TE 991 
families with significant GO terms. Colors on the cluster map side annotation denote TE groups 992 
and functional metagroups. For all clustermap cells significance is assessed by the Fisher exact 993 
test of a given TE group and a given functional group agains the same functional group in the 994 



rest TE groups and FDR-corrected: ns, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, 995 
0.0001 < p < 0.001; ****, p < 0.0001. (C) Sankey plot of GO terms count comparison by groups 996 
between the large-scale TE groups (the top one, the bottom one and the TE classes) and TE 997 
families. 998 
Supplementary File 1. Genomic coordinates of human TSSs and associated TEs. For each of 999 
the 38,704 TSSs, the corresponding gene name is provided, along with lists of overlapping TE 1000 
classes, families, subfamilies, and their divergence values. 1001 
Supplementary File 2. Enrichment statistics of TE subfamilies within 10 kb regions 1002 
surrounding TSSs. 1003 
Supplementary File 3. Genes exhibiting enrichment or depletion of TEs in their vicinity, 1004 
categorized by major TE groups, including individual TE classes and all TEs combined. 1005 
Supplementary File 4. GO terms, associated genes, and functional group classifications based 1006 
on TE enrichment categories (TE classes, all TEs enriched, and TE-depleted groups). 1007 
Supplementary File 5. Genes enriched in TE classes and in all TEs, stratified by high and low 1008 
divergence levels. 1009 
Supplementary File 6. GO terms, associated genes, and functional group classifications for TE 1010 
groups stratified by divergence (low vs. high), including both TE classes and all TEs. 1011 
Supplementary File 7. Genes enriched in specific TE families based on TE counts in their 1012 
genomic vicinity. 1013 
Supplementary File 8. GO terms, associated genes, and functional group classifications for TE 1014 
family-level analyses. 1015 
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10. DATA AVAILABILITY 1017 

All code used for the comprehensive proximity mapping, statistical analysis, and GO functional 1018 
networking is available in the GitHub repository: 1019 
https://github.com/Nikit357/T2T_transposons_genes. 1020 
Tables of TE-gene intersections, including divergence and family-level enrichment statistics, 1021 
have been deposited in the same GitHub repository. 1022 
 1023 
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